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ABSTRACT

The aim of the present handbook is to assist the thermal design engineer by presenting him
in a single document with all the information relevant to spacecraft thermal-control design.

This handbook has been compiled by the School of Aeronautics of the Polytechnic University
of Madrid (ETSI-A) under several ESA contracts.
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REVISION PROCEDURE

It is intended to issue revisions and additions to this handbook as they become available. It
is hoped that in this way it will remain up-to-date as regards state-of-the-art information and
recent developments in the field of spacecraft thermal control.
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DISCLAIMER

The description in this handbook of thermal-control components and systems is intended to
be purely illustrative, and the use of tradenames of specific products, which is essential to a
proper understanding of the data presented herein, in no way implies any approval,
endorsement or recommendation of these products by the European Space Agency.
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LIST OF SYMBOLS

G 0-3

B Magnetic Induction. [T].
E Modulus of Elasticity. [Pa].
H Magnetic Field Strength. [A.m-lj.
R Reflectance Factor,
c Specific Heat. [J.kg-l.K—lj.
k Thermal Conductivity, [w.m—l.K_lj.
AL/L Thermal Expansion.
a Thermal Diffusivity, [mg.s-lj. a=k/pc.
o] Temperature Coefficient of Electrical Resistivity,
(k™ 1].
o Hemispharical Total Absorptance.
a'(B,0) Directional Total Absorptance.
as Noermal 3olar Absorptance.
aA(A) Hemispherical Spectral Absorptance.
ai(A,B,B) Directional Spectral Absorptance.
g8 Mean Coefficient of Linearp Thermal Expansion. [K_lj.
g , Angle between Surface Normal and Direction of Incident
Flux, [Angular Degrees].
g, Angle between Surface Normal and Direction of Emitted,
Reflect:d or Tfansmitted Flux. [Angular Degrees].
€ , Hemisph rical Total Emittance.
e'(B',6') , Directi .nal Totail Emittance.

Hemisph«rical Spectral Emittance.

eA(A) s
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ei(k,B',G') s Directional Spectral Emittance.
g , Azimuthal Angle of Incident Flux. [Angular De-
grees].
o' Azimuthal Angle of Emitted, Reflected or Trans-
mitted Flux. [Angular Degrees].
A, Wavelength. [m].
u/uo s Relative Magnetic Permeability.
o, Density. [kg.m_sj.
o, Hemispherical Total Reflectance.

DA(X) s Hemispherical Spectral Reflectance.

p'(B,0) , Directional-Hemispherical Total Reflectance.
pr(pr',6") , Hemispherical-Directional Total Reflectance.
p; s Normal-Hemispherical Solar Reflectance.

Oi(A,B,G) s Directional-Hemispherical Spectral Reflectance.
pi(A,B',B') s Hemispherical-Directional Spectral Reflectance.
p"(B,6,8',0"') , Bidirectional Total Reflectance.
QK(A,B,G,B',S’) . Bidirectional Spectral Reflectance.
02(8,8,8',6') . Bidirectional Solar Reflectance.
g , Electrica.. Conductivity. [Q_l.m]. 0_1, Electrical
Resistivity. [Q.m].
L1t ° Ultimate Tensile Strength. [Pa].
Ti(A,B,B,B',G’) . Bidirectional Spectral Transmittance.

w o, Solid Angle of Incident Radiation Beam.

[Steradians].



ESA PSS-03-108 Issue 1 (November 1989) G 0-5
STRUCTURAL MATERIALS
List of Symbols

w' Solid Angle of Emitted, Reflected or Transmitted

Radiation Beam. [Steradians].

The sketches below show the angles used to characterize

the radiative fluxes arriving at or leaving a surface element.

Angles used to define Angles used to define

directional emittance. bidirectional reflec-

tance.
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General

1. METALLIC MATERIALS

1.1. GENERAL

Data for each alloy are arranged as indicated below. When

no data on some property are available the heading is omitted.

1. TYPICAL COMPOSITION, PERCENT

2. OFFICIAL DESIGNATIONS

3. PHYSICAL PROPERTIES
3.1. Densitz

3.2, Thermal properties

3.2.1. Specific heat

3.2.2. Thermal conductivity
3.2.3. Thermal diffusivity
3.2.4. Thermal expansion
3.2.5. Melting range

3.3. Thermal radiation properties

3.3.1.

m
Directional spectral emittance

1. Normal spectral emittance
.2, Angular spectral emittance
. Directional total emittance
.1. Normal total emittance
Hemispherical spectral emittance
Hemispherical total emittance
ance
Directional spectral absorptance
.1. Normal spectral absorptance
Directional total absorptance
Normal total absorptance
. Hemispherical spectral absorptance
Hemispherical total absorptance
Solar absorptance
.1. Normal solar absorptance
.2. Angular solar absorptance
Absorptance to emittance ratio
ance
Bidirectional spectral reflectance
.1. Normal-normal spectral reflectance

2., Angular (non-normal) spectral reflectance
Directional-hemispherical spectral reflec-
tance
.1. Normal-hemispherical spectral reflectance

. Angular-hemispherical spectral reflectance
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.3. Hemispherical-directional spectral reflectance
.3.1. Hemispherical-normal spectral reflectance
4. Hemispherical spectral reflectance

5. Bidirectional total reflectance

.5.1. Normal-normal total reflectance

+5.2. Angular (non-normal) total reflectance
.6. Directional-hemispherical total reflectance
.6.1. Normal-hemispherical total reflectance
.7. Hemispherical-directional total reflectance
.7

8.

. 8.

.9.

. 9.

i

1.

.1

.1. Hemispherical-normal total reflectance
Bidirectional solar reflectance

1. Normal-normal solar reflectance
Directional-hemispherical solar reflectance

1. Normal-hemispherical solar reflectance
mittance
Bidirectional spectral transmittance
.1. Normal-normal spectral transmittance
3.3.4.1.2. Angular (non-normal) spectral transmittance

H . . . . . .
wwm wwmwwmuwwwwwwm

jo]
c#mwwwwwwwmwwwwwm

ww»—]wmwwwwwwmmmwww

Other physical properties

3.4.1,
3. 4.2,

Electrical resistivity
Magnetic properties

ENVIRONMENTAL BEHAVIOR

4,1, Prelaunch
4.2. Postlaunch

CHEMICAL PROPERTIES

5.1, Solution potential

5.2. Corrosion resistance

FABRICATION

6.1. Casting
6.2. Forming

Welding

Heat treatment

(2B o ) B ¢ AN ¢ 2]

3

4. Machining
5
6

Anodizing

AVAILABLE FORMS AND CONDITIONS

USEFUL TEMPERATURE RANGE

APPLICATIONS
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1.1.1. MODIFIERS OF THERMAL RADIATIVE PROPERTIES

AVERAGING OVER ALL AVERAGING OVER ALL
ﬁ
WAYELENGTHS DIRECTIONS w
:
EMITTANCE Y
Diractional Spectrat Directional Total
Emittance Emittance
q
€y (2, p.8) e'(p.e)

Y

- - --

Hemispherical Hemispherical
SpectralEmittance - Total Emittance

€,(N) €
ABSORPTANCE
Directional Spectral Directional Total
Absorptance ‘ » Absorptance.
Gi(k,P,e) a'(P,e)

- -1
‘-n-

Hemispherical Hemispherical

Spectral Absorptance ———— Total Absorptance

ax(k) a

G 1-3
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r—

_ Bidirectional

Spectral Reflectance

pr(A,0,8,p:0")

General

AVERACGING OVER ALL
REFLECTED DIRECTIONS

REFLECTANCE

- AVERAGING OVER ALL
INCIDENT DIRECTIONS

-,

*—-—-

'

Bidirectional Total

Reflectance

p"(P.8,1,0)

‘----—-‘

<—-----

Directional-Hemispheticol
Spectral Reflectance

pi(k,p,e)

Hemispherical-Directional
Spectral Reflectance

p; (N, [8)

Directional-Hemispherical

Total Reflectance

p(p,e)

Hemispherical-Directional
Total Reflectance

prlpre)

Hemispherical Spectral

Reflectance

&(A)

L

P !
' I
' I
1
' |
]
H I
; . |
H Hemispherical Total '
Reflectance
P
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1.1.2. CLADDING DEFINITIONS

Clad.

Alclad.

Nonclad.

A composite metallic material containing two or three
layers that have been bonded together. Bonding may be
achieved by co-rolling, welding, casting, heavy chemical
deposition or heavy electroplating. :

Clad produced by bonding either a corrosion-resistant
aluminium alloy or high purity aluminium to a base of
a structurally stronger aluminium alloy.

Metallic material to which no other alloy has been
bonded by cladding.
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General

,1.3. TEMPER DESIGNATIONS FOR HEAT TREATABLE ALUMINIUM ALLOYS

Condition:
As fabricated.

Condition:
Annealed (wrought products only).

Condition:
golution heat treated.

Condition:
Naturally aged to a stable condition.

Condition:
Annealed (cast products only).

Condition:
Solution heat treated, cold worked, and naturally aged to
a substantially stable condition.

Condition:
Solution heat treated and naturally aged to a substantial-
1y stable condition.

Condition:
Artificially aged only.

Condition:
Solution heat treated and artificially aged.

Condition:
Solution heat treated and overaged.

Condition:
Solution heat treated, cold worked, and artificially aged.
Different amounts of cold working are denoted by a second
digit.

Condition: .
Solution heat treated, artificially aged, and cold worked.

0 Condition:
Artificially aged and cold worked.

ESA PSS-03-108 Issue 1 (November 1989)
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1.2, ALUMINIUM ALLOYS
ALLOYS Al - 99.99,
Al - 99.5

Al - 99.9,

Al- 99.3.

METALLIC MATERIALS

Aluminium Alloys

Al - 99.8.

Al - 99,

G 1.7

Al - 99.7.

This data item concerns all aluminium alloys whose alumin-

ium content is above 99%.

1. TYPICAL COMPOSITION, PERCENT. Maximum values are given except for
Aluminium.
Al Cu | Fe Mn | si Zn Eacgth;ﬁgial
Al -99.99(>99.99 - - - - - - .01
Al - 99.9 |>389.9 .02 .07 .01 .07 .03 .01 -~
Al - 899.8 {>99.8 .03 .15 .03 .15 .06 .02 -
Al -99.7 [>99.7 .03 .25 .03 .20 .07 .03 -
Al -89.5 |>99,5 .05 40 .05 .30 .10 .03 -
Al - 99.3 [(>99.3 .10 .60 .05 .30 .10 .05 -
Al-89.0 |>99.0 .20 .80 .05 .50 .10 .05 -
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Aluminium Alloys

2. OFFICIAL DESIGNATIONS

AECMA ISO AFNOR| AMS BS DIN
Al - 99,99 1 Al 99.98R
S- Al 99.98R
3.0385
Al -99.9 Al 99.9
3.0305
Al - 99.8 Al 99.8 A8 1A |Al 99.8
S- Al 99.38
3.0285
Al - 99,7 Al 99.7 A7 |v4000 Al 99.7
3.0275
Al -99.5 |A1 P99.5] Al 99.5 A5 |v4000}) 1B ]Al 99.5
VIE S - Al 99.5
3.0255
VE - Al
~3.0257
Al -99.3 VARS | LO4O “vE - Al 99.5T1
Lou1 n~v3.0805
4ou?2
Al -99.0 Al 99.0 A4 Inv1100f 1C (Al 99
VAl 99.0Cu 4001 3.0205
4003
4062
4102
4180
7220

v Can be approximately included with those alloys having the
indicated aluminium content.

3. PHYSICAL PROPERTIES

3.1. Density. Al1-99.99 P =2 699 kg.m-3. (Pennington (1961)).
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Aluminium Alloys

Al -99.5 p=2 700 kg.m 9 (Kappelt (1961)).

i

Al -99.0 p=2 710 kg.m™ 3 (Kuppelt (1961)).

3.2. Thermal properties

3.2.1. Specific heat.
Effect of temperature on specific heat: Fig 1-1.
3.2.2. Thermal conductivity.
Effect of temperature on thermal conductivity: Fig 1-2.
Thermal conductivity integrals: Fig 1-3,.
3.2.3. Thermal diffusivity.
Effect of temperature on thermal diffusivity: Fig 1-4.
3.2.4. Thermal expansion.
Effect of temperature on thermal expansion: Fig 1-5.
Mean coefficient of linear thermal expansion, B.
The available information concerning thermal expansion co-
efficients of these alloys seems to indicate that there is
no noticeabl: influence of the aluminium content on B. Vai-

ues given below correspond to Al - 99.99

T,Dd | 73-1123-1173-[223-1293-{293-{293-{293-[293-
-293)-293|-293|-293|-373|{-473}-573|-673(-773

Bx10® [x-1]118.0(19.9/21.0]21.8]23.6|24.5]25.5|26.4]27.5

From Pennington (1961).

3.2.5. Melting range.
Al - 99.99 : 933 K. (Pennington (1961)).
Al - 99.5 : 919 K - 930 K. (Kappelt (1961)).
Al - 99.0 : 916 K -~ 930 K. (Kappelt (1961)).



G 1-10 ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS
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14

12

10 : =
[J(.:k;g.i(z“] /55@4

6

4 /
./
o/

0 100 200 300 400 500 600 700 800 900 1000
TIKI

Fig 1-1. Specific heat, ¢, of Aluminium as a function of tempera-

ture, T.

Explanation

Key Description Comments References

O {Al-99.0 Kappelt (1961).
0O |Al - 99.99 Pennington (1961).

Al - 99.99 Reported error

Average of 2 samples

1) Water quenched from

A 873 K; annealed 100
h at 403 K.

2) Cooled from 873 K at
5 K.min~1

Al- 99.9

Single crystal.
Melted and cooled 2 4
§ in vacuum.

IA
[OEN
o°

Touloukian (1967)a.

D |Al-99.9 leported error

1+
o
oe

8,
o®

q Reported error

— Coston (1967).
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3
kx10-3
[W.m-1.K"1] \_

2

SIS UV

'\

b B

ot 3 tn:
A

ety
Do

O 0O i

0

|
0 00 200 300 400 SO0 600 700 800 SO0 1000
TLK]

Fig 1-2. Thermal conductivity, k, of Aluminium as a function of

temperature, T,
Explanation

Key Description Comments References
Al - 99.9 Losses evaluated by |Touloukian
measuring unsteady [(1967)a.
o | state cooling of

rod initially at u-
niform temperature.
.04 Si - .03 Fe - .006 Cu - .005 |Reported error *3%.
Ti, and traces of Mn and Mg.
a Annealed 1 h at 723 K and
cooled slowly.

Al -99.5

Cast at 973 K irto molds at

A 473 K; rolled ard drawn, then
turn into rods.
v Al - 99.9
Same treatment as above.
Al -99.99
> Same treatment as above.
< 1Al - 99.99 Reported error 1%.
Commercially pure. Reported error *3%.
O |Sample 2x107¢ m in diameter i
and 1.8%x1072 m length. ’
Coston ]
a—

(1967).
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Aluminium Alloys

I T
] | _-
3 o 0 T ,4/’
\//
~”
”~
"4"’ {
P \
2 P
v I ‘
T
/k(T)x‘lO""dT
//
4 -~
(W.m™'] P
///
P
1 =T
pad
P
///
0
0 100 200 300 400 500 600 700
T K]

rig 1-3. Thermal conductivity integrals of Aluminium as a func-

tion of temperature, T.

Explanation

mmmmmes A1 - 39.99, From Coston (1967).
Al -99.0 From Coston (1967).

o we ww Straight line whose slope has been calculated by the com-
piler by fitting the experimental data points [ and d
of Fig 1-2 with the least-squares method.

wme——m=— Calculated by the compiler from data points O of Fig 1-2.
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1 -
B - I A
O
g L
/A
8 > \\\\\\*l\ o 0
' @)
ax10* O \O\_‘ o, g
[mz.S"1] TA I 4?
N A
0 o a\ A
.6
200 300 400 500T (K] 600 700 800 800

Fig 1-4. Thermal diffusivity, o, of Aluminium as a function of

temperature,

Explanation

T.

cross-section and

3.52x1073 length,

Pure.

Key Description Comments References
O fAl -99.9 Reported error 11%. |Touloukian (1967)a.
Same as above. Second run of the
(] above specimen,
Reported error 11%.
Same as above. Third run of the
A above specimen.
Reported error 11%.
Pure. Reported error *5%.
v 1.9x1073 p?2 square
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Aluminium Alloys

2 - T 3

5

1
185 e e “WﬁﬁﬁwN__ 7%

1

1
AL ~

——— 2 i
5 :

0 /‘,Q/I/‘!
' B

_'5 .
0 100 200 300 400 500 600 700 800 SO
TIK]

Fig 1-5. Linear thermal expansion, AL/L, of Aluminium as a

function of temperature, T.

Explanation

iKey Description Comments References

O Touloukian (1867)a.
Al - 99.99

Q Annealed above 873 K.
Al - 99.99
Al - 99.9

A |Annealed 2 h at 893 K
and cooled slowly.

99.952 Al - .019 Cu -
¥ | -.015 Fe - .014 Si.
Cast in graphite mold.

Chemically pure. X-ray diffraction
>
method.

98.989 Al - .004 each Si,
4 Cu - .003 Fe.

Pure. Pressed rod made
p jof sintered aluminium
powder.

O Al - 99.5
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Aluminium Alloys

3.3. Thermul radiation propertics
3.3.1. Cmittance.
Data concerning emittance have been arranged as indicated 1im
the following Table.
3.3.1.1. Directional spectral emittance.
Paragraph Heading Data presented Fig.{ Table
3.3.1.1.1jNormal Al - 99.7. 1-6
B':O i
Aluminium conversion coatings.|1-7 |
3.3.1.1.2|Angular (non-|Al- 99.0. 1-8
-normal) I
B'#0 i
3.3.1.2. Directional total emittance.
3.3.1.2.1|Normal Aluminium. 1-1
]
B'= . i
Aluminium. i
Effect of temperature. 1-9
i
Aluminium contact coatings. 1-2 °
Aluminium conversion coatings. 1-3 a;
Aluminium conversion coatings. i
Effect of anodizing thickness.j1-10 |
-
3.3.1.4. Hemispherical total emittance.
w'=27 Aluminium. |
Effect of temperature. 1-11
Aluminium contact coatings. T
Aluminium conversion coatings.
Effect of temperature. 1-12
Solar absorptance, a., has been also included in this Table in
order to save space.
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luminium Alloys

L . l I !

0 2 4 6 8 10 12 14 16
Ax106 [m]
I'1g 1-6. Normal spectral emittance, Ei, of Aluminium as a function

of wavelength, A.
Explanation

Key Description Comments References
99.7 Al - .11 Fe - .11 Si -|Sample temperature: Touloukian &
- .01 Cu- .01 Mg - T =589 XK. DeWitt (1970).
<.01 Mn, Ni, Zn. Cylin- |Data from smooth curve.

o drical tube. Heated at Reported error *20%

467 K for 15 h. Polished|(in the wavelength
Surface roughness: 7.62x|range 2x10°% to 1079
x10"8 m (center line av- m).

erage ).
Same as O except heated [Same as O except T =
o at 697 K for 20 h. = 697 K,
© Same as O except heated |[Same as O except
at 805 K for 15 h. T=805 K.
Same specimen as O ex- T=Uu62 K.
cept heated at 462 K for|Data from smooth curve.
25 h. Roughened and Reported error #10%
- knurled with grade 180 (in the wavelength
T |silicon carbide paper. range 2x10-6 to 10-5
Surface roughness: 2.92x|m).
x107% m (center line av-
erage ).
Same as 0O except heated |[Same as 0O except
a at 598 K for 22 h. T =599 K.

0 Same as O except heated [Same as O except
| ¥ lat 715 K for 27 n. T=715 K.
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Aluminium Alloys

6
€y f
, ]
(p=0) op..
A -
. o
2 -
0
0 B i
0 5 10 15 20
Ax10% [m]

Fig 1-7. Normal spectral emittance, €., of Aluminium conversion
coatings as a function of wavelength, A.
Explanation

Key Description Comments References]

Alodine 401-45, Reaction of an |Sample temperature: |Touloukian

aluminium surface with an aque- |T=285 K. DeWitt & |
O |ous solution of chromic, phos- |[Data from smooth Hernicz 1
phoric, and hydrofluoric acid. |curve. Converted (1972). !

Substrate: Al - 99.8 (Echo II). from R(27,0).
Same as O except reacted for 20
ols in a 1 N sodium hydroxide so-
lution at 298 K, then washed in
water and dried in aijir.

B |Same as 0. Reacted for 40 s.
Black anodized. T=323 K.

A Data from smooth
curve. Converted ;
from R(27,0). {
Al - 99.7. Anodized 30 min at T=461 K.

102 A.m~2 in 4 N analar sulphu-|Data from smooth
v ric acid at 293K, sealed for 30 |curve.

min in boiling distilled water. |Reported error *10%,

Anodizing thickness 2.54x10-6 .
Heated at 456 K for 15 h.
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Fig 1-8. Angular spectral emittance, Ei, of Aluminium as a func-

tion of wavelength, AX.
Explanation :

Key Description Comments References
Al -99.0. Nominal composition. Sample tempera- |Touloukian
O [Sandblasted with 120 mesh alumina ture: T=306 K. & DeWitt
(mesh opening 1.25x10~% n), Authors assumed {(1970).
aze=1-p.

Same as O except sandblasted with
0 [320 mesh alumina (mesh opening 4.6x
X107 m). '

p(25°,21),

Same as O except sandblasted with
& (600 mesh alumina (mesh opening 2.u4x
Xx10°% m).

Same as O except sandblasted with
¥V |1000 mesh alumina (mesh opening
1.4%10~5 m).

Same as O except sanded with 280
b o X
mesh silicon carbide paper.
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Table 1-1

Normal Total Emitrance of Aluminium

T £’ )
Alloy [K] (B'=0) Comments References
a1- 99.99| 298 | .03 Pennington (1961).
Al - 949.0 .05 Polished. Zerlaut, Carrol &
Gates (1966).
Al - .21 Foil, vapor blasted, wet.
Al - 99.0 .33 Sandblasted.
Al - 311 .065 |{Bright foil roughened with abrasive cloth. Touloukian (1967)a.
Al - 373 .18 Sheet, rough polished.
Al - 99.99 .02 Foil (1.27x10-% m thick) GMC Bright dip for 10 Bevans (1969).
min at 350 K.
Al - 296 .04 Polished. TRW (1970).
Al - 298 .055 JRough plate.
to
.070
Al - .04 Bare metal. Scollon & Carpite-
1la (1970).
Al - 99.0 370 022 |Polished with Mg0 and water, measured in vacuum Touloukian & DeWitt
(2.1%x10°2 Pa). (1970).

Al-99.99[u25.4| .037 |Rolled, polished.
Al- 99.99| 647 .0u45 (Same as above.

Al - 99.99] 780 .0497|Same as above.

Al - 99.99| 414 .0486]Highly polished.

Al - 99.99| 610 .0576(Same as above.

Al - 99.99| 733 ,065 |Same as above.

Al - 366 .028 |Foil.

Al - 311 .045 |Foil, embossed (Pattern No. 1).
41 - 311 .056 |Foil, embossed (Pattern No. 2).
Al - 311 .ou7 |Foil, embossed (Pattern No. 3).
Al - 311 .056 |Foil, embossed (Pattern No. ).
Al - 311 .061 |Foil, embossed (Pattern No. S).
Al - 99.9 311 . 045 .002 Si, .0001 Fe, .001 Cu, .0003 Na, .0003 Ca,

L0003 Mg. Electrolytically brightened, density
2 698 kg.m'3 at 298 k. aluminium toil reference

(€=.05).
Al - 311 .035 |Foil, bright; etched in hot sodium hydroxide so-
to lution .5 to 2 min, and dipped in nitric acid.
.050
Al - 311 .044 |Foil, bright; roughened with abrasive cloth (No.
120 Aloxite cloth).
ALl - 311 .063 |Foil, bright; roughened with abrasive clcth {No.
120 Aloxite cloth).
Al - 311 .066 | Foil, bright; roughened with abrasive cloth (No.
120 Aloxite cloth).
Al - 311 .04 Foil; surface film formed by means of exposure to

corrosive attack; foil-covered cardboard taken
from foil-insulated dry-ice cabinet exposed to
weather on beach during 8 months.

(Continued onto next page)
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Table 1-1 (Continued)

Normal Total Emittance of Aluminium

ssue 1 (November 1989)

T e!
N s f
Alloy [K] (B'=0) Comment:s References
Rl £ DewWitt
Al - 311 .05 Foil, suspended vertically in the taboratory for IT;ig;hlan el
3 years and measured with the accumulated dust ’
and fume.
Al - 311 .09 Foil; chemically oxidized by treating with hot
solution of sodium carbonate and chromate.
Al - 311 .10 Foil; lacquer coated; heated to partially decom-
Pose lacquer and color it brown.
Al - 311 .10 Foil after 2 years eXposure to salt spray and
moisture at seashore.
Al -~ 373 .09 Commercial sheet.
Al - 373 <095 | Sheet, polished.

Table 1-2

Normal Total Emittance and Normal Solar Absorptance of Aluminium Contact Coatings

T c! g
2 References
Alloy [K] (8':0)|(B=0) Comments e enc
Al - .03 -10 fVacuum deposited (opaque thickness) on alumin- Bevans (1969),
ium sheet with resin undercoat,
Al - .03 -09 [Vacuum deposited (opaque thickness) on alumin-
ium foil, Reynolds Wrapp.
Al - 0u -21 |Vacuum deposited (opaque thickness) on Berylli-
um foil.
Al - .03 -09 [Vacuum deposited (opaque thickness) on Mylar
film 2.5%10°5 0 thick.
Al -~ .01y .08 1107 to 2x10-7 m thick aluminium vapor depos- Scollon & Carpite-
ited on unspecified surface. Polished surface. |[lla (1970).
Measured in vacuum.
Al - .051 -15 |Same as above. Measured in air,.
Al - .024 -13 |Vapor deposited aluminium on Mylar..
Al - <.05 €.13 [Vapor deposited aluminium on 1.2%x107°% m thick
Kapton. Data for metallijc side. Silicone pres-
sure sensitive adhesjive. Schijeldahl.
Al - £.06 -10 Vapor deposited aluminium on Xapton. Data for
to [metallic side. Silicone pressure sensitive
-14 Jtape. Schjeldah) G - 103500 tape.
Al - .13 -12 [Vapor deposited aluminium on 1.2 10°% m thick
to to jKapton plus nylon tulle. Data for metallic sur-
.17 -16 [face. Acrylic pressure sensitive adhesive. Sec-
ond surface reflector. Schjeldahl G- 102000
tape.
Al - 025 <11 1.5 107 m thick evaporated aluminium on McCargo, Spradley,
Quartz. Greenberg ¢
McDonald (1971).
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Table 1-3

G 1-21

Normal Total Emittance and Normal Solar Absorptance of Aluminium Conversion Coatings

flloy

£

(B'=0)

G5

(B=0)

Comments

References

Al

Al

Al

Al

Al

Al

Al

Al

Al

99,

99.

99,

99,

99.

99.

99.

39.

99,

99

93

99

99

39

17

.79

.82

LTy

.08

.86

.39

.77

.03

.20

Jdh

.24

.40

.27

.31

.33

.64

.27

Hard anodizeu, 8x10°% m thick, with sulphuric
acid electrolyte 11% by weight, at 270 K.

Soft anodized, 1.3x10°° w thich, with sulphu-
ric acid electrolyte 15% by weight, at 270 X.

Soft anodized, 1.3%x10°°% m thick, with sulphu-
ric acid electrolyte 16% by weight, at 294 K.

Anodized, 8x10-6 n thick, with chromic acid
electrolyte 5% by weight, at 308 K, anodizing
voltage 40V DC, 120 min.

Anodized, citric acid electrolyte 1 kg.m'3 am-
monium citrate, at 295 K, anodizing voltage:
306V DC, 60 min.

Anodized, 2x1075 nm thick, oxalic acid solution
3% by weight, at 311 K, anodizing voltage: 30V
DC, 60 min,

Anodized, sulphamic acid electrolyte 100 kg.
.m‘3, at 294 K, anodizing voltage: 45v DC, 30
min.

Anodized, sulphamic acid electrolyte 100 kg.
.m'3, at 294 K, anodizing voltage: 15V DC, 30
min.

Anodized, sulphamic acid electrolyte 100 kg.

.m’a, at 294 K, anodizing voltage: 5.5V DC, 15
min.

Bevans (1969).

Al

Al

.73

.90

.70

Chromic acid anodized. Chemical surface finish.
Degradation caused by deposition of outside
contaminants (73 h in low earth orbit on board
Apollo 9).

Carbon black impregnated anodized coating.
Chemical surface finish.

Scollon & Carpite-
lia (1970).
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Fig 1-9. Normal total emittance, €', of Aluminium as a function
of temperature, T.
Explanation
Key Description Comments References
o Cleaned, polished, and ox- Touloukian &
idized. ' DeWitt (1970).
0O |Pure. Highly polished. Reportcd error 2%
Pure. Rolled, as received.




ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS

Aluminium Alloys

G 1-23

8
6
El
) A
(p'=0)
.2
0
6
t x10° [m]l
Fig 1-10. Normal total emittance, g', of Aluminium anodized

as a function of anodizing thickness, t;.

Explanation

anodized in aqueous am-
monium tartrate solu-
tion, then immersed in
a phosphoric acid solu-
tion.

Foil oxidized electro-
lytically in 15% sulph-
uric acid.

T=311 XK.
Measured relative
to Aluminium.

Key Description Comments References
Barrier-layer anodic Sample temperature Touloukian, DeWitt
coating on a high puri-|Tv298 K. & Hernicz (1972).
ty aluminium substrate. Measured in vacuum
Substrate cleaned, (vi1.33x10°% Pa).
electropolished in a

fo) fluoboric acid solution,
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Fig 1-11. Summary of data concerning the hemispherical total
emittance, €, of Aluminium as a function of tempera-

ture, T. From Touloukian & DeWitt (1970).
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Table 1-4
Hemispherical Total Emittance of Aluminium Contact Coatings

T € Comments

(x]

76 .o Aluminium; plastic Mylar (1.27><10'5 m thick) and aluminium substrates;
produced by vaporizing aluminium on both sides of Mylar. Measured in
vacuum (1.3x10"% to 1.3%x10-5 Pa). Authors assumed aze for 300 X black-
body incident radiation. Reported error 5%.

76 .07 Aluminium; stainless steel substrate; Al sprayed on substrate. Meas -
ured in vacuum {(1.3x107% to 1.3x10-5% Pa). Authors assumed a=g for 300
K blackbody incident radiation. Reported error 5%.

76 .06 Aluminium; stainless steel substrate; Al sprayed on substrate; wire
brushed. Measured in vacuum (1.3%x10"4 to 4.3x10-5 Pa). Authors assumed
a=¢ for 300 K blackbody incident radiation. Reported error 5%.

76 .0u Aluminium; plastic Mylar (1.27%10-5 m thick) and aluminium substrate;
Al vapor deposited on both sides of Mylar. Measured in vacuum (1.3%x10°%
Pa). Authors assumed a=e€ for 294 K blackbody radiation.

76 .0u43 Similar to above specimen and conditions.

773-1273 .69-.78 Aluminium; iron substrate; substrate sandblasted and degreased; coated
to a surface density of 75 kg.m=2 with aluminium powder suspension;
sintered at 1 223 K in vacuum. Measured in vacuum (6.7x10~% Pa). Data
extracted from smooth curve. Reported error 2.5%.

378-486 .33-.27 Aluminium (1.27x10-% to 2.03x10-% m thick); Al substrate; sprayed.
Measured in vacuum (.13 Pa). Reported error 3%.

333 .ou7 Aluminium; Mylar substrate. Measured in vacuum (6.7x10-% Pa). Reported
error <3.5%.

300-u415 .06 Aluminium (10-6 m thick); Mylar (1.2x10-5 m thick) and stainless steel
(2.5)(10'u m thick) substrates; Mylar cemented to stainless steel; Al
vapor deposited. Measured in vacuum (1.3x10-°% Pa). Reported error 5%.

258-348 [.0u28-.0454 {Aluminium (2x10-7 m thick); stainless steel substrate; Al vapor depos-
ited on hand-polished.substrate; property measured by steady-state
calorimetric method. Mentioned below as specimen 1.

2u8-348 |.0293-.0311|Same specimen and conditions as 1 except property measured by transient
calorimetric method; property of second side of sample assumed.

303 .02y Same specimen and conditions as 1 except property calculated from
p(10°, 10°) measured by specular method relative to a front surface
aluminized mirror.

300 .o482 Same specimen and conditions as 1 except property calculated from
p(7.5°, 21) measured by ellipsoid method.

200-400 {.0224-.0237}Same specimen and conditions as 1 except property calculated from
R(2W-75°, 15°). Specimen placed at the center of a heated cavity, sothat
the angle of viewing can be varied from 159to 75%(Millard € Streed (1969)

295 .0279 Same specimen and conditions as 1 except property measured by a porta-
ble Quick Emittance Device.

295 . oLl Same specimen and conditions as 1 except property measured by a porta-
ble emissometer.

298 L0334 Polyester film (6.35x10-6 m thick) double-aluminized.
Coating thickness of emitting surface tc1=U.SSX1O'8 m.
Coating thickness of second surface t02=3.78X10'8 m.

298 .0335 Similar to above except opposite side measured.

298 .0335 Similar to above except tc1=4.53X10‘8 m. tc2=3.95x10‘8 m.

298 .0378 Similar to above except opposite side measured.

~298 .0300 similar to above except tc1=u.5x1o-8 m. tc2=3.95X10‘8 m.

298 .0331 Similar to above except opposite side measured.

(Continued onto next page)
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Table 1-4 (Continued)

Hemispherical Total Emittance of Aluminium Contact Coatings

T
[ Comments
[K] mmen
298 .0369 Similar to above - xcept tc1=u.5><10'8 m. tc2=ux10'8 m.
n298 .0358 Similar to above ~+xcept opposite side measured.
298 .0335 Similar to above «xcept tc1=u.56x10‘8 m. tc2=3.95><10‘8 m.
~298 .0243 Similar to above except opposite side measured.
307 .02u6 Aluminium; quartz substrate. Measured in vacuum (1.3x10"% Pa) main-
tained by diffusicn pump.
307 .01u3 Polyester film (6.35x10°86 m thick) single-aluminized; vacuum deposited
Measured in vacuum as above.
307 .05u43 Polyester film (6.35%x10°% m thick) double-aluminized; vacuum deposited.
Measured in vacuum as above.
307 .0543 Similar to above except opposite side measured.
307 .0613 Polyester film (6.35x10°6 m thick) single-aluminized; vacuum deposited.
Measured in vacuum as above.
307 .0609 Similar to above specimen and conditions.
307 .0450 Polyester film (6.35%x10~6 m thick) single-aluminized. tc1=2.35><10'8 m.
Vacuum deposited. Measured in vacuum as above.
307 .0532 Polyester film (6.35%x10-% m thick) double-aluminized; vapor deposited.
Measured in vacuum as above.
307 L0773 Polyester film (6.35x107% m thick) double-aluminized. tc1=3.3uX10‘8 m.
tC2=2.u8x10’8 m. Vapor deposited. Measured in vacuum as above.
307 .0513 Polyester film (6.35x10°5 m thick) double-aluminized. t.3=2.48x1078 m.
tc2=3.3uX10‘8 m. /apor deposited. Measured in vacuum as above.
307 .0466 Polyester film (6 35%x10~6 m thick) single-aluminized; vacuum deposited.
Measured in vacuut as above.
307 L0377 Aluminium; Mylar ind aluminium substrates; aluminium vacuum deposited
on both sides of “ylar. Measured in vacuum as above.
307 472 Aluminium; reinfo ced polyester film substrate (aluminized scrim).
Measured in vacuu: as above.
307 .02u8 Aluminium; quartz substrate. Measured in vacuum as above.
307 .0176 Polyester film (6.35x10"% m thick) double-aluminized. Measured in vac-
uum as above.
307 L0481 Polyester film (6.35%x10~% m thick) double-aluminized. Measured in vac-
uum as above.
307 . 0416 Polyester film (6.35%1076 m thick) double-aluminized; vapor deposited.
Measured in vacuum as above.
307 .0u22 Similar to above specimen and conditions.
307 .0398 Similar to above specimen and conditions.
307 .0333 Polyester film (6.35x10-6 m thick) double-aluminized. toy=4.55x10"8 m,
tc2=3.78X10'8 m. Vapor deposited. Measured in vacuum as above.
307 .0334 Polyester film (6.35%10"% m thick) double-aluminized. tc1=u.53x10'8 m.
t82=3.95><10‘8 m. Vapor deposited. Measured in vacuum as above.
307 .0228 Polyester film (6.35x107® m thick) double-aluminized. tc1=h.SX10'8 m.
tc2=3.8xlo'8 m. Vacuum deposited. Measured in vacuum as above.
307 .03869 Polyester film (6.35x10°® m thick) double-aluminized. tc1=u.SX10‘8 m.
tc2=MX10'8 m. Vacuum deposited. Measured in vacuum as above.
307 .0334 Polyester film (6.35%x10°5 m thick) double-aluminized. tc1=u.56xlo‘8 m.
te2=3.95%X107° m. Vapor deposited. Measured in vacuum as above.

(Continued onto next page)
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Table 1-4 (Continued)

Hemispherical Total Emittance of Aluminium Contact Coatings

T

[K] € Comments

307 .0335 Polyester film (6.35x1078 m thick) double-aluminized. te1=3.78%x10"8 m.
tcz=h.55X10’3 m. Vapor deposited. Measured in vacuum as above,

307 .03u7 Polyester film (6.35x10-6 m thick) double-aluminized. tc1=3.QSX10'8 m.
tc2=u.53X10‘5 m. Vapor deposited. Measured in vacuum as above.

307 .0381 Polyester film (6.35%x10-85 m thick) double-aluminized. tc1=3.8x10'8 m.
tc2=u.5X10‘8 m. Vacuum deposited. Measured in vacuum as above.

307 L0224 Polyester film (6.35%10°5 m thick) double-aluminized. te1=3.95x1078 m.
tc2=4.56X10‘8 m. Vapor deposited. Measured in vacuum as above.

307 .03u49 Polyester film (6.35%x10°% m thick) double-aluminized; vapor deposited.
Measured in vacuum as above.

307 . 0337 Similar to above specimen and conditions.

307 .035 Similar to above specimen and conditions.

307 .0835 gimilar to above specimen and conditions.

307 .0306 Similar to above specimen and conditions.

307 .0284 Similar to above specimen and conditions.

307 .0369 Similar to above specimen and conditions.

307 .0369 Similar to above specimen and conditionms.

307 .0270 Similar to above specimen and conditions.

307 .0289 Similar to above specimen and conditions.

307 .0326 Polyester film (6.35x10-% m thick) single-aluminized; vacuum depos-
ited. Measured in vacuum as above.

307 .03 Similar to above specimen and conditions.

307 .0337 Similar to above specimen and conditions.

307 L0231 Polyester film single-aluminized. tc1=2.18><10‘8 m. Measured in vacuum
as above.

307 .0722 Polyester film single-aluminized. tc1=3><10'g m. Measured in vacuum as
above.

307 .0399 Polyester film single-aluminized. tc1=1.08X10'8 m. Measured in vacuum
as above.

333 .038 Polyester film single-aluminized. Measured in vacuum (6.7x10-% Pa).

77 .0u3 Aluminium household type foil wrapped loosely; cleaned with acetone.
Measured in vacuum (vi.3x10°3 Pa).

From Touloukian, DeWitt & Hernicz (1972).
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Fig 1-12. Summary of data concerning hemispherical total emit-

Explanati

tance, £, of Aluminium conversion coatings vs. tem-

perature, T.

on

From louloukian, DeWitt & Hernicz (1972).

Key

Description

Comments

|

Anodized. Layer of cirbon deposited in-
to pores of the surf.ice.

Measured in vacuum
(1.33x107° Pa).

Al - 99.99, anodized .n sulphuric acid.
Polished substrate. 'oating thickness:
2.54x1076 - 2.54x107° m.

€ increases when
coating thickness
increases.

1

Al - 99.99. Electropolished in fluoboric
acid solution, then inodized in ammoni-
um tartrate solution.

— wo—— Anodized. Dull surface. Measured in vacuum
Reported error *5%

Vapor blasted after anodization. Measured in vacuum
Reported error #3%

Blasting decreases

€ less than 6%.

Al - 99.99. Substrate alkaline electro-
polished (sodium phosphate and sodium
carbonate) 15 min at 353 K and 12 V DC,
then anodized 15 min at 18 V DC in 10%
sulphuric acid.

Measured in vacuum
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3.3.2. Absorptance.
Data concerning absorptance have been arranged as indicated
in the following Table.
3.3.2.1. Directional spectral absorptance.
Paragraph Headiny Data Presented Fig.]| Table
Aluminium.
3.3.2.1.1. .. .
2.1.1 Normal A limited amount of informa-
B=0 tion corresponding to B =25° 1-13
is also presented
3.3.2.2 Directional total absorptance.
3.3.2.2.1 Normal Aluminium.
8=0 A single value 1is included
- in the same Table as the 1-5
hemispherical total absorp-
tance
3.3.2.4 Hemispherical total absorptance.
w = 27 Aluminium. 1-5
3.3.2.5 Solar absorptance.
3.3.2.5.1 Normal Aluminium. 1-6
Bg=0 Aluminium contact coatings. 1-2 '
Aluminium conversion coatings. 1-3,1—ﬂ
—
3.3.2.5.2 Angular Aluminium conversion coatings. 1-8 |
(non-normil) :
B#0
3.3.2.6 Absorptance to emittance ratio.
Aluminium conversion coatings.
1-14
Degradation effects. :
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Fig 1-13. Directional spectral absorptance, ai, of Aluminium as a func-

tion of wavelength, A. Data points ¥ correspond to B=25°¢,
Explanation :

Key Description Comments References
Evaporated film; evaporation|Bv10° Touloukian &
rate 3x10°8 p.s-1 ¢ 2.66< Sample temperature: {DeWitt (1970).

O |x10-3 pa,. T=298 K.

Aged 8 d before Measurement. (Measured in vacuum.
Reported error +1.4%

D Tv298 K.
Data from smooth
& |Polished., curve .,
Foil. . B=25°
T=306 K.

Measured in dry ni-
trogen. Heated cav-
v ity at approximate-
' ly 1056 K with plat-
inum reference.
Authors assumed
a=1-R,
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Table 1-5

Hemispherical total Absorptance of Aluminium

T Ty
[K:] [-_E] (w=2m) Comments
2 298 L0111 Normal total absorptance (B%0) of specimen electropolished. Reported

error 1%.

76 300 .018 Kaiser foil (2.54x10-5 m thick), unannealed. Measured in vacuum
(1.33%x10~" to 1.33x10-5 Pa). Reported error 5%.

76 300 .018 Cockron home foil (3.81x10°5 m thick). Same vacuum and error as above.

76 300 .021 Hurwich home foil (3.81x10-5 m thick). Same vacuum and error as above.

76 300 .022 Same as above except measured on bright side.

76 300 .028 Sheet (5.08x10-% m thick). Cold acid cleaned. Same vacuum and error
as above.

76 300 .026 Alcoa No.2 reflector plate (5.08x10-% m thick). Same vacuum and error
as above.

76 300 .032 Same as avove except sanded with fine emery.

76 300 . 035 Same as above except cleaned with alkali.

76 300 . 045 Sheet (5.18x10-% m thick). Cleaned with wire brush, emery paper, steel
wool and old acid. Same vacuum and error as above.

76 300 .060 Same as above except wire brush cleaned.

76 300 .140 Same as alove except liquid honed.

76 300 .029 Same as alove except hot acid cleaned (Alcoa process).

76 294 L0204 Cockron f il (3.81x10-5 m thick). Measured in vacuum (<1.33x10-% Pa).

76 294 .0200 Same as above.

76 294 .0615 Sheet (5.08x10-% m thick). Cleaned with wire brush.Same vacuum as above.

76 294 .0615 Same as above except cleaned with wire brush, emery paper, and steel
wool.

76 294 .0u52 Same as above except cleaned with wire brush, emery paper, steel wool
and cold acid.

76 294 .0356 Same as above except alkali cleaned.

76 294 .0327 Alcoa No.2 reflector plate (5.08x10-% m thick, €=.3 for visible light
at 298 K). Same vacuum as above.

76 294 . 0317 Sheet (5.08x10-% m thick). Cold acid cleaned. Same vacuum as above.

76 294 .0283 Same as above.

76 294 .0217 Hurwich home foil (3.81x10~5 m thick). Measured on bright side in
vacuum (<..33x10"% Pa).

76 234 .0212 Same as ajove except measured on mat side.

76 294 . 0204 Cockron home foil (3.81x10-5 m thick). Same vacuum as above.

76 294 | .0186 Same as anove. ’

76 294 .0213 Kaiser fcil (2.54x10-3 m thick). Unannealed. Same vacuum as above.

76 294 .0184 Same as above.

76 29y .0186 Kaiser hcme foil (1.91x10-3 m thick). Same vacuum as above.

76 294 .0294 Foil (5.068x10-% m thick). Hot acid cleaned (Alcoa process). Same

vacuum as above.

Tb is the temperature of th= emitting blackbody.

From Touloukian & DeWitt (1970).
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Table 1-6

Normal Solar Absorptance of Aluminium

T a
A 3
lloy [K] (8=0) Comments References
Al - 99.0 .30 {Polished. Zerlaut} Carrol §
Al-99.0 .48 |sandblasted. Gates (1965).
Al - .42 [Foil; vapor blasted, wet.
Al - 99.99 .08 |Foil (1.27x10"% m thick) GMC Bright dip for 10 min |Bevans (1969).
at 350 K.
Al - .15 jBare metal. Scollon & Carpitella

(1970).

Al-98.991298] .096{Electropolished. Computed from spectral reflectance |Touloukian £ DeWitt

qQ
Al -99.99(298] ,104]Same as above except hydrogen ion bombarded (.25x (1e70).

x102% jons.m~?).

Al -99.991298| .123|Same as above except hydrogen ion bombarded (.8ux
x102% jons.m~2),
Al - 99.99|298( .133(|Same as above except hydrogen ion bombarded (1.67x
x102% jons.m~2),
Al-99.991298| .151(Same as above except hydrogen ion bombarded (3.20x
x1024 jons.m-2),
Al - 99.99}298 -170|Same as above except hydrogen ion bombarded (u4.92x
x102% jons.m"2).

Al - 99.991298| .204|Same as above except hydrogen ion bombarded (7.45x
x102% jons.m-2).

Al -99.99]298( .236Same as above except hydrogen ion bombarded (9.86x
x102% jons.m"2).

Table 1-7

Normal Solar Absorptan e of Aluminium Conversion Coatings

)
. a
T Basic Conditions Variables Investigated N
(k] (8=0)
“298{Barrier-layer anodic coating on a h gh- Anodizing voltage. Coating thickness
-purity aluminium substrate. Coatin ap- v 6. 7%10-7 g
plied as follows: substrate thoroug:. ly 361 ) m 12
cleaned, electropolished in a fluobuoric 1 089 Vv 1.43%x10°6 .122
a?ld.solutlon, anqd%zed in aqueous .ammo- 1 208 v 1.58x10-6 m 142
nium tartrate solution diluted with eth-
yl alcohol, then immersed in a phosphor- 1 360 V 1.78x10-6 n .129-.136
ic acid solution.
Measured in vacuum (1.33x10"% Pa). Com-
puted from spectral reflectance data.
~298 11199 aluminium anodized in sulphuric ac- Anodizing time. Coating thickness
ld: Sub§trate polished.in phosphoric/ni- 10 min 8.36X10°° m 12
tric acid bath for 2 min at 364 X. 6
Computed from spectral reflectance data. 15 min 9.38%107° m .14
20 min 10.36%x10°6 .16
25 min 13.21%x1076 .17

(Continued onto next page)
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Table 1-7 (Continued)
Normal Solar Absorptance of Aluminium Conversion Coatings
T Basic Conditions Variables Investigated s
[x] & (B=0)
nv298 (AL - 99.99 anodized in sulphuric acid. Anodizing time. Coating thickness.
Substrate polished by Alzak process. Heat treatment
Computed from spectral reflectance data. 15 min 9.38%x10-6 m 16
Same as above except heat treated 96
h at 589 K in vacuum (6.65x10°3 Pa). .18
25 min 9.38x10"6 m .18
Same as above except heat treated 96
h at 589 K in vacuum (6.65x10"3 Pa). .22
Barrier anodized Al - 99.99 (12.54x10”"% m{Simulated flight time of UV radia-
thick). tion exposure.
Data from smooth curve. Albsorptance com- 10 h 109
puted from spectral reflectance measured )
in situ. 74.6 h .116
596 h .126
281 |Alzak anodized aluminium (3.81x10°6 m Effect of electron exposure.
thick).
U d = . .13
Absorptance computed from normal spec- nexpose sample (T=298 K)
tral reflectance. Propertv measured in 20 keV electrons (10l%_5x1015 e.m™2.
air. sty 3x1038 e.m"?, in dark in vac-
uwum (1.33x10-6 Pa), maintained by
ion pump. S
1019 e.m-2 .14
1020 e.m"2 .16
Unexposed sample (T=298 K). Sl
80 keV electrons (101%-5x1015 e.m-2,
.s~1)y; 1019 e.m~2, in dark in vacuum
(1.33x10-% Pa), maintained by ion
pump . .15
1020 e.m-2 .16
77 {Barrier anodized Al - 99.99 (2.54x10"% m |Effect of UV radiation and electron
thick). Exgosed to vacuum (6.65%x107° - exposure.
- 2.66x10”> Pa), maintained with diffu-
. Unexposed sample. .17
sion pump. Absorptance computed from
R(271,0°). Property measured in situ. 6 sun intensity UV radiation; 350 ESH
Electron radiation (8.6x101%-1,6x
x1016 e.m-2.s-1); s5.8x1019 e.m"? .16
Simultaneous exposure:
Electron radiation (3.5%x101" e.m™2,
s~y 5.8x1019 e.m-2
8 sun intensity UV radiation; 350 ESH .20
77 |a1 - 99.99; sulphuric acid-anodized. Ex~ |Effect of UV radiation and electron
posed to vacuum (6.65x1077 - 2.66x107° Unexposed sample 20
Pa), maintained with diffusion pump. Ab- P pie. '
sorptance computed from R(27,0°). Prop- [6 sun intensity UV radiation; 350 ESH .28
erty measured in situ. Electron radiation (8.6x103%-1 . 6x
x1016 e.m~2.s-1); s.ex1019 e.m"2 .20
Simultaneous exposure:
Electron radiation (3.5x101% e.m~2.
.s™1); 5.8x1019 e.m™
8 sun intensity UV radiation; 350 ESH .27

From Touloukian,

DeWitt & Hernicz (1972).
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Fig 1-14. Absorptance to emittance ratio, ag/€, of Aluminium con-
version coatings as a function of the exposure time, t.
Explanation
Key Description Comments References
Alodine Aluminium. |Deducec from in-flight |Schafer & Bannister
data concerning the (1967).
timpiraturg Ode;b_ Touloukian, DeWitt,
ilra e on boar egasus | Lo oo (1972).
o .

Initial value, Qag/€=.85,
estimated from Fig. 12
of Schifer & Bannister
which leals with Pegasus
I flig 1t data.
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Table 1-8

Angular Solar Absovrptance of Aluminium

B° 15 30 45 60

og .190 .208 . 243 . 254

A1-99.99. Foil (5.1x10-° m thick) bright dipped,
anodized on both sides (7.6x10-6 m thick) in dilute
sulphuric acid. Computed from spectral reflectance
data for above atm. conditions.

From Touloukian, DeWitt & Hernicez (1972).

3.3.3. Reflectance.

Data concerning reflectance have been arranged as indicated

in the following Table.

3.3.3.1. Bidirectional spectral reflectance.

Paragraph Heading Data Presented Fig. Table
3.3.3.1.1. Normal-normal Aluminium. 1-15
B=B'=0 .. .
Aluminium contact coatings. 1-16

Aluminium conversion coatings. 1-17

Effect of thickness.

3.3.3.1.2. Angular (non-normal) | Aluminium contact coatings

B=B'#0 (B18°).

Aluminium conversion coatings.

(any B, given A).

(Continued onto next page)
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3.3.3.2. Directional-hemispherical spectral reflectance.
Paragraph Heading Data Presented Fig. | Table
3.3.3.2.1., Normal—hemispherical‘ Aluminium. 1-20
B=0 w'=2m Aluminium conversion coatings. 1-21
Effect of thickness.
Aluminium conversion coatings. 1-929
UV exposure effect.
Aluminium conversion coatings. 1-23
Electron exposure effect.
Aluminium conversion coatings.
Simultaneous UV-electron ex- 1-24
posure effect.
Aluminium conversion coatings. 1-25
Proton exposure effect.
3.3.3.2.2. Angular-hemispherical | Aluminium conversion coatings. | 1-26
B#0 w'=2m
3.3.3.3. Hemispherical-directional spectral reflectance.
3.3.3.3.1, Hemispherical-normal | Aluminium contact coatings. 1-27
w=2T B'=0
3.3.3.5. Bidirectional total reflectance.
3.3.3.5.2. Angular (non-normal) | Aluminium. 1-28
3.3.3.8. Bidirectional solar reflectance.
3.3.3.8.1. Normal-normal Aluminium conversion coatings. 1-9
B=8'=0
3.3.3.9. Directional-hemispherical solar reflectance.
5.3.3.9.1, Normal-hemispherical |Aluminium, both bulk and 1-10
B=0 w'=2m contact coatings.
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Fig 1-15. Normal-normal spectral reflectance, DX’ of Aluminium as
a function of wavelength, X.

Explanation

Key Description Comments References
Disc. Cold worked, annealed, |Sample temperature: |Touloukian §
o etch tested, polished, stored|{T=298 K. DeWitt (1970).
in a solution of NaOH+Nat, Reported error 2%.
washed and dried.
B=g =70
0 T=298 K.
Measured in air.
Reported error <,16%
A |Polished. T=298 K.
Same as & . Cratered. Avg. cra- '
Y |ter diameter: 1.25x10°% m.
Depth: 2.89x10~% .
Same as & . Cratered. Avg. cra-
D |ter diameter: 5.4x107° m.
Depth: 1.83x10°% m.
Aluminized dense flint. B=BTn5°
Flint ground with M 303.5 , T=298 K.
! grinding powder with average |Al mirror refer-
particle size of 1.1%x10"° m. |ence, w'=.03 sr.
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Fig 1-16. Normal-normal spectral reflectance, px, of Aluminium
contact coatings as a function of wavelength, A.

Explanation

Key Description Comments References
Al - 99.99 (6x10-8 - 7x10-8 p Sample temperature:|Touloukian,
o thick). Glass substrate. De-|T = 298 K. DeWitt &
posited in_vacuum (1.33x10-3 |Data from smooth Hernicz
- 2.66x10"3 Pa) for tg= 7 s.|curve. (1972).

Reported error 3%.
tyq is the deposi-
Same as O except tj= 145 s. [tion time,

Al - 99,99 (~7x10-8 m thick).
Glass substrate. Deposited
in vacuum (1.33x10-3 - 2.66x
V [x10-3 Pa) at 1079 - 1.5x10-9
m.s” " with substrate temper-
ature 473 K.

Al - 99,99 (v6x10-8 m thick).
Glass substrate. Deposited
D |in vacuum (1.33x10-3 Pa) at
3x10°8 m.s-1 with 60° angle
of vapor incidence.

O |Same as O except ty= 180 s.

e
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Fig 1-17. Effect of coating thickness on normal-normal spectral re=-
flectance, p;, of Aluminium conversion coatings as a funz-

tion of wavelength, A.

Explanation

Key Description Comments References %
i

Al - 99,99, anodized in sulphuric Tv298 K. Touloukian, !

O |acid. Polished substrate. DeWitt & Hernicz

Coating thickness, to=8.4x1070 m, (1972).

O |[Same as O except tg = 9.4x10°5 m.
11.4x10°6 m.

O |Same as O except tg

13.2%x10-% m.

1"

v |Same as O except tg
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Fig 1-18. Bidirectional reflectaice, p;. of Aluminium contact coatings as a

function of wavelength, A.
Explanation

Keyl Description Comments References
Evaporated film (8x10-8 m thick). sjub- Sample temperature: Tv298 K.j}Touloukian, DeWitt
o strate cleaned by a high-voltage D' glow ¢ Hernicz (1972).

discharge. Evaporated at 1.33%x10-3 Pa for
2 s. Exposed to air for 24 h.

® |Same as O except evaporation time 55 s.
© |5ame as O except evaporation time 130 s.
Evaporated film (9%x10-8 m thick). Sub-
strate cleaned as O. Evaporated at 1.33x
O ix10-3 Pa for 2 s using Al- 99.99. Film 24
h old when measurement was made.
@ [Same as LJ.Al- 99.5 used for evaporation.
=~ Tfvaporated film (8x10-9 m thick). sub- T~298 K.
A |strate cleaned as O . Substrate temoera-
ture at deposition 308 K. Film 2-3 h old.
Same as O except substrate at 323 7 at
a time of deposition.
Same as & except substrate at 373 K at
& time of deposition.
v Evaporated film. Substrate cleanec as 0. [Tv298 K. Data from smooth
Aged 10 h before measurement, curve,
¥ i5ame as Q except aged 100 h.
¥ |Same as & except aged 1000 h.
Evaporated film, Substrate cleaned asQO .
D {Stored in dry air for 63 d before naeas-
urement.
Same as [ except stored 1n normal air
B |(30-50% humidity) for 63 d before meas-

urement.

Evaporated film. Substrate cleaned as [<JR}
prepared under optimum conditions. Placed

9 .2 m from a 435-W quartz mercury burner

and irradiated for 20 h in dry air,.

Same as Q except lrradiated for 20 h 1in

normal air (30% humidity).

Same as < except irradlated for 20 h 1n

4 moist air (>90% humidity).
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Fig 1-19. Bidirectional spectral reflectance, Py, of Aluminium

conversion coatings as a function of zenith angles, B
and B', of incident and reflected radiations.

Explanation

Key

Description

Comments

References

Aluminium evaporated on Pyrex
glass substrate at about
4x10"8 m.s"1 at pressures
1.33x10-3 - 2.66x1073 Pa.
Coating thickness 3x10-7 m.
Anodized in a bath of freshly
prepared 3% ammonium tartrate
solution with a pure Al cath-
ode. Rinsed in distilled
water and dried.

T=298 K.
A=5.07x10"8

m.

Same as above.

T=298 K.
A=7.62x10"8

m.

Same as above.

T=298 K.
A=1.032x10"7

7 m.

Touloukian,
DeWitt & Hernicz
(1972).




G 1-42 ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS

Aluminium Alloys

7 _
2
T
INE ]
)
X K\
)4
7aN _
X
REX
NM———— reee s
2 _
0 1 | 1 L ! !
2 3 5 o2 35 0 20

Fig 1-20. Summary of data concerning normal-hemispherical spec-
tral reflectance, pi, of Aluminium vs. wavelength, A.

From Touloukian & DewWitt (1970).
Explanation

Key Description Comments
ZZZZZ Al -99.0. Vacuum deposited on glass. B=10°.
Freshly prepared. T=298 K.
- -
[“”[]“ Foil.
:ZZZZ Mechanically polished, electropoliéhed. T=298 K.
e . .. ‘ . Measured 1n vacuum
Souss IMill finished, electropolished. (1.33x10_4 Pa).
——— |Mechanically polished only.
XX\ |Polished. T=298
#M¥¥ |Evaporated on Mylar (2x10-7 m thick). T=298
<< [1lm vacuum depositec on glass. ' B=7°.
T=298 K.
———. |Acid etched. Bn50 .
T=298 K.
w4+ |Sandblasted. T=298 K.
oe-oee |[Polished, roughened (roughness ~vi.27x B=5°.
x1078 m). T=300 K.
—-—e—|Foil. Diffuse reflectance. T=298 K.
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Fig 1-21. Normal-hemispherical spectral reflectance, pi, of Alumi-

nium conversion coatings as a function of wavelength, AL

Explanation

Key Description

Comments

References

Bavriér—layer anod ‘¢ coated|Tv298 K.

Touloukian,

Al - 99,99, Measured in vacuum|{DeWitt &
O |Coating thickness 3.9% (1.33x10°"% Pa). Hernicz (1972).
+,015) 10°7 m. Data from smoota
curve.,
Same as QO except coating Same as O except
0O {thickness 1.6x1076 - 1.7x measured relative

x10~6 m. to MgO.
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Fig 1-22. Effect of UV €xposure on normal-hemispherical spectral

reflectance, pi

» of Alumini

function of wavelength, A.

Explanation

um conversion coatings as a

References

Key Description Comments
Al -99.99 (2.54x10-%[T=77 K.
m thick), barrier Exposed to vacuum (6.65x
O |anodized. x10~7 - 2.66x10-5 Pa). From
R(2m,0) measured in situ.
Data from smooth curve.
Same as Q . Same as O 350 ESH expo-
o ure at 6 sun, in vacuum.
Alodine 401-45. Re- | =300 K.
action of Aluminium |)ata from smooth curve.
surface with aqueous
0 solution of chromic,
phosphoric, and hy-
drofluoric acid.
Similar to 0O . T=300 K.
353 h exposure at 3-4 suns.
o Substrate temperature dur-
ing exposure: Ts=278 K.
Similar to O Same as [ except 358 h ex-
o posure. Ts=z=248 K.

Touloukian,
DeWitt §
Hernicz (1972).




ESA PSS-03-108 Issue 1 (November 1989) G 1-45

METALLIC MATERIALS

Aluminium Alloys

e
8 ‘
P 6 |
(p=0) Ja)
(w'=21t)
4 —
A
2 | |
0 |
0 A 8 1.2 1.6 2 2.4 2.8
A x10% [m]
Fig 1-23. Effect of el:ctron exposure on normal-hemispherical

spectral ref.ectance of Aluminium conversion coatings

as a function of wavelength, A.

Explanation

Key Description Comments References

Al - 99.99 anodized |T=77 K. Touloukian,

in sulphuric acid.|Exposed to vacuum (6.65%x10"7|DeWitt &

- 2.66%x10-% Pa), maintained |Hernicz (1372).

o by diffusion pump.

Calculated from R(2m,0)

measured in situ.

Data from smooth curve.

Same as O . Same as O except exposed to
electron radiation (8.6x1014

O - 1.6x10%6 e.m-2.5-1) inp

vacuum 5.8x1019 e.m-2,

Same as O . Same as {0 except total dose

1.2x1020 e.m-2,
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Fig 1-24. Effect of simultaneous UV-electron exposure on normal-

hemispherical spectral reflectance,

pi, of Aluminium

conversion coatings as a function of wavelength, A.

Explanation

Key

Description

Comments

References

Al - 99.99 anodized
in sulphuric acid.

T=177 XK.

Exposed to vacuum (6.65x10~7
- 2.66%x107° Pa), maintained
by diffusion pump.
Calculated from R(27,0)
measured in situ.

Data from smooth curve.

Same

as O .

Same as O except:

UV 8 sun intensity in vacuum
66 ESH

electron 3.5x1014 e.m”Q.S‘l;
1.2x1019 e.m~2,

Same

as O .

Same as O except total dose:
UV 130 ESH '
electron 2.3x1019 ¢, -2,

Same

as O .

Same as O except total dose:
UV 310 ESH
electron 5.8x1019 e.m"2,

Touloukian,
DeWitt §
Hernicz (1972).
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Effect of proton exposure on normal-hemispherical spec-

1 . . . .
tral reflectance, Py of Aluminium conversion coatings

as a function of wavelength, A.

Explanation

!Key Description Comments References
Al - 99.99, barrier-|[Tn298 K, Touloukian,
-layer anodic Measured in vacuum (1.33x DeWitt &

O |coated. x10"% Pa). Hernicz (1972).

Coating thickness Data from smooth curve.
(3.9%,015)x10°7 m.
Same as O . Same as O except irradiated

in vacuum at 300 K with 8.7

i keV protons to a total dose
of 9.25%x1020 p.m~-2,

Same as O except Same as O, Measured rela-
o coating thickness tive to MgO,

1.6x10-6 - 1,7x10-5

m.

Same as O Same as [ except irradiated
- in vacuum at 300 K with 8.7

keV protons to a total dose

of 1020 p.m“2
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Fig 1-26. Dipectional-hemispherical Spectral reflectance, pi, of
Aluminium conversion coatings as a function of wave-
length, A.
Explanation
Key Description Comments References
Al -199.99., Foil 5,1x10-5 thick. [B=150, Touloukian,

o Bright dipped and anodized on both|T=298 k. DeWitt & Hernicz
sides (7.6x10-6 m thick) ip dilute (1972).
Sulphuric acid,

0 Same as Q . B=300°

T=298 K,

A Same as Q B=y50

T=298 K.
¢ [Same as O B=60°,

T=298 K.
> Similar to O . B=1509,

T=238 K.
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Fig 1-27. Hemispherical-normal spectral reflectance, pi, of Aluminium

contact coatings as a function of wavelength, A.

Explanation

Key Description Comments References

Evaporated film on mechanically pol-|T =298 K. |Touloukian &

O |ished and electropolished stainless DeWitt (1970).
steel,
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Bidirectional total reflectance, P", of Aluminium

as a function of the viewing zenith dangle, f'.

Explanation

Key Description Comments References
T=298 K. Touloukian
O Angle o viewing within 2.5° of & DeWitt
angle o' specular reflection. (1970).
Sandblasted. T=298 K. B=45°, g=gr=9g.
o .
Tungsten filament lamp source.
@ [Same as O Same as O except §'=180°,
A Different sample, |Same as 0
same as [
A (Same as A . Same as 0O except §'=180°,
YV |Same as A Same as O except green filter.
V¥ [Same as V Same as V except §'=180°,
D |same as A Same as O except amber filter,
P [same as D . Same as D except §'=180°,
< |Same as A Same as A except blue filter,
4 (Same as Same as < except B'=180°,
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Table 1-9

Normal-Normal Solar Reflectance of Aluminium Conversion Coatings

p IIS

(B=B'=0)

Comments

298

n298

298

V298

nv2398
298
298

V298

298
298

298

.84

.82

.81

.82

.82

.78

.77

.78

.88

.86

.84

.83

Al1-99.99 anodized 15 min in sulphuric acid; coating
thickness 9.38x10-6 m; substrate polished by Alzak
process (electrolytic fluoboric acid bath); calcu-
lated from spectral reflectance data.

Similar to above specimen and conditions except
heat treated (24 h at 589 K) in vacuum (6.65x10-3
Pa).

Similar to above specimen and conditions except
heat treated (48 h at 589 K) in vacuum (6.65x10-3
Pa).

Similar to above specimen and conditions except
heat treated (96 h at 589 K) in vacuum (6.65x10-3
Pa).

Similar to above specimen and conditions except an-
odized 25 min; coating thickness 1.32x10-5 m. Men-
tioned below as specimen 1.

Similar to specimen 1 excegt heat treated (24 h at
589 K) in vacuum (6.65x10-3 Pa),.

Similar to specimen 1 except h:at treated (48 h at
589 K) in vacuum (6.65x10-3 Pa).

Similar to specimen 1 excegt heat treated (96 h at
589 K) in vacuum (6.65%x10~3 Pa).

Al1-99.99 anodized 10 min in sulphuric acid; coating
thickness 8.36x10-% n; substrate polished in phos-
Phoric/nitric acid bath for 2 min at 364 K; calcu-
lated from spectral reflectance data.

Similar to above specimen and conditions except an-
odizing time 15 min; coating thickness 9.38x10-6 p,

Similar to above specimen and conditions eXxcept an-
odized 20 min; coating thickness 1.09x10-° m.

Similar to above specimen and conditions except an-
odized 25 min; coating thickness 1.32x10-5 m.

From Touloukian, DeWitt & Hernicz (1972).
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Table 1-10
Normal-Hemispherical Solar Reflectance of Both Bulk Aluminium

and Contact Coatings

T 'S
(B=0, Comments

[K] (w'=27)

298 .90 Pure aluminium on optical flat (2x10-7 m thick); meas-
ured in adir.

298 .88 Aluminium foil Reynolds Wrap-heavy duty: measured in
air.

298 .88 Reynolds Wrap-heavy duty foil; measured in air.

298 -390 1 Pure Al; .3x10-5 m thick opaque layer on glass; fresh-
ly prepared; Mg0 reference; computed from spectral
data. Mentioned below as specimen 1.

298 .01 Above specimen and conditions; diffuse component only.

298 .91 Different sample, same as 1 specimen and conditions.

298 .01 Above specimen and conditions; diffuse component only.

29¢g .89 Aluminium film on 6.35x10-% m thick Mylar; measured in
air.

298] .88 Aluminium film on 6.35x10-% m thick Mylar; measured in

i air.

From Touloukian & DeWitt (1970).

3.3.4. Transmittance.
3.3.4.1. Directional spectral transmittance.

3.3.4.1.1. Normal-normal spectral transmittance of Aluminium
(B=B'=0): Fig 1-29.

3.3.4.1.2. Angular spectral transmittance (B#0).
Effect of angle B on angular spectral transmittance of

Aluminium: Fig 1-30.
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Fig 1-29. Normal-normal spectral transmittance, T;, of Aluminium as a function of wave -
length, X.
Explanation
Key Description Comments References
Evaporated film (6%.5)x10-8 m thick. Sample temperature: T=298 X. Touloukian ¢
o Glass slide substrate at room temper-iReported error A10% at A>3.5x10-8 p DeWitt (1970).
ature at evaporation. ILvaporated at <25% at A<3.s5x1078 g4
2.67x10"3 Pa in 10-15 s,
g [Same as O except film thickness (1t
t.1)x10°7 m, .
Evaporated film 4.7x10°8% m thick. T=298 K.
A |Unsupported. Exposed to air at atmos-
pheric pressure.
¢ |Same_as & except film thickness 1.38x
-7
x10 m.
> |Unbacked film (A8x10-8 m thick), T=298 X,
Slight oxide laver. Measured in vacuum (<1.,33x10-3 Pa).
Unbacked foil (3%10-8 m thick). Evap-|T=298 K.
orated in vacuum (4x10-Y4 pa), Exposed|Condensed spark discharge in argon
to air, ' light source.
q p-polarization dominant.
Data uncorrected for partial polar-
ization effects.
o Same as 4 . Same as 9 except s-polarization
dominant.
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Fig 1-30. Angular spectral transmittance, ‘r'):, of Aluminium as a functiorn of wavelength, A.
Explanation
Xey Description Comments References
-
Unbacked foil (3x10-8 m thick).[B=8'=0. Touloukian §
Evaporated in vacuum (ux10-4 Sample temperature: T=298 K. DeWitt (1970).
Pa). Exposed to air. Condensed spark discharge in argon light
0 source.
p-polarization dominant.
Data uncorrected for partial polarization
effects.
® [Same as O . Same as O except s-polarization dominant.
O {Same as O . Same as O except B=p'=20°.
M [Same as O . Same as O except s-polarization dominant.
A {Same as O . Same as O except B=B'=30°,
A |Same as O . Same as O except s-polarization dominant.
VU |Same as O . Same as O except B=f'=45°,
¥ [Same as O . Same as V except s-polarization dominant.
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Other physical properties

Electrical resistivity.

Effect of temperature on electrical resistivity: Fig 1-31.

ENVIRONMENTAL BEHAVIOR

Prelaunch

Aluminium surface is very susceptible to increases in o and €
caused by contamination. The surface must be protected from

physical abuse, ttmospheric exposure and caustic contaminants;
cleanliness must be assured.

From Breuch (196 ').

Postlaunch

No known restric ions other than structural.

Adhesive backed Hright aluminium foils should not be used ex-
ternally during iscent nor in areas where the peak ascent tem-
perature is expe:ted to exceed 460 K.

Pressure-sensitive aluminium tapes, if placed externally, should
be fastened mechinically on both ends to avoid blistering. These
tapes can be usel internally where peak temperatures of up to

700 K are antici.ated, and externally for temperatures below

670 K.

From Breuch (1967).
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Fig 1-31. Electrical resistivity, 0_1, of Aluminium as a function

of temperature, T.

Explanation

Key Description Comments References
O |Traces of Mg, S8i, Fe, and Cu. Touloukian
0O [99.9 A1 - .05 Si - .03 B. (1967)a.

.04 Si- .03 Fe, traces of Cu, Ti, Furnace cooled.

8 |annealed 1 h at 723 X.

v} .

Al - 99.5. Cast at 973 K into molds
D lat 473 K, rolled and drawn. Turned

into rods.

Al - 99.9, .038 Fe -.03 Si-.002 Cu.
Same treatment as D

Al - 99.99, .003 Fe- .0027 Si- .0024
Cu. Same treatment as D

SP grade.

Al - 99,6,

Pure.

>Eie O | A
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5. CHEMICAL PROPERTIES

5.1. Solution potential (vs. decinormal calomel electrode)

Al-199.5 : .84 v, any condition.
Al -99.0 : .83 V, any condition.
From Kappelt (1961).

5.2. Corrosion resistance

These alloys are very stable because they become covered by a
thin oxide film which is very resistant and protective. Thick-
er, more protective oxide coatings can be deposited by chemi-
cal or electrolytic treatments.

Corrosion resistance of these alloys is very good in interiors,

rural, marine or industrial environments. (Kappelt (1961)).

6. FABRICATION

6.2. Forming. Excellent.
6.3. Welding. Good.

6.4. Machining. Excellent.

6.5. Heat treatment. These alloys are non-heat-treatable.

From Kappelt (1961).

7. AVAILABLE FORMS AND CONDITIONS

These alloys are a ailable in any standard product form such as:
sheet, plate, stri » bar, tubing, wire extrusions, and forgings
in a wide range of sizes from foils less than 2.5%X107° m thick

to big forgings.
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USEFUL TEMPERATURE RANCE

Continuous structural use should be limited to temperatures be-
low 400 K.

The temperature range of aluminized plastic films is normally
controlled by the linear expansion of the film, which in the

case of Mylar is extremely high above 310 K.

APPLICATIONS

Structural elements, foils, bushing and gear, tanks, sealing,
wires, honeycombs (both cores and faces), thin wall tubing. As
coating on Mylar, Tefloi, Kapton, .... . To protect aluminium

alloys (alclad).
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1.3. ALUMINIUM-COPPER ALLOYS

ALLCY Al - 4.3 Cu-1.5 Mg - .6 Mn.

1. TYPICAL COMPOSITION, PERCENT

Cr| Cu |Fe| Mg |Mn|Ni|si|Ti+zr|2n Eag;h$Z:al Al
1 2:2 5 i:g ol |us| .2 | .05 | .15 |Palance
2. OFFICIAL DESIGNATIONS
AECMA IS0 AFNOR | AMS| BS DIN
Al-P13 |/1-CulMgl| A-U4G1 |2024l|2. 65 g%ciggf

3. PHYSICAL PROPERTI S
3.-1. Density. p = 2 770 kg.m °. (Kappelt (1961), ASMH (1974)c .

3.2. Thermal properties

3.2.1. Specific heat.
Effect of temperature on specific heat: Fig 1-32.
3.2.2. Thermal conductivity.
Effect of temperature on thermal conductivity: Fig 1-33.
Thermal conduntivity integrals: Fig 1-34
3.2.3. Thermal diffu.ivity.
Effect of temperature on thermal diffusivity: Fig 1-35,
3.2.4. Thermal expansion.
Effect of temperature on thermal expansion: Fig 1-36
3.2.5. Melting range.

773 K - 913 K. (ALCAN (1965)).
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Fig 1-32. Specific heat, ¢, of Al- 4.3 Cu -1.5 Mg - .6 Mn as a function of temperature, T.

Explanation

Key Description Comments References

4.31 Cu=~ .29 Si- .14 Fe, and traces of Touloukian (1967)b.
other impurities. Hot worked, annealed
O |several hours at 773 K in vacuum and
cooled in 10 d. Heating rate during
test 2 K.min~1,

o 93.4 Al- 4.5 Cu-1.5 Mg - .6 Mn.
Condition - Tu.

o |Same as O ., Condition - T, Sealed under helium
atmosphere.

Nominal composition. Reported error $5%.
Hanova liquid platinum was applied on
both surfaces of the specimen; on

o front surface for opaqueness and on
rear surface for good conductivity. In
addition front surface was undercoated
with Parson black to obtain constant
absorptance.
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Fig 1-33. Thermal conductivity, k, of Al-U4.3 Cu-1.5 Mg - .6 Mn as a function of tem-

perature, T.

Explanation

Key Description Comments

References

o Nominal composition, Condition - Tu.
Density 2 787 Kg.m~3. As received.

o Same as O . Measured after heating to

O |Same as V . Condition - 0 annealed.

575 K.

4,5 Cu=-1.5 Mg- .6 Mn. Reported error *u%.
A |Heated from virgin conditions to maxi-

mum temperature of 648 K.

Same as & . Cooled to room temperature
¥ land then repeated the above heat

treatment.
< lsame as ¥ . Condition - T4-T3. Reported error %5%.

Touloukian (1867)b.
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Fig 1-34. Thermal conductivity integrals of Al - 4.3 “u- 1.5 Mg -

-.6 Mn as a function of temperature, T.

Explanation

~——~=—— From Coston (1967).

~=~=-—=Calculated, by the compiler, by fitting the experimental
data points O and  of Fig 1-33 with the least-squares
method, and integrating the expression, k(T)=74.44-2,30x
X10727+9.96x107472-1.09x107673 (r=.977), which is then
obtained; r is the correlation coefficient giving the

goodness of the fit.
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5. Thermal diffusiviiy, a, of AL - 4.3 Cu

perature, T.

Exglanation

- 1.% Mg - .6 Mn as

a function of tem-

Key

Description

Comments

References

(o]

4.5 Cu~-1.5 Mg~ .6 Mn. Condi-
tion - T4h. As received.

Same as O . Heated above 575 K.

3.8-4,9 Cu-1.2-1.8 Mg~ .3~
-.9 Mn- .5 max Fe- .5 max Si -
-.25 max Zn - .1 max Cr and .15
max other in total.

Condition - T86.

Measured
sures 1o
followed

after five expo-
radiation and
by cooling.

Same as QO .

Measured
sures to
followed

after eight expo-
radiation and
by cooling.

Same as O .

Measured
sures to
followed

after ten expo-
radiation and
by cooling.

4,5 Cu-1.5 Mg- .6 Mn. Annealed
at 723 K.

4,5 Cu=-1.5 Mg - .6 M. Condi-
tion ~ Tk,

Touloukian (1967)b.
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Fig 1-36. Linear thermal expansion, AL/L, of Al - 4.3 Cu - 1.5 Mg - .6 Mn as a function

of temperature, T.

Cxplanation

Key Description Comments References

o Nominal composition. Condi- Tested in vacuum, Touloukian (1967)b.
tion ~ T4.
83.09 Al - 4.41 Cu-1.41 Mg~ Heating.

-.67 Mn - .25 Fe - ,10 Si - .02
Zn, and .01 Ni, Cr, Pb, Bi
0O {each.

Solution heat-treated 1 h at
766.5 K, water quenched, and
aged at room temperature.

B |Same as O . Cooling.
A Same as O . Aged 100 h at 644 |Heating.
K.
A |Same as & . Cooling.
o Same as O . Aged 500 h at 700 |Heating.
K.
& |Same as O . Cooling.
2.31 Cu-1.46 Mg-1.23 Fe -
-1,20 Ni- .88 Si- .07 Ti.
V [Wrought, heated 2 h at 798 K,
quenched, aged 16 h at Lu3 K,
quenched.
> 4.5 Cu-1.5 Mg- .6 Mn. Condi~ [Tested at 1.5- 2.5 K.min-1

tion - Th, rise in argon.
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3.3. Thermal radiation properties

3.3.1. Emittance.

3.3.1.1.1. Normal spectral emittance (B'=0): Fig 1-37
3.3.1.2.1. Normal total emittance (B'=0).
Effect of temperature on normal total emittance: Fig 1-38

The influence of anodizing is given in Table 1-11

Table 1-11

Normal Total Emittance of Al -4.3 Cu-1.5 Mg- .6 Mn, Anodized

da gte g Comments

373 | O .55 | Anodized in chromic acid.

Measured in vacuum (<1.3x1073 Pa).

300 { v0 | .78 | 1.6x10"3 m thick. Anodized in sulphuric acid
(coating thickness n1.3x10-% m). Calculated
from reflectance measured in air. Mentioned
below as specimen 1.

300 | O .78 | Similar to 1 except expcsed to vacuum
(1.3%x10-6 Pa) for 300 h. Vacuum maintained
by ion pump. Measured in air after expo-
sure.

300 | O .78 | Similar to 1 except exposed to UV radiation
in vacuum (1.3x10-3 Pa) for 300 h. Vacuum
maintained by oil-diffusion pump. Hg gas UV
source. Measured in air after exposure.

300 | O .78 | Similar to above except He gas UV source.

From Touloukian, DeWitt & Hernicz (1972).

3.3.1.4., Hemispherical total emittance: Table 1-12.
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Fig 1-37. Normal. spectral emittance,-ei, of Al- 4.3 Cu-1.% Mg~ .65 Mn as a function
or wavelength, A,
Ex>lanation
AQy Description Comments References
4.5 Cu- 1.5 Mg~ .6 Mn. Samp-le temperature: T=823 K. Touloukian (1967)b.
O |Ultrasonically machined. Oxi- Measured in air.
dized in air at 823 K for 2 h. Reported error 1u4%.
Same as O . T=323 K.
N Surface roughness: 9.9x10-8 p Measured in nitrogen.
and 7.1%x10"® m in x and y di-
rections respectively.
Same as O,
Surface roughness: 4.6x10~8 p
Q and 3.8x10"° m in x and y di-
rections respectively.
Same as O .
o Surface roughness: 1.52x10-7
mand 1.7x10°7 m in x and y
directions respectively.
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Fig 1-38. Normal total emittance, ¢', of Al - 4,3 Cu-1.5 Mg~ .56

tion of temperature, T.

Exglanation

G 1-67

Mn as a func-

As received.

Reported error $10%.

Same as @ . Cleaned with liquid
detergent or polished with fine
polishing compounds on a buffing
wheel.

Same as M . Oxidized
heat for 30 min.

in air at red

4.5 Cu-1.5 Mg~ .6 Mn.
Weathered using flat =hield.

Same as 4 . Weathered

cal shield.

using coni-

Same a&s > .

Same as ® .

Constant over temperature range
361-433 K.

Reported error *10%.

Key Description Comments References
o 4.5 Cu -.1.5 Mg - .6 Mn. Measured in }?elium (1.33*10'3 Pa).|Touloukian (1967)>.
As received, wiped. Cycle 1 heating.
A [Same as O . Cycle 1 cooling.
O |same as O . Cycle 2 heating.
V |same as O . Cycle 2 cooling.
o Sa.me as O . Scrubbed, vashed, and |Same as o .
wiped.
Q [same as © . Cycle 1 cooling.
D |Same as Q. Cycle 2 heating.
© [Same as © . Cycle 2 cooling.
a [S3me as o . Polished t. a mirror Same as O’
like finish and washed.
0 |Same as & . Cycle 1 cooling.
@ [same as & . Cycle 2 heating.
¥ [same as & . Cycle 2 cooling.
O [Same as & . Cycle 3 heating.
8 |same as & . Cycle 3 cooling.
179 4.5 Cu-1.5 Mg - .6 Mn. Alclad. Measured in vacuum (6.7x10-3 Pa).
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Table 1-12

Hemispherical Total Emittance of Al -4.3 Cu -1.5 Mg - .6 Mn

[EJ € Comments

303 .052 | Measured in air.

303 | .26 Different sample, same as above specimen
and conditions except weathered.

373 | .063 | Prefinished with 600 grit aluminium ox-
ide powder on felt; electro olished;
measured in vacuum (1.3x10~3 Pa).

373 | .041 | Above specimen and conditions except ion
bombarded (3.2x1024 ions/m?2).

373 | .053 | Above specimen and conditions except ion
bombarded (6.5x102% jons/m?).

373 | .062 | Above specimen and conditions except ion
bombarded (9.8x102"% ions/m2).

278 .02 As received.

278 | .06 Different'sample, same as above specimen
and conditions except machine polished
and degreased.

From Touloukian & DeWitt (1970).

3.3.2. Absorptance.
3.3.2.5. Solar absorptance.

3.3.2.5.1. Normal solar abscrptance: Table 1-13.
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Table 1-13

Normal Solar Absorptance of Al - 4.3 Cu-1.5 Mg -0.6 Mn

G 1-69

[E] R° oy Comments

311 | ~O U5 Heated to 310 K; clean and smooth surface;
measured in air at sea level. Mentioned
below as sample 1.

311 | O .58 Above specimen and conditions except re-
he:cted to 560 K.

311 | 0O .67 Abcve specimen and conditions except re-
heated to 755 K.

311 | ~O .25 Diiferent sample, same specimen and condi-
tions as 1, except heated to 307 K; pol-
ished; surface free from scratches.

311 | ~0 .18 Above specimen and conditions except re-
heated to 560 K.

311 | O .43 Above specimen and conditions except re-
he:zted to 755 K.

311 | ~0O .49 Different sample, same specimen and condi-
tions as 1, except heated to 324 K; clean-
ed with methyl alcohol.

311 | ~O .46 Above specimen and conditions except re-
heated to 603 K.

311 | ~O .73 Above specimen and conditions except re-
heated to 755 K.

298 9 .242 | As received; computed from spectral re-
flectance data for sea level conditions.
Mentioned below as sample 2.

298 9 .236 | Abrve specimen and conditions except com-~
pu ed for above atmosphere conditions.

298 9 .228 | Dirferent sample, same specimen and condi-
tions as 2, except cleaned with liquid
detergent.

298 9 .220 | Above specimen and conditions except com-
puted for above atmosphere conditions.

298 9 .302 | Different sample, same specimen and condi-
tions as 2, except polished.

298 9 .290 | Above specimen and conditions except com-
puted for above atmosphere conditions.

(Continued onto next pag

e)
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Table 1-13 (Continued)

Normal Solar Absorptaince of Al - 4.3 Cu- 1.5 My - .6 Mn

! go o Comments

[¥] s

298 g .568 | Different sample, same specimen and condi-
tions as 2, except oxidized in air at red
heat for .5 h.

298 9 .548 | Above specimen and conditions except com-
puted for above atmosphere conditions.

278 | O .27 As received; extraterrestrial. Reported
error 10%.

278 | O .31 Different sample, same as above specimen
and conditions except machine polished and
degreased. Reported error 10%.

297 .20% | Alloy sheet (nonclad). Chemically cleaned.

+.05 | From Breuch (1967).
297 .22% | Alloy sheet (clad). Chemically cleaned.
+,05 | From Breuch (1967).

323 .16 Alloy sheet (nmonclad). Surface roughness
.152x10-6 m and .178x10"% m in x and y di-
rections respectively. Calculated by the
compiler from data of Fig 1-37.

All data are from Toulotkian & DeWitt (1970), unless other-
wise stated.

The influence of arodizing is given in Table 1-14

Table 1-14
Normal Solar Absorptance of Al - 4.3 Cu-1.5 Mg ~-0.6 Mn, Anodized

[i] Re Og Comments

300 | O .15 Anodized in sulphuric acid; coating
thickness ~1.27x107° m; absorptance calcu-
lated from reflectance measured in air.
Mentioned below as sample 1.

300 | O .16 Similar to above specimen and conditions
except exposed to vacuum (1.33x10-% Pa)
for 30) h; vacuum maintained by ion pump;
proper .y measured in air after vacuum ex-
posure.

(Continued onto next page)
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Table 1-14 (Continued)

Normal Solar Absorpt.nce of Al- 4.3 Cu-1.5 Mg- .6 Mn, Anodized

T o]

[K] B Qg Comments

300 | ~O .18 Similar specimen and conditions as 1, ex-
cept exposed to vacuum (1.33x10°7 Pa) for
300 h; vacuum maintained by oil-diffusion
pump; property measured iu air after vac-
uum exposure.

300 | O .26 Similar to above specimen and conditions
except exposed to UV radiation in vacuum
for 300 h; Hp gas UV source.

300 | ~O .31 Similar to above specimen and conditions
except He gas UV source.

From Touloukian, DeWitt & Hernicz (1872).

3.3.3. Reflectance.

3.3.3.1. Bidirectional spectral reflectance.

3.3.3.1.1. Normal-normal spectral reflectance (B=B'=0) of alloy

anodized: Fig 1-39.

3.3.3.2. Directional-hemispherical spectral reflectance.
Normal-hemispherical spectral reflectance (B=0, w'=2m):
Fig 1-49.
Normal-hemisyherical spectral reflectance (B=0, w'=2m)
of alloy anodized: Fig 1-41.

3.3.3.6. Normal-hemispherical total reflectance.

3.3.3.9.2. Normal-hemispherical solar reflectance (B=0, w'=2m) of

alloy anodized: Table 1-15.
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Fig 1-39. Normal-normal spectral reflectance, px, of Al - 4.3 Cu -

-1.5 Mg - .6 Mn, anodized, as a function of wavelength, A.

Explanation

Key Description Comments References
Nominal composition. fample temperature: |Touloukian, DeWitt

O |Anodized in sulphuric 12298 K. & Hernicz (1972).
acid. lata from smooth

curve.
Same as O .

A Same as O except sub-
strate chem-milled.

v Same as O except ano-
dized in chromic acid.

Same as O except ano-
| D |dized in black chromic
l acid.
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Fig 1-40. Normal-hemispherical spectral reflectance, pi, of Al- 4.3 Cu- 1.5 Mg -.6 Mn

as a function of wavelength, A

Exglanation

Key Description Comments References

O |Nominal composition. As received. B=9° Touloukian £ DeWitt
N Sample temperature: T=298 K.|(1970).

O {Same as O except polished. Data from smooth curve.

N Game as O except cleaned with liquid Reported error tut.

detergent.

Same as O except oxidized in air at red

v heat for 30 min.
Nominal composition. Cleaned. T=378 K. .
. L33
Same as D except exposed to UV radia- ﬂ;:i%’;g)‘“ vacuum (1.33

g ltion for 20 hj G.E. Type UA-3 lamp

Measured relative to MgO.
source.

Same as D except exposed to UV radia-
¢ |{tion for 60 h. Same radiation source

as 4 .

same as D except exposed to UV radia-
® |{tion for 100 h, Same radiation source
as 4§ .
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Fig 1-41. Normal-hemispherical spectral reflectance, oi, of Al - 4.3 Cu-1.5 Mg~

-.6 Mn, anodized, as a function of wavelength, A,

Zxplanation
Key Describtion Comments References
Nominal composition. Anodized. Sample temperature: T=378 K. Touloukian, DeWitt &
O |Cleaned. Measured in vacuum (1.33x10"3 Pa)lHernicz (1972).
4 relative to Mg0.
Same as O . Same as O except exposed to UV
[«] radiation for 20 h. Source:
‘ GE UA-3 lamp.
Same as O . Same as O except exposed to UV
© radiation for 60 h.
o Same as O ., Same as O except exposed to UV

radiation for 100 h.

Nominal composition, Sheet ~1,59x [T=300 K.
x10°3 m thick anodized in sulphu- [Data from smooth curve. The data

0 ric acid, Coating thickness correspond to two different tests
N1.27x1075 o,
Same as O |, Same as O except exposed to vac-
uum (1.33x10°% Pa) for 300 h.

A Vacuum maintained by ion pump.
Measured in air after vacuum ex-
posure.

Same as O . Same as O except exposed to UV

lv} radiation in vacuum for 300 h;

Hy gas UV source.
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Table 1-15

Normal Hemispherical Solar Reflectance of

Al - 4.3 Cu-1.5 Mg - .6 Mn, Anodized

T o 1 '

DQ B W p'g Comments

298 | O 2m .28 | Anodized in chromic acid. Mentioned be-
low as specimen 1.

298 | O 27 .30 | Similar to above specimen and conditions
except calculated from spectral data.

298 } O 2m .31 | Similar to 1 specimen and conditions
except anodized in black chromic acid.

298 | O 2m .29 | Similar to 1 specimen and conditions
except calculated from spectral data.

298 | ™0 2m .56 | Similar to 1 specimen and conditions
except anodized in sulphuric acid. Men-
tioned below as specimen 2.

298 | O 2T .53 | Similar to above specimen and conditions
except calculated from spectral data.

298 | O 2m 64 | Similar to 2 specimen and conditions
except substrate Wwas chem-milled.

298 | O 2m .57 | Similar to above specimen and conditions
except calculated from spectral data. '

From Touloukian, DeWitt & Hernicz (1972).

3.4. Other physical properties

3.4.1. Electrical resistivity (at room temperature).

Condition 0 T3-Tu T6-T81

a,b c

a,b .0us

L0574

o-1.10% [@.m]|.03u5

2 xappelt (1961); D agMH (1974) c;
Aluminium Association (1969).

The coefficient giving the variation of electrical resistiv-

ity with temperature is in the range 2x107 3 K—l.(ASMH (19781c)
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3

to 2.6%X10 K'l.(Touloukian (1967)b).

4, ENVIRONMENTAL BEHAVIOR

4.1. Prelaunch
Aluminium surface is very susceptible to increases in Qg and €
caused by contamination. The surface must be protected from
physical abuse, atmospheric exposure, and caustic contaminants;
cleanliness must be assured.

4.2, Postlaunch

There are no known restrictions, other than structural.

From Breuch (1967).

5. CHEMICAL PROPERTIES

5.1. Solution potential (vs. decinormal calomel electrode)

Condition T3-TkL T8

Sol. Pot. V ~-.68 -.8

From REYNOLDS METALS Co,
(1961).

5.2. Corrosion resistance

It is poor in marine or industrial environments, sufficient in

rural and urban environments, and good indoors.

6. FABRICATION

6.2, Forming. Medium.
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6.3. Welding. Poor.
6.4. Machining. Good.

6.5. Heat treatment. Good.

6.6. Anodizing. Poor.

From Garcia-Poggio et al.(1972).

7. AVAILABLE FORMS AND CONDITIONS

This alloy is available in the full commercial range of sizes
for sheet, strip, plate, rod, bar, forgings, tubing, wire, ex

trusions and structural shapes.

8. USEFUL TEMPERATURE RANGE

Some desagreement seems 10 exist in the literature regarding
the maximum operating temperature of this alloy. Although tem-
peratures as high as 425 K are quoted for long term structural
purposes (any temper condition), and even higher values for
intermittent loading (475 K, Th condition), it is advisable nct
to use this alloy (T3, Tk conditions) in a corrosive environ-
ment at temperatures above 340 K for several hours, or above

365 K for more than a few minutes.

9. APPLICATIONS

Gear materials in antenna drive, instruments, structural pur-

poses, and thermal control surfaces.
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ALUMINIUM-MAGNESIUM ALLOYS
ALLOY Al -1 Mg - .6 Si.
TYPICAL COMPOSITION, PERCENT
a . . Others
Cr Cul(Fe|Mg| Mn|{Si | Ti| Zn Fach | Total Al
.15].15¢ - .8 - L4 - - - Balance
.35).4 |.7|1.2].15]| .8 .251 .05 .15
3 gometimes this alloy contains Mn (.2% - .8%)
instead of Cr.
OFFICIAL DESIGNATIONS
AECMA ISC AFNOR AMS BS DIN
. , AlMgSii,
Al-P34 [A1-Mg1SiCu - 6061 H20 3.2315

PHYSICAL PROPERTIES

Density. p

= 2 700 kg.m'3.(Kappe1t (1961)).

Thermal properties

Specific heat.

c =963 J.kg

From room temperature to 373 K.

1

Thermal conductivity.

At room temperature.

k- (ASMH (1974)c).

Condition 0 Ty To
K 1808 11553sP | 172
[w.m-1.xk-1]| 172P - 155D

From ASMH (1974)c.
From Kappelt (1961).

b

Conditions 0 and T6.

G 1-79
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3.2.4, Thermal expansion coefficient

Mean coefficient of linear thermal expansion, B, between 293

K and given temperature.

T [K] 2932 393 493 593

Bx10% [k=17] 21.8 | 23.4 | 24.3 | 25.4

Lower limit in this case is 213 K:

From Kappelt (1961).

3.2.5. Melting range. 855 K -922 K.(ASMH 1974)c.

3.5. Thermal radiation properties

3.3.1. Emittance.

3.3.1.2. Normal total emittance (B'=0): Table 1-16.

Table 1-16

Normal Total Emittance of Al -1 Mg- .6 Si

1
EK] £ Comments

.03 |Sheet 3.17x1073 n thick, cleaned and degreased.

.76 |Anodized with chromic acid electrolyte 5% by weight, at

308 K, anodizing voltaée: 40V DC, 120 min. Resulting
coating thickness: 1072 m,

.07 JAnodized with citric acid electrolyte, 1 kg.m"3

ammonium citrate, at 295 K, anodizing voltage: 200V DC
45 min.

-81 Anodized with oxalic acid electrolyte, 3% by weight, at
311 K, anodizing volta%e: 30V DC, 60 min. Resulting
coating thickness: 1072 n.

.80 |Hard anodized, 7.6x10-6 p thick, with sulphuric acid
electrolyte 15% by weight, at 269 K.

.82 |Soft anodized, 7.6%x10-% m thick, with sulphuric acid
electrolyte 17% by weight, at 293 K.

From Bevans (1969).
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3.3.1.4. Hemispherical total emittance: Table 1-17.
Table 1-17
Hemispherical Total Emittance of Al-1Mg-.6Si
T £ Comments

(k]

294 | .06%.032 Nonclad sheet, chemically cleaned.

278 | .09%.062 Forging, chemically cleaned.

323 | .10t.064 Forging, chemically cleaned.

223 | .10x.06¢ Weld area, chemically cleaned.

278 | .10£.064 Weld area, chemically cleaned.

323 | .11x.0862 Weld area, chemically cleaned.

278 | .ou b As received.

278 | .04 b Different sample, same as above specimen and
conditions except machine polished and
degreased.

278 | .41 b Different sample, same as above specimen and
conditions except sandblasted (120 size grit).
Reported error: 10%.

302 .0506 b Buffed; measured in vacuum (2.67 x 10-% Pa).
Error below 7.7%.

303 | .0500 D Above specimen and conditions; second trial.
Error below 7.7%.

302 | .0506 D Above specimen and conditions; third trial.
Error below 7.7%.

302 | .oug b Above specimen and conditions; different
analysis of observed data. Error below 7.7%.

302 | .0501 D Above specimen and conditions; second trial.
Error below 7.7%.

3.3.2.

From Breuch (1967).

From Touloukian & DeWitt (1970).

5.

Absorptance.

Sclar absorptance.
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3.5.2.5.1. Normal solar absorptance: Table 1-18.
Table 1-18

Normal Solar Absorptance of Al-1IMg-.v08i

[K] go Ug Comments

294 .16x.044 Nonclad sheet, chemically cleaned.

294 .19+.06¢9 Sheet sanded and chemically cleaned.

.37 b 3.17x10°3 m thick sheet cleaned and
degreased.

.4g b Hard anodized, 7x10-®% m thick, with
sulfuric acid electrolyte, 15% by
weight, at 269 K.

.38 b Soft anodized, 7x10-%6 m thick, with
sulfuric acid electrolyte, 17% by
weight, at 293 K.

.42 b Anodized with oxalic acid electrolyte,
3% by weight, at 311 K, anodizing
voltage: 30V DC, 60 min. Resulting
cocating thickness: 10-5 m.

.37 b Anodized with citric acid electrolyte,
1 Kg.m-3 ammonium citrate, at 295 K,
anodizing voltage: 200 V DC, 45 min.

.uyg b Anodized with chromic acid electrolyte,
5% by weight, at 308 K, anodizing
voltage: 40V DC, 120 min. Resulting
coating thickness: 10-5 m.

278 | vO .41 © As received; extraterrestrial. Reported
error 10%

278 | vo | .35 € Different sample, same as above specimen
and conditions except machine polished
and degreased. Same reported error as
above.

278 | v0 | .60 € Different sample, same as above specimen
and conditions except sancblasted

(120 size grit). Same repcrted error as
above.

From Breuch (1967).
From Bevans (1969).
From Touloukian & DeWitt (1970).
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3.3.3. Reflectance.
3.3.3.1. Bidirectional spectral reflectance.
Normal-hemispherical spectral reflectance (B=0, w'=2m):
Data concerning different surface conditions are given in
the following figures:
As received: Fig 1-u2
Grit blasted: Fig 1-43.
Chemically polished: Fig. 1-h4bu.
Chemically milled: Fig 1-45

3.4. Other physical properties

3.4.1. Electrical resistivity.

Condition 0 Tu To6
o-1x10-9 3.83 4 4.31 4 .31 a
[©.n] | s.71 b 4.29 D y.11 b

From Kappelt (1961).
From ASMH (1974)c.

4. ENVIRONMENTAL BEHAVIOR

4.1. Prelaunch
Aluminium surface is very susceptible to increases in ag and €
caused by contamination. The surface must be protected from
physical abuse, atmospheric exposure and caustic contaminants;
cleanliness must be assured. (Breuch (1967)).

4.2, Postlaunch

No known restrictions other than structur:l. (Breuch (1967)).



G 1-84 ESA PSS-03-108 Issue 1 (November 1989)
METALLIC MATERIALS
Aluminium-Magnesium Alloys
1 -
b
? R ¢
Y 0o | ® ® 2
8
)
A\
(p=0)
(w'=27)
N
A
.2
0
0 4 8 12 16 20 24 28
Ax 10°[m]
rig 1-u42. Normal-hemispherical spectral reflectance, pi, of

Al -1 Mg - .6 Si, as received, as a function of

wavelength, A.

Explanation

Key Description Comments References
Nominal composition. T =298 K. Touloukian &
O !|sSurface roughness: 1.5%x107% |converted from DeWitt (1970)
m RMS. R(2m,0).
Same as O except surface
® |cughness: 12.5x10°6 m RMS.
3 |Nominal composition. Cleaned |TVv322 K.
'-;m Same asO. Data from smooth
Diffuse component only. curve.,
Same as O . Hohlraum at 1 273
A |Exposed to vacuum (5.32x107°|K. (Gier & Dunkle).
Pa) for 24 h. Converted from
N Same as O. R(2m,0).
Diffuse component only. Reported error <2%.
Same as O .
7 |X-Ray exposed in vacuum
(5.32x107% Pa) for 24 h.
Same as V.
¥ piffuse component only.
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0
0 A 8 12 16 20 24 28
A x108 [m)
Fig 1-43. Normal-hemispherical spectral reflectance, pi, of

Al -1 Mg - .6 Si, grit blasted,

wavelength, A.

Explanation

as a function of

Key

Description

Comments

References

O

Nominal composition.

Blasted using silicon car-
bide, air pressure .76x10°
to .83x10° Pa for 30 to 45 s

Same as Q.
Diffuse component only.

Same as O except chem-milled
using the Turco 9H process
for 3 min; blasted as above.

Same as 0.
Diffuse component only.

Same as O except chem-pol-
ished using the Alcoa proc-
ess with a 2 min immersion
at 358 K; blasted as above.

Same as .
Diffuse component only.

Tv322 K.

Data from smooth
curve.

Hohlraum at 1 273
K. (Gier & Dunkle)
Converted from
R(2m,0).

Reported error <2%

Touloukian §&
DeWitt (1970)
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Fig 1-44. Normal-hemispherical spectral reflectance, pi, of
Al -1 Mg - .6 Si, chemically polished, as a function
Explanation of wavelength, A.
Key Description Comments References
Nominal composition. T~ 322 K. Touloukian &
o Polished using the Alcoa Data from smooth DeWitt (1970)
process with a 2 min immer~- |curve.
sion at 358 K. Hohlraum at 1 273
K. (Gier & Dunkle)
. E???u::clém onent onl Converted from
P Y- R(2m,0).
Same as O. Reported error <2%
{3 |Exposed to vacuum (5.32x10°°
Pa) for 24 h.
m |Same as 0.
Diffuse component only.
Same asO .
A |X-Ray exposed in vacuum
(5.32x10°% Pa) for 24 h.
A |Same as .
Diffuse component only.
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Fig 1-45. Normal-hemispherical spectral reflectance, pi, of

Al -1 Mg - .6 Si, chemically milled, as a function

of wavelength, A.

Explanation

Key Description Comments References
Nominal composition. T~322 K. Touloukian &
O |[Chem-milled using the Turco (Data from smooth DeWitt (1970)
9H process for 3 min. curve,
Same asO Hohlraum at 1 273
o . : K. (Gier & Dunkle)
Diffuse component only. Converted from
Same asO . R(2m,0).
D |Exposed to vacuum (5.32x10-6 |Reported error <2%
Pa) for 24 h.
- Same asD.
Diffuse component only.
Same as Q.
QA |X-Ray exposed in vacuum
(5.32x10°8 Pa) for 24 h.
A Same as Q.
Diffuse component only.
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CHEMICAL PROPERTIES

1. Solution potential (vs. decinormal calomel clectrode)

Ty Condition: -.80 V.
T6é Condition: -.83 V.

From Kappelt (1961).

[

Corrosion resistance

This alloy is ranked among the best of the heat treatable
alloys concerning corrosion resistance. In general, resistance
to corrosion is not significantly affected by variations in the

heat treatment. (ASMH 197u4)c).

FABRICATION

2. Forming. Good.

.3. Welding. Good.
_L. Machining. Good.

.5. Heat treatment. Good.

.6. Anodizing. Excellent.

From Garcia-Poggio et al. (1972).

AVAILABLE FORMS AND CONDITIONS

This alloy is available in the full commercial range of sizes for
sheets, strip, plate, rod, bar, forgings, tubing extrusion and

structural shapes. (ASMH (1974)c).

USEFUL TEMPERATURE RANGE

Continuous structural use should be limited to temperatures below
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425 K, whatever the temper conditions. Short term utilization
temperatures up to 475 K can be achieved using T or T6 condi-

tions. (ASMH (1974)c).

9. APPLICATIONS

For electrical power systems, tubing, structural elements, whip

antennas, heat pipes, solar absorbers.
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1.5. ALUMINIUM-ZINC ALLOYS
ALLOY A1 -5.7 Zn-2.5 Mg -1.6 Cu.
1. TYPICAL COMPOSITION, PERCENT
. . Others

Cr Cu Fe Mg Mn | Si | Ti Zn Tach |Total Al

.18 1.2 2.1 5.1

.40 [ 2.0 7 12.9 3 2 6.1} .05 .15 |Balance
2. OFFICIAL DESIGNATIONS

ATCMA ISO AFNOR AMS BS DIN UNE
AlZnMgCu 1.5 | Al-5ZnMgCu
- — q
Al-P42 A-7Z5GU | 7075 3.4365 UNE 38-371
3. PHYSICAL PROPERTIES
3.1. Density. p = 2800 kg.m'3 ASMH (197u4)c.
3.2. Thermal properties
3.2.1., Specific heat.
Effect of temperature on specific heat: Fig 1-45.1.

3.2.2. Thermal conductivity.

At 298 K

Condition [w.m-i-K—l]
T6 130
T73 155
T76 150

From McCall (1979).

Effect of temperature on thermal conductivity: Fig 1-45.,2.

See also p. R 4-113 where k is given in the temperature

range 25 K - 300 K.
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[J-kg-t K]
1 /m///o“
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.6 : }J
N N
0 100 200 300 AOOT[K] 500 600 700 800

Fig 1-u45.1.

Specific heat, c¢,

. function of temperature,

Explanation

of Al -5.7 Zn-2.5 Mg-1.6 Cu as a

Key Description Comments References
Al alloy 75 S - T6 (Canadian Touloukian
o commercial designation). 5.5 (1967)c.
Zn, 2.5 Mg, 1.5 Cu, .3 Cr, -
.2 Mn, Al balance.
A Al alloy 7075-T6. 5.5 Zn, 2.5 [Sealed under he-
Mg, 1.5 Cu, .3 Cr, Al balance. {lium atmosphere.
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Fig 1-45.2. Thermal conductivity, k, of Al - 5.7 Zn - 2.5 Mg -
1.6 Cu as a function of temperature, T.

Explanation

Key Description Comments References
Al alloy 7075-T6 (Alcoa). | as received. Touloukian
o |58 2n, 2.5 Mg, 1.6 cu, (1967 )c.

.3 Cr, Al balance.
P = 2800 kg.m-3,

O Same as Q . After heating above
575 K.

Al alloy RR77 (British Wrought, 2 h solution

designation). 4.96 Zn, heat treatment at 720

O | 2.54 Mg, 2.2 Cu, .54 Mn, K, quenched in water
.31 Fe, .26 Si, trace Ti, | at 340 k, aged 4 h at
Al balance. 408 K and aircooled.

v Same as ¢ . As received.
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Thermal conductivity integral: Fig 1-45.3.
3.2.4. Thermal diftusivity.

Effect of temperature on thermal diffusivity: Fig 1-45.4.
3.2.4. Thermal expansion.

Effect of temperature on thermal expansion: Fig 1-45.5.
3.2.5. Melting range.

750 K - 910 K. ASMH (197u4)c.

3.3. Thermal radiation properties

3.3.1. Emittance.

3.3.1.1.1. Normal spectral emittance (B' = 0): Fig 1-45.6.
3.3.1.1.2. Angular spectral emittance (B' = 25°): Fig 1-u45.7.
3.3.1.2.1. Normal total emittance (B' = 0).

Effect of temperature on normal total emittance: Fig 1-45.8.
3.3.1.4., Hemispherical total emittance.

75-ST (Alclad) (Canadian commercial designation). Nominal

composition (see p. 1-90.1).

Sample temperature: 303 K.

Unpolished surface. Measured in air.

€ = .02 (Touloukian (1967)c). See Table 1-19.1, p. 1-90.11.
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Fig 1-45.3., Thermal conductivity integral of Al - 5.7 %n - 2.5 Mg -

1.6 Cu as a function of temperature, T.

Explanation

Description Comments References

Al alloy 75 S (Canadian commer-

Coston
cial designation).

(1967).
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Fig 1-45.4. Thermal diffusivity, a, of Al-5.72n -2.5Mg-1.6 Cu as a function of temperature, T.

Explanation
)
Key Description Comments References |
O Al alloy 7075-T6. Nominal composition Measured after exposure to radiation and followed Touloukian
(see p. 1-90.1). by cooling. (1967)c
D Same as O Measured after another exposure 1o radiation and
followed by cooling.
A\ | Same as 0. Measured after the third cycle of exposure.
\V/ Same as 0. Averaged values on measurements after from 4th to
Bth exposure cycles.
D Al alloy 7075-Té. 5.6 Zn, 2.5 Mg, As received.
1.6 Cu, Al balance.
4 Same as D Heated above 575 K.
Al alloy 755 (Canadian commercial de- Annealed at 720 K. i
<> signation). 5.5 Zn, 2.5 Mg, 1.5 Cu,
.3 Cr, .2 Mn. :
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Fig 1-45.5. Linear thermal expansion, AL/L, of A1 -5.7 Zn~ 2.5 Mg

-1.6Cu as a function of temperature, T.

Explanation

Key Description Comments References
AL alloy 7075-1T6 (Alcoa). Tested in vacuum. [Touloukian
O |5.1-6.1 %n, 2.1-2.9 Mg, 1.2-2.0 (1967)c.

Cu, .7 Fe, .5 Si, Al balance.

Al alloy 75S-T6 (Canadian com- [Tested at 1.5 -
mercial designation). 5.6 Zn, 2.5 K/min rise in
Vo l2.5 Mg, 1.6 Cu, .3 Cr, AL ba- |argon.

lance. p = 2 800 kp.m-3.

Al alloy RR77 (British designa- [Wrought, 2 h so-
tion). 4.96 Zn, 2.54 Mg, 2.20 lution heat treat-
p {Cu, .54% Mn, .31 Te, .26 Si and |ment at 720 K,
trace Ti, Al balance. quenched in water
at 340 K, aged

4 h at 408 K and
aircooled.
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Fig 1-45.6. Normal spectral emittance, e;\, of A1-5.72n-2.5Mg-1.6 Cu as a function of wavelength, .

Explanation

Key Description Comments References
Al alloy 7075. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance. Sample temperature: T = 323 K. Touloukian

O | surface roughness .081 x10-6 m - .112x10-6 m (center Measured in nitrogen. & DeWitt
line average). Computed by € = 1-R(27,5°). (1970)

Different sample, same as() specimen and conditions except
0 surface roughness .048x 1076 m - .06U x 10-6 m (center line
average).

Different sample, same asO specimen and conditions except
[\ | surface roughness .081 x 105 m - .113x10-6 m (center line
l average).
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Tig 1-45.7. Angular spectral emittance, ¢!

Explanation

v of A1-5.7Zn-2.5Mp~-1.6 Cu as a function ot wavelength, A.

Key Description

Comments

References !

Al alloy 7075-T6. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.
O Polished. Surface roughness .0%1 x10-6 m - .102x107% m (RMS).

Al alloy 7075-T6. 5.6 2n, 2.5 “g, 1.6 Cu, .3 Cr, Al balance.
E] Sanded with 150 grit paper (grit sieve opening 104 x10-5 m).

Surface roughness: in line .25 x10-6 m - .381x1075 m, across
1.78x10 6 m - 2.29x10-6 m (RMS).

Al alloy 7075-T6. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.
FaN Sanded with 80 grit paper (grit sieve opening 175 x1075 m).
Surface roughness: in line .508 x10"6 m - 1.52x10-% m, across
3.81x10"% m - 4.32x1076 m (RMS).

Al alloy 7075-T6. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.

Sanded with 40 grit paper (grit sieve opening 42x10-6 m).
v Surface roughness: in line 1,27 x 106 m - 2.54x10°6 m, across
6.86x10-6 m - 7.62x10"5 m (RMS).

Al alloy 7075-T6é. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.
t> Sandblasted with 250 mesh silicon carbide (mesh opening

60 x10-6 m). Surface roughness: .254x10-6 m - .381x10"® m
(RMS)

Al alloy 7075-T6. 5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance.
q Sandblasted with 60 mesh silicon carbide (mesh opening

250x10~6 m). Surface roughness: 6.35x10°® m - 7.62x10-5 m
| s,

e

Sample temperature:

306 K

Authors assumed

a = 1-p(25°,27)

Touloukian
& DeWitt
(1970).
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Fig 1-45.8. Normal total emittance, €',

Ixplanation
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of Al1-5.7Zn-2.5Mg-1.6Cu as a function of temperature, T.

Key

Description Comments References
Al alloy 75-ST (alclad) (Canadian commercial de- Effect of viewing configuration change Touloukian
signation). 5.6 2Zn, 2.5 Mg, 1.6 Cu, .2 Cr, Al was apparent. & DeWitt
balance. (1970).
Same as O Another change in viewing configuration.
Same as O Another change in viewing configuration.

Different sample, same as () specimen and condi-
tions. Unpolished.

Different sample, same asOspecimen and condi-
tions. Polished with aerobright and Bon Ami.

Same as D Repeated measurement one day later.

Al alloy 75-ST (alclad) (Canadian commercial de-
signation). 5.6 2n, 2.5 Mg, 1.6 Cu, .3 Cr, Al
balance. Cleaned with methyl alcohol.

Heating. Measured

in air (.133 Pa).

Different sample, same as @) specimen and condi-
tions.

Measured in argon

(.133 pPa).

b (m| @ [AvIQ POl O

Different sample, same as,. specimen and condi-
tions except scrubbed with Bon Ami and a wet
cloth, washed and dried, wiped with toluene and
alcohol.

<

Different sample, same asA specimen and condi-
tions.

Measured in argon

(.133 Pa).

v

Different sample, same as () specimen and condi-
tions except polished and then finished with a
wool bulf and rouge and washed. Surface free from
scratches.

Different sample, same as}specimen and condi-
tions.

Measured in argon

(.133 Pa).
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Table 1-19.1

Hemispherical Total Imittance of Al - 5.7 Zn- 2.5 Mg-1.6 Cu Con-
version Coatings.

1

[E] £ Comments !

S

293 .234% { Alodined Al alloy 7075-T6, 5.6 Zn, 2.5 Mg, 1.6 Cu,
.3 Cr, Al balance. Substrate sandblasted. Measured
in vacuum (6.67 x 10~% Pa).

J S

259 |[.117 | Similar to above specimen and conditions except
substrate alclad.

273 .100 | Similar to above specimen and conditions except
307 091 substrate smooth and unclad.
313 .091

217 |.790 | A1l alloy 7075-T6 Martin Hardcoate anodize. 5.6 Zn,
2.5 Mg, 1.6 Cu, .3 Cr, Al balance. Measured in va-

2“2A 849 | cuum (6.67 x 104 Pa).
285 |.869
313 |.856

From Touloukian, DeWitt & Hernicz (19872).

3.3.2. Absorptance.

3.3.2.5. Solar absorptance.

3.3.2.5.1. Normal solar absorptance: Table 1-19.2 overleaf.

3.3.3. Reflectance.

3.3.3.2.1. Normal-hemispherical spectral reflectance (8 = 0,
w' = 2m): Fig 1-45.9.

3.3.3.9.1. Normal-hemispherical solar reflectance. See Table

1-198.2 overleof.
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Table 1-19.,2

Normal Solar Absorptance aud Normal-Hemispherical Solar Reflec-
tance of Al -5.6 Zn - 2.5 Mg -1.6 Cu,.

T [&] 1
[K] g o P Comments

311|%0 {.46 {.538] Al alloy 75-ST (Canadian commercial designation).
5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance. Heated
to 324 K. Clean and smooth surface. % measured
in air at sea level. p; from o -

311 {~0 |.61 |{.391}{Above specimen and conditions except reheated to
559 K.

311 {0 {.64 |.358| Above specimen and conditions except reheated to
795 K.

311 |{~0 |{.34 |{.659|Different sample. Same specimen and conditions as
in the first case except heated to 314 K. Polish-
ed. Surface free from scratches.

311 |vo |.24 |.756|Above specimen and conditions except reheated to
567 K.

311 {0 |.51 |.489|Above specimen and conditions except reheated to
783 XK.

311 {v0 |.59 |.409|Different sample. Same specimen and conditions as
in the first case except heated to 319 K. Cleaned
with methyl alcohol.

311 [~0 .66 |.341|Above specimen and conditions except reheated to

617 K.

311 [v0 |.63 |.371 |Above specimen and conditions except reheated to
755 K.

298 |0 .67 |Al alloy 75-ST (Canadian commercial designation).

5.6 Zn, 2.5 Mg, 1.6 Cu, .3 Cr, Al balance. Mea-
sured in air.

From Touloukian & DeWitt (1970).
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Fig 1-45.9. Normal-hemispheric il spectral reflectance, o;,of Al-5.721n-2.5Mg-1.6Cu conversion
coatings, as a function of wavelength, A.

Explanation

Key Description Comments References

Al alloy 7075. Nominal composition Sample temperature: T = 288 K. Touloukian
(see p. 1-90.1). Mechanically and electropolished, boric acid anodi- (1967)c.
zed, 10-% m thick coating. Measured in ~ 10~% Pa

Ki
vacuum. Converted from R(27,0°). Touloukian,

DeWitt &
same as O. T = 422 K. Hernicz
Same specimen and conditions as O. (1972)

Same as O). T = 583 K.
Same specimen and conditions as O.
Same as C). T = 714 K,
Same specimen and conditions as 0.
Same as O. T = 298 K.

Same specimen and conditions as C)after high temper-
ature runs.

Same as (). T = 298 X.
Treated as C), excegt shorted anodizing time (1/3
standard). .5 x 107° m thick coating.

Same as O. T = 298 X.

Mechanically polished and boric acid anodized.
Measured in n 10-% Pa vacuum. Converted from
R(2m,0°).

Ao |i<Q|O{b) O

v

same as Q. T = 298 K.

D) Mill finished, electropolished and boric acid anodi-
zed. Measured in 1.33 x10-1 Pa vacuum.




G 1-104

ESA PSS-03-108 Issue 1 (November 1989)

Rev. 2. 1984
METALLIC MATERIALS
Aluminium - Zinc Alloys
Key Description Comments References
Al alloy 7075. 5.1-6.1 Zn, 2.1-2.9 Mg, T = 298 K. Touloukian
A 1.2-2.0 Cu, .7 Fe, .5 Si, .18-.4 C(r, Mechanically polished and electropolicthed, hard (14967)c.
.3 Mo, .7 Ti, Al balance. coat anodized. Measuren ina 107% Pa vacuum. .
Converted from E{2r,0°) Touloukian,
’ . DeWitt &
D Same asA. T = 298 K. Hernicz
Treated asAand sealed. (1672).
Same as AN . T = 422 K.
v Same specimen and conditions asn
O Same asA. T = 589 K.
Same specimen and conditions as .
Q Same asA . T = 714 K.
Same specimen and conditions as []
Same asA. T = 298 K.

Same specimen and conditions as Daster high
temperature runs.

Same asA. T = 298 K.
[l Treated asAand heated in air at 70C K for 30
min.
Same as A T = 298 K.

Mechanically polished and electropolished, hard
coat ancdivzing (1/3 standard time).

Al alloy 707S.

T = 238 K.

Mill finished and electropolished, hard coat
anodized, sealed. Measured in ~ 10-% Pa vacuum.
Converted from K{2n,0°).

Al ailoy 7075,

T = 298 K.

Mechanically poiished hard coat anodired. Mea-
sured in a 1.33x10"% Pa vacuum. Converted
from R(2n,0°).

Al alloy 707S.

T = 298 K.
Treated as Vex\;epl shorter anodizing (1/3
standard) and sealed.

4

Al alloy 707S.

T = 298 K.

Mechanically and electropolished, sulfuric acid
anodized, sealed. Measured in ~ 107% Pa vacuum.
Converted from R{21,0°).

D Same as 4 T = 422 K.
Same specimen and conditions as 4

- Same as . T = 589 K.
Same specimen and conditions as 4

=) Same as <« . T = 714 K.
. Same specimen and conditions as 4 .

Same as ¢ . T = 298 K.

Same specimen and conditions asq after high
temperature runs.

1 |

Al alloy 707S.

T = 298 K.

Mechanically and electropolished, sulfuric acid
anodized, 1.4 x 1078 thick coating, usealed.
Measured in ~ 1074 Pa vacuum. Converted from
R(27,09),

Al alloy 7075.

T = 298 K.
Same asa except not sealed.

Al alloy 7075.

T = 298 K.
Same as @except shorter anodizing time (1/4
standard).

B 9| b | &

Al alloy 7075. T = 298 X.
Same as Aand sealed.
Al alloy 7075. T = 298 K.

Mechanically polished, sulfuric acid anodized 1/3

standard time, sealed. Measured in ~ 10-% Pa va-
cuum, Converted from R(2w,0°).
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3.4. Other physical properties

3.4.1. Electrical resistivity (at room temperature).

Condition T6 T73 T76

o 1x10% [@.n] | .052 043 05

From McCall (1979).

4, ENVIRONMENTAL BEHAVIOR

4.1. Prelaunch
This alloy is normally coated. The surface condition is as
important as the material. The production of the coating
must be carefully controlled.

4.2. Postlaunch

No known restrictions other than structural.

5. CHEMICAL PROPERTIES

5.1. Solution potenti:l (vs. decinormal calomel electrode).

Conditioc:. T6 T73 T76

Sol.Pot. [/] 2 |-.83 | -.84 | -.84

Varies *.92 V with quenching rate.

From McCall (1979).

5.2. Corrosion resistance

This alloy should be protected at least on faying surfaces.
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Condition Stpess-Corrosion Cracking AJ

T, TOLl, T6LZ, Service failures with sustiained tenusion stress
Te510, T6511 acting on short traunsverse diprec!ion relative
to grain structure. Limited failures in labor-

atory tests of lony tpansverse specimens.

T73, T7351 No known instance of failure in sevrvice.
Limited failures in laboratory tests of short
transverse specimerns.

From McCall (1979).
Assemblies of this alloy with magnesium alloys require protec-
tive insulation (Braun (1979)).

6. FABRICATION

6.2. Forming. Cold workability 1is poor.
6.3, Welding

Gas. No commonly used methods have been developed.

Arc. Limited weldability because of crack sensitivity or
loss in resistance to corrcsion and mechanlical proper-
ties.

Resistance Spot and feam. Weldal le with special techniques ’
or for specific applications which justify trials or
development testing.

Brazing. No commonly 1sed methods have been developed.

Soldering. Solderability is poor.

These characteristics do not change significantly with heat

treatment.

From McCall (1979).

6.4. Machining. Machinability of thi: alloy is good (compared to
others of the same series) and can be improved through heat

treatment.
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6.5. Heat treatment

, , . . Quenching and Aging
Treatment ['orging Annealing Quenching AEing
Usual tem- Full annealing: 690 K,
peratures {650 K- 720 K|followed bv 6 h at 738 K5 K | 24 h at
and times. 500 K for long term in watern 393 K +

storage. Stress re-
lieve annealing: 5 K.
610 K.

From UNE (1982).

6.6. Anodizing. This alloy can be anodized to increase corrosion
resistance, prior to painting or plating, or to increase
emittance (see p. 1-90.11). Any of the three principal types
of anodizing processes (chromic acid, sulfuric acid or hard

anodizing) can be used (Ball (1982)).

7. AVAILABLE FORMS AND CONDITIONS

This alloy is available iIn the full commercial range of sizes
for sheets; plates; extruded rods, bars and wires; extruded shapes;
extruded tubes; cold finished rods, bars and wires; drawn tubes

and forgings (McCall (1979)).

8. USEFUL TEMPERATURE RANGE

The tensile strength of this alloy (T6) decreases marked.y
above 400 K (McCall (1379)).

This alloy is not normally used in applications involving
cryogenic temperatures. Information on its behavior at low tem-
peratures is scanty. Tensile properties and fracture roughness

at temperatures down to 4 K and results of fatigue-life tests are
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given by Campbell (1980). Other alloys of the Aluminium 7000 se-
ries exhibit good behavior at temperatures ac low u 20 K (Deve-

lay et al. (1967)).

9. APPLICATIONS

Aircraft and other structures, many presently operating com-
mercial jets (Simenz & Guess (1980)).

Aircraft structural parts and other highly stresses struc-
tural applications where very high strength and good resistance
to corrosion is required.

Caution should be exe¢rcised In T6 temper applications where
sustained tensile stresses are encountered, either residual or
applied, particularly in the transverse grain dircction. In such
instances the T73 temper should be considered at some sacrifice

in tensile strength (McCall (1379)).

10. OTHER QUOTATIONS

These alloys have been explicitly quoted in the following

pages of this Handbook.

p. F 2-9 Al alloy 7075-"06
Thermal joint conductance. Bare joints.
p. P 1-14 Al alloy 7075
Used in bellows for louver actuators.
p. R 2-67 Al alloy 7075
Figure of Merit, o/k, of supporting materials at

cryogenic temperatures.
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p. R 4-113 Al alloy 75 S (Canadian commercial designation)
Thermai conductivity in the temperature range
25 K - 300 K.
p. R 5-23 Al alloy V95 (USSR designation)
Data sources of mechanical properties at cryogenic
temperatures.
p. R 5-35% Al alloy 7075-T73

Susceptibility to hydrogen embrittlement.
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1.6. MAGNESIUM-ZINC-JHORIUM ALLOYS

AT LOY Mg -5.7 Zn-1.8 Th - .7 Zr.

1. TYPICAL COMPOSITION, PERCENT

Cu Ni Th Zn Zr Others Mg

Balance

NN
w

1 .30

o o,

- - 1.4
.10 .01 | 2.2

2. OFFICIAL DESIGNATIONS

AECMA IS0 AFNOR AMS BS DIN

MgZn6Th2Zr,

4383 3.5114

3. PHYSICAL PROPERTIES

3.1. Density. p = 1 €60 kg.m_3. (Rhines (1961)).

3.2. Thermal propert.es

3.2.1. Specific heat.

From 293 K to 373 K, c¢= 962 J.kg 1.K *.(Rhines (1961)).

3,2.2. Thermal conductivity.

T [k] 293 320 395 4us

[w.m~1.x"1] | 109® | 113° | 123 127

From "hines (1961).

From Touloukian (1967)c.

3.2.4. Thermal expansion.
Mean coefficient of linear thermal expansion, B.
From 293 K to 473 X, = 27.1x10"% k~1.(Rhines (1961)).

27.6x10°% k-1, (Smithells (1962)).

™ w w
1)

27.2x10-% kx=1.(ASMH (1974)4d).
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Melting range.
773 K - 903 K. (Smithells (1962)).

Thermal radiation properties

Emittance.

.2. Normal total emittance (B'=0).
No data available. For polished Magnesium: €'=.07.(Scollon
& Carpitella (1970)).

Absorptance.

.5. Solar absorptance.

.5.1. Normal solar absorptance.

.27,

No data available. For polished Magnesium: a
(Scollon & Carpitella (1970)).

Other physical properties

Electrical resistivity at 293 K. 0-1-6.5%x10"8% Q.m . (Rhines

(1961)).

EMICAL PROPERTIES

FA

Corrosion resistance.

Although this alloy will corrode in industrial, marine and
moist environments, it will perform satisfactorily with suita-
ble surface protection and painting. (ASMH (1974)d).

BRICATION

Casting. Good, even into complicated shapes.
Welding. Good, by argon arc process. Should not be gas-welded.

Machining. Excellent. This alloy can be chemically milled by

sulphuric, nitric or hydrochloric acids of 5 percent strength.
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Heat treatment. 3ood in SO, atmosphere. This alloy is normally

used in T-5 condition.

From ASMH (1974) d .

AVAILABLE FORMS AND CONDITIONS

Sand, permanent mold and die castings. Normally used in T-5
condition. (ASMH (197u4) d).

USEFUL TEMPERATURE RANGE

This alloy shows excellent structural characteristics up to 25
K. Above this temperature the strength drops sharply.

APPLICATIONS

This alloy should be considered for any aerospace application
requiring a high strength-to-weight ratio at temperatures up to
420 K. In addition, it has excellent dimensional stability at
service temperatures up to the quoted value. (ASMH (1974) d).
Safety precautions should be directed to the prevention of

fires, burns, and explosions. (ASMH (1974) d).
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1.7. TITANTUM-ALUMINIUM-TIN ALLOYS
ALLOY Ti -5 Al -2.5 Sn.
1. TYPICAL COMPOSITION, PERCENT
Al C Fe H N 0 Sn Ti
Y - - - - - 2
6 1 .5 .02 | .07 .3 3 Balance
2. OFFICIAL DESIGNATIONS
AECMA IS0 AFNOR AMS BS DIN
4926
3. PHYSICAL PROPERTIES
3.1. Density. p = 4 460 kg.m~S.(Stuart Lyman (1961)).
3.2. Thermal properties
3.2.1. Specific heat.
Effect of temperature on specific heat: Fig 1-46.

3.2.2. Thermal conductivity.

Effect of temperature on thermal conductivity: Fig 1-47.

3.2.4. Thermal expansion.

Mean coefficient of linear thermal expansion, B, between

293 K and giver temperature.

T [X] 366 | 477 | 588 | 700 | 811 | 922 | 1033 | 1144 | 1255
Bx106 [k-1]| 9.4 | 9.4 9.5]/9.5{9.7]9.9]10.1|10.3]10.3
From Stuart Lyman (1861)).

Effect of temperature on thermal expansion: Fig 1-48.

3.2.5. Melting range.

1 822 K-

1922

K. (Stuart Lyman (1961)).
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Fig 1-46, Specific heat, ¢, of Ti -5 Al -2.5 Sn as a func-
tion of temperaturé, T.

xplanation

[Rey Description Comments References

| O |Nominal composition. Stuart Lyman (1961).
‘“D Nominal composition. Coston (1967).

¢=== |Titanium. Coston (1967).
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Titanium-Aluminium-Tin Alloys

as a function of temperature,

| ] [
o,
— —
P
- -]
I
’._. i
I | |
200 400 600 800 1000 1200
T[K]
Thermal conductivity, k, of Ti~-5 Al-2.5 Sn

Key Description

Comments

References

Nominal composit on

Stuart Lyman (1961).

Nominal composit on.
Mild annealed.

Reported error *5%.

A |Nominal composition.

Touloukian (1967)c.
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Fig 1-48. Thermal linear expansion, AL/L, of Ti- 5 Al - 2.5 Sn as

a function of temperature, T.

Explanation

Key Description Comments References

O |Nominal composition. Touloukian (1967)c.

Nominal composition.
C |Density 4 460 - 4 480 kg.n~3,
Alpha phase.

Same as above except low
oxygen content.

== [Nominal composition. Coston (1967).
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3.3. Thermal radiaticn properties

3.3.1. Emittance.
3.3.1.1. Normal spectral emittance (B'=z0).
Effect of temperature on normal emittance for a particular
wavelength: Fig 1-49,
3.3.1.2. Normal total emittance (R'=0).
Effect of temperature on normal total emittance: Fig 1-50.
3.3.2. Absorptance.
3.3.2.5. Solar absorptance.
3.3.2.5.1. Normal solar absorptance: Table 1-19.
Table 1-19
Normal Solar Absorptance of Ti -5 Al -2.5 Sn
I ge o Comments
[x] s
298 9 .592 As received; computed from spectral reflectance
data for sea level conditions. Mentioned
below as specimen 1.
298 9 .588 Above specimen and conditions except computed
for above atmosphere conditions.
298 9 .489 Different sample, same as 1 specimen and
conditions except cleaned.
298 9 486 Above specimen and conditions except computed
for above atmosphere conditions.
298 9 .759 Different sample, same as 1 specimen and |
conditions except oxidized. Mentioned below
as specimen 2.
298 9 .730 Above specimen and conditions except computed
for above atmosphere conditions.
298 9 .511 [ifferent sample, same as 2 specimen and
conditions except polished.

From Touloukian & DeWitt (1970).
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Fig 1-438. Normal spectral emittance, Si, of Ti- 5 Al-2.5 Sn

as a function of temperature, T, for A=6.65x10~7 m.

Explanation

Key Description Comments References
As received. Cleaned with Measured in vacuum|Touloukian §
liquid detergent. (6.65%x10"2 Pa). DeWitt (1970).

Increasing temper-

(0 |Same as O except polished. ature.

Same as O
% Cycle 2.

Same as O except oxidized
A |in air at red heat for 30

min,

Same as O
a Cycle 2.

Same as &
A a

Cycle 3.
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Fig 1-50. Normal total emittance, €', of Ti- 5 Al - 2.5 Sn

as a function of temperature, T.

Explanation

Key Description Comments References
o Nominal composition. Measured in air. Touloukian (18967)c.
Polished. Cycle 1.
O |Same as O . Cycle 2 heating.
A |Same as O . Cycle 2 cooling.
¥V |Same as O . Cycle 3.
Nominal composition. Measured in air.
D> |0xidized at 922 K for |[Cycle 1.
30 min.
Same as D . Cycle 2.
q |Same as D . Cycle 3 heating.
4 |[Same as D . Cycle 3 cooling.
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3.3.3. Reflectance.
3.3.3.1. Bidirectional spectral reflectance.
Normal-normal spectral reflectance’ (B=8'20): Fig 1-51.
3.3.3.2. Directional-hemispherical spectral reflectance.
Normal-hemispherical spectral reflectance (B=0, w'=2m):
Fig 1-52.
Effect of anodizing on normal-hemispherical spectral re-
flectance: Fig 1-53.

3.4, Other physical propertics

3.4.1. Electrical resistivit,.
Effect of temperature >n electrical resistivity: Fig 1-54.

3.4.2. Magnetic properties. T1is alloy is non-magnetic.

Relative permeability: &L-=1.00005 measured at 1.6x10°3 A.m-1,
o

(ASMH (1974)e).

5. CHEMICAL PROPERTIES

5>.1. Solution potential (vs. decinormal calomel electrode)

Data not available. Solution potential of Ti pure is +.20 V
(Ross (1972)).

5.2. Corrosion resistance

This alloy is highly recistant to corrosion. It has excellent
resistance to hot oxidation up to 900 K. It resists the attack

by normal acids (except fuming nitric) or alkalies at room and

even higher temperatures. (Ross (1972)).
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Fig 1-51. Normal-iormal spectral reflectance, p;, of Ti- 5 Al ~

- 2.5 S$1 as a function

Explanation

of wavelength, A.

Key

Description

Comments

References

0O

Nominal composition.
Mechanically and electropol-
ished.

Measured in vacuum
(1.33x10-2 Pa).
T=298 K.

Same as O except mechanically
polished.

Same as O except mechanically
polished; picklz=d, anodized in
NaOH, and sealed. 4x10~7 m
thick coating.

Touloukian
(1967)c.

Same as O .

Measured in vacuum
(1.33%x10-3 Pa).
T=755 K.
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Fig 1-52. Normal-hemispherical spectral reflectance, pi, of

Ti-5 Al1-2.5 Sn as a function of wavelength, A.

Explanation

Key

Description

Comments

References

Hominal composition.
As received.

(Same as O except cleaned.

(Same as O except polished

g bjo| o

Same as O except oxidized
at 922 K.

B=9¢°,
T=298 K.

Touloukian & DeWitt (1970)
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Fig 1-53. Normal-hemispherical spectral reflectance, pi, of

Ti -5 Al - 2.5 Sn, anodized,

length, A.
Explanation

as a function of wave-

Key Description

Comments

References

Anodized in sulphuric ac-|Measured in vacuum

Touloukian,

id for 20 min. Substrate |(n1.33x107% Pa). ~|DeWitt &
o mechanically and electro-{Converted from R (27,0 )./|Hernicz
polished. T=298 K. (1972).
Anodized in sodium hy-
O droxide for 20 min. Sub-
strate mechanically pol-
ished and pickled.
B |Same as O . Same as O except T=589 K

Same as O except electro-|Same
O |polished instead of pick-
led.

as

o

A |Same as O . Same

as

O except T=978 K

Same as (O except anodized|Same
V lin sodium hydroxide for
6.7 min.

as

0O
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Fig 1-54. Electrical resistivity, 0°1, of Ti-5 Al- 2.5 Sn
as a function of temperature, T.

Explanation

Key Description Comments References

Nominal composition.|Reported error *5%.|Touloukian (1967)c.
o .
Mild annealed.
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6. FABRICATION

6.2. Forming. Good. In sheet forming the minimum bending radius 1is
5 times the thickness.

6.3. Welding. Good, using TIG or MIG processes.

6.4. Machining. Possible with slow speeds, coarse feeds, and sharp
tools.

6.5. Heat treatment. Good. This alloy can only be annealed.

From ASMH (1974) e.

7. AVAILABLE FORMS AND CONDITIONS

Available in the full range of sizes for sheet, strip, plate,

bar, forgings, wire, extrusions and castings. (ASMH (1974)e).

8. USEFUL TEMPERATURI RANGE

The structural usc of this alloy should be limited to tempera-
tures below 580 K. The extra-low-interstitial grade (ELI) is
recommended for low temperature uses (as low as 20 K)}. Fresh
fracture surfaces of this alloy, when in contact with liquid
oxygen, burn expontaneously, and the reaction may spread at a

high rate. (ASMH (1974)e).

9. APPLICATIONS

Structural elements, fasteners, bolts and, generally speaking,
when high tempera'ure precludes the use of aluminium alloys.
Also used in pres ure vessels for liquid hydrogen and liquid

helium.
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1.8, TITANIUM-ALUMIMNIUM-TIN ALLOYS

Alloy T1i - 6 Al - 2 &n - L4 Y4r - ¥ Mo.

1. TYPICAL COMPOSITION, PERCENT

X . Others
Al | Mo | Sn | Zr | Fe 02 H2 N2 C oL Total Al
5.5{1.811.8]3.6
6.5{2.2(2.24.4)1.25[.12[.015(.05] .05| .10 .40 |Balance

2. OFFICIAL DESIGNATIONS

ALICMA 150 ATNOR | AMS BS DIN UNE
. Ti-6AlU4ZrMoSn
Ti6242 UNE 38-718

PHYSICAL PROPLRTIES

w

3.1. Density. p = 4 540kg.m'3 (UNL (198u4)).

3.2. Thermal Properties

3.2.1. Specific heat.
Effect of temperature on specific heat: Fig 1-54.1.
3.2.2. Thermal conductivity.
Effect of temperature on thermal conductivity: Fig 1-54.2.
3.2.3. Thermal diffusivity.
3.2.4. Thermal expansion.

Effect of temperature on thermal expansion: Fig 1-54.3
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Fig 1-54.1. Specific heat, c, of Ti-6 AlL-2 Sn-U4 Zr -2 Mo as a

function of temperature, T.

Explanation

Key Description Comments |References
Nominal Composition. ASMH
Sheet. 10-3 m thick. (1978).

Duplex annealed: 1170 K, 30 min,
air cool + 1 060K, 15 min, air cool.

Neminal compositiun.

Bar. .0286 m in d ameter.

Duplex annealed: 1 170K, 1 h, air
cool + 870 K, 8 h, air cool.
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Fig 1-54.2. Thermal conductivity, k, of Ti-6 Al -2 Sn-

4 'Zr - 2 M¢ as a function of temperature, T.

Explanation

Key Description Comments |[References
Nominal composition. Measured ASMH
O |sheet. 1073 m thick. parallel (1978).
——=|Duplex annealed: 1 170K, 30 min, to rolling
air cool +1 060 K, 15 min, air cool. direction.

O |same as above specimen and conditions.

Nominal composition. Measured
& |Bar. .108 m in diameter. parallel
===|Duplex annealed: 1170K, 1 h, air to long

cool + 870 K, 8 h, air cool. direction.
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Fig 1-54.3. Mean coefficient of linear thermal espansion, B, of

Ti-6 Al -2 Sn-4 Zr -2 Mo from room temperature to
temperature T.

Explanation

Key Description Comments References
Nominal composition. Measured in lon- |ASMH
Sheet. 1073 m thick. gitudinal and (1978).
==——=| Duplex annealed: 1 170K, transverse di-

30 min, air cool + 1 060K, |rection.
15 min, air cool.

Nominal composition. Measured in lon-
Bar. .0286 m in diameter. gitudinal direc-
—=—==1 Duplex annealed: 1 170 K, tion. Average as-
1 h, air cool + 870 K, cending-descend-
8 h air cool. ing temperatures.

Nominal composition. Cast
compressor casing. As cast.

Nominal composition.
Panckage forging.

a Duplex annealed: 1 230K,
1 h, air cool + 870 K,

8 h air cool.
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3.2.5. Melting range.
Alloy 6.2 Al, 2 Sn, 4.2 Zr, 1.8 Mo, .08 l'e, .124 O,
.008 N, .0052 H, .02 C, Ti balance.
T K Solidus °°°¢ Liquidus
Range 1845-1890 1970-2010
Average 1860 1920
a . . .
Four determinations.
b Two determinations.
Temperature measurement accuracy + 138 K. Some diffu-
sion of support tray material (Nb) into sample may
have caused slight elevation of solidus and liquidus
temperatures.
From ASMH (1978).
3.4, Other physical properties
3.4.1. Electrical resistivity.
Effect of temperature on electrical resistivity: Pig 1.54-4.
3.4.2. Magnetic properties.
This alloy 1s non-magnetic.
5.2. Corrosion resistance

This alloy is susceptible to

elevated temperatures and exhibits

specimens at room temperature in agueous salt environments.

solid salt stress corrosion at
delayed failure of cracked
Stress

corrosion characteristics can depend on alloy processing and heart

treatment (ASMH (19878)).

The application of a nickel-base protective coating to this

alloy yielded limited results because of formation and growth of

intermetallic NiyTi and NiTi phases (Tien et al. (1973)).



G 1-134 ESA PSS-03-108 Issue 1 (November 1989)
Rev. 2. 1984

METALLIC MATERIALS

Titanium - Aluminium - 1in Alloys
2.04 T I | # |
3 o® |
) o o \
2 o)
(0]
a1x106
[Q@m] F _
o
1.96
L o .
Q
1.92
o -
1.88
1.84 | ] I I
300 500 700 T{K] 900 1100
1

Fig 1-54.4. Electrical resistivity, 0%, of Ti -6 Al -2 Sn -
4 Zr - 2 Mo as a function of temperature, T.

Explanation

Key Description Comments References
Nominal ccmposition. Two heatings, two |ASMH

o) Sheet. 103 m thick. specimens each (1978).
Duplex annealed: 1170 K, heating. Measure-
30 min, air cool + 1 060 K,|ment parallel to
15 min, air cool. rolling direction.
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6. I"ABRICATION

6.1. Casting

Acceptable castings by the induction melting techniqde can
not be obtained with the use of praphite cruciiles and molds «ue
to surface reaction with the mold. This problem is at present
circumvented by multiple consumable electrode arc melting under
vacuum in water-cooled copper crucibles. A skin of solid titanium,
the "skull", is formed providing a non reactive wall between ths
melt and the crucible.

(ASMH (1978)).

6.2. Forming

Bending. Bend properties arc¢ equivalent to those for simZ.iar
alloys.

Forging. Forgeability of this alloy is similar to Ti - 6 &1 -
U V (see pp. 1-109 to 1-124).

(ASMH (1978)).

6.3. Welding

Fusion welding by either TIGC of MIG process can be performed
on any of the heat treated conditions of this alloy. Weldment pro-
perties are inferior to those of Ti - 6 Al - 4 V (Betner (1980)).

This alloy produces a weld the properties of which are dif-
ficult to predict and markedly different from the unwelded metal.
Tests seem to indicate that weld properties may vary with ingot
source, gage of material welded, weld cooling rate and, possibly,

prior heat treatment.
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(ASEH (1978)).

G.r. Machlining

Good, within the group of Ti dlloys (UNL (1984)),

6.5%. Heat treatment

This alloy is used in either a duplex or triplex annealed
cecnditions. The heating cycles of duples arnealing for sheets are
specified in the Explanations of Figs 1-54.1 to 1-54.4. A final
870 K heating cycle for triplex annealed sheet and duplex annealed
bar and forges, followed by 8 h air cool is sometimes referred as

stabilization age. (ASMH (1978)).

7. AVAILABLE FORMS AND CONDITIONS

Ingot, bloom bar, billet, sheet, plate, wire (ASMH (1978)).

8. USEFUL TEMPERATURE RANGI

This alloy possesses pood strength properties up to 800 K and
appears metallurgically stable up to 700 K. These are disappointing-
1y low values relative to the melting point of titanium (1 900 K to
1950 K).

No service experience of this alloy at temperatures below 273 K

has been gained.

9. APPLICATIONS

Blades and discs of the compressor section of jet engines, and
air-frame applications requiring good strength, fracture toughness,
erosion properties and improved Creep resistance at temperatures up

to 800 K.
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1.9. TITANTIUM~-ALUMINIUM-VANADIUM ALLOYS

ALLOY Ti -6 Al -4 V.

1. TYPICAL COMPOSITION, PERCENT

Al C Fe H N 0 \Y% Ti
5.5 - - - - B 3.0 Balance
6.75 .1 4 .015 .07 .3 4.5

2. OFFICIAL DESIGNATIONGS

AECMA 150 AFNOR AMS BS DIN
. 4911 TiA16VH,
Ti- P63 4928 TA 10 3.7164

3. PHYSICAL PROPERTIES

3.1. Density. p = 4 430 kg.m'3. (Stuart Lyman (1961)).

3.2. Thermal properties

3.2.1. Specific heat.
Effect of temperature on specific heat: Fig 1-55.
3.2.2. Thermal conductivity.
Effect of temperature on thermal conductivity: Fig 1-56.
Thermal conductivity integrals: Fig 1-57. |
3.2.3. Thermal diffusivity.
Effect of temperature on thermal diffusivity: Fig 1-58.
3.2.4. Thermal expansion.

Mean coefficient of linear thermal expansion, B, between 234 K

and given temperiture.

T [X] 366 477 588 700 811

gx108 [k-1] 9.1 | 10.2 | 10.2 | 10.2 | 10.2

From Stuart Lyman (1961).
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100

Fig 1-955. Specific heat, ¢, of Ti-6 AL -4 V as a function of

temperature, T.

Explanation

Key Description Comments References
o) Nominal composition. Stu?igsi%man
Nominal composition. Reported error <2%.|Touloukian
colution heat treated at (1967 )c.

1200 K for 20 min, oil-
D |quenched and aged at 755 K
!for 4 h, and then cooled
lin air.
]
' Nominal composition. Data from smooth Coston (1967).
curve.
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Fig 1-56. Thermal conductivity, k, of Ti-6 Al-H4 V as a func-

tion of temperature, T.

Explanation

Key Description Comments References
O |Nominal composition. Stuart Lyman (1861).
O |Nominal composition. Coston (1967).
N In a mild annealed Reported error *5%. Touloukian (1967)c.
condition.
v Nominal composition.
Sheet no. 1777 A-1.
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Fig 1-57. Thermal conductivity integrals of Ti-6 AL-4 V as a

function of temperature, T.

Explanation

From Coston (1967).

=—=—r== Calculated, by the compiler, by fitting the experimental
data points O, O and O of Fig 1-56 with the least-squares
method, and integrating the expression, k(T)=¢.33+3.67x106T72
(r=.995), which is then obtained; r is the correlation

coefficient giving the goodness of the fit.
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Fig 1-58. Thermal diffusivity, a, of Ti-6 Al-4 V as a
function of temperature, T.
Explanation
Key Descriptio: Comments References
Nominal composition. Exposed to radia- [Touloukian (1967)c.
O tion and followed
by cooling.
Nominal composition. Measured after
o three exposures to
radiation.
Nominal composition, Measured after
[a five exposures to
radiation.
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Effect of temperature on thermal expansion: Fig 1-59.
3.2.5., Melting range.
1877 K - 1933 K. (Stuart Lyman (1961)).

3.3, Thermal radiation properties

3.3.1. Emittance.
3.3.1.1. Normal spectral emittance (8'=0).

Effect of temperature on normal spectral emittance: Fig 1-60.

[N
w

1.2, Normal total emittance (B'=z=0).
Effect of temperature on normal total emittance: Fig 1-61.
3.3.1.4. Hemispherical total emittance.
Effect of temperature on hemispherical total emittance:
Fig 1-62.
3.3.2. Absorptance.
3.3.2.5. Solar absorptance.

8.3.2.5.1. Normal solar absorptance: Table 1-20.

Table 1-20

Normal Solar Absorptance of Ti -6 Al -4 V

[;] B° Qg Comments

298 9 -568 | As received; computed from spectral reflectance
data for sea level conditions. Mentioned below
as specimen 1.

298 9 .563 { Above specimen and conditions except computed
for above atmosphere conditions.

298 9 .509 | Different sample, same specimen and conditions
as 1, except cleaned.

(Continued onto next page)
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Table 1-20 {(Continued)

Normal Solar Absorptance of Ti -6 Al-4 V

[i] g Gg Comments

298 9 .508 | Above specimen and conditions except computed
for above atmosphere conditions.

298 9 .515 | Different sample, same specimen and conditions
as 1, except polished.

298 9 .511 | Above specimen and conditions except computed
for above atmosphere conditions.

298 9 .878 | Ditferent sample, same specimen and conditions
as 1, except oxidized.

298 9 .869 | Abcve specimen and conditions except computed
for above atmosphere conditions.

298 |0 .44y | Computed from spectral reflectance.

298 |0 .474 | Above specimen and conditions except hydrogen
ion bombarded (1.10x1023 ions.m™2).

298 | O .507 | Above specimen and conditions except hydrogen
ion bombarded (4.70x1023 ions.m™2).

298 |0 .515 | Above specimen and conditions except hydrogen
ion bombarded (1.27x102% ijons.m”2).

298 "0 .512 | Above specimen and conditions except hydrogeh
ion bombarded (3.07x102% ions.m™2).

298 |0 .512 | Above specimen and conditions except hydrogen
ion bombarded (7.70X102u ions.m”2).

298 | O .511 | Above specimen and conditions except hydrogen
ion bombarded (9.87x102% ions.m™2).

From Touloukian, D Witt & Hernicz (1972).

3.3.3. Reflectance.

3.3.3.2. Directional-hemispherical spectral reflectance.

Normal-hemispherical spectral reflectance (Bv0, w'=2m):

Fig 1-63.

3.4. Other physical properties
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Fig 1-59. Thermal linear expansion, AL/L, of Ti- 6 Al-4 V

as a function of temperature, T.
Explanation

Key Description Comments References
. O From smooth curve. |Coston (1967).
i Nominal composition. Touloukian (1867)c.
- Density 4 430 kg.m'3
Same as 0.
" Alpha-beta alloy.
(B |Same as B . Low C content
Machined; solution Average data of
treated, 1 200 K, 20 three samples with
min; oil-quenched; aged |permanent expan-
O 1755 K, 4 h, and air- sion from .011 to
cooled. Sample 2.5ux .025 percent.

x10-3 m in diameter and
510”2 m length.

Prepared from sponge. Measured in vacuum
Sample 1.59x10~2 m in (=4x10-2 Pa),
¥V |diameter. Annealed. Beta-transus tem-

perature 1 270 K.
Heating data.
|Cooling data,

¥ {Same as Y
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Fig 1-60.

Normal spectral emittance,

1400
TIK]

1600

as a function of temperature, T.

Explanation

1800

eL, of Ti -6 Al-4 V

References

Key Description Comments
Nominal composition. Measured in vacuum.
Same data for as re-
) ceived and cleaned (with
a liquid detergent).
A=6.65%x10"7 m.
Same composition as above.|Measured in_vacuum.
O !Polished with fine pol- A =6.65%x10"7 m.
ishing compounds.
Same compoéition as above.{Measured in_vacuum.
O |Oxidized in air at red A=6.65%10"7 m.
heat for 30 min.
Nominal composition. Measured in vacuum
v Surface roughness: (.4%- .53 Pa).
2x10-6 - 3x10-% m Rwms. Heating.
Polished. A=6.5%x10"7 m.
D Same as above. Same as above. Cooling.
A=6.5x10"7 m.

Touloukian
(1867)c.
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fig 1-61. Normal total emittanmc., €', of Ti-6 Al-u4 V as a func-

tion of temperature,

Explanation

Key Description Comments References
o Nominal composition. Measured in air, Cycle 1. Touloukian (1967)c.
Polished.
Same as above. Cycle 2 heating.
Same as above. Cycle 2 cooling.
Same as above. Cycle 3.
Nominal composition. Measured in air. Cycle 1.
0 Oxidized at 922 K for
30 min.
Same as above. Cycle 2.
Same. as above. Cycle 3 heating.
Same as above. Cycle * cooling.
Nominal composition. Measured in vacuum (.4 --.53 Fa)
Surface roughness: Heating.
O |2x1076 -3x1076 m RMS.
Polished.
L Same as above. Cooling.
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Fig 1-62. Hemispherical total emittance, €, of

Ti -6 Al -4

perature, T.

Explanation

V as a function of tem-

Key

Description

Comment:

References

Nominal composition. Pre-
finished with 600 grit
silicon carbide paper,
electropolished.

Measured in v.cuum
(1.33x1073 ta).
The effect of ion
bombardment, quoted
in the source, is too
small to be dis-
tinguishable in the
figure.

Nominal composition.
Rough surface, as re-
ceived.

Data from smooth
curve.
Reported error >6%.

Same as above except
preheated at 1150K in air.

Reported error >6%.

Rough surface,
ceived.

is re-

Data from smooth
curve.
Reported error >6%.

Touloukian &
DeWitt (1970).
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| L 1 ] | I S |

Fig 1-63.

4 8 1.2 1.6 2 2.4 2.8
Ax10%[m]

Normal-hemispherical spectral reflectance, pi, of

Ti-6 Al-4 V as a function of wavelength, AX.

Explanation

1
| Key Description Comments References
o Nominal composition, as B =9° T =298 K|Touloukian §
received. DeWitt (1970).
0O [(Same as O except cleaned.
A |Same as O except polished.
. Same as O except oxidized
at 922 K for 30 min.
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3.4.1. Electrical resistivity.

Effect of temperature on electrical resistivity: Fig 1-6&4.

3.4.2. Magnetic properties. This alloy is non-magnetic.

Relative Permeability: ﬁi-=1.00005 measured at 1.6x10° A.m~ 1.

(o]
(ASMH (1974)e).

5. CHEMICAL PROPERTIES

5.1. Solution potential (vs. decinormal calomel electrode)

Data not available. Solution potential of Ti pure is +.20 V.
(Ross (1972)).

5.2. Corrosion resistance

This alloy is highly resistant to corrosion. It has excellent

resistance to hot oxidation up to 800 K. It can not be attacked
by normal acids (except fuming nitric) and alkalies at room tem-
perature, and has considerable resistance to many acids at high

temperature. (Ross (1972)).

6. FABRICATION

6.2. Forming. Good. In sheet forming the minimum bending radius is 6
times the thickness.

6.3. Welding. Good, using TIG or MIG processes.

6.4. Machining. Possible with slow speeds, coarse feeds, and sharp
tools.

6.5. Heat treatment. Good.
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Fig 1-64. Electrical resistivity, 0_1, of Ti-6 Al-14y V

as a function of temperature, T.

Explanation

Key Description Comments References
o Nominal composition. Touloukian (1967)c.
Mild annealed.
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AVAILABLE FORMS ANI CONDITIONS

It is available in the full commercial rang- of sizes for sheet,
plate, bar, forgings, wire, extrusions, and castings in the an-

nealed and solutior treated conditions. (ASMH (1974)e).

USEFUL TEMPERATURE RANGE

The structural use of this alloy should be limited to the tem-
perature range 116 K - 670 K. The extra-low-interstitial grade
(ELI) is recommended for low temperature uses. Fresh fracture
surfaces of this alloy, when in contact with liquid oxygen, burn
expontaneously, and the reaction may spread at a high rate. (ASMH

(1974)e).

APPLICATIONS

Structural elements, fasteners, bolts and, generally speaking,
those applications where high temperature precludes the use of
aluminium alloys.

Representative cost of this alloy (sheet stock) is compared
with those of other typical metals in Table 1-21 overleaf. Struc-
tural data are also included as a guide to cost effectiveness es-

timation.
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Table 1-21

Cost of Ti-6 Al -+ V compared with those of

other structural metallic materials.

Material P Tute 10-00 E x 10-1°b (’ult"’d"m-6 E.p71x10-8| Cost
[kg.m=3] [ Pal (Pal | [m2.572) | [m2,5-2] US $.kg™'

gégﬁf%gy 2 770 3.93 7.24 L1142 .262 1.3
:i gii°y 1 800 2.25 T 126 250 12.4
gi‘Aélzi_ Y v 4 430 8.94 10.90 .202 . 246 26.5
ggfiiégis Steel) 5 430 17.30 20.70 216 258 9 s
:i:yiii¥2d 1 860 4.83 30.30 .262 1.64 772.0
a

0,1t Ultimate tensile strength.
P g » Modulus of Elasticity.

From Adams (1974).
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NICKEL-CHROME-COBALT-MOLYBDENUM ALLOYS

ALLOY Ni -19 Cr -11 Co - 10 Mo -3 Ti.

G 1-153

TYPICAL COMPOSITION, PERCENT
Al B C {CrjColFe{Mn} Mo |Si S Ti Ni
1.41.003 - |18 110} -} - 9 - - 3 Balance
1.6|.010|.12 |20(12]5|.1(10.5{.5| .015 | 3.5
OFFICIAL DESIGNATIONS
AECMA 150 AFNOR ASM BS DIN

This alloy is known as René& 41, which is a trade mark.

PHYSICAL PROPERTILS

Density. p

= 8 190 kg.m~3.(room temp.)(Alloy Digest (1958)).

Thermal properti=s

.1. Specific

heat.

Effect of tempurature on specific heat: Fig 1-65.

.2. Thermal conductivity.

Effect of tempoerature on thermal conductivity: Fig 1-66

.4. Thermal expansion.

Mean coefficie it of linear thermal expansion, B, between

293 K and give

temperature.

T [K]

42

BUL

866

1033

1200

1311

Bx108 [k-1]

12.15

1

2.82

13.72

14.78

16.2

17.28

From Harris (1961).

Effect of temperature on thermal expansion: Fig 1-67.



G 1-154 ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS
Nickel-Chrome-Cobalt-Molybdenum Alloys

10

cxj0~2 L
) kg~ K™

6

2 | l 1 ] |
0 300 600 800 1200 1500
TIK]

Fig 1-65. Specific heat, c, of Ni-19 Cr-11 Co-10 Mo- 3 Ti as a

function of temperature, T.

Explanation
Key Description Comments References
o Alloy Digest (1958).
Nominal composition. Under helium Touloukian (1967)c.
@ Solution heat treated at atmosphere.
1 350 K and water Repor\ted error
quenched., 3%
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Fig 1-66. Thermal cond: ctivity, k, of Ni-19 Cr-11 Co-10 Mo -3 Ti

as a functior of temperature,

Explanation

Key Description

Comments

References

Harris (1961).

Nominal composition.

Sample contained in
five disks of
2.54x10"2 m

diameter.

Reported error <5%.

. |Nominal composition.

Touloukian (1867)c.
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Fig 1-67. Thermal linear expansion, AL/L, of Ni- 19 Cr - 11 Co -

10 Mo -3 Ti as a function of temperature, T.

E}Elanation

key Description Comments References

Nominal composition. Touloukian (1967)c.
© |Solution-treated at 1 3!

K and water-quenched.
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.2.5., Melting range.
1580 K - 1616 k. (ASMH (1974) f).
3. Thermal radiatiorn properties
.3.1. Emittance.
3.1.1. Normal spectral emittance (B'=0): Fig 1-68.
3.1.2. Normal total emittance (B'=0).
Effect of temperature on normal total emittance: Fig 1-69.
3.3. Reflectance.
3.3.1. Bidirectional spectral reflectance.
Normal-normal spectral reflectance (R=B'=0): Fig 1-70.
.4. Other physical properties
4.1. Electrical resistivity. Table 1-22.
Table 1-22
Electrical Resistivity of Ni - 19Cr - 11Co - 10Mo - 3Ti a
! Condition o~ 1x10°
[x] @.m.]
19 Solution treated. 1.18
77 Solution treated. 1.20
194 Solution treated. 1.23
273 Solution treated. 1.27
293 b | Solution treated. 1.31
293 b | golution treated. Heat treated at 1340 K
during 4% h. Air cooled. 1.25
293 D | Heat treated at 1030 K during 16 h. Air cooled. 1.2¢
293 b | Heat treated at 1450 K during 30 min. Air cooled. 1.33
793 b | Heat treated at 1170 K during 4 h. Air cooled. 1.34

8 A sheet 1.9 x 1(-2 m thick was used in any case.

b It appears in tl2 source as "proom temperature'.
From ASMH (1974) f. |

——
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Fig 1-68. Normal spectral

3 +
emittance, CX'

as 38 function of wavelength, A.

Explanation

of Ni-19 Cr-11 Co- 10 Mo-3 Ti

Key

Description

Comments

References

e

Nominal composition.
As received.

Sample temperature:

Same as O .

T = 773.2 K.

Same as O .

T =1 023 K.

Nominal composition.
Heated in air at t 255%
K for 30 min.

T = 523.2 K.

Same as o B

T = 773.2 XK.

Same as O .

T =1 023 K.

Nominal composition.
Heated in vacuum
(1.01x10-2 Pa) at
1 255 K for 30 min.

T = 523.2 K.

Same as D .

T = 773.2 K.

Same as D .

T =1 023 K.

Nominal composition.
Well oxidized.

T =1 041.5 K.

Touloukian (1967)c.
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Fig 1-69. Normal total emittance, €', of Ni-19 Cr-11 Co~- 10 Mo -3 Ti as a function of

temperature, T.
ExElangﬁion

Key Description Comments References
Nominal composition. Measured in decreasing tempera-{Touloukian (1967)c.
Surface roughness (full{ ag:d): tures.

2) fine structure 2x107° m 1igh.

o 2} coarse structure sx10-6 + high

at 2x10"% m intervals.

‘Cleaned in 1 to 1 water-diluted HF

solution for 1 h, oxidized : h at

1 200 K in air.

Same as O . ) Measured in increasing tempera-
tures.

() The specimen was heated by gas

for temperatures higher than
1 .227.6 K.
Same as O . Above specimen measured in de-
a creasing temperatures.
Nominal composition. Chromel-Alumel thermocouple

< mounted off center on the face.
: Electrically heated specimen.
Same as ¢ . Same as V

> Gas fired stand.

®» [Same as V .
Same as ¢ . Same as V

Q Electrically heated stand.
Same as U . Same as V .

< Gas fired stand.

Same as 9 . Same as V . Gas fired stand.

< Based on optical pyrometer.
Similar specimen. Same as V .

. ) Electrically heated stand.

wemse) AS rece%ved: . Averaged o!gr the waveigngth ASMH (1974) £.

em=s] Heated in air 30 min at 1 255 K. range 2x10 m - 15x10 m.

wesmel Heated in vacuum 30 min at 1 255 K.

zz; Oxidized in air 30 min at 1 340 K
and 16 h at 1 030 K.

Solution treated in argon atmos-

= | phere 30 min at 1 340 K. Air cooled,
aged in argon 16 h at 1 030 K, oxi-
dized.
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Fig 1-70. Normal-normal spectral reflectance, DX”’ of Ni- 1% Cr-11 Co- 10 Mo- 3 Ti
a5 a function of wavelength, A. Data puints D correspond to normal-hemi-
spherical reflectunce while P, 4 , o correspond to hemispherical-normal

reflectance.,

Explanation

T:} Description Comments References
o Nominal composition, as received. 523.2 K soutce. Touloukian (1967)c.
l Sample temperature below 322 K.
° Same as O 773.2 K source.
Sample temperature below 322 K.
Same as O . Heated in air at 1 7% 523.2 K source.
0 K for 30 min. Sample tempcrature below 322 K.
Same as @ 1 273 K source.
N Sample temperature below 322 X.
g Same as QO 773.2 K source.
Sample temperature bhelow 322 K.
8 Same as Q 1 273 K source.
Sample temperdture below 322 K.
Same as @ . Heated in vacuum 523.2 K source.
- (1072 pa) at 1 255 K for 30 min. Sample temperature below 322 K.
A Same as A 773.2 X source.
Sample temperature below 322 K.
Same as A 1 273 X source.
v Sample temperature below 322 K.
Nominal composition. B=y© w'=2n
Surface roughness: 1) fine struc- Sample temperature: 294.,3 K.
ture 2x10-6 n high. 2) coarse
 |structure 5x10°6 m high at 2x10-" &
intervals.
Cleaned in 1 to 1 water-diluted i
solution for 1 h and oxidized 3 h
at 1 200 K in air.
Same as D wz 2" gr=7°
Sample temperature: 294.3 K.
Same as D Same as Pp although sample tem-
4 perature is 828.1 K,
| € [Same as Q. Well oxidized. wz2m gt=79
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3.4.2. Magnetic properties.
Relative Permeability: W/uo <1.002 meagsured at 1.6x10—3 A.m-1
and room temperature. (ASMH (1974) f).

4. ENVIRONMENTAL BEHAVIOR

4.1. Prelaunch
Highly polished surfaces of this alloy are very susceptible
to increases in ag an €, by fingerprinting and surface oxi-
dation. Perman:nt damage may be caused unless contamination
is immediatel. removed and the surface is protected.

4.2. Postlaunch

Ascent heating is very likely to increase agand €.

(From Breuch (1967)).

L

CHEMICAL PROPERTILS

5.2. Corrosion resistance

This alloy is highly corrosion and oxidation resistant (Alloy
Digest (1958)).

6. FABRICATION

(.2. Forming. Good i1 the annealed condition. Bad in the age harden-
ing condition. (ASMH (1874) {).

6.3. Welding. Good i inert gas shielded arc (ASMH (1974) f) for
electron beam with preheating. (Harris (1961)). Sections
thicker than 1.3%x10-2 m are rccommended in the last case.

6.4. Machining. Good with tungsten carbide tools in age hardening

condition. (Alloy Digest (13858)).

6. . Heat treatment. Good. (ASMH (1974) £).
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AVAILABLE FORMS AND CONDITIONS

Bar, sheet, plate, flats and billets.

USEPUL TEMPERATURE RANGE

This alloy has excellent properties even at temperature as high
as 1250 K. Nevertheless, structural use should be limited to tem-
peratures below 1150 K, and even below 950 when thin sheets are

used.

APPLICATIONS

For structural elements (high speed airframes) and antennas.
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1.11. IRON-NICKEL ALLOYS
ALLOY Fe - 36 Ni.
1. TYPICAL COMPOSITION, PERCENT
C Mn Ni Si Fe
12 5 3:.5 .5 | Balance
2. OFFICIAL DESIGNATIONS
AECMA IS0 AFNOR AMS BS DIN
Ni 36
1.3912
This alloy 1is often known as Invar, which is a trade mark.
3. PHYSICAL PROPERTIES

3.1. Density. p =
3.

3.

2.

2.1,

2.4

2.4,

8 082 kg.m'3 (Alloy Digest (1964)).

Thermal properties

Specific heat.

Effect of temperature on specific heat: Fig 1-71.

Thermal conductivity.
293 K - 373 K, k=10.96 W.om 1.k™Y., (Hunter (1961)).
k=10.47 W.m 1.K 1. (Alloy Digest (196u4)).

k=13.50 W.m L.k 1.

(Anon.(1973)).
. Thermal expansion.
Effect of temperature on thermal expansion: Fig 1-72.

1. Efect of alloying elements on thermal expansion coeffi-



G 1-164 ESA PSS-03-108 Issue 1 (November 1989)

METALLIC MATERIALS
Iron-Nickel Alloys

cient: Fig 1-73.
3.2.4.2. Effect of heat treatment on linear thermal expansion coef-
ficient: Table 1-23
Table 1-23

Linear thermal expansion coefficient of Fe - 36 Ni

under different temper conditions

6
s Temp. range| Bx10
Condition [K] [K‘lj
290-373 1.56
After forging

290-523 3.11
291-373 .64

Quenched from 1100 K
291-523 2.53
Quenched from 1100 K, 288-373 1.02
tempered. 288-523 2.43
Cooled from 1100 K to room 288-373 2.01
temperature in 19 h. 288-523 2.89

From Hunter (1961).

3.2.5. Melting range.
Solidus temperature: 1 698 K.(Hunter (1961)).

3.3. Thermal radiation properties

3.3.1. Emittance.

[&V]
w

.1.1. Normal spectral emittance (B'=0).
Effect of temperature on normal emittance for a particular

wavelength: Fig 1-7u4.
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Fig 1-71. Specific heat, ¢, of Fe - 36 Ni (Invar) as a function of

temperature, T.

Explanation

Key Description Comments References
@) \ ‘ Hunter (1961)
Fe - 29.5 Ni, prepared from | Vacuum melted. Touloukian
0O |[electrolytically deposited (1967)d.

pure iron and pure nickel.

Fe - 39 Ni, prepared from
O jelectrolytically deposited
pure iron and pure nickel.
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Fig 1-72. Linear thermal expansion, AL/L, of Fe - 36 Ni (Invar)

as a function of temperature, T.
Explanation

Key Description Comments References

Nominal composition. Vacuum- Touloukian (1967)d.
melted, hot-rolled at 1 470
K from 7.5x10"2 to 2x10~2 m,
o reheated to 1 270 K, water-
quenched, cold-rolled to
10-3 m, aged 8 h at 370 K,
and cooled slowly.
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Fig 1-73. Effect of the concentration of alloying elements, ¢C,

From MOND NICKEL Co.

on the value of the coefficient of linear expansion,
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Fig 1-74. Normal emittance, ei, of Fe - 36 Ni (Invar), for

A =6.7x10"7 m, as a function of temperature, T.

Explanation

Key Description Comments References

Nominal composition. Pow.lers Touloukian (1967)d.
were mixed in desired pro-
portions, compressed at
4,8x108 Pa and 298 K, heated
at 1 373 K in flowing hydro-
gen; cold rolled, then
heated in hydrogen at 1 273
K.




ESA PSS-03-108 Issue 1 (November 1989) G 1-169

METALLIC MATERIALS
Iron-Nickel Alloys

3.4, Other physical properties

3.4.1., Electrical resistivity.

6

o1 = (.80£.05)x10"° Q.m . (Hunter (1961)). .

Temperature coefficient of electrical resistivity:
=1.2x10°% K1, (Hunter (19v1)).

3.4.2. Magnetic properties. Tables 1-24 and 1-25.

Table 1-24

Magnetic Properties of Fe - 36 Ni under different temper conditions

Condition Field Strength|Normal Induction|Relative Permeability
H [A.m'lﬁ B [1] (u/py)x1073
Annealed 8 .020 1
32 .950 2.2
ou .310 3.7
95 LU0 3.5
103 LH45 3.4
Hard drawn 160 .030 1.7
320 .160 2.9
480 .400 4.4
640 .560 4.5
800 .650 4.3

From Alloy Digest (1964).

Table 1-25

Relative Permeability of Fe - 36 Ni, measured at 400 A.m"1

T [K] (u/ugy)x1073
255 1.800
283 1.715
311 1.630
339 1.545
367 1.450
389 1.360

From Alloy Digest (1964).
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3.4.2.1. Loss of magnetism

T; @ T @
Condition 1
[ (]
Annealed 5 435 ' 54y
Quenched 478 54y

Ti initial temperature.
Tf minimum temperature of complete loss.
From Hunter (1961).

5. CHEMICAL PROPERTIES

5.2. Corrosion resistance. This alloy resists the atmospheric corro-

sion and those produced by fresh water and by sa t water. (Anon.

(1973)).

6. FABRICATION

6.2. Forming. This alloy has almost unlimited capacity for plastic
deformation, either hot or cold. (Alloy Digest (1964)).

6.2.1. Hot working can be performed below 1 530 K, (Alloy Digest
(1964)), however, as has been reported by Hunter (1961), care-
ful handling is required to avoid cracking and breaking up.

6.2.2. Invar which has been subjected to cold working or machining
may require a Stress-relieving heat treatment forp stabili-
zation. (Alloy Digest (1964)).

6.3. Welding. May be succesfully welded by any of the commonly used

methods. (Alloy Digest (1964)).

6.4.'Machining. Is somewhat difficult. (Alloy Digest (1964)).
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0.5, Heat treatment. A reducing atmosphere should be used. (Hunter

(1961)).

7. AVAILABLE FORMS AND CONDITIONS

Hot rolled and cold drawn bars, wires, strips, and forgings.

8. USEFUL TEMPERATURE RANGE

This alloy retains its characteristic low expansiveness provided
that the temperature is maintained below 475 K. For applications
at temperatures above this value, higher nickel alloys are recom-

mended. (Alloy Dig-:st (1964)).

9. APPLICATIONS

Because Invar has unusually low thermal expansion, it is used for
instruments requiring constant distances between points, glass to
metal seals, thermostatic and other temperature control or indi-
cating devices, bimetals, etc.

Invar has positive thermoelastic coefficients over a large temper-
ature range., This anomaly is useful in developing alloys with
nearly temperature-invariant elastic constants.

Invar is also a caundidate low-temperature material. Its elastic
properties betweer room temperature and liquid helium temperature

have been reported by Ledbetter, Naimon & Weston (1977).
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Thin-Walled Spherical Bodies. Finite Conductivity

1.10.72. NON-SPINNING SPHERE. INCLUDING INTERNAL RADIATION

Sketch:
A so—
A —
SOLAR
e
RADIATION
S
afae——

H(®), Radiation Flux Density Leaving Inside of Sphere.

1(8), Radiation Flux Density Impinging on Inside of Sphere.

Dimensionless Parameters:

8
T(e) _L;'—l_ ') o= kb
R eoT3R?
R
Differential Equations:
- b - T
" 4 [Oine d1 J 2t*t-bcosh -1 s s when 0 <6 52
. e w -
sin 0 9 21h4-1 . when %‘se £ T
Boundary Conditions:
dr dt / dT / .
= =0 s s T and continuous.
a8 /e:o 49 Je=m /ezg— o [6=%

Comments:
The results obtained by numerically solving this problem are

given in the following two pages.

Reference: Nichols (1961).
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T/Tgr
e [}
u=10 u =5 u oz 1 u=.1 Y =.01 b = 0

0 1.08461 1.13025 1.22228 1.25422 1.25680 1.25743
5 1.08418 1.12959 1.22127 1.25327 1.25616 1.256u48
10 1.08291 1.12716 1.21820 1.25036 1.25328 1.25360
15 1.08081 1.12434 1.21309 1.24549 1.24845 1.24878
20 [1.07791 {1.11981 ;1.20592 | 1.23862 | 1.,24165 |1.24198
25 1.04442 1.11405 1.138669 1.22971 1.23284 1.23318
30 11.06981 {1,10713 }1.18539 | 1.21868 | 1.22194 |1.22229
25 1.06470 1.09912 1.17204 1.205u46 1.20888 1.209825
L0 1.058898 1.09010 1.15665 1.18838980 1.12355 1.19395
45 1.05270 1.08018 1.13928 1.17186 1.17582 1.17624
50 1.04585 1.06949 1.12002 1.15144 1.15550 1.15596
55 1.03882 1.05815 1.098901 1.12741 1.13236 1.13288
60 1.03138 1.04632 1.076u48 1.10062 1.10u459 1.10668
65 1.02378 1.03481 1.05272 1.06906 1.07624 1.07696
70 1.01611 1.02192 1.02818 1.03264 1.0u4224 1.04314
75 1.00851 1.00978 1.00343 1.00307 1.0031¢8 1.00438
80 1.00111 .98798 .97922 .95687 .95702 .959472
B85 .93405 .98680 .395649 .91324 .90306 .90618
90 .987572 .87656 . 93644 .884491 .B85776 .84090
95 .881672 .896746 .92005 .874720 .85522 .84090
100 .97634 .95044 .90687 .85278 .84115 . 84090
105 .97161 .895238 .88622 .8uB70 . 84097 .84090
110 .396736 .94614 .88756 . 84677 .24085 .84090
115 .96357 .94060 .880u9 .84291 .84092 .84090
120 .896018 .83579 87472 .84217 .84090 .84090
125 .35715 .83152 .86988 .84193 .840980 ., 84090
130 .95u44L48 .92778 .36609 L8170 .84090 .84090
135 .95212 .92u4572 .86291 .841u6 . 84090 .840980
140 .85006 .92170 .36030 .84123 . 84080 .84090
145 .9u4828 .91928 .85818 .84088 .84090 .84090
150 .94676 .91723 .85647 . 84093 .840380 .84090
155 .9u4550 .91554 .85511 .84082 .84080 .84090
160 .guLu8 .91418 .35405 84091 .84090 .84080
;1%5 .84370 .91314 .%5326 .8L0S0 .84090 .84090
1170 .84 31 .91240 85272 .B40380 .BL090 .84090
175 . 94281 .91196 .85240 .84090 .84090 .84090
180 .94270 .91182 .85229 .840390 . 84090 .84090
Table 1-2. Temperature distribution on sphere for several U

values,

considering internal radiation.

Calculated by the compiler.

No spin.
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Fig 1-57. Temperature distribution on sphere including inter-

nal radiation. No spin. Calculated by the compiler.
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1.11. THIN-WALLED CYLINDRICAL BODIES. FINITE CONDUCTIVITY
1.11.1. NON-SPINNING TWO-DIMENSIONAL CIRCULAR CYLINDER
Sketch:

8=m/2

8=0
S
(1-ag)S
Dimensionless Parameters:
T(8
T(e) = "—‘(‘_)—_ LK)
TR
Differential Equations:
% - mcos® s s
azt
M - =
de
TL} b I

Boundary Conditions:

dt _ o dT
de )
=0

Comments:

. dt
0 s s T/ and a8
g=m/2

TTIT

SOLAR
RADIATION

// continuous.
0=m/2

Assumption concerning axial-symmetry is, obviously, not

applicable in this case.

The results presented in the following two pages involve a

linearization of the radiative transfer term.

Reference:

Charnes & Raynor (1960).
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T/TR
60
¥ = 50 U= 10 v =5 =0
0 1.0108 1.0u493 1.0892 1.3313
5 1.0107 1.0490 1.0888 1.3301
10 1.0106 1.0u483 1.0875 1.3262
15 1.0103 1.0472 1.0854 1.3198
20 1.0100 1.0u456 1.0824 1.3108
25 1.0095 1.0435 1.0787 1.29980
30 1.0090 1.0411 1.0742 1.28u43
35 1.0084 1.0382 1.0690 1.2666
40 1.0077 1.0351 1.0632 1.2455
45 1.0069 1.0316 1.0568 1.2208
50 1.0061 1.0279 1.0500 1.1921
55 1.0053 1.0238 1.0428 1.1586
60 1.00u4u 1.0198 1.0352 1.1195
65 1.0035 1.0115 1.0275 1.0734
70 1.0025 1.0112 1.0196 1.0181
75 1.0016 1.0069 1.0118 . 9496
80 1.0007 1.0026 1.0040 .8534
85 . 9997 . 9985 . 93865 L7234
90 .9989 . 9945 .8993 0
95 .9980 .9908 .9826 0
100 .9973 .8872 .9763 0
105 .39965 . 9840 .9705 0
110 . 9959 .9809 .9651 0
115 .9952 .9781 .9601 0
120 .99L6 L9754 .9555 0
125 .9941 .9730 .9513 0
130 .9936 .9709 .9u75 0
135 .9932 .9689 .gu41 0
140 .9928 .9671 .9u11 0
1u5 .9924 .9656 .9384 0
150 .9921 . 9643 ‘ .9361 0
155 .9918 .9631 L9342 0
160 .9916 .9622 .9326 0
165 .9915 .9615 .9314L 0
170 .9914 .9610 .9305 0
175 .9913 .9607 .9300 0
180 .9913 .9606 .9298 0
Values for p = 0 are obtained by exactly solving the problem.

Table 1-3. Temperature distribution on a two-dimensional cylinder
for several u values. No spin. No internal radiation.
Calculated by the compiler.
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Fig 1-58. Temperature distribution on a two-dimensional cyl-
inder. No spin. No internal radiation. Calculated

by the compiler.
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1.11.2. SPINNING TWO-DIMENSIONAL CIRCULAR CYLINDER

Sketch:
afmnenm—
fpar——
SOLAR
P—
RADIATION
f——
Aem—
6=x
Dimensionless Parameters:
kb bew
R ecTRR eoT;

w, Angular Velocity. [sec‘lj.
‘o . -1 -1
c, Specific Heat of the Material. [J.kg . K ].

p, Density of the Material. [kg.m‘3].

Differential Equations:

A
[e3]
P
=3

a2+ a1 , s when O
2 "YTae T
de tY4msine ), when m< 8

IA

27

Boundary Conditions:

dr / - _dr / T and dr / continuous
R Y ’ s - .
a8 8=0 e 8=2m /ezn d@ f=m

Comments:

The results presented have been obtained linearizing the
equations, either assuming p/y<<2w, Fig 1-59, or [r—1|<<1, Fig 1-60.
In the last case terms of order (t-1)2 have been neglected, so that

1¥=144(1-1). This approximation is valid when u/yv1.
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Fig 1-59. Temperature distribution on a two-dimensional
spinning cylinder for several u and y values.
No internal radiation. Calculated by the com-

piler.
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Fig 1-60. Temperature distribution on a two-dimensional spin-

ning cylinder for several p and y values. No inter-

nal radiation. Calculated by the compiler.
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1.11.3. CIRCULAR CYLINDER. SOLAR RADIATION PARALLEL TO AXIS OF

SYMMETRY
H
Sketch: -
¥ ¥ -
P VR
Rl I} I sowar
t' | Ir RADIATION
e
b| -
Dimensionless Parameters:
r s t
x=§,for 0<x <1 ,, x:1+ﬁ-,for‘ 1< x<2 4, x=3—-§,for 2<x<3
T H kb
T:_T-— ’ )\:ﬁ' ) M= ———
R eoT3Rr?
R
Differential Equations:
dT :
1
%% SX (x = ) =T;-—2(X-+1) R when 0<x<1
U ar
~ ___f_ =" R when 1< x<?2
A dx
dT,
3Ex éi [(B-X) I= } ZT; s when 2<x<3

Boundary Conditions:

dT, dT,

dx /x=0— dx /x=3- ° T T%lez T2/x=1 ,’ T4x=2' T3/x=2
dt, : dt, dt; / 2 dt, .

dx /x=1 ax /x:1 i dx /x:2 dx /x=2

Comments:

To obtain the results presented in the following two pages,
the uth power temperature terms, which appear in the above equa-
tions, have been linearized according to the expression T '=4T-3.
Note that this linearization will give results with increased ac-

curacy as the parameter U gets larger.

Reference: Nichols (1961).
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T/TR
X H/R =1 H/R =3
U =4 u=9 u=16 U=36 u=16 u=36

0 1.2218 | 1.1165 | 1,0700 | 1.0326 | 1.2547 |1.1280
«2 11,2165 | 1.1137 | 1.0683 {1.0318 | 1.2510 | 1.1262
401 1.,2004 [ 1.1052 §11.0632 | 1.0294% | 1.2397 | 1.1209
.6 1 1.1732 [ 1.0909 | 1.0546 | 1.0254 | 1.2209 | 1.1118
.8 11.1338 | 1,0707 | 1.0425 |{1.0197 | 1.4943 | 1.,0990
1.0 71.0812 {1.0441 | 1.0268 [ 1.0125 | 1.1597 | 1.0827
1.2 11.0277 [ 1,0165 | 1.0106 {1.0050 | 1.0609 | 1.03u44
1.4 .9854 .9940 .9971 .9986 .9901 .9971
1.6 9525 .9758 .9859 .993y4 9413 .9701
1.8 .9278 .9616 . 9772 .9892 .8098 .9518
2.0 .9101 .9512 .9707 .9861 .8927 L9416
2.2 .B8976 9441 .9659 .9838 .8897 .9398
2.4 .8881 .9384 .9622 .9820 .8873 .9383
2.6 . 8816 .9343 .9596 .9807 .8857 .9373
2.8 .8778 .9319 .9581 .9800 .8846 .9367
3.0 .8765 .89311 .9575 . 9797 . 8843 .9365

Table 1-4. Temperature distribution on cylinder for
several 4 and H/R values. No spin. No in-

ternal radiation. From Nichols (1961).
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1.6 l I I I 1 T
S, - 0 —v—]
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4
1.2
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Ta ‘j
8
.6
L R™1
2 p=0 H=0_
. ILLUMINATED LATERAL . SHADED _\__|
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X

Fig 1-61. Temperature distribution on cylinder. No
spin. No internal radiation. From Nichols

(1961).
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1.11.4. CYLINDRICAL SURFACE OF RECTANGULAR CROSS SECTION. SOLAR

RADIATION NORMAL TO A TACE

Sketch:

L, -
Y L, —
SOLAR
<+ RADIATION
e
r—

Dimensionless Parameters:

X = 2X , for 0<x<1 ., X = 1 # 2Y , for 1 <x <1 +2A
L e L I
1 1
27 v
X = 1+2h + T for 1+ 2X < x < 2(1+4X)
1
T = T = L2 - 4kb
- L3R - s _—‘——T_z—
TR Ll EOTRLl
Differential Equations:
a2t
1 . 4
o = Ty 4 s when 0 <x <1
dx?
d212
u = T; R when 1< x2<2(1+AX)
dx?2

Boundary Conditions:

dT1 // _ dT2 // - ] .
T Tdx B > 1 T2
dx [ x=0 dx  [x=2(142) /x=1 /x=1

dT1 / i d12
dx w=1 dx x=1
Comments:

The results obtained by numerically solving this problem are
given in the following six pages.

Reference: Compiler.
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Finite Conductivity

A = .5
T/TR
u =10 p =5 u =1 p =.5 v = .1 =0
0 11.2163 | 1.2812 {1.3928 | 1.4089 | 1.4142 } 11,4142
.2 1.2126 1.2759 1.3879 1.4063 1.4141 1.4142
i 1.2016 1.2598 1.3710 1.3960 1.4137 1.4142
.6 1.1829 1.2317 1.3346 1.3684 1.4098 1.4142
.8 |1.1560 | 1.1901 |1.2644 | 1.2988 | 1.3774 | 1.4142
1.0 {1.1203 | 1.1324 |[1.1355 | 1.1331 §1.1317 -
1.2 1.0829 1.0719 .994u2 . 9430 7880 0
1.4 11.0510 {1.0221 .8931 .8193 6257 0
1.6 11.0240 .9811 .8179 .7328 5293 0
1.8 |1.0013 .9475 .7608 .6699 4657 0
2.0 .9828 .9203 .7173 .6232 4214 0
2.2 .9679 .8930 .6845 .5888 3899 0
2.4 .9566 .8829 .6605 .5642 3679 0
2.6 .9487 .87186 .6442 .5476 3532 0
2.8 .9439 .8649 .6348 .5382 L3447 0
3.0 .ou2y .8627 .6318 .5356 .3420 0
Table 1-5. Temperature distribution on a cylindrical

surface whose cross section is a rectangle

of aspect-ratio X = .5. No internal radia-

tion. Calculated by the compiler.
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1.6
p=0
1.4 E—‘\
—\s A- - .5
1.2 — :
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—T- \\ 5
TR
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\ \
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N ~5
\\\\\\\\\\‘
4 ~ 7
.2
ILLUMINATED _ UPPER 5 SHADED
SURFACE - SURFACE o SURFACE
0 | | ] | | |
0 NA .8 1.2 1.6 2 2.4 28 3

Fig 1-62. Temperature distribution on a cylindrical surface whose
cross section is a rectangle of aspect—rafio A=.5. No

internal radiation. Calculated by the compiler.
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Finite Conductivity

A=
T/T
X
p= 10 p=25 U= = ,5 u=.1 y o=
.0 1.1968 [ 1.2732 11.3925 1.“088' 1.4142 | 1.4142
.2 1.,1929 | 1.2676 |1.3875 1 1.4062 | 1.4%141 | 1.4142
b 1.1811 | 1.2507 [ 1.3704 1 1.3959 [ 1.4137 | 1.4142
.6 1.1610 | 1.,2212 |1.3337 | 1.3681 | 1.4098 | 1.4142
.8 1.1321 | 1.1775 {1.2627 | 1.2982 | 1.3774% | 1.4142
1.0 1.0939 |1.1172 | 1.1324% | 1.1318 | 1.1314 -
1.2 1.0534 | 1.0534 .9890 .9402 .7878 0
1.4 1.0178 . 9995 .8850 . 8142 L6242 0
1.6 .9865 . 9536 .8059 L7244 .5261 0
1.8 .9591 914y L7441 .6572 L4600 0
2.0 .9350 .8808 .6946 .6050 4122 0
2.2 .9140 .8520 L6545 .5638 L3764 0
2.4 .8958 .8275 .6219 .5307 . 3486 0
2.6 .8801 .8066 .5952 .5041 .3268 0
2.8 .8669 .7893 .5735 .4826 .3096 0
3.0 .8559 L7749 .5562 L4654 .2961 0
3.2 . 8471 .7635 .5427 L4520 .2857 0
3.4 .8403 .7548 .5327 L4420 L2779 0
3.6 .8356 . 7487 .5260 L4350 .2726 0
3.8 .8327 L7451 .5222 L4309 L2694 0
4.0 .8318 L7440 .5215 L4295 .2684 0
Table 1-6. Temperature distribution on a cylindrical

surface whose cross section is a rectangle
of aspect-ratio A =1. No internal radia-

tion. Calculated by the compiler.
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Fig 1-63. Temperature distribution on a cylindrical surface whose

cross section is a rectangle of aspect-ratio A=1. No in-

ternal radiation. Calculated by the compiler.
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SOLAR RADIATION

Finite Conductivity

A=
/T

p=10 u =25 =1 p=.5 p=.1 =0

.0 1.1822 | 1.2682 | 1.3924 |1.4088 1,412 | 1. 4142

.2 1.1781 |1.2625 | 1.387u4 (1.4062 |1.41041 1. 4142

Ll 1.1657 |1.2451 | 1.3702 |1.395¢ 1.4137 (1.4142

.6 1.1446 |1.2148 [1.3333 |{1.3680 |1.4098 1.4142

. 8 1.1144 | 1.1698 |1.2619 |[1.2980 |1.3774 1.4142
1.0 1.0743 [1.1079 |1.1310 |(1.1312 ;1.1314 -
1.2 1.0316 1.0420 .9867 .9391 .7875 0
1.4 . 9935 . 9857 .8813 .8122 .6237 0
1.6 .9592 .9368 .8005 L7212 .5250 0
1.8 .9284 .8944 .7363 .6523 .4581 0
2.0 .9005 .8570 . 6840 .5981 L4091 0
2.2 .8753 .8239 .B6u07 .5544 .3718 0
2.4 .8524 .7945 .60u40 .5183 L3422 0
2.6 . 8316 .7683 .5728 .4880 .3182 0
2.8 .8128 .7450 .5459 L4622 .2982 0
3.0 . 7957 . 7240 .5225 L4401 .2815 0
3.2 .7802 .7053 .5021 L4211 .2673 0
3.4 .7662 .6885 L4843 L4ous .2551 0
3.6 .7536 .6736 .4687 .3901 L2446 0
3.8 L7422 .6603 L4550 L3775 .2356 0
4.0 .7321 .6485 L4430 .3666 .2278 0
b.2 L7231 .6381 L4326 .3571 .2211 0
4oy L7152 .6291 L4235 .3489 .2153 0
4.6 .7083 .6213 L4158 . 3419 .2104 0
L.8 .7025 L6147 L4092 .3360 .2063 0
5.0 .6976 .6092 .4038 . 3311 .2028 0
5.2 .69837 .60L8 .399L .3272 .2001 0
5.4 .6907 .6016 .3960 L3242 .1980 0
5.6 .6886 .5993 .3937 .3221 .1966 0
5.8 .6874 .5981 .3823 .3208 .1957 0
6.0 .6871 .5879 .3918 .3204 .1954 0

Table 1-7. Temperature distribution on a cylindrical

surface whose cross sectio

n is a rectangle

of aspect-ratio A = 2. No internal radia-

tion.

Calculated by the compiler.
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Finite Conductivity

p=0
1.4
1.2 s
1 L=
I \
8 —~
N T
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---- 10
6 '
NN\
\\ T S
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0 .8 1.6 2.4 X 3.2 b 4.8 5.6 6
Fig 1-64. Temperature distribution on a cylindrical surface whose

cross section is a rectangle of aspect-rati

ternal radiation.

o A=2.

Calculated by the compiler.

No in-
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1.12. THIN-WALLED CONICAL BODIES. FINITE CONDUCTIVITY

1.12.1. NON-SPINNING CONE

Sketch: —
h
SOLAR
) RADIATION
P S
h
H -
Dimensionless Parameters:
s
X = —— s when 0 £ x £ 1
VR2+H?
by
X = 2 - - . when 1 € x £ 2
A
T(X) = ——r-r-rgl,'—)i)—— - o= .__..]i_b__——
R eoT3R?

Differential Equations:

» 2 dt
Ust? 8 31 (x d;) = 1:-(1+sin6) ,, when 0 < x <1
ato
£ = - L < <
2-u dx [%2 x) ax_ T, ,, when 1< x £ 2

Boundary Conditions:

dt, / dt, /
: o] e
dx x=0 dx X=2 ! x=1 x=1

Comments:
The results obtained by numerically solving this problem are

given in the following six pages.

Reference: Nichols (1961).
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Finite Conductivity

H/R =1/2
T/TR
X

u=12 =2 u =1 u=20.2 u= 0.1 u=0.02

) 1.02066 1.08620 1.12395 1.170867 1.17297 1.173189
.0625 | 1.02058 1.08590 1.12358 1.17057 1.17285 1.17319
.1250 1.02033 1.08u497 1.12248 1.17026 1.17289 1.17319
.1875 1.01992 1.08342 1.12061 1.16970 1.17278 1.17319
.2500 1.01934% | 1.08124 | 1,11795 1.16882 1.17258 1.17319
.3125 1.01860 1.07839 1.11443 1.16752 1.17226 1.17319
.3750 1.01769 1.07485 1.10999 1.16565 1.17172 1.17319
L4375 1.01660 1.07060 1.10453 1.16295 1.17082 1.17318
.5000 1.01536 1.06559 1.09794 1.15811 1.16933 1.17317
.5625 ] 1.01393 1.05977 1.09010 1.15364 | 1.16685 | 1,17314
.6250 1.01234 1.05311 1.08084 1.14586 1.16270 1.17303
.6875 1.01057 1.0u4553 1.07000 1.13u482 1.15576 1.17267
.7500 1.00862 1.03697 1.05737 1.11816 1.14415 1.17144
.8125 1.00649 1.02737 1.04272 1.09704 1.12480 1.16730
.8750Q 1.00u418 1.01664 1.02581 1.06598 1.09278 1.15342
.9375 | 1.00169 | 1.00471 | 1.00634 | 1.02273 | 1.04051 | 1.10753
1.0000 .99900 .99147 .98402 .96326 .95708 .96420
1.0625 .99660 .97951 .96369 .90662 .87478 .78436
1.1250 .99435 .96859 L9454 .85983 .81084 .67369
1.1875 .99227 .95864 .92910 .82073 .75990 .59819
1.2500 .99035 .94961 L91447 .78777 .71855 L5433y
1.3125 .98859 L94146 .90142 .75983 ,68456 .50182
1.3750 .98700 .93414 .8898Y .73608 .65638 L46950
1.4375 .98555 .92762 .87962 .71588 .63291 .44388
1.5000 .98426 .92185 .87067 .68876 .61334 .42335
1.5625 .98313 .91683 .86293 68433 .59709 .40681
1.6250 .98215 .91252 .85633 .67232 .58370 .39353
1.6875 .98132 .30891 .85083 .66248 57284 .38298
1.7500 .98064 .90597 .84637 .05464h 56426 37476
1.8125 .88012 .90370 .8U4294 .64867 .55776 .36862
1.8750 .97975 .90208 .84051 .euun7 .556321 .36437
1.9375 .97952 .90111 .83905 .64198 .55051 .361889
2.0000 9794y .90079 .B83858 64116 .54862 .36138
Table 1-8. Temperature distribution on cone for several u val-

ues. No spin. No internal radiation.

(1961).

From Nichols
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Fig 1-65. Temperature distribution on cone. No spin. No in-

ternal radiation. From Nichols (1961).
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H/R=1
T/Tgr
X
u=12 u =2 u =1 u=20.2 u=z 0.1 u=0.02
0 1.02286) 1.08626} 1.11580| 1.14238} 1.14302 }| 1.14305
.0625) 1.02276| 1.08595 | 1.11549 | 1.14234 | 1.14301 | 1.14305
.1250 1 1.02246| 1.08502 | 1.31u456| 1.14222] 1.14300 | 1.14305
.1875| 1.02196| 1.08346 | 1.11297| 1.14198} 1.14297 | 1.14305
.2500 ) 1.02126| 1.0812u4} 1.11068 | 1.14160| 1.14292 1} 1.14305
.3125¢1 1.02036( 1.07833 | 1.10760 | 1.14099 1.14282 | 1.14305
.3750 ) 1.01925) 1.07468 | 1.10364 | 1.14005| 1.14264 | 1.14305
L3753 1.01783 ) 1.07025 | 1.09867 | 1.13860 | 1.14230 | 1.14305
.5000 7 1.016421 | 1.06497 } 1.09254 | 1.13637 | 1.14166 | 1.14305
.5625 1 1.01467 | 1.05876 | 1.0850u4 | 1.13291 | 1.14047 | 1.14304
.6250 | 1.01272 ) 1.051453 | 1.07595}| 1.12756 | 1.13822 | 1.14302
.6875 | 1.01054 ¢ 1.04318 | 1.06498 ] 1.,11928 | 1.13397 | 1.14291
.7500 | 1.00814 | 1.03361 | 1.05182 | 1.10649 | 1.12593 | 1.14244
.8125 1 1.00551 ¢ 1.02267 {1.03608 ] 1.08679 | 1.11076 | 1.14037
.8750 | 1.00265 | 1.01024 | 1.01731 | 1.05664 } 1.08234 | 1.13122
.9375 .99955 .99615 .99503 | 1.01098 | 1.02992 {1.09138
1.0000 .99620 .98024 .96869 .94300 .93601 .92935
1.0625 .99381 .96875 .94938 .88962 .85836 .76390
1.1250 .99160 .95825 .93204 .84532 .79762 .66003
1.1875 .98954 .94868 .91647 .80814 .74897 .58833
1.2500 .9876u4 .93999 .90252 .77670 .70933 .53583
1.3125 .98590 .93214 .89007 .74998 .67663 .49857
1.3750 .98L32 .92509 .87900 .72721 .BU9UL5 .uBlubl
1.4375 .98283 .91880 .86923 .70782 .62677 .433880
1.5000 .98162 .91324 .86067 .69135 .60783 .41984
1.5625 .98050 .90840 .85326 .B77U6 .58207 .ﬁ0375
1.8250 .97953 .90424 .84694 .66587 .57907 .39080
1.6875 .97871 .90075 .84166 .565638 .56853 .38049
1.7500 .37804 .89792 .83740 .64881 .56018 .37246
1.8125 .97752 .839573 .83411 .B4305 .55386 .36644
1.8750 .97715 . 89417 .83178 .6538989 . 54943 .36226
1.8375 .97693 .89323 .83038 .53658 .54681 .35980
2.0000 .97687 .89292 .82992 .63579 .5u4594 .35899
Table 1-9. Temperature distribution on cone for several U val-

ves. No spin. No internal radiation.

(1961).

From Nichols
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Fig 1-66. Temperature distribution on cone. No spin. No in-

ternal radiation. From Nichols (1961).
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H/R =2
T/TR
X

M =12 H=2 no=1 u=0.2 u=0.1 u=0.02

0 1.02765 1.07852 1.09132 1.09680 1.09682 1.09682
.0025 11.02751 | 1.07829 | 1.09118 | 1.09680 | 1.09682 | 1.09682
.1250 | 1.02711} 1,07759 | 1,09074 { 1.09679 | 1.09682 | 1.09682
.1875 1.02643 1.07639 1.08998 1.08677 1.09682 1.09682
.2500 | 1.02547 | 1.07466 | 1.08884 | 1.09674 | 1.09682 | 1.09682
.3125 1.02424 1.07232 1.08722 1.09668 1.08681 1.09682
.3750 1.02271 1.06930 1,08499 1.08656 1.09680 1.08682
L4375 1.0208¢9 1.06547 1.08200 1.09633 1.09678 1.09682
.5000 1.01877 1.06071 1.07800 1.08589 1.08673 1.09682
.5625 1.01633 1.05484 1.07267 1.08503 1.09659 1.09682
.6250 1 1.01356 | 1.04764 | 1.06561 | 1.09334 | 1.09621 {1.09682
.6875 1.010u44 1.03887 1.05627 1.08005 1.09522 1.09682
. 7500 1.00697 1.02821 1.04393 1.08361 1.09261 1.098681
.8125 1.00312 1.01531 1.02769 1.07101 1.08571 1.08667
.8750 .99887 .938975 1.00638 1.04652 1.06758 1.08544
.9375 .99421 .98102 .97856 .99962 1.02072 1.08401
1.0000 .98911 .95858 94248 .91241 .90485 .98257
1.0625 .98680 .94798 .92487 .86380 .B83396 .78502
1.1250 .9846Y4 .93827 .90901 .82315 .77786 .68078
1.1875 .98264 .92841 .8947Y .78884 .73257 .60331
1.2500 .98079 .92137 .88193 .75968 .b9544 L5724
1.3125 .97910 .91408 .B87048 73479 .66L467 50491
1.375¢0 97757 .90754 .86028 .71352 .63899 .47202
1.4375 .97618 .90169 .85126 .69534 .61748 L44599
1f5000 97494 .89653 .84335 .67987 .59948 42513
1.5625 .97385 .89203 .83650 .66679 .58448 .40833
1.6250 .97291 .88816 .83064 .65586 .57208 .39483
1.6875 .97211 .88491 .82576 .B64690 .56200 .38408
1.7500 .97146 .88227 .82180 .63974 .55402 .37568
1.8125 .37096 .88023 .81875 .63429 .54797 .36933
1.8750 .97060 .87877 .81658 .630u5 .5u4372 .36482
1.9375 .97038 .87780 .81529 .62817 .54120 .36319
2.0000 .97031 .87762 .81486 .62741 .54037 .357869

Table 1-10. Temperature distribution on cone for several u val-

ues. No spin. No internal radiation. From Nichols

(1961).
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Fig 1-67. Temperature distribution on cone. No spin. No in-

ternal radiation. From Nichols (1961).
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2. PLANETARY RADIATION

2.1. GENERAL
Data on the equilibrium temperature of a satellite, heated
by radiation from a planet, and cooled by radiation to the outer
space, are presented in this Chapter. Only satellites of very simple
geometrical configurations are considered.
The data presented have been calculated on the basis of
the following assumptions:
a) The satellite is constituted by a homogeneous solid
body, exhibiting infinitely large thermal conductivity.
b) The characteristic length of the satellite 1is small
compared with the mean radius of the planet.
¢) The emission from the planet is assumed to follow
Lambert's law.
d) The Equivalent Surrounding Temperature, TS, is assumed
to be zero.
e) Emittance and infrared absorptance of the satellite sur-
face are independent of both temperature and wavelength.
The Spacecraft Planetary Radiation Equilibrium Temperature,

TRP’ is given by

1/4
b 4 Y
TRP'LEFSPTP tTs ‘l

Once TS has been assumed to be zero, the above expression gives the

ratio T /T

RP as a function of the optical characteristics of the sat-

P

ellite surface (through a/e) for arbitrary values of the view factor

from spacecraft to planet, FSP' The results are given in Fig 2-1.
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These results can be also used to estimate the radiation from a sat-
ellite to a subsatellite or appendage provided that the above assump-
tions hold.

Values of TRP as a function of TRP/TP for radiation from
several planets are given in Fig 2-2. Radiation from the Earth is
considered in Fig 2-3.

The remaining data are values of F for simple geometries.

SP

For cylindrical and conical configurations F is calculated by expan-

SP
sion in powers of sinA and (or) cosi, X being the angle defining
the orientation of the spacecraft. The coefficients of these power

expansions depend on the parameters Bi' The five first parameters Bi

are given below, as calculated by Clark & Anderson (1965).

Bo=-2 |27 _ 5. 2 oosdn, - 2 Sa. 4o 7
0~ 7w |To5 -/ ©O8%p *t3 COS Op -5 COS A+ COS Op
1 . 2
B, = —
1 5 sin OLL
_ 8 3 5 7
B2 = 5 ':COSOLL -2 cos ocL+ 4 cos oaL - 3 cos aL]
_ 4 uQ 3 91 5 7
B3 “7?'[‘COSQL-+TT cos aL-?r cos aL+-1BCos aL]
B -8 5cosa. - 35¢ 3u + 63 Su - 33 7a 1
w357 L °s 9y, cos 9y, cos L__!
where:
o :Sin_l_RE_)__..
L h+R
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Fig 2-1. The ratio Trp/Tp vs. the optical characteristics of the

surface for different values of FSP‘ Shaded zone of a

is enlarged in b.

Calculated by the compiler.
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Fig 2-2. Radiation equilibrium temperature Trp vs. ratio
TRp/Tp. Incoming radiation from different plan-

ets. After NASA-SP-3051 (1965).
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Fig 2-3. Different estimates of radiation equilib -ium

temperature T vs. vratio RP , for ra-
RP TP

diation from the Earth. Plotted from data

by Johnson (1965).
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Table 2-1

Relevant data on the Planets and the Moon

DISTANCE |DISTANCE| RADIUS |PLANET TO| SOLAR |EQUIVALENT

TO THE | TO THE | OF THE EARTH | CONSTANT | TEMPERATURE

SUNX10-2| SUN IN | PLANET RADIUS -2 OF THE

[m] AU. {x10-3 [m]| RATIO [w.m=2] PLANET [K]

MERCURY 57.9 .387 2330 .3659 | 903y 440
VENUS 108.1 .723 6100 .9580 | 2588 229
EARTH 149.5 | 1. 6367.5 1. 1353 250
MARS 227.4 | 1.521 3415 .5363 | 585 216
JUPITER| 773.3 | 5.173 71375 11.2093 51 88
 SATURN 1425.7 | 9.536 60500 9.5014 15 63
URANUS | 2880.7 |19.269 24850 3.9026 3.6 33
NEPTUNE | 4490.1 |30.03u 25000 3.9262 1.5 32
PLUTO S841.9 [39.076 2930 L4600 89 43
ii’IOON 149.5 1. 1738 2729 1353 273

References: Kreith (1962), Wolverton (1963), Anderson (1969).
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2.2, INFINITELY CONDUCTIVE PLANAR SURFACES

2.2.1. FLAT PLATE ABSORBING AND EMITTING ON ONE SIDE

E 27

Sketch:
NORMAL TO
FLAT PLATE
TO PLANET
1 CENTER
NEITHER
ABSORBING NOR
EMITTING FACE
Formula:
- 2 L 6
FSP = Bo+ Blcosx + B2cos A+ Bacos A+ chos A
where the parameters B;j (i= 0,1,...,4) are defined in § 2.1.

Reference: Clark & Anderson (1965).
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ig 2-b. FSP as a function of X and ;1 in the case of a
P

flat plate absorbing and emitting on one side. Cal-

culated by the compiler.
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2.3, INFINITELY CONDUCTIVEL SPHERICAL SURFACES

2.3.1. SPHERE

Sketch:

Formula:

References: Clark & Anderson (1965), Watts (1965).
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Fig 2-5. FSP as a function of R in the case of a sphere.

P
Calculated by the compiler.
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2.3.2. HEMISPHERICAL SURFACE ABSORBING AND EMITTING ON OUTER FACE

Sketch:
TO PLANET
CENTER
Formula:
2
\’ h h
(iﬁ) t2 (ﬁ—) 1 cos A
U S PR 1 P .
S 1+-§h—- 1+§— 2
P P

Reference: Watts (1965).
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Fig 2-6. F as a function of X and _h in the case of
SP Rp

a hemispherical surface absorbing and emitting on

outer face. Calculated by the compiler.
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Infinitely Conductive Cylindrical Surfaces

2.4. INFINITELY CONDUCTIVE CYLINDRICAL SURFACES

2.4.1. CIRCULAR CYLINDER WITH INSULATED BASES

Sketch:
TO PLANET
CENTER
Formula:
‘ B 3B 5B
Fgp = B, + — sin?x + 5 sin“x + = sin®a

where the parameters Bj (i= 0,1,...,4) are defined in § 2.1.

References: Clark & Anderson (1965), Watts (1965).
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Fig 2-7. FSP as a function of A and in the case of

P
a circular cylinder with insulated bases. Calcu-

lated by the compiler.
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2.4.2. FINITE HEIGHT CIRCULAR CYLINDER

Sketch:
TO PLANET
\('/ \ CENTER
Formula:
- 1 2 u 6
FSP = m {%o +B2cos A+ B3cos A +Bucos A+
1 + %
R
B 3B 5B

. 4 . )
51n“x + T 81n6f

+%(B +—§—2-sin2)\+

where the parameters Bj (i =0,1,...,4) are defined in § 2.1.

Reference: Clark & Anderson (1965).
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Fig 2-8. FSP as a function of X and R in the case of

P
a finite height circular cylinder. Calculated by

the compiler.
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Fig 2-9. FSP as a function of X and Rp in the case

of a finite height circular cylinder. Calculated

by the compiler.
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Fig 2-10. FSP as a function of X and ;’ in the case of
P

a finite height circular cylinder. Calculated by

the compiler.
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Fig 2-11. F as a function of X and in the case

SP D

of a finite height circular cylinder. Calculated

by the compiler.
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Fig 2-12. FSP as a function of A and Rp

of a finite height circular cylinder. Calculated

by the compiler.
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in the case

ig 2-13. i
Fig 1 FSP as a function of A anq RP
of a finite height circular cylinder. Calculated

by the compiler.
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Fig 2-14. FSP as a function of A and ;1 in the case

P
of a finite height circular cylinder. Calculated

by the compiler.
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Fig 2-15. FSP as a function of X and g‘ in the case
P

of a finite height circular cylinder. Calculated

by the compiler.
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F as a function of A and —lL— in the case
SP RP

of a finite height circular cylinder. Calculated

Fig 2-16.

by the compiler.
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2.5. INFINITELY CONDUCTIVE CONICAL SURFACES

2.5.1. CIRCULAR CONE WITH INSULATED BASE

Sketch:
TO PLANET
CENTER
Formula:
Fop = B_+B,C+B)(c2 +20) 4 5 (chsaczp2 + 3 pu)s
SP o) 1 2 2 3 8
6 + 13 cupz . M5 copu S pe
+ B (C + C*D? + = C?D" + % DF)
where the parameters B; (i=0,1,...,4) are defined in § 2.1.
In addition:
C = sin 8 cos A
D = cos § sin A

Reference: Clark & Anderson (1965).
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Fig 2-17. FSP as a function of A and ;1 in the case of

P
a circular cone with insulated base. Calculated by

the compiler.
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Fig 2-18. Fgp as a function of A and QP in the case of a

circular cone with insulated base. Calculated by

the compiler.
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Infinitely Conductive Conical Surfaces

2.5.2. FINITE HEIGHT CIRCULAR CONE

Sketch: A\\
| N, TO PLANET
CENTER
Formula:
_ 1 . 2 4 6
FSP = —— sin § (Bo— BlcosX+B2cos A+Bscos X+Bucos A) o+
1+ siné
2 2) B,(c* +3c2p? 3 p4) 4
+ B + B1 C+~BQ(C t+ =)+ By + +
6 15 un2 , %5 24w . 2 ps
+B4(C 5= CDZ + = C2D +161))
where the parameters B; (i= 0,1,...,4) are defined in & 2.1. In
addition:
C = sin 6 cos A
D = cos & sin A

Reference: Clark & Anderson (1965).
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Fig 2-19,. PSP as a function of A in the case of a finite

height circular cone. Calculated by the compiler.
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Fig 2-20. FSP as a function of X in the case of a finite

height circular cone. Calculated by the compiler.
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3. ALBEDO RADIATION

3.1. GENERAL

Albedo radiation is that part of the solar radiation inci-
dent upon the planet which is reflected or scattered by the planet
surface and atmosphere (if existent).

Data on the equilibrium temperature of a satellite, heated
by the albedo radiation from a planet, and cooled by radiation to the
outer space, are presented in this Chapter. These data are based on
the assumptions a,b,d and e listed in § 2.1. In addition, the planet
is supposed to be a diffusely reflecting sphere.

The Spacecraft Albedo Radiation Equilibrium Temperature,

TRA’ as given by
1/4
_ Q y L
TRA~[EFTA + T ] ,

where TS is assumed to be zero as it has been indicated repeatedly.
Values of TRA/TA vs. oa/€ for arbitrary values of the albedo view
factor, F, from spacecraft to planet are given in Fig 3-1. These
values can be also used to estimate the effect on a subsatellite of
the solar radiation reflected or scattered by a large satellite, pro-
vided that the above assumptions hold.

TRA as function of TRA/TA for albedo radiation from several
planets is given in Fig 3-2. Albedo radiation from the Earth is con-

sidered in Fig 3-3. Finally, values of F in three simple cases are

presented.
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Fig 3-1. The ratio Tra/Tp vs. the optical characteristics of the
surface for different values of F. Shaded zone of a is

enlarged in b. Calculated by the compiler.
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Fig 3-2. Albedo equilibrium temperature, Trp, vs. dimen-
sionless ratio Trp/Tp. Incoming albedo from dif-

ferent planets. After Anderson (1969).
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Fig 3-3. Different estimates of albedo equilibrium temper-

ature TRA’ vs. TRA/TA in the case of the Earth.
Calculated by the compiler.
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Table 3-1

Relevant data on the Planets and the Moon

DISTANCE | ISTANCE| RADIUS |PLANET TO| SOLAR
TO THE | TO THE | OF THE EARTH |CONSTANT| MEAN
SUNx10-3 | SUN IN | PLANET RADIUS _o7 |ALBEDO
[m] au. |x1073 [m]| RATIO [#.n72]
MERCURY 57.9 .387 2330 3659 |9034 .053
VENUS 108.1 723 6100 ,9580 |2588 .76
EARTH 149.5 | 1. 6367.5 1. 1353 .35
MARS 227.4 | 1.521 3415 .5363 | 585 .16
JUPITER| 773.3 | 5.173 71375 11.2093 51 .73
SATURN | 1425.7 | 3.536 60500 9.5014 15 .76
URANUS | 2880.7 [19.269 24850 3.9026 3.6 |.93
NEPTUNE| u490.1 [30.03Uu 25000 3.9262 1.5 | .84
PLUTO 5841.9 |39.076 2930 L4600 .89 | .14
MOON 149.5 | 1. 1738 .2729 [1353 . 067

References: Kreith (1962), Wolverton (1963) , Anderson (1969).
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Infinitely Conductive Planar Surfaces

3.2. INFINITELY CONDUCTIVE PLANAR SURFACES

3.2.1. FLAT PLATE ABSORBING AND EMITTING ON ONE SIDE

Sketch:

NORMAL TO
FLAT PLATE

SOLAR
RADIATION

Formula: All results presented in the literature are obtained nu-

merically.

Reference: Bannister (1965).
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Fig 3-4. Albedo view factor F vs. h/Rp for different values
of 05 in the case of a flat plate (A=0°, b.=180°),
From Bannister (1965).
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Fig 3-5. Albedo view factor F vs. h/Rp for different values

of 8¢ in the case of a flat plate (A=30°, ¢$.,=0°).

From Bannister (1965).
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Fig 3-6. Albedo view factor F vs. h/Rp for different values
of 65 in the case of a flat plate (A=30°, c=90°),
From Bannister (1965),
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Fig 3-7. Albedo view factor F vs. h/Rp for different values
of 8¢ in the case of a flat plate (A=30°, ¢$.=180°).
From Bannister (1965).
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ALBEDO RADIATION

Infinitely Conductive Spherical Surfaces

5.3. INFINITELY CONDUCTIVEL SPHERICAL SURFACES

3.3.1. SPHERE

S5ketch:
SOLAR

/ / / RADIATION

Formula: All results presented in the literature are obtained nu-

merically.

Reference: Cunningham (1961).
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Fig 3-8. Albedo view factor F vs. h/Rp for different values
of 85 in the case of a sphere. From Cunningham

(1961).
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Fig 3-9. Albedo view factor P vs. h/Rp for different values of

6, in the case of a sphere. From Cunningham (1961).
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Fig 3-10. Albedo view factor F vs. h/RP for different values of

65 in the case of a sphere. Calculated by the compiler.
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ALBEDO RADIATION

Infinitely Conductive Cylindrical Surfaces

3.4. INFINITELY CONDUCTIVE CYLINDRICAL SURFACES

3.4.1. CIRCULAR CYLINDER WITH INSULATED BASES

Sketch:
SOLAR
RADIATION
Formula: All results presented in the literature are obtained nu-

merically.

Reference: Bannister (1965).
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Fig 3-11. Albedo view factor F vs. h/Rp for different values
of 85 in the case of a cylinder (A=0°, $.=0°, 180°).
From Bannister (1965).
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ive Cylindrical Surfaces
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Fig 3-12. Albedo view factor I vs. h/Rp for different values

of 85 in the case of a cylinder (A=60°, ¢$.=0°).

From Bannister (1965).
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Fig 3-13. Albedo view factor F vs, h/Rp for different values
' of 85 in the case of a cylinder (X=60°, ¢,.=90°),
From Bannister (1965).
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Fig 3-14. Albedo view factor T vs. h/Rp for different values
of 65 in the case of a cylinder (A=60°, $.=180°).
From Bannister (1965).
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GRAY DIFFUSE SURFACES

Diffuse Incident Radiation

1.2.6. SPHERICAL CAVITY

Inner surface of a sphere e-
mitting and absorbing radiation

through the circle forming the

cavity opening.

Formulae:
20
= 1
®a 2 - (1-a)(1+cosB) (1)
2¢
= 2
a 7 - (1-0)(14c0s6) (2)

Comments:

Formula (1) is valid for any spatial and directional distribu-
tion of the incoming radiation.

When € *a (gray body), Fig 1-7 overleaf may be used in order

to estimate €, If ¢ #a, then Fig 1-7 can still be used although

the ordinate values must be multiplied by e/a .

References: Sparrow & Jonsson (1962a, 1962b), Sparrow (19865).
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GRAY DIFFUSE SURFACES

Diffuse Incident Radiatioen

go 10 20 30 40 50 60
Ah/Ac -

a .00760 | .03015 | .06699 | .11698 | .17861 | .25000
.1 -93601 | .78655 | .52388 | .u4871u4 | .38352 | .30769
.2 .97051 | .89237 | .78868 { .68124 | .58329 | .50000
.3 -98258 | .93427 | .86483 | .78558 | .70584 | .63158
LU -98873 | .95673 | .90869 | .85073 | .78870 | .72727
.5 -99246 | .97073 | .93722 | .89527 | .84846 | .80000
.6 . 39496 .98029 . 95725 .92766 .88360 .85714
) .99676 | .98724 | .97209 | .95226 | .92890 | .90323
.8 .99810 | .99252 | ,98353 | .97159 | .95726 | .94118
.9 .99916 | .99666 | .99261 | .98717 | .98054 | .97297
go 70 90 110 130 150 170

a Ah/Aq .32899 | .50000 1} .67101 | .82139 | .93301 | .99240
.1 +25247 | 18182 | .14206 | .11915 | .10642 | .10069
.2 -43179 1 .33333 | .271u44 | ,23334 | .21132 | .20122
.3 .56573 .U615y .38976 .34287 .31476 .30160
. .66957 | .57143 | .49838 | .44801 | .41675 | .40183
.5 .75245 | .66667 | .59844 | .54903 | .51733 | .50191
. b .82012 | .75000 | .69092 | .64616 | .61652 | .60183
.7 .876u43 | .82353 | ,77665 | .73963 | .71436 | .70160
.8 .92400 | .B88889 | .85635 | .82964 | .81086 | .80122
.9 .96473 | .94737 | .93062 31637 | .90607 | .90068

£=.9
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"0 30 60 9 go 120 15 180
Fig 1-7. Apparent absorptance, 0z, of a spherical cavity vs. open-

ing semiangle, 6, for different values of the surface ab-
sorptance, a. Calculated by the compiler.
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List of Symbols

LIST OF SYMBOLS
A, Cross-Sectional Area Normal to Temperature Gradient. [m2].
E , Modulus of Elasticity. [Pa].
L, Length Normal to the Plane of the Figure in Two-Dimensional
Configurations. [m].
Mo, Surface Hardness. [Pa].
P, Applied Compressive Load. Also called Contact Pressure.
[Pa].
Q , Heat Transfer Rate. [W].
S , Langmuir Conductive Shape Factor. [m].
T , Temperature. [K].
Tm , Arithmetic Mean Temperature. [K].
b , Chap. 2: Radius of the Specimen. [m].
a , Surface Parameter in Fletcher § Gyorog Correlation. Dﬂ.
hc s Thermal Joint Conductance. [w.m_2.K—1].
hf , Interstitial Contribution to Thermal Joint Conductance.
[W.m_z.K_1
hr s Radiative Contribution to Thermal Joint Conductance.
[i.n™2.x7 1.
hs s Solid Contribution to Thermal Joint Conductance. [W.m_Z.K- ]7
k Thermal Conductivity. [W.m—l.K—lj.
km , Mean Thermal Conductivity. [w.m-l.K-lj. km =2k1k2/(k1+k2).
1, Heat Path Length. [m]. |
P Ambient Pressure. [Pa].
r , Filter Rating. Dﬂ.
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t o, Thickness. Dﬂ.

AT Interfacial Temperature Drop. [K].

¢ Porosity.
. . . . -1
B , Coefficient of Linear Thermal Expansion. [K ].
60 s Gap Thickness Parameter in Fletcher & Gyorog Correlation.

[n] .

P » Density. [kg.m-%].

g , rms Surface Rdughness. Dﬂ.
Acronyms
FD , Flatness Deviation. Dﬂ.

RD , Roughness Deviation. Dﬂ.
TWL , Total Weight Loss, Percent.

VCM Volatile Condensable Materials, Percent by Weight.

Other symbols, mainly used to define the geometry of the

configuration, are introduced when required.
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General

1. CONDUCTIVE SHAPE FACTORS

1.1. GENERAL

The conductive heat transfer rate through fairly complicat-
ed two-or three-dimensional configurations can be estimated on the
basis of the so-called conductive shape factor, S.

In order to introduce the concept of conductive shape fac-
tor it is customary to start with the expression giving the one-di-
mensional conductive heat transfer rate, Q, between two parallel
planar surfaces, 1 and 2, of cross-sectional area A. Assuming that
the thermal conductance, k, of the space between the planes is con-

stant, Fourier's law yields the following equation:
Q=k L¢r 7 ) = ks (T,-T,)
1 2 "1 2 1 ’

1 being the distance between the planes.

The factor §, known as Langmuir conductive shape factor,
is, in this case, the ratio of the cross-sectional area, A, to the
heat path length, 1.

When two-or three-dimensional configuratibns are involved,
the temperature field can be calculated by use of one of the methods
available to solve Laplace differential equations. In many instances,
however, only the overall heat transfer rate between arbitrary sur-
faces, 1 and 2, is required, and the above expression giving Q can
be used, provided that § represents the ratio of the average cross-

sectional area to the average heat path length. Although the mathe-

matical problem must be solved in full, in order to calculate S, the
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resulting values of S can be displayed in a very compact and useful
way, as 1t is shown in this Chapter.

It should be mentioned that for two-dimensional configura-
tions, that is to say, configurations which do not depend on the
coordinate normal to the plane of the figure, the heat transfer rate
is to be understood as that corresponding to the unit length normal
to the mentioned plane. In order to keep unchanged the physical di-
mensions of S, the conductive shape factor for two-dimensional con-

figurations is defined as S/L, which is a dimensionless magnitude.
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1.2, PLANAR-PLANAR SURFACES

LQ—‘_&___. _ '

1.2.1, TWO-DIMENSIONAL CONFIGURATIONS L‘ a ]
1.2.1.1. STRIPS OF EQUAL wWIpTH f \\\-—T
b 1
Two parallel strips of equal j ,//__—Tz

width. a

Formula:
S _ a
L " b
Comments:
The

configuration is two-dimensional.

F1-3

S/L is the conductive shape factor Peér unit length normal to

the plane of the figure,

References: Andreys (1955), Sunderland ¢ Johnson (196Y4),
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1.2.1.2. STRIPS OF UNEQUAL WIDTH
Finite width strip and //ﬁ_n
infinite parallel plane. 0 ? ®
b

Ty
_a :::-4
=3

Formula:

Comments:
The configuration is two-dimensional.

S/L is the conductive shape factor per unit length normal to

the plane of the figure.

The results are given in Fig 1-1 overleaf.

Reference: Andrews (1955).
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6 T TTTT T T
5
4

S

L

X

Fig 1-1. Values of the conductive shape factor per unit
length, S/L, vs. the dimensionless width of the
strip, X. Calculated by the compiler.
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1.3. PLANAR SURFACE-CYLINDRICAL SURFACE

1.3.1. TWO-DIMENSIONAL CONFIGURATIONS

/ ﬂ
1.3.1.1. PLANE AND CYLINDER OF s

RECTANGULAR CROSS SECTION Tz__

fa-gr 4
P

Plane and cylinder of rectan-

gular cross section. The plane is
parallel to the base of the rectangle. X =

The cylinder is assumed to be
infinitely conductive.

Formula:

-.59
s _ 1 1
—+ =1.685 [ln(l+ Y)J [‘T

Comments:

The configuration is two-dimensional.

S/L is the conductive shape factor per unit length normal to
the plane of the figure.

The above expression has been obtained by means of the electric
analogy, using a conducting paper of finite dimensions (Andrews
(1955)).Since it is not stated in the reference how the point at in-
finity has been taken into account, results for small values of Y,
which presumably correspond to large values oi b, are doubtful. In
the figure overleaf the finite strip case (see § 1.2.1.2) has been
taken to bound below the recommended values.

The results are given in Fig 1-2 overleaf.

References: Andrews (1955), Sunderland & Johnson (1964).
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7 EEE T,

r_ /-

. /

sl 74

/
7

d

&%/\PLANE AND STRIP

AN

N\

//

1__;///

0 Ll N
] 2 3 5 Ty 2 3 5 M0
Fig 1-2. Values of the conductive shape factor per unit

length, S/L, vs. X for different values of Y.
Calculated by the compiler.
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1.3.1.2. PLANE AND CIRCULAR CYLINDER

Plane and circular cylinder

whose axis is parallel to the

/—T1
plane. o0

f o
The cylinder is assumed z
. D
to be infinitely conductive.
T2
Z_D
Tz
Formula:
S 27
L~ -1¢2
cosh [Z)
Comments:

The configuration is two-dimensional.

S/L is the conductive shape factor per unit length normal to

the plane of the figure.

The results are given in Fig 1-3 overleaf.

References: Sunderland ¢ Johnson (1964), Kutateladze & Borishanskii

(1966).
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35 -

30

25

20

rﬁU)

15

0 l | | | ]
0 .2 A 7 .6 .8 1

Fig 1-3. Values of the conductive shape factor per unit length
S/L, vs. dimensionless diameter of the cylinder cross

section. Calculated by the compiler.
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1.3.2. AXISYMMETRICAL CONFIGURATION

1.3.2.1. PLANE AND CIRCULAR CYLINDER

Plane and circular cylinder of

finite length with its base on the /;” //r——T1
plane. /’
00 w=— ©
The cylinder is assumed to be
infinitely conductive.
D<<L
Formulae:
S 2m
T Tan ()
tng
S _ _2m  2m(21n/7-1) (b)
D "D

Comments:

To obtain expression (a) the end effects corresponding to the
free end of the cylinder have been neglected, so that this expres-
sion is only valid when the cylinder is slender enough.

Expressioﬁ (b), which includes the second asymptotic term of
the three-dimensional solution, has been obtained by the compiler.

The results are given in Fig 1-4 overleaf.

References: Sunderland & Johnson (1964), Kutateladze & Borishanskii

(1966); Parker, Boggs & Blick (1969),
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) f'
Ve
% // /<( )
3 v 1/,/ a
7
7
7
'z’
/]
2 //1
/,
Y/
1
0
0 .2 4 .8 1 1.2

o o

Fig 1-4. Values of the dimensionless conductive shape
factor, S/L, vs. cylinder diameter to length

ratio, D/L. Calculated by the compiler,
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1.4, PLANAR SURFACE-SPHERICAL SURFACE

1.4.1. PLANL AND SPHERE

00
Plane and sphere. /// /r‘T1
’
The sphere is assumed to
© —-— 0
|
be infinitely conductive. §
r4

Z=E
z

Formula:

The results are given in Fig 1-5 overleaf.

References: Andrews (1955), Sunderland & Johnson (1964), Kutateladze

& Borishanskii (1966); Parker, Boggs & Blick (1969).
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6.4 T T

l P TTl

6.2

5.8 A\

o[m

5.6

5.4

5.2

5 1 L1 I L1

.01 .02 .03 .05 1 . 2 3 .5 1

Fig 1-5. Values of the dimensionless conductive shape
factor, S/D, vs. the dimensionless diameter

of the sphere, Z. Calculated by the compiler.
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1.5. CYLINDRICAL-CYLINDRICAL SURFACES

1.5.1. TWO-DIMENSIONAL CONFIGURATIONS

1.5.1.1. CIRCULAR CYLINDERS

Parallel circular cylinders.

Both cylinders are assumed to be infinitely conductive.

_T1
T, 'T2
1, b
N i — £ =— .
SiL 3
I
= =< <1
b P=T,
|
14 p<€
(a)
Formula:
S - 2m
L
cosh"l[}.:_p.&_e.?.J
20

Comments:

Both configurations are two-dimensional.

S/L is the conductive shape factor per unit length normal to
the plane of the figure.

The results are given in Fig 1-6 overleaf.

References: Andrews (1955), Sunderland & Johnson (1964); Parker,

Boggs & Blick (1969).
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E; £=.95 3 —
- "

5 —
L "\} _
" '/ CONCENTRIC
/ CYLINDERS

2 SN Y ARy 4
_sl:__x10_1 / / \

CONFIGURATION (b))
: /) AN ‘ :

CONFIGURATION (@)

Y7 e B
- ‘ €= 2 ,,/”‘ —
v

N
N

.3 // 5

2 ///’/j/ 7
’/’//’—"__————’—‘ 10

1 \
N .2 .3 A .5 .6 i .8 .9 1

P

Fig 1-6. Values of the conductive shape factor per unit length,
§S/L, vs. radius ratio, p; for different values of the
dimensionless distance between cylinder axes, €. Cal-

culated by the compiler.
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1.5.1.2. CIRCULAR RODS WITH HOLES

Circular rod with two circular

holes.

The results presented have been obtained by using an electrical

analogue method.

Comments:

The configuration is two-dimensional.

5/L is the conductive shape factor per unit length normal to
the plane of the figure,

The results are given in Fig 1-7 overleaf.

Reference: Faulkner & Andrews (1955),
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N
&
W)

.36

T T

X1=.25
f——dy=,1667 _

N

5.8 R M~

e e
—————

(/4

5.4

0 .04 .08 12 A6 .2 .24 .28
X,

Values of the dimensionless conductive shape factors
Per unit length, Sij/L’ vVs. the eccentricity of one
of the holes X9, for different values of the relevant

geometrical parameters. From Faulkner & Andrews (1955).
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Circular rod with three circular

holes.

The results presented have been obtained by using an electrical

analogue method.

Comments:

The configuration is two-dimensional.

S/L is the conductive shape factor per unit length normal to
the plane of the figure.

The results are given in Fig 1-8 overleaf.

Reference: Faulkner & Andrews (1955).
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T T T I
d1 = .5 l
Xy = .2291
32 =™ dg = 3750
X2=X3=.2917 / o
R e e
Al 2y .
24 ] 0.1 “’;:::/// l
S 0,1 .3750
ij 0.2 ! !
T 20 3750
. 1,2 |
L 0,2 .3333
1,2 13333
2
L 0,2 2917
5 1 2I .2917
224 26 28 .3 32 34 .36 38 L 42
dj
24 ' ' ’ d, =.3750
d-] - 5 2}.|
20 - X, =.2291 3750
Xz = X3 < 2917
6 i //,LL -
Sii .,y,,/f’,//// 3750
= 12 1203 = %
3333
T
L P i

0
24 26 .28 .3 32 .34 .36 .38 A
dj

Fig 1-8. Values of the conductive shape factors per unit
length, Sij/L’ vs., the diameter ratio d3’ for
different values of the relevant geometric pa-

rameters. From Faulkner & Andrews (1955).



ESA PSS-03-108 Issue 1 (November 1989) E 1-21

CONDUCTIVE SHAPE FACTORS
Cylindrical-Cylindrical Surfaces

Circular rod with square or hexagonal concentric holes.

y— T2

— @ — a

(a) (b)

Formulae:

S 6.533
(a) — =
In =—-.15921
X

[l
[N

S 6.46
ln~£—.03147
b

Comments:
The configuration is two-dimensional.
S/L is the conductive shape factor per unit length normal to

the plane of the figure.

The results are given in Fig 1-9 overleaf.

Reference: Ramachandra Murthy § Ramachandran (1967).
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34

(a)
30

25

20

r-hn

(b)
15

m /
P

s ]
e

_—

N 2 3 A .5 .6 .7 .8
X

Fig 1-9. Values of the conductive shape factor per unit length,
S/L, vs. the dimensionless characteristic length of

the holes, X. Calculated by the compiler.
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1.5.1.3., RECTANGULAR BARS WITH HOLES

Rectangular bar with a concentric

b
circular hole.
X = D
a Ty T,
a D ./
y - 2
T a
Formula:
S . 2
L - 4
lnﬁ -2k

where k is a coefficient which depends upon Y as indicated below

Y k
1.00 .08290
1.25 .03963
1.50 .01781
1.75 .00816
2.00 .00373
2.25 .00170
2.50 .00078
3.00 .00016
4,00 | 6.9748x10-6
5.00 | 3.0140x10"7

10.00 |u.s5422x10-14

w 0

Comments:

The configuration is two-dimensional.

S/L is the conductive shape factor per unit length normal to
the plane of the figure.

The results are given in Fig 1-10 overleaf.

Reference: Sunderland & Johnson (1964).
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|

1

|

S/L, vs. the dimensionless diameter of the hole, X, for
several values of the aspect ratio, Y, of the rectangu-

lar bar cross-section. Calculated by the compiler,

.3

.5

Values of the conductive shape factor per unit length,

X

.7

.9
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Rectangular bar having one adiabatic

face and a concentric circular hole.

— b
D
X = — l
a
a D '\71
T,
Y=—b- _L

a /.
Z ADIABATIC WALL

The results presented were obtained numerically.

Comments:

The configuration is two-dimensional.

S/L is the conductive shape factor per unit length normal to

the plane of the figure.

These results can be used to study configurations similar to

the one sketched below.

The results are given in Fig 1-11 overleaf.

Reference: Griggs, Pitts & Goyal (1973).
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10

!

;l
1 2 3 b .5 .6 7
X

Fig 1-11. Values of the conductive shape factor per unit length,
S/L, vs. the dimensionless diameter of the hole, X, for
different values of the aspect ratio, Y, of the rectangu-

lar bar cross section. After Griggs, Pitts & Goyal (1973).
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Rectangular bar having two opposite

adiabatic faces and a concentric circu-

ADIABATIC WALL

lar hole.

/ /////////////////>)x1////////
D
X =4 7
d D T2 [Ty
Y ='£L
a
/////////7///////{///////////////,

The results presented were obtained numerically.

Comments:

The configuration is two-dimensional.

S/L is the conductive shape factor per unit length normal to
the plane of the figure.

These results can be used to study configurations similar to

the one sketched below.

YO OOC

The results are given in Fig 1-12 overleaf.

Reference; Griggs, Pitts & Goyal (1973).
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r—lm

X

N
\

/
/

> I~

Values of the conductive shape factor per unit length,
S/L, vs. the dimensionless diameter of the hole, X, for
several values of the aspect ratio, Y, of the rectangular

bar cross section. After Griggs, Pitts & Goyal (1973).
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1.5.1.4. POLYGONAL BARS WITH HOLES

Cylinder with an n-sided regular

cross section and a concentric circular

hole. T, Ty
P:—rz— r'
ry
Formula:
S . 2m
L 1 B ’
in(=- %)

where B is a coefficient which depends upon n as indicated in the

table below.

n B
3 '1.13916
4 .54159
5 .32131
6 .213389
© 0

Comments:
The configuration is two-dimensional.

S/L is the conductive shape factor per unit length normal to

the plane of the figure.

The results are given in Fig 1-13 overleaf.

Reference: Sunderland & Johnson (1964).
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.01
0 3 .2 3 4 .5 6 7 8 9 1
P
Fig 1-13. Values of the conductive shape factor per unit length,

S/L, vs. the dimensionless bole radius, p,

for several
values of n. Calculated by the compiler.
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1.6. SPHERICAL-SPHERICAL SURFACES

1.6.1. TWO CONCENTRIC SPHERES

Two concentric spheres.

where r, and r, are the radii of the outer and inner sphere, re-

spectively.

Formula:

The results are given in Fig 1-14 overleaf.

Reference: Parker, Boggs &§ Blick (1969).
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Fig 1-14. Values of the dimensionless conductive shape factor,
S/rq, vs. radius ratio, p. Calculated by the compiler.
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2. THERMAL JOINT CONDUCTANCE

2.1. GENERAL
The interface existing between two surfaces in contact
introduces a resistance to heat transfer between the materials mak-

ing up the contact. The thermal conductanée, hC, between these sur-

faces is given by: b= Q/A
c AT ’
z where:
Q/A, Heat flux across
E:FECT;_VEERZONE.-‘— ___________ S S :
OF THE THERMAL - —_— o- > .
DISTURBANCE -f— __________ z e the interface.
[w.n™?]
CONTACY AT W.m .
INTERFACE

AT, Interfacial tem-
Fig 2-1. Estimation of the temperature perature drop,

drop at the interface. estimated as in

Fig 2-1. [k].

The thermal conductance, hc’ which depends on the actual
contact area and on the physical properties of the mating materials,
can be split into three contributions, namely: the radiative, hr’
interstitial, hf, and solid, hs, contributions

hc:hr+hf+hs

The radiative contribution, hr’ can be neglected for tem-
peratures below 900K, as shown by Fenmech & Rohsenow (1959) and by
Clausing & Chao (1965).

Concerning hf, no generally valid method has been devel-

oped up to the moment to predict its contribution. The problem has

been considered, among others, by Cetinkale & Fishended (1951), La-
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ming (1961), Fenech & Rohsenow (1963), and Henry & Fenech (1964).

The contribution, hgo, of the solid contacting materials
has been calculated, in the case of very simple geometrical config-
urations, by Roess (1949), Laming (1961), Clausing & Chao (1965),
Fenech & Rohsenow (1963), and Henry & Fenech (196u4). However, the
direct application of these data is impeded by the impossibility of
correctly defining the geometrical characteristics of the contact
area under practical conditions.

Because of the difficulties which have been mentioned, the
use of empirical correlations based on directly measurable parame-
ters should be recommended. These correlations, which are based on
dimensional considerations for the selection of the relevant dimen-
sionless groups of parameters, include together the contributions
of hr’ h%, and hs.

Unfortunately, only correlations for bare contacting met-
als have reached widespread use, thence, when information on the
contact conductance between similar metals separated by a suitable
spacer material ‘is required, one must resort to the use of experi-
mental data on systems which resemble as much as possible the con-
figuration which is expected to be used in the real case.

Recently Al-Astrabadi et al. (1977) correlated data on
thermal contact conductances for stacks of thin layers in high
vacuum. Data from different sources, for both bare metals and plas-
tic layers, correlate fairly in terms of appropriate dimensionless

parameters.
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2.2. EMPIRICAL CORRELATIONS

2.2.1. FLETCHER & GYOROG CORRELATION

The following expression to predict the thermal con-
ductance of contacting metal surfaces in a vacuum has been sug-

gested by Fletcher & Gyorog (1870).

P
S .56 =BTm
_km -6 O P E
LI [5.22x1o -+ 036 EBTm} exp[170 (6O/b)] , (1)
where: E, Modulus of Elasticity. [Pa].

P, Applied Compressive Load. [pal.

Tm, Mean Temperature. [K].

b, Specimen Radius. [m].

h., Thermal Contact Conductance. [W.m—Q.K_ij.

km, Mean Thermal Conductivity. [W.m *.K71].

km = 2kqk,/(kytky). ¥4 and k, are the thermal conduc-

tivities of the mating materials.

B, Coefficient of Linear Thermal Expansion. [K_1].

§ Gap Thickness Parameter. [m].

O‘)
8, - 519x10-8+.806%x10-1d-.0622x10%d2+.211x1074d%  (2)
d = (FD + 2RD) _L (rp+ 2rD) [m]
rough 2 smooth '
surface surface

FD, Flatness Deviation. [m].

RD, Roughness Deviation. [m].

The gap thickness parameter 60 is represented as a
function of d in Fig 2-2. Experimental data from different
sources are included in this figure.

The thermal conductance, h is plotted vs. the load

Cc?
pressure, P, in Fig 2-3. Again the empirical correlation is com-
pared with data from several sources. A mean crror of 2u% is re-

ported by the authors.
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0 17777 T TTTT TTTTT] 3
—~ CONTACT PRESSURE, P [Pa] -
- INITIAL: 1.4 x105 -
5 FINAL :5.5x106
~ 0 ® ALUMINIUM %0 ]
3 - ) ]
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3,108 | B
O 'S BRASS <
[m] a A MAGNESIUM {
11— Eq. (2) “74‘ -
- ® /{ © .
5 - 4_?———-/ _
- 8 O@ -
3 RN Ll Llitil
1 2 3 5 1 2 3 5 10 20 30 SO 102
dx108 [m]
Fig 2-2. Variation of gap thickness parameter, §,, with contact
surface parameter, d. “fter Fletcher & Gyorog (1970).
50 | P TTTTT LR R A T, T —
. O (Al 2024) Tm = 417 K / /O -
0O
30}- O (Al 7075) 116 K -
20l- © (Mg AzZ-318) arzk | L&_%ﬁ_ / N
A (SS 303) 391K / /7/7
10l @ (Al 2024) 309 K / . .
E — Eq. (1) <>/o ad ;7, E
hex1073 5 < VT
[Wm=2K"] 3 P / v 7
>4
O
i /// A v AT A
5 . 4
1= yd -
= ‘V -
.5h A/ -
3 ]
A
.2
1 I L1111 RN Ll1id]
01 .02 03 .05 A -2 3 5 1 2 3 5 10
Px10~6 [Pal
Fig 2-3. Variation of contact conductance with apparent inter-

face pressure.

After Fletcher & Gyorog (1970).
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2.2.2. THOMAS & PROBERT CORRELATION

This correlation has been set forth by Thomas & Probert
(1972) and extensively verified, under vacuum conditions, both by

the mentioned authors and by O'Callaghan & Probert (1973).

1og§7‘:%= Clog%A—+D (3)
oM
where: A , Nominal Contact Area. [m?].
C = .743 * ,067 for stainless steel.
= .720 % .0u44 for aluminium.
D = 2.26 £ .88 for stainless steel.

1

.66 * .62 for aluminium.

M , Surface Hardness. Dkﬂ.

0 , rms Surface Roughness. Dﬂ.

o =((RD)? +(RD)§)1/2. (RD)1 and (RD), are the rough-

ness desviations of the mating materials.

Fig 2-4 gives the dimensionless conductance vs. the di-
mensionless load for stainless steel contacts in a vacuum, while

Fig 2-5 shows similar data when one or both surfaces are aluminium.
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A f ] 7
7
O  EXPERIMENTAL FROM 7 Qf
10} DIFFERENT SOURCES ~———— O o
— Eq.(3) 4 O,
- w= 95% CONFIDENCE LIMITS 660 o) <
/6 o ;y
)[/O Q.7
1 < > <
/ ’
-—hcA x 105 // O 99/
o km v 8,
/ O
7 0 o P
1 .~ 970
Ve
7
V4
e
/7
"/
01 001 01 1 ] 10 100
’ ’ “(PA/o2M)x1075
Fig 2-4. Dimensionless conductance vs. dimensionless
load. Stainless steel under vacuum conditions.
From Thomas €& Probert (1972).
T T {
10
O EXPERIMENTYAL FROM
DIFFERENT SOURCES
— Eq. (3) JD o
— — 95 % CONFIDENCE LIMITS Pid
7
o) e o
1
he A x10~5 0]
okm O o~r
og”
Y o
7
1 A O i
01
Pa/o-2M)x10-510 100
Fig 2-5. Dimensionless conductance vs. dimensionless

load. One or both surfaces are aluminium.
Vacuum conditions. From Thomas & Probert
(1972).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

2.3. BARE METALLIC JOINTS

SPECIMENS: Two cylinders, Al - 4.3 Cu-1.5 Mg~ 0.6 Mn. (Al 2024-Tu4).

Radius, b = 2.54x10 % m.

2.4 T I T l

1 | T

| O ASSEMBLED IN VACUUM p=1.33x10"2 Pa.

o " " AIR p=1.01x10"5 Pq
1.6 < DECREASING LOAD

hex10™4
[W.m-2.K-1] .
1.2 -_l,?'b’/
8 /
/ F D x10% +3.8 and + 25 m.

A ):f RD x10%= 1.1and 1.2m.—

Tm = 309 to 311 K.

0 1 [ !
o 1 2 3 4 5 6 7 8 9 10
Px10~¢ [Pa]
f I | | I 1 i i
31" O ASSEMBLED INAIR  p=1.01x10%  Pa.
. o " " VACUUM p=133x10"2 Pa.
hex 1074 O " “ YACUUM (RE-RUN)
[W.m=2.K='] .| < DECREASING LOAD /gu/t?
2 P g
p e I
‘7/09/%{10 x10%=+ 6.4 and+ 2.5m
1 6. -~
P RDx10%=.2m
é 594_0/ Tm = 309 to 315 K
0 1 ] 1 1

0 1 2 3 4 5 6 7 8 g 1
Px10~% [Pal

Fig 2-6. Plots of contact conductance vs. contact pressure

for two different surface finishes. From Fried §

Kelley (1966).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Al - 1 Mg - 0.6 Si. (Al 6061-T6).

Radius, b=2.5ux10"2 g,

Ambient Pressure, p - 1.33x1072 Pa.

FD x10%Cm] | RD x 105 [m] ! !
o 0 and -1.3 3

O | +6.4 and +25 1.4 /o’
3 i —

hex 104 <~— DECREASING LOAD //D'
[W.m=2.K~] /
2

ey
5 ]
tg_./__ o—C

0 1 2 3 4 5 6 7 8
Px10~% [(Pa]

Fig 2-7. Plot of contact conductance vs. contact pressure for two

different surface finishes. From Fried & Atkins (1965).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Al1-5.5 Zn- 2.5 Mg-1.5 Cu,

Radius, b=1.27%x10"2 m.
1.33%x10"3 Pa.

Ambient Pressure, p

F 29

(Al 7075-Ts8).

40 T I T T T T
20
E—
—T T |
10 //o
8 v
6 /
A //////’A‘
hex10™4 ”’,,LT"
[W.m-2.k1]
2 /
A
8§
.6 -
R.D.x10% [m]
L ) g 4
a 3
o 6.3
.2
N [ 1 j| | ! 1
2 6 10 14 18 22 26
Px10~% [Pal

Fig 2-8. Plot of contact conductance vs. contact pressure for

different surface finishes. From Fried (1966) quoted

by Scollon & Carpitella (1970).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Be

Radius, b=2.54x10"% m.
Flatness Deviation, FD =+3.8%x10"% and +3%x10°% m.
Roughness Deviation, RD= .1x1076 m.
2.0 T : ] T 1 T | I T T T | I
ASSEMBLED IN- Tm [K] p [Pal
O VACUUM 311 to 322 1.33 x 1072
161 o AR 310 to 318 1.01 x 105

B | ! o

<— DECREASING LOAD

1.2 A,
hex 1074 ////////'
{(W.m-2.K-1] ]

8 D//

4 55
5=
- "M o d
0L ~ordt- 1 L | l |

0 1 2 3 4 5 6 7 8
Px10~% [Pal

Fig 2-9. Plot of contact conductance vs. contact pressure for dif-

ferent ambient pressures. From Fried § Kelley (1966).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Cu OFHC
(OFHC: Oxygen Free High Conductivity).

I T T | T T Ty T “—j
O FRIED & KELLEY  (1.966) }

e SHLYKOV & GANIN  (1.964) ‘ ]
<«— DECREASING LOAD o

8 b=2.54x10"2 m
hex 1074 FD=4+.2x10"%m, RD=.2x10"6m Qg/q"
[W.m=-2.K-'] Tm =307 to 316 K .
o

p = 1.01x10% Pa

12

0 1 2 7 8
Px10~% [Pal
blm] FDx108%[m] R D x108[m] px 103 [Pal
o 254x1072 +6.4and +1.3 ) 13.3
o_ 1.27x10°2 A 1.33
1.4 _},_4}”
hcx‘lO" /O//
(w.m-2K~'] o—" B
1 o [+
~
L SL —
b
i <— DECREASING LOAD |
.2 i | 1 | | | [ !
0 1 2 3 4 5 6 7 8

Px10~% [Pal

Fig 2-10. Plots of contact conductance vs. contact pressure for dif-
ferent surface finishes and ambient pressures. —O— From
Fried & Atkins (1965). —{} From Fried (1966) quoted by
Scollon & Carpitella (1970).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Cu- 35 Zn- 3 Pb (Brass, Anaconda alloy 271)

Radius, b

=1.27%x1072 p,
Roughness Deviation, RD= .1%x10-6 p.
Ambient Pressure, p=.66x10"3 Pa,
1 T T T l T T T T T
F D x10%(m}{ Tm LK)
8+-l0 20.8 bbs
(m} 19.8 402
1O 241 344 / .

!

- , 1 1

1 2 3 4 5 6 7
Px10°® [ Pal

Fig 2-11. Plot of contact conductance Vs. contact pressure for
different surface finishes. From Clausing & Chao
(1965).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Mg-3 Al -1 2n -.2 Mn. (Mg AZ-31B).

2.54%10"2 m.
1.33%1072 Pa.

Radius, b

]

t

Ambient Pressure, p

br F D x10% [m] |RD x 105 [m] l r T I
0|-13 and-7.6| 1.3 to1.5 i
O(-51and-38] .6 o— O

3 |- «— DECREASING LOAD

o\

2 O/ e a
hex 1074 - '
[W.m-2.K~"] L o -

e /,V
0O
0 | | l ! ! | | |
0 1 2 3 4 5 6 7 8
Px10~° [Pa]
Fig 2-12. Plot of contact conductance vs. contact pressure for dif-

ferent surface finishes. From Fried & Atkins (1965).

Comments: Oxide films were detected on both test surfaces. This
could be the explanation of the higher conductance ex-

hibited by the coarse finish.
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THERMAL JOINT CONDUCTANCE
Bare Metallic Joints
SPECIMENS: Two cylinders, Mg -3 Al -1 Zn-20.2 Mn. (Mg AZ-31B).
Radius, b=1,27%x10"2 m.
Roughness Deviation, RD = .1%x10°6 .
14 I I T T l 1 { I ] T
FD x10% [m] ™m [K1 px10% [Pal
12 INITIAL FINAL
O | +3.3 + 2 372 66
O\|+6.6 + 5.3 372 .66
O l+.9 + 2 375 .66
Ll 1.33
-— DECREASING LOAD | -
8

!
:
—

Comments:

=

Plot of contact conductance vs.
ious surface finishes, mean temperatures and ambient pres-
from Clausing & Chao (1965).

sures. —QO—

, =0, O

8

| 1 |
10 12 /1/16

Px10~% [Pal

18

contact pressure for var-

A o

from Fried (1866) quoted by Scollon & Carpitella (1970).

Notice the effect of loading and unloading.

In the case of the curve —{0— ; a film was detected on both

test surfaces.
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

19 Cr - 10 Ni (SS 304) and :
‘4.3 Cu-1.5 Mg-0.6 Mn (Al 2024-Ty),

2.54%x1072 m.

SPECIMENS: Two cylinders, Fe
Al

Radius, b

Flatness Deviation, FD=-1.3%x10"% and +6.4x10

[

-6 m.

Roughness Deviation, RD= .3%x10-6 and .2%x10°% m.
Mean Temperature, Tm= 302 to 321 K.
Ambient Pressure, p= 1.33x10°2 Pa.

-8 T I i 1
. HEAT FLUX FROM STEEL |
- O 10 ALUMINIUM ALLOY

6 - g HEAT FLUX IN THE
OPPOSITE DIRECTION

Px10~8 [Pal

Fig 2-14. Plot of contact conductance vs. contact pres-
sure. Notice the directional effect on contact

conductance. From Fried & Kelley (1966).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Fe- 19 Cr- 10 Ni (SS 304).

Radius,

Ambient Pressure, p=

b

2.54x107% m.
1.33%10°2 Pa.

hex 1074
[(w.m-2.k-1]
24 I T I I I I T 1 T T I T
FOx108[m] |RDx10°Iml | Tm [K]
o ~13and 0 3and .6 /
2 HD =1.3 and+2.5 1 and .6
o +25and-13 | .3 /
A -13and 0 | 1.2
7 Plated with
Magnesium | —=1.3ond O .3 and .6 303-309
1.6 D Plotecj v‘vith /
Aluminium | —-1.3 and+2.5 1and .6 302-305

1.2

! 4
«+— DECREASING LOAD

{17

Px10"% [Pal

Fig 2-15. Plot of contact conductance vs. contact pressure for dif-
ferent surface finishes. —O— , —{3— from Fried (1965).-0—,
—O— from Fried & Atkins (1965). —gp— , —D— from Fried &

Kelley (1966).



ESA PSS-03-108 Issue 1 (November 1989) F 217

THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Fe - 19 Cr - 10 Ni. (SS-30u4).

1.27 x 1072 m.

Radius, b

Ambient Pressure, p = 1.33 x 10_3 Pa
T 71 I T 1 T T T 11 1 T
L FD x108 [mJ | ROx105 [m1]
0 7.6
S O | +5to+6.4 07 to .16
3
a /
h x10™* 0
[ Wm-2.K™1] O
D
1 _]
.05 -8 —
O g o—— | .
03B | l 1 L1 40 l |
6 1 2 10 20 30

3 5
. Px10™% [Pal
Fig 2-16. Plot of contact conductance vs. contact pressure for differ
ent surface finishes.~QO-From Fried (1966) quoted by Scollon

& Carpitella (1970).-0-From Gyorog (1970).
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THERMAL JOINT CONDUCTANCE

Bare Metallic Joints

SPECIMENS: Two cylinders, Ti - 6 Al - 4V . (Ti 6 A1l 4vVv),

Radius, b = 1.27 x 1072 n.
. -3
Ambient Pressure, p = 1.33 x 10 Pa.

5

B | /D.q
3= RD x10°% (m]
2] (o) N ,///

o 5 /
hex107¢ [ / -
(Wm-2.K-] = ]

0 4 8 12 16 20
Px10~% [Pal

L1

.05

Fig 2-17. Plot of contact conductance vs. contact pres
sure for different surface finishes. From Fried

(1966) quoted by Scollon ¢ Carpitella (1970).
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Metallic Toils between Similar Metals

2.4, METALLIC FOILS BETWEEN SIMILAR METALS

FILLER: 99.99 percent pure.

Indium Foil,

7 310 kg.m™3
2.5%x107° n.

Density, p

Initial Thickness, t

SPECIMENS: Two cylinders as indicated below.

1.27x10"2 n.
1.33%x10°3 pa,

b

1

Radius,

H

Ambient Pressure, p

F 2-19

4.5 .
FD x10° [m]

RD x105[m]

+.889
+.635
+.b635

Al-1Mg -0.6 Si (Al 6061 ~T4)
Al-1Mg - 0.6 Si (Al 6061 ~T4)
Mg-3Al - 12Zn-02Mn (Mg AZ-31B)

boo

3.5

305 to . 457
1.168 to 1.270
2.540 t03.175

hcx‘lo-‘

[W.m-2k"1] 0

2.5 ]

_o

—
/”/’///

1.5

4 5
Px10~% [Pa]

conductance vs.

(1964).

Fig 2-18. Plot of contact

From Cunnington

Cost of the filler: 1 300 SF.kg~! (Fluka).

contact pressure.
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THERMAL JOINT CONDUCTANCE

Metallic Cxide Powders between Similar Metals

2.5. METALLIC OXIDE POWDERS BETWEEN SIMILAR METALS

FILLER: Rutile powder.

SPECIMENS: Two cylinders, Fe -18 Cr - 10 Ni. (SS 30u4).

1.27%x1072 m.

Radius, ' b

i

Flatness Deviation, FD=+.508x1076 to +.635%x10°0 .

§

Roughness Deviation, RD .076%x1076 to .152x10°% m.
Mean Temperature, Tm = 387 K.

1.33x10-3 Pa.

Ambient Pressure, p

Table 2-1

Values of contact conductance vs. contact pressure.

px10-3 [Pa] he [Wem™2.x71]
627 128
2 137 271

From Gyorog (1970).

of the filler: .5 US ‘$.kg_1

(@]

7]
ot

Q

F 2-21
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THERMAL JOINT CONDUCTANCE

Porous Metallic Materials between Similar Metals

2.6. POROUS METALLIC MATERIALS BETWEEN SIMILAR METALS

Understanding of the data in this Section requires some
familiarity with the following concepts concerning porous materials.

The porosity, ¢, of a porous material is the fraction of
the bulk volume of the material occupied by voids.

Filters may be rated according to its degree of fil-
tration. A filter rated, for example, r = 25x10” 8 m., will, when
new and clean, stop 98 per cent of the particles measuring 25x10-6
m or more while operating under its designed flow conditions.

Filter Rating, in m, should not be mixed up with Fil-
tration Rate, which is the volume of liquid passing through a unit
area of the filter medium in a unit time, for a given preésure

loss. This rate is measured in m.s“i.
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THERMAL JOINT CONDUCTANCE

Porous Metallic Materials between Similar Metals

FILLER: Porous Copper.

Porosity, ¢ =.8

Fiber Diameter, d=.ux10"% m.
Filter Rating, r=.145x10"3 m.
Initial Thickness, t= .66x10~3 m.

SPECIMENS: Two cylinders, Al- 4.3 Cu-1.5 Mg - 0.6 Mn. (Al 2024-Ty).

Radius, b=1.27x10"2 m,
1.33x10-3 Pa.

‘Ambient Pressure, p

-8 FDx108 Im] | RDx10°8 {m1 | Tm [KJ
o) +.51 33 ond . 4 335
O | +22and+19 | .28 and .12 343
O +.51 .4 and .35 190 0

6l & | +30 and+33 | .3 and .07 335 Eo/c
v + 22 and+19 .28 and .12 324

hex1074
(W.m-2K™]
N Cr’,//”’f’//////;k’///’
.2
oV O
0 _
0 4 8 12 1.6 2 2.4 2.8

Px10~% [Pa]

Fig 2-19. Plot of contact conductance vs. contact pressure for
different surface finishes and mean temperatures. From

Miller & Fletcher (1973).

The filler is an structure of sintered metallic fibers. In this
particular case it has been manufactured by Huyck Metals Co., USA.

Cost of the filler:
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F 2-25

Porous Metallic Materials between Similar Metals

FILLER: Porous Nickel.

Porosity, b= .8
Fiber Diameter, d=.12x10"% m.
Filter Rating, r=.6x10"% m.

2.05x1073 m.

Initial Thickness, t
SPECIMENS: Two cylinders, Al - 4.3 Cu- 1.5 Mg=-0.6 Mn.

1.27x10~2 m.
1.33x10"3 Pa.

Radius, b

Ambient Pressure, p

(A1 2024-Tu).

8 FDx106 [m] RDx106 [m] | Tm (K1
o) +.5 .4 and .35 216
o] +22 and +19 .28 and .12 306
6

hex1072
[Wm-2K") /D

b 7

2 CY’!
0
0 1 2
Px1076 (Pal
Fig 2-20. Plot of contact conductance vs. contact pressure for

different surface finishes and mean temperatures.

Miller & Fletcher (1973).

From

The filler is an structure of sintered metallic fibers. In this
particular case it has been manufactured by Huyck Metals Co., USA.

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Porous Metallic Materials between Similar Metals

FILLER: Porous Fe - 16 Cr (SS 430).

Porosity, ¢= .68 and .80
Fiber Diameter, d=.43x10"% and .45x10" "4 m.
Filter Rating, r=1x10"% and 1.5x10"% nm.

Initial Thickness, t=1.67x10"3 and 1.62x10-3 q.

SPECIMENS: Two cylinders, Al - 4.3 Cu- 1.5 Mg - 0.6 Mn., (Al 2024-Ty).

Radius, b=1.27x10"2 p,

H

+.30x10"% and +.33x10"Y% m.
.30x107% and .07x1076 n.
341 K.

1.33x107°% Pa.

Flatness Deviation, FD

1

Roughness Deviation, RD

N

Mean Temperature, Tm

Ambient Pressure,

il
I

4 |
O POROSITY, d =.68
O POROSITY, ® =.80
3
hex 1072
[Wm-2.K"1]
2 o
/’/, —f””V
1 Di/‘:r
0
0 1

Px107¢ [Pal

Fig 2-21. Plot of contact conductance vs. contact pressure for

different porosities. From Miller & Fletcher (1973).

The filler is an structure of sintered metallic fibers. 1In this
particular case it has been manufactured by Huyck Metals Co., USA.
Cost of the filler:
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Porous Metallic Materials between Similar Metals

FILLER: Stainless Steel 149x10”° m. Mesh Screen.

H

8 009 kg.m™ 3
2.29%x10-3 n.

Density, p

Initial Thickness, t

SPECIMENS: Two cylinders, Fe - 19 Cr - 10 Ni. (SS 304).

1.27 10°6 m.
+.508x10~6 to +.635x107% m.
.076x10"% to .152x10-% m.

Radius, b

H

Flatness Deviation, FD

Roughness Deviation, RD

Mean Temperature, Tm = 236 to 418 K.
Ambient Pressure, p = 1.33x10°3 Pa.
4
hex 10-2 O

[W.m-2K-1] —
/ O
2

—
?

0
0 1 2
Px10~®% [Pa]
Fig 2-22. Plot of contact conductance vs. contact pressure.

From Gyorog (1970).

Cost of the filler: 20 US $.m~2
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THERMAL JOINT CONDUCTANCE

Porous Metallic Materials between Similar Metals

FILLER: Stainless Steel 2x10°3 m. Mesh Screen.

i

8 009 kg.m—3
Initial Thickness, t=1.27x10-3 n.

Density, p

SPECIMENS: Two cylinders, Fe - 19 Cr - 10 Ni. (SS 304).

1.27x10"2 p.
+.508x10"6 to +.635x10°6 .
.076x10"% to .152x10-6 m.

Radius, b

Flatness Deviation, FD

#

Roughness Deviation, RD

"

Mean Temperature, Tm= 219 to 385 K.
Ambient Pressure, p=1.33x10"3 Pa,
.8
O
he x10° 2 "(')’
[w.m"z.K'1] /
. L 2 H
0
0 1 2

Px10~% [Pal

Fig 2-23. Plot of contact conductance vs. contact pressure.

From Gyorog (1970).

Cost of the filler: 11 JS $.m™ 2
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Insulating Spacers between Similar Metals

2.7. INSULATING SPACERS BETWEEN SIMILAR METALS

 FILLER: Asbestos Board

Density, p

2 178 kg.m~3
Initial Thickness, t = 3.38x10-3 m.

Appearance after thermal test: No apparent effect

SPECIMENS: Two cylinders, Al - 4.3 Cu~- 1.5 Mg - 0.6 Mn. (Al 2024).

Radius, b=1.27x10"2 m.

Flatness Deviation, FD= +.635%x10°% m.

Roughness Deviation, RD = .127x10°8 m.

Mean Temperature, Tm = 366 K.

Ambient Pressure, p= 1.33x1073 to 1.33x10”"% Pa.
TS5 l l I I l
7

hex 102

[W.m-2,K1]

65 /

s /

.55 l I J [ | I |
0 4 . 1.2 1.6 2 2.4
Px107% [Pal

Fig 2-24. Plot of contact conductance vs. contact pressure.

From Fletcher, Smuda & Gyorog (1969).
Cost of the filler:1 US $.kg"1, 7 US$.m"2 (on basis of density).
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Insulating Spacers between Similar Metals

FILLER: Asbestos Tape (No. 2074)

880 kg.m'3
Initial Thickmess, t=1.67x10"3 n.

Density, p

Appearance after thermal test: No apparent effect

SPECIMENS: Two cylinders, Al - 4.3 Cu-1.5 Mg - 0.6 Mn., (Al 2024),.

Radius, b=1.27%x10"2 p.
Flatness Deviation, FD = +.635x10~6 m.
Roughness Deviation,RD = .127x10"6 p.
Mean Temperature, Tm = 369 K.
Ambient Pressure, p=1.33x10"3 to 1.33x10"% Pa.
1.2
1.1 O
hex 102
[W.m-2K"1]
1 z

e

.9 ,’/’///A
5

0 4 8 1.2 1.6 2 2.4
Px107° [PaJ

Fig 2-25. Plot of contact conductance vs. contact pressure.

.8

From Fletcher, Smuda § Gyorog (1969).

Asbestos Tape (No. 2074) is produced by Atlas Asbestos Co. USA.
Cost of the filler: 1 US $.kg"!, 2 US $.m-2 (on basis of density).
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Insulating Spacers between Similar Metals

FILLER: Carbon Paper (F-907)

Density, p = 144 kg.m'3

Thickness, t, as given by the following compression test data:

px10~3 [Pa] 0 690 1380 | 2070

tx107% [m] | 1.19 | .us3 .33 .25

Appearance after thermal test: Slightly compressed

SPECIMENS: Two cylinders, Al~- 4.3 Cu-1.5 Mg - 0.6 Mn. (Al 2024).

Radius, b=1.27x10"2 m.

Flatness Deviation, FD=+.635x10-6 p.

Roughness Deviation, RD= .127x10"6 n.

Mean Temperature, Tm = 365 K.

Ambient Pressure, p=1.33%10"3% to 1.33x10-Y Pa.
5 v
4 /]

he x10"2 /’/

[W.m-2,K71] /
3 /,
.2

0 A .8 1.2 1.6 2 2.4

Px107% [Pa]
Fig 2-26. Plot of contact conductance vs. contact pressure.
From Fletcher, Smuda & Gyorog (1969).

Paper F-907 is a product of Fiberite Corp. USA.

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Ceramic Paper (970-J)

Density, p =192 kg.m“3
Thickness, t, as given by the following compression test data:

Px10-3 [Pa] 0 690 1380 2070

tx103 [m] 2 .86 .71 .64

Appearance after thermal test: Slightly deformed.

SPECIMENS: Two cylinders, Al - 4.3 Cu-1.5 Mg-10.6 Mn. (Al 2024),

Radius, b=1.27x10"2 m,
Flatness Deviation, FD=+.635%x10"6 p,
Roughness Deviation, RD=.127x10"6 n.
Mean Temperature, Tm = 366 K.
Ambient Pressure, p=1.33x10"3 to 1.33x10°% pa.

5

A

hcx10-1 /

[W.m=-2K-1]

3 ’£y”’,r

ey
2
1L | _
0 NA .8 1.2 1.6 2 2.4

Px10-5 [Pa]

Fig 2-27. Plot of contact conductance vs. contact pressure.
From Fletcher, Smuda & Gyorog (1969).

Paper 970 is made of Fiberfrax, which is a fiber composed mainly of
Alumina and Silica. Fiberfrax is a Trade Name of Carborundum Co. USA

Cost of the filler: 14 US $.m-2
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Laminate T-30-LR

Density, p =801 kg.m™3
3.33x10°3 m.

1]

Initial Thickness, t

Appearance after thermal test: No apparent effect.

SPECIMENS: Two cylinders, Al -4.3 Cu-1.5 Mg- 0.6 Mn. (Al 202u4).

1.27%x10°2 m.
+.635x10°6 m.

Radius, b

Flatness Deviation, FD

Roughness Deviation, RD= .127x10~6 m.

Mean Temperature, Tm = 365 K.
Ambient Pressure, p=1.33x10"3 to 1.33x10""% pa.
2
hcuw.1
[W.m-2K"] /
18 D_._?'—“_:
1.7
0 A .8 1.2 1.6 2 2.4

Px107% [Pa]

Fig 2-28. Plot of contact conductance vs. contact pressure.

From Fletcher, Smuda & Gyorog (1969),.

T-30-LR is a laminate of impregnated Fiberfrax; which is a fiber
composed mainly of Alumina and Silica. Fiberfrax is a

Trade Name of Carborundum Co., USA.

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Laminate T-30-LR

Density, p =801 kg.m~3
Initial Thickness, t =3.15x10"3 p.

SPECIMENS: Two cylinders, Fe - 19 Cr - 10 Ni. (SS 304).

Radius, b=1.27x10-2 n.

+.508x1076% to +.635x1076 n,
Roughness Deviation, RD = .076%x10"% to .152x10-6 n.

]

Flatness Deviation, FD

Ambient Pressure, p=1.33x10-3 Pa,

Table 7-2

Values of contact conductance as a function

of contact pressure and mean temperature.

Px1073 [Pa]|Tm [K]|ne [W.m-2.Kk"1]
738 377 29
745 374 16
717 369 13
731 365 8
703 370 8
717 369 10

From ¢yorog (1970).

T-30-LR is a laminate of impregnated Fiberfrax; which is a fiber
composed mainly of Alumina and Silica. Fiberfrax is a Trade

Name of Carborundum Co. USA.

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Mica (bonded)

H

Density, p =208 kg.m'3
Initial Thickness, t = .5x10"% m.

Appearance after thermal test: Slightly deformed.

SPECIMENS: Two cylinders, Al -4.3 Cu-1.5 Mg- 0.6 Mn. (Al 2024).

Radius, 1.27x10-2 m.

+.635x10°6 m.
.127x10-% n,

o
i

Flatness Deviation, FD

Roughness Deviation, RD

Mean Temperature, Tm = 376 to 385 K.

Ambient Pressure, p=1.33%x10"3 to 1.33x10"% Pa.
9
7L S o

h, x 102 /
[W.m-2.K-1]

V
3 o
| E— R
0 A .8 1.2 1.6 2 2.4
Px107% [Pal
Fig 2-29. Plot of contact conductance vs. contact pressure.

From Fletcher, Smuda & Gyorog (1969).
Cost of the filler: 2.5 US S.kg~=!, .05 US $.m~2 (on basis of

density).
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Mica

208 kg.m 3
Initial Thickness, t= .7x10"% m.

]

Density, o}

SPECIMENS: Two cylinders, Fe - 19 Cp - 10 Ni. (SS 30u4).

1.27 1072 p.
+.508%107% to +.635x10-6 p.
.076%10"6 to .152x10-6 n.

Radius, b

Flatness Deviation, FD

‘Roughness Deviation, RD

Mean Temperature, Tm = 351 to 401 K.
Ambient Pressure, p=1.33x10"3 pa,
2.6
O
1.8 —
o -

h_x10"2
[w;rzK4J o) /”””
1 ,za/”jggdﬂff’—”"’

0 A 8 1.2 1.6 2 2.4
Px10°% [Pal

Fig 2-30. Plot of contact conductance vs. contact pressure.
From Gyorog (1970).
Cost of the filler: 2.5 US $.xg~1, .n5 Us $.m-2 (on basis of
density).
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Pluton B-1 Cloth

Density, p=1 394 kg.m'3
Initial Thickness, t =3.16%x10~3 m.

Appearance after thermal test: Slightly compressed.

SPECIMENS: Two cylinders, Al - 4.3 Cu-1.5 Mg- 0.6 Mn. (Al 2024).

I

1.27%1072 m.
+.635%x10-6 nm.
.127%10°6 m.

Radius, b

Flatness Deviation, FD

Roughness Deviation, RD

Mean Temperature, Tm = 362 to 364 K.

Ambient Pressure, p=1.33x10"3 to 1.33x10"% Pa.
1.8
1.6 e d

hex10~2 /
[W.m-2K-1]
1.4 : //
1.2 /

NP4

0 4 8 1.2 1.6 2 2.4
Px10"¢ (Pal
Fig 2-31. Plot of contact conductance vs. contact pressure.

From Fletcher, Smuda & Gyorog (1969).

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Pyroid

H

2 595 kg.m~3
2.95x10-3 p.

Density, o}

Initial Thickness, t

Appearance after thermal test: No apparent effect.

SPECIMENS: Two cylinders, Al1- 4.3 Cu- 1.5 Mg -0.6 Mn. (Al 2024).

Radius, b=1.27%x10"2 p,
Flatness Deviation, FD = +.635x10-6 p.

.127%x1076 .

Roughness Deviation, RD

Mean Temperature, Tm =376 to 378 K.
Ambient Pressure, P=1.33%10"3 to 1.33x10-4 pa.
6.2
5.8 ’gr’//”
hex10~2
(W.m=2 K-1]
5.4 el
5.0
0 A .8 1.2 1.6 2 2.4
Px107® [Pa]

Fig 2-32. Plot of contact conductance vs. contact pressure.

From Fletcher, Smuda & Gyorog (1969).

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Pyrotex 23RPD

1 396 kg.m~3
2.8ux10-3 n.

H

Density, o

Initial Thickness, t

SPECIMENS: Two cylinders, Fe - 19 Cr - 10 Ni. (SS 30u4).

1.27x1072 .,

Flatness Deviation, FD = +.508%10"6 to +.635%x10~% n.
.076x107% to .152%x1076 p.
1.33x1073 pa.

Radius, b

Roughness Deviation, RD

Ambient Pressure, p

Table 2-3

Values of contact conductance as a function

of contact pressure and mean temperature.

Px1073 [Pa]|tm [k] |n, [W.m=2.x71]

548 393 69

2 137 39y 78

From Gyorog (1970).

Pyrotex 23RPD is the Trade Name of an asbestos reinforced plastic

from International Raybestos Manhattan Co. USA.

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Silica paper

Density, p =160 kg.m"3

Thickness, t, as given by the following compression test data

Px1073 [Pa] 0 690 1380 2070

tx103 [m] 1.24 43 .30 .27

Appearance after thermal test: Discoloring, considerably com-

pressed.

SPECIMENS: Two cylinders, Al- 4.3 Cu - 1.5 Mg- 0.6 Mn. (Al 202u),

Radius, b=1.27%10"2 n,

Flatness Deviation, FD= +.635%x10-5 n.

Roughness Deviation, RD= .127x10~6 m.

Mean Temperature, Tm= 366 K.

Ambient Pressure, p=1.33%x10"3 to 1.33x10~Y4 pa.
.6
5

he x 1072 /’///'
[W.m-2K"'] /
A ’/’///// O

Pe,
3 - - - 1
0 b .8 1.2 1.6 2 2.4
Px10~% [Pa]
Fig 2-33. Plot of contact conductance vs. contact pressure.

From Fletcher, Smuda & Gyorog (1969).
Silica paper is a product of Fiberite Corp., USA.

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Teflon (TFE) Sheet

160 kg.m’3
Initial Thickness, t = .5x10~% m,

Density, p

Appearance after thermal test: No apparent effect.

SPECIMENS: Two cylinders, Al- 4.3 Cu-1.5 Mg - 0.6 Mn. (Al 2024).

1.27%x10°2 m.
+.635%x10°5 m.
.127x10°% m.

Radius, b

Flatness Deviation, FD

i

Roughness Deviation, RD

Mean Temperature, Tm =398 to 401 K,

Ambient Pressure, p=1.33x10"3 to 1.33x10"" Pa.

.21 ' ////’Q
18
hex 1074

[W.m-2.K-1]

17 A
A

15
1 0 4 .8 12 1.6 2 2.4

Px107% (Pa]

Fig 2-34. Plot of contact conductance vs. contact pressure.

From Fletcher, Smuda & Gyorog (1969).

Teflon polytetrafluoroethylene (TFE) is a Trade Name of E.I. DuPont

de Nemours Co., Inc. USA.

Cost of the filler: 20 US $.kg'1, .16 US $.m"? (on basis of densitvi.
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Teflon (TFE) Sheet

160 kg.m™3
3.07x10-3 m.

Density, Y

Initial Thickness, t

SPECIMENS: Two cylinders, Fe - 19 Cr - 10 Ni. (SS 30u).

1.27x102 .
+.508%x10"% to +.635x10°% .

lvg
1

Radius,

‘Flatness Deviation, FD

Roughness Deviation, RD= .076x10"5 to .152x10-6 m.

1.33x10~3 pa.

i

Ambient Pressure, p

Table 2-4

Values of contact conductance as a function

of contact pressure and mean temperature.

Px10-3 [pa] tm [K] he [W.m=2.x"1]
731 41y 162
717 390 163
2 110 392 170

From Gyorog (1970).

Teflon polytetrafluoroethylene (TFE) is a Trade Name of E.I. DuPont

de Nemours Co., Inc. USA.

Cost of the filler: 20 US $.Lg"1, 9.6 US $.m"2 (on basis of

density).
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: Textolite

Initial Thickness, t =1.57%x1073 m.

SPECIMENS: Two cylinders, Fe - 19 Cr - 10 Ni. (SS 30u4).

1.27%x10°2 n.
+.508x10"% to +.635x10°°% m.
.076%x10-% to .152x10°6 m.

Radius, b

Flatness Deviation, FD

Roughness Deviation, RD

It

Mean Temperature, Tm = 386 to 393 K.
Ambient Pressure, p=1.33%x10"3 Pa.
24 -7
16 —_

o
h.x10~2
[W.cm'z.K"] ;//

.8

0 A .8 1.2 1.6 2 2.4
Px10~% [Pal

Fig 2-35. Plot of contact conductance vs. contact pressure.

From Gyorog (1970).

Textolite, Trade Name of General Electric Co. USA, is a phenol

formaldehyde laminated compound.

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Insulating Spacers between Similar Metals

FILLER: WRP-X-AQ Felt

Density, p =288 kg.m~3

Thickness, t, as given by the following compression test data

Px10-3 [pa] 0 690 1380 2070

tx103 [m] 4,47 2.33 1.93 1.72

Appearance after thermal test: Slightly compressed
SPECIMENS: Two cylinders, Al - 4,3 Cu- 1.5 Mg - 0.6 Mn. (Al 2024).

Radius, b=1.27x10"2 g,

+.635x107% p.
Roughness Deviation, RD= .127x10-6 p.

Flatness Deviation, FD

Mean Temperature, Tm= 357 K.

Ambient Pressure, P=1.33x10"3 to 1.33x10"% pa.
9.4
8.0

he ’////)J
[(W.m=2,K-1]

8.6 -

el
Y v
,cf/

7.8
0 A .8 1.2 1.6 2 2.4
Px10"% [Pa]
Fig 2-36. Plot of contact conductance vs. contact pressure.

From Fletch:r, Smuda ¢ Gyorog (1969).

Cost of the filler:
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THERMAL JOINT CONDUCTANCE

Thermal Greases between Similar Metals

2.8. THERMAL GREASES BETWEEN SIMILAR METALS

FILLER: DC-340 Grease

Density, p =2 300 kg.m_3

SPECIMENS: Two cylinders as indicated below.

1.27%x1072 m.
1.33x10-3 Pa.

Radius, b

fl

Ambient Pressure, p

FD x105[m) | RD x10% {m)
O |[AL-1Mg-0.6Si (AL 6061-T4) + .635 1168 to 1.270
O | Al-1Mg-0.6 Si (Al 6061~T4) + .889 305 to . 457
O | Mg-3AL~1Zn-0.2Mn (Mg AZ-318] + .635 2540 to 3.175
6 -
.\
5 =0
hcx10-‘
[W.m=-2K-1] D/ /O/
L g///
3
1 .2 .3 A .5 .6 7 .8

Px10"% [Pa]
Fig 2-37. Plot of contact conductance vs contact pressure. From

Cunnington (1964).

DC-340 is a silicone leat transfcr compound, heavily filled with
metal oxides. It is produced by Dow-Corning. USA.

Cost of the filler: 10 US &.kg" 1
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THERMAL JOINT CONDUCTANCE

Thermal Greases between Similar Metals

FILLER: Silicone High Vacuum Grease

Density, p=1 000 kg.m-3

SPECIMENS: Two cylinders, Mg

N+ e

Al-1 2n-0.2 Mn. (Mg AZ-31B).
.27%10°2 n,

.635%x10°6 .

.54 to 3.175x10°8 m.

.33%x10-3 Pa.

Radius, b=
Flatness Deviation, FD =
Roughness Deviation, RD =
Ambient Pressure, p=
1.1
1

hcx10—l' /
[W.m-2K1]

AENPS
4

.8

10 A4 18

.22 .26 30 .34 38
Px10~% (Pa]

Fig 2-38. Plot of contact conductance vs. contact pressure.

(1964).

From Cunnington

The filler is a stiff, nonmel ting, silicone material that maintains
its consistence over a temper iture range 233 to 533 K. It is pro-

duced by Dow-Corning. USA.

Cost of the filler: 25 US S.kg'l
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2.9.

THERMAL JOINT CONDUCTANCE

Elastomeric Materials between Similar Metals

ELASTOMERIC MATERIALS BETWEEN SIMILAR METALS

Rev.

F 2-47
3. 1986

Elastomeric materials are used as gaskets because of their

superior environmental resistance,

excellent sealing capability and

durability through repeated loadings. These materials may contain
fillers to improve their mechanical or thermophysical properties.

The enclosed table,

reproduced from Fletcher & Miller

(1973), shows the relevant characteristics of the elastomers used to
obtain the joint conductance data presented in the following page.
Code Name Material Filler Density |Temperature|Thick.
5 Range tx103
[kg.m "] [x [m]
N1 Neoprene 1 350 244 -366 2.92
Rubber
IP1 |p8u-1¢@ Fluoro- |Carbon black 1 875 233-533 2.08
carbon
IP2 |EXN-117-34 Nitrile |Graphite, Talcj 1 450 233-422 1.98
IP3 |SIL-181-3% Silicone|Diatomaceus 1 340 219-533 2.05
earth
IP4 |R36-1¢ Nitrile |Carbon black, 1 215 24L4-39Y4 2.36
Organic per-
oxide
IP5 {np58-2a Poly- Silica, Alu- 1 360 255-450 1.90
acrilate|mina Complex
€1 [122ub Silicone|Silver flakes | 3 250 218-473 .76
C2 1215b Silicone|Silver coated 3 650 218-398 .71
copper powder
€3 |X-uouu-3b Silicone|Inorganic-die-| 1 750 218-473 .43
lectric, therm-
ally conduc-
tive material
TwW1 CONCIL R350€|Silicone|Silver flakes 1 700 222-450 AL
TW2 CONCIL R600¢|Silicone|Silver flakes 1 800 222-450 .71
Tw3 CONCIL 6Gu50¢[Silicone|Silver coated 1 700 200-478 Th
inert parti-
cles
TwWu CONCIL G750¢|Siliccne|Silver cnated 1 800 200-u478 .76
' inert parti-
cles

a

Chomerics,

Jersey 07016.

International Packings Corporation,
77 Dragon Court,

Technical Wire Products,

Woburn,

Inc.,

Bristol,

Massachusetts

129 Dermody Street,

01801.

Cranford,

New Hampshire 03222.

New
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THERMAL JOINT CONDUCTANCE

Elastomeric Materials between Similar Metals

SPECIMENS: Three cylinders, Al- 4.3 Cu-1.5 Mg - 0.6 Mn. (Al 202u4-Tuy),

Two identical contacting junctions placed as sketched.

Radius, b =1.27x10"2 p, A
L

Surface FDx107% [m] =RrDx106 [m] 51__/J?J 52
51 .51 40 Sé
572 .51 .35 S3 r‘fr_

+
+
53 +.51 .33
Sy +.51 .40 LI 777777
BARE JUNCTION BARE JUNCTION
10} (AL 2024 —T4) — 10HAL 2024 -T4 )

//////'r, -

%// Tma 311 K > ///"! Tm~ 339K

R
(
O N1 ® c2
-0 IP1 =l(33 n
ﬁg iP2 TW 1
SEl §
TW 3
D Ips > TWy
Qci _
| =
|
5 1 15 2 5 1 15 2
Px1076 [Pq] Px107¢ [Pa]

Fig 2-39. Plot of contact conductance vs. contact pressure for
various elastomeric materials at two mean tempera-

tures. From Fletcher & Miller (1973).
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THERMAL JOINT CONDUCTANCE
Outgassing Data

2.10. OUTGASSING DATA

Outgassing data, consisting of total weight loss (TWL)
and volatile condensible materials (VCM), of several non-metallic

materials included in this part, are presented in the following

table.
Table 2-5
Outgassing Data of Several Non-Metallic Materials
i
CURE CURE
MATERTIAL % TWL % VCM TIME TEMPERATURE ATMOSPHERE
[h] (]
DC-340 Grease .350 .110 273
DC-340 Grease . 840 .310 24 298 AIR
Neoprene 3.010 | 1.720 273
Siliconme High |, .., L340 273 |
Vacuum Grease
Silver Filled 261 055 273
Silicone
Silver Filled | .o .023 24 450 AIR
Silicone

From Campbell, Marr ott & Park (1973).
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LIST OF SYMBOLS

AE . Emitting Area of the Spacecraft. [m2].

AI . Area of the Spacecraft Projected from the Sun.,[mz].
Parameters of the Truncated Power Series DeVelopment of FSP'
See p. 2-2,

F, Albedo View Factor from Spacecraft to Planet.

FSP , View Factor from Spacecraft to Planet.
LS Mean Radius of the Planet. [m].
s, solar Flux. [W.m™*]. s=s_.a72,
Sy Solar Constant. S =1 353 Wom™ 2.
T , Temperature. [K].
aSo 1/14
Ty » Albedo Temperature. [K]. T, = &;;ﬂ
TR s Radiation Equilibrium Temperature of the Infinitely Conduc-

tive Spacecraft. [K].

TRA , Radiation Equilibrium Temperature of the Infinitely Conduc-
tive Spacecraft under Albedo Radiation. [K].

TRP . Radiation Equilibrium Temperature of the Infinitely Conduc-
Five Spacecraft under Planetary Radiation.,[K].

. ey 1/4
Tp s Equivalent Planet Temperature. [K]. TP=(——) .

o
T Equivalent Surrounding Temperature. [K].
a , Mean Albedo of the Planet.
b, Wall Thickness. [m].
c e -1 -1
c , Specific Heat. [J.kg . K ].

d , Chap. 1: Distance from the Sun Center to the Spacecraft.

[avu].
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d , Chap. 3: Distance between gun Center and Planet Center. [AU].
e , Mean Emissive Power of the Planet per Unit Area. [w.m-2].
h , Distance from the Spacecraft to the Planet Surface. [m].

kK Thermal Conductivity. [W.m_l.K-lj.

Y Dimensionless Specific Heat in the Spinning Thin-Walled
Spacecraft. Y =J§5§%
€0TR
o Hemispherical Absorptance.
Oy Solar Absorptance.
£ , Hemispherical Total Emittance.
[T Dimensionless Thermal Conductance in the Thin-Walled
Spacecraft. u= kb , where R is a characteristic length
3,2
EOTRYR

of the spacecraft surface.
o, Density, [kg.m's].
g, Stefan-Boltzmann Constant. 0= 5.6697><10—8 w.m'Q.K-u.

T/T

T Dimensionless Temperature. T R

w o, Angular Velocity of the Spinning Spacecraft.

Other symbols, mainly used to define the geometry of the con-

figuration, are introduced when required.
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GCeneral

1. SOLAR RADIATION

1.1. GENCRAL

Data on the equilibrium temperature of a satellite, heated
by the Sun, and cooled by radiation to the outer space, are presented
in this Chapter. Fairly simple geometrical configurations are consid-
ered. The temperature field within the satellite corresponds to either
of the following two simplifying assumptions.

1) Infinitely conductive éatellite. The satellite is con-
stituted by a homogeneous solid body, exhibiting infinitely large
thermal conductivity. The temperature of the satellite is uniform.
This temperature is usually named Spacecraft Radiation Lquilibrium

Temperature, and is represented by T The following additional as-

R
sumptions have been used for the calculations:
a) The heat addition is by parallel radiation from the Sun.

b) The Equivalent Surrounding Temperature, TS, is assumed
to be zero.

c) Emittance and solar absorptance of the satellite surface
are independent of both temperature and wavelength.

d) Absorptance is independent of the angle between the sur-
face normal and the direction of the incoming r-diation.

The Spacecraft Radiation Equilibrium Temperatures, T 1

U

R’
given by

asAISO 41/“
e[l
R € Ap od s

Wwhere TS is assumed to be zero as it has been indicated above.
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General

2) Satellites of finite thermal conductivity. A limited
amount of the data presented in this Chapter ccncerns bodies of fi-
nite thermal conductivity. Some knowledge of the internal structure
of the satellite is required to evaluate the temperature field. Here
it is assumed that the satellite is a thin-walled body with no inter-
nal conductive structure, furthermore, in most cases the gas contain-
ed within the body is assumed to be opaque and non conducting.

The data presented are based on the following assumptions:

a) The heat addition is by parallel radiation from the Sun.

b) The Equivalent Surrounding Temperature, TS, is assumed

to be zero.

¢) The configuration has au axis of symmetry, solar radia-

tion being parallel to this axis.

d) Emittance and solar absorptance of th. satellite surface

are independent of both temperature and wavelength.

e) Thermal conductivity is temperature independent.

f) Lambert's law is assumed to govern reflection and emis-

sion.

g) The body is filled with an opaque non-conducting gas.

The results are presented in terms of the local tempera-
ture, T, made dimensionless with the Spacecraft Radiation Equilib-

rium Temperature, TR'
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vs, the optical characteristics

Calculated by the compiler.

of the surface. Shaded zone of a is enlarged in b,
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Fig 1-3. Temperature TR as a function of ag/€ and Ar/Ap for

d=1 AU. Shaded zone of a is enlarged in b. Calcu-

lated by the compiler.
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Infinitely Conductive Planar Surfaces

1.2. INFINITELY CONDUCTIVE PLANAR SURFACES

1.2.1. FLAT PLATE EMITTING ON ONE OR BOTH SIDES

-- FLAT PLATE EMITTING ON ONL SIDE.

[

Sketch:
‘_
Y
SOLAR
¢ RADIATION
A—
s
Formula:
At _
Y = cosy
II.- FLAT PLATE EMITTING ON BOTH SIDES.
Sketch:
P —
‘-——
§Y SOLAR
RADIATION
re—
e
Formula:

A1 . cos y
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Infinitely Conductive Planar Surfaces

T P— I -

\ I.- FLAT PLATE EMITTING
ON ONE SIDE.

9 AN

\ IX. - FLAT PLATE EMITTING

| \\ T
; N

a \

1 [ [ |
'10‘020301.050Y°60708090

ALyt/u
Ag
of a flat plate. Calculated by the compiler.

Fig 1-4. Ratio ( as a function of y, in the case
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Infinitely Conductive Spherical Surfaces

1.3. INFINITELY CONDUCTIVE SPHERICAL SURFACES

1.3.1. SPHERE

Sketch:

oo
e
SOLAR
RADIATION
e

Area Projected from the Sun, Aj:

Formula:
'AI ) 1
AE n
AI 1/4
() = 0.707
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SOLAR RADIATION

Infinitely Conductive Cylindrical Surfaces

1.4, INFINITELY CONDUCTIVE CYLINDRICAL SURFACES

1.4.1. TWO-DIMENSIONAL CIRCULAR CYLINDER

Sketch: :
o
SOLAR
RADIATION

Y
< -

Area Projected from the Sun, AT:

2R ‘
Formulai
A 1
le = Ta
AI 1/4
() = 0,751
E
Comments:

This expression can be also applied to the finite circu

cylinder with isolated bases.

E 1-11

lar
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SOLAR RADIATION

Infinitely Conductive Cylindrical Surfaces

1.4.2. THREE DIMENSIOHAL CIRCULAR CYLINDER

Sketch:

L
L e
SOLAR
RADIATION
L
e

Area Projected from tle Sun, Ag:

~—_" R

S
2R f
]

Formula

Tsiny + Q(g)cosy

AI
E 21 E+ (%]]
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Infinitely Conductive Cylindrical Surfaces

H_
. //""' RIl 0
g*”” ;;;;;;:_——-————-\“5
; / > ~
1
N, N
"/ \
A \: 5 \ \\ 10
vk
4
|
.3 %%:()
.2
H.»o
1 R
0

Ap 1/4
Fig 1-5. Ratio (K_)

| 1 1 I
0 1 20 30 40 SO 60 T 80 90

YO

as a function of

H .
Yy and g » in the case

. K . .
of a finite height circular cylinder. Calculated by the

CompileP.
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Infinitely Conductive Conical Surfaces

1.5. INFINITELY CONDUCTIVE CONICAL SURFACES

1.5.1. SEMI-INFINITE CIRCULAR CONE

Sketch:
PP
-
“—  RADIATION
-
o

Area Projected from the Sun, Ag:

Formula:

Comments:
This expression can be also applied to the finite
circular cone with isolated base provided that the

incoming radiation is normal to the cone axis.

E 1-15
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SOLAR RADIATION

Infinitely Conductive Conical Surfaces

0 | | ] i
0 10 20 30 40 50 60 7 80 90

1/4
Fig 1-6. Ratio (Kl) as a function of &8 , in the case of a

semi-infinite circular cone. Calculated by the com-

piler.
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SOLAR RADIATION
Infinitely Conductive Conical Surfaces
1.5.2, FINITE CIRCULAR CONE WITH INSULATED BASE. (AXIAL
CONFIGURATION)
Sketch:
' <+
t I~ «—
) R SOLAR
1 ] .
+ =7 = RADIATION
T |/’ —
' <
H .

Area Projected from the Sun, Ag:

Formula:

E 1-17
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SOLAR RADIATION

Infinitely Conductive Conical Surfaces

_9 yd

A

I ! ! | l
0 0¥ 20 30 4 50 60 7N 8 90

. AT, 1/4 : .
Fig 1-7. Ratio (KE) as a function of §, in the case of
a finite circular cone with insulated base (axial

configuration). Calculated by the compiler.
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SOLAR RADIATION

Infinitely

1.5.3. FINITE HEIGHT CIRCULAR COUNL

Conductlive

Sketch:

Area Projected from the Sun, A

1 '

Conical

rrret

Rev. 3. 1

Surfdaces

SOLAR
RADIATION

E 1-19

986

HcosY R
2RsinY
. 2R whenY>90°-§
when Y<90°-§
Formula:
a) when 0 < vy < g90° - §,
5
ﬁl - sinysiné , VG—tangytan”é - o _1'Vﬁ~rar2rtan2¥
AL T w(1 + sing) | tanytang o P N
when y = 0 the above expression becomes

i; _ cosé

Ap n{l+sing)
b) when Yy 2 90° - §,

ﬁl _ sinésiny

A 1+siné
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Infinitely Conductive Conical Surfaces

,/,,/”"——— B ; 90°
8 e P costil 59
. / 1
3 =00 _——— 30
- | |
20 o o 20
! //’ \
- \\
— 10
.6 550 / \
s \
' \
(f.‘.l.)%
Ag
A
¥ = 90°
.3
.2
3 = 0°
N
0 | | i ]
0 10 20 30 40 S0 60 70 80 90
YO
AI 1/4
Fig 1-8. Ratio [K_) as a function of y and 6, in the

case of a finite height cone. Calculated by the

compiler.
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SOLAR RADIATION

Infinitely Conductive Cylindrical~-Conical Surfaces

1.6. INPINITELY CONDUCTIVE CYLINDRICAL-CONICAL SURFACES

1.6.1. CONE-CYLINDER- :fY

R

Area Projected from the Sun, Ag:

Sketch:

SOLAR
RADIATION

bttt

Formula:

a) When y< 90° -6

. . L . =1 2 2
Ay siny 31n6[-§—81n 1-tan?y tan?§]

AE w1+ % sin6]

cosy[% sinS+cosévV1-tan’y tand]
+

m [1+%sin6]

b) When Yy >90°- &

. . 2H -
Al 51n6[51ny+ == cosY_J

R
Ag m [1+-g-sin6]
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SOLAR RADIATION

Infinitely Conductive Cylindrical-Conical Surfaces

®=0° ¥ =909, 80°
_ 10 /0
l T 257

7=y

50 - _—

\
-
:

>
35
)=

= Q°
1 i ! i | |
0 10 20 30 40 50 60 70 80 80
Yo
AT 1/4
Fig 1-9. Ratio (KE) as a function of y and &, in the

case of a cone-cylinder-cone. Calculated by the

compiler.
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Infinitely Conductive Cylindrical-Conical Surfaces

3 = 90°, 80°
‘ ¥ 10
N : [ — 60
50
= 40
{0
T 30
60
10 \\\
6
At | e
(As) ~—- 10
.5 - 90
o
3
.2 3= 0°
B 1 | \ 1 ’ |
0 10 20 30 40 50 60 70 80 90

YO

ap, /4
Fig 1-10. Ratio (4]
E

case of a cone-cylinder-cone.

compiler.

as a function of y and &§, in the

Calculated by the
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Infinitely Conductive Cylindrical-Conical Surfaces

— 3 = 0°, 100 ( 3 = 90°, 80°
20 /70
60
50
40
40
7 Fe 30
| 50—
M 2
.6 ;
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Ag 0 10
S i
A
3
.2
3= 00
1 ] | , I l !
0 10 20 30 40 S0 60 70 80 90
Ye
AT 1/4
Fig 1-11. Ratio (——) as a function of Yy and 6§, in the

AE
case of a cone-cylinder-cone. Calculated by the
compiler.
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SOLAR RADIATION

Infinitely Conductive Cylindrical-Conical Surfaces

— 8=00 ] 3 = 90°, 80°
. 10 70
- 20 60
—
30 —
———
=
— 40
N r— —— 1
60— — | 3
; N
6
(_A_._)% \
Ag ~— 10
5 \
4
3

= Qo
1 y 1 l 1 ] !
0 10 20 30 40 S0 60 70 80 90
YO
Ap, 1/4
Fig 1-12, Ratio [——) as a function of y and 68, in the

AE
case of a cone-cylinder-cone. Calculated by the

compiler.
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SOLAR RADIATION

Infinitely Conductive Cylindrical-Conical Surfaces

T B=0°*T T i
10 3 = 90°
B | 20 - 70
50
40
30
20
10

\%=0°
1 { { l i L
Y0 1 20 30 40 S0 60 70 80 90
ye
ap, 1/4
Fig 1-13. Rat;o (KE) as a function of y and ¢, in the

case of a cone-cylinder-cone. Calculated by the

compiler.
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Infinitely Conductive Cylindrical-Conical Surfaces

B = Qp°
10
f—. 20, — 1
)~ 30
8 + = 28 7= 900, 80°
/- 70
——T—— 50
B — B e —— 40
70 — — 30
. ; \\—-\ 20
(2} \
A ~— 10
5 \
.4 \
3
H | 3. 0o
z H_os x
R .
A ] ] ‘ ! ] {

0 10 20 30 4 50 60 70 80 90
Yo

1/u
. . A . .
Fig 1-14. Ratio (K%) as a function of y and §, in the

case of a cone-cylinder-cone., Calculated by the
compiler,.
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SOLAR RADIATION

Infinitely Conductive Cylindrical-Conical Surfaces

T T T T
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7 ] 50
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1
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Iy 174
Fig 1-15. Ratio (KE) as a function of y and &, in the

case of a cone-cylinder-cone. Calculated by the

compiler.
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Fig 1-16., Ratio (XE) as a function of Yy and §, in the

case of a cone-cylinder-cone. Calculated by the

compiler.
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Fig 1-17. Ratio (XE) as a function of ¥y and 6, in the

case of a cone-cylinder-cone., Calculated by the

compiler.,
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Fig 1-18. Ratio (KE) as a function of Yy and 6§, in the

case of a cone-cylinder-cone., Calculated by the

compiler.
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Fig 1-19. Ratio (KE] as a function of y and 8§, in the

case of a cone-cylinder-cone. Calculated by the
compiler.
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Fig 1-20. Ratio (KE) as a function of y and 6§, in the

case of a cone-cylinder-cone. Calculated by the

compiler,
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Fig 1-21. Ratio (K%) as a function of y for any value

of %, in the case of a cone-cylinder-cone. Cal-

culated by the compiler.
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as a function of Yy and %, in the

case of a cone-cylinder-cone. Calculated by the

compiler.
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Fig 1-23. Ratio (KE) as a function of y and %, in the

case of a cone-cylinder-cone. Calculated by the

compiler.,
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Fig 1-24. Ratio (XE) as a function of Yy and T in the

case of a cone-cylinder-cone. Calculated by the

compiler.
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Fig 1-25. Ratio (KE) as a function of Yy and T in the

case of a cone-cylinder-cone. Calculated by the

compiler.
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1.7. INFINITELY CONDUCTIVE PRISMATIC SURFACES

1.7.1. PRISM WITH AN n-SIDED REGULAR POLYGONAL SECTION

Sketch:
R <+ SOLAR
1\ { -+ | RADIATION
— N
|
] | PP S—
H | l
% { -
1 //)_——_\\
N ‘_—

X
X
_ﬁf': 2 cosy , for mn even.
H
X
< = 2003(——} cosy , for nm odd
Formula:v
H X
AI ) %R
o
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SOLAR RADIATION

N
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ESA PSS-03-108 Issue 1 (November 1989)

Fig 1-26.

Ratio

()

A_ 1/4

H
as a function of R

R
o

»1in the case of a prism. The

curves pEotted are those corresponding to the largest and

smallest areas projected from the Sun.

n=<«,

Calculated by the compiler,

Circular cylinder,
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Fig 1-27. Ratio (KE) as a function of R in the

case of a prism. The curves plotted are
those corresponding to the largest and
smallest areas projected from the Sun.
The values corresponding to % <1 are al-
so plotted in the previous figure. Circu-
lar cylinder, n=e. Calculated by the com-

piler.
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Fig 1-28. Ratio (K—) as a function of g , In the case of a prism.
E

.The curves plotted are those corresponding to the
largest and smallest areas projected from the Sun.

Circular cylinder, n=w, Calculated by the compiler,
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Fig 1-29. Ratio (XE) as a function of R’ in the

case of a prism. The curves plotted are
those corresponding to the largest and
smallest areas projected from the Sun.
The values corresponding to %_51 are al-
so plotted in the previous figure. Circu-
lar cylinder, n=«. Calculated by the com-

piler.
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Fig 1-30. Ratio (K—) as a function of ¢, in the case of a prism.
E
The curves plotted are those corresponding to the largest

and smallest areas projected from the Sun. Circular cylin-

der, n=». Calculated by the compiler.
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Fig 1-31. Ratio (
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The values corresponding to % <1 are al-
so plotted in the previous figure.

lar cylinder, n=<. Calculated by the com-

piler.
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Fig 1-32. Ratio (K—) as a function of 7 in the case of a prism.
E

The curves plotted are those corresponding to the largest
and smallest areas projected from the Sun. Circular cylin-

der, n=w, Calculated by the compiler.
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Fig 1-33. Ratio (KE) as a function of 7 in the

case of a prism. The curves plotted are
those corresponding to the largest and
smallest areas projected from the Sun.
The values corresponding to % <1 are al-
so plotted in the previous figure. Circu-
lar cylinder, n=x. Calculated by the com-

piler.
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Fig 1-34. Ratio (K_) as a function of g » 0 the case of a prism,

The curves plotted are those corresponding to the largest
and smallest areas projected from the Sun. Circular cylin-

der, n=w, Calculated by the compiler.
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Fig 1-35. Ratio kKE) as a function of R in the case

of a prism. The curves plotted are those cor-
responding to the largest and smallest areas
projected from the Sun. The values corresponding
to % <1 are also plotted in the previous fig-
ure. Circular cylinder, n=®. Calculated by the

compiler.
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1.8. INFINITELY CONDUCTIVE PYRAMIDAL SURFACES

1.8.1. PYRAMID WITH AN n-SIDED REGULAR POLYGONAL SECTION

Sketch:
<4 SOLAR
RADIATION
—
¢ X max
G
¢ clY
a
y;"éx >
Area Projected from the Sun, A7:
X
T 2 cOS Y, for n even.

2 cos (;ﬁ)cos Yy, for n

| D—
ol e

Formula:

X
R
AE 2!
n sin(gl) 1+1/1+ H/R
" cost
: n

E 1-51

odd.
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Fig 1-36. Ratio (KE) as a function of L in the case of a

pyramid. The curves plotted are those corresponding
to the largest and smallest areas projected from
the Sun. Circular cone, n=w, Calculated by the com-

piler.
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Fig 1-37. Ratio (KE) as a function of R in the

case of a pyramid. The curves plotted are
those corresponding to the largest and
smallest areas projected from the Sun.
.The values corresponding to %S 1 are also
plotted in the previous figure. Circular

cone, n=%.

Calculated by the compiler.
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Fig 1-38. Ratio (IE) a5 a function of R in the case of a

Pyramid. The curves Plotted are those corresponding
[

to the largest and smallest areas projected from

the Sun. Circular cone, n=w, Calculated by the com-

piler,
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Fig 1-39. Ratio (KE) as a function. of Re in the

case of a pyramid. The curves plotted are
those corresponding to the largest and
smallest areas projected from the Sun.
The values corresponding to % <1 are also
plotted in the previous figure. Circular
cone,

n=o,

Calculated by the compiler.
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Fig 1-40. Ratio (KEJ as a function of R» in the case of a

pyramid. The curves pPlotted are those corresponding
to the largest and smallest dreas projected from
the Sun. Circular cone, n=w, Calculated by the com-

piler.
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Fig 1-u1 Ratio (—l) as a function of A in the
g . AE R’

case of a pyramid. The curves plotted are
those corresponding to the largest and
smallest areas projected from the Sun.
The values corresponding to %-§1 are also
plotted in the previous figure. Circular

cone, n=w, Calculated by the compiler.
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Fig 1-42. Ratio (KE] as a function of R in the case of a

Pyramid. The curves plotted are those corresponding
to the largest and smallest areas projected fronm
the Sun. Circular cone, n=w., Calculated by the com-

piler.
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Fig 1-43. Ratio [KE) as a function of =, in the

case of pyramid. The curves plotted are
those corresponding to the largest and
smallest areas projected from the Sun.
The values corresponding to %-51 are also
plotted in the previous figure. Circular

cone, n=®, Calculated by the compiler.
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Fig 1-44, Ratio (XEJ as a function of ﬁ, in the case of a

Pyramid. The curves Plotted are those corresponding
to the largest and smallest areas Projected from
the Sun. Circular cone, n=®., Calculated by the com-

piler,
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Fig 1-45. Ratio (KE) as a function of 7 in the

case of a pyramid. The curves plotted are
those corresponding to the largest and
smallest areas projected from the Sun.
The values corresponding to % <1 are also
plotted in the previous figure. Circular

cone, n=®, Calculated by the compiler.
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1.9, INFIHNITELY CONDUCTIVE PRISMATIC-PYRAMIDAL SURFACES

1.9.1. PYRAMID-PRISM-PYRAMID WITH AN n-8SIDUD RIGULAR POLYGONAL

SECTION

Sketch:
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2cos(§%)cos¥, for n odd.
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* %% 2 cos Y, for n even.
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H
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Formula:
X
At R

A
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Fig 1-46. Ratio (KE) as a function of g» 1in the case of

a8 pyramid-prism-pyramid. The curves plotted are
those corresponding to the largest and smallest
areas projected from the Sun. Cone-cylinder-cone,

n=w, Calculated by the compiler.
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Fig 1-47. Ratio (XE) as a function of R’ in the

case of a pyramid-prism-pyramid. The curves
plotted are those corresponding to the
largest and smallest areas projected from
the Sun. The values corresponding to % <1
are also plotted in the previous figure.
Cone-cylinder-cone, n=«, Calculated by the

compiler.
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Fig 1-48. Ratio (KE) as a function of R in the case of

a pyramid-prism-pyramid. The curves plotted are
those corresponding to the largest and smallest
areas projected from the Sun. Cone-cylinder-cone,

n=w, Calculated by the compiler.
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Fig 1-49. Ratio (KE) as a function of R in the case of

a pyramid-prism—pyramid. The curves plotted are
those corresponding to the largest and smallest

areas projected from the Sun. The values corre-

sponding to %Sl are also plotted in the previous
figure. Cone-cylinder-cone, n=<.

Calculated by

the compiler.
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Fig 1-50.

7

\_ Y= 18°

|

Ratio [%i)l/u as a function of g, in the case of
a pyramig—prism—pyramid. The curves plotted are
those corresponding to the largest and smallest
areas projected from the Sun. Cone—cylinder-cone,

n=w, Calculated by the compiler.,
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Fig 1-51. Ratio (K—) as a function of %, in the case
E R

of a pyramid—prism—pyramid. The curves plotted
are those corresponding to the largest and
smallest areas projected from the Sun. The
values corresponding to 2-51 are also plotted
in the previous figure. Cone-cylinder-cone,

n=w, Calculated by the compiler.
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Fig 1-52. Ratio (KE 4s a function of F» 1n the case of

a pyramid-prism-pyramid. The curves plotted are
those corresponding to the largest and smallest
dreas projected from the Sun, Cone-cylinder-cone,

n=w. Calculated by the compiler,
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Fig 1-53. Ratio (~—) as a function of 1 in the case

Ag R’
of a pyramid—prism—pyramid. The curves plotte

are those corresponding to the largest and
smallest areas projected from the Sun. The
values corresponding to g-gl are also plotted
in the previous figure. Cone-cylinder-cone,

n=w. Calculated by the compiler.
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Fig 1-54. Ratio (KE d4s a function of g» 10 the case of

a pyramid-prism-pyramid. The curves Plotted are
those corresponding to the largest and smallest
dreas projected fronm the Sun. Cone—cylinder—cone,

n=®, Calculated by the compiler.
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Fig 1-55-
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Ratio (-—) as a function of s 1D the case

AE
of a pyramid-prism—pyramid. The curves plotted

are those corresponding to the largest and
smallest areas projected from the Sun. The
values corresponding to % <1 are also plotted
in the previous figure. Cone-cylinder-cone,

nze. Calculated by the compiler.
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1.10. THIN-WALLED SPHERICAL BODIES. FINITE CONDUCTIVITY

1.10.1. NQN—SPINNINC SPHERE

E1-75

Sketch
b 0=m/2
h
6 e SOLAR
=T D o
8=0 RADIATION
S h
Dimensionless Parameters:
T kb
T(e) = ..__E_g_)_——- s s U = __._—3———2—
TR EOTRR
Differential Equations:
T - 4 cos® s s when 0 < 6 < m/2
u d . T _
sin® de [Slne dO]
Tt . when m/2 <8 < 7®
Boundary Conditions:
—%%—/ = —%%—/ = 0 4. r/ and gg / continuous.
8=0 g=m g=n/2 g=m/2

Comments:

The results obtained by numerically solving this problem are

given in the following two pages.

Reference: Nichols (1361).
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T/TR
H=10 H=5 W= H=.5 =1 HW=,01 M=
1.09700 | 1.16215 1.33458 |1 1.37639 1.80777 |[1.41340 l.41321
1.09652 [ 1.1613y 1.33300 | 1.37497 1.40638 [1.41138 |1 L1287
1.09507 | 1.15887 1.32827 1.37027 1.40221 1.46620 [1.u40881
1.09267 | 1.15477 1.32037 [ 1.36237 1.39522 11.39975 | 1.u0201
1.08935 1.14909 | 1.30928 1.35120 1.38532 1.39001 1.3923¢g
1.0851y4 1.14190 1.239u9g9 1.336672 1.37237 1.37528 1.37986
1.08010 1.13325 1.277u48 1.31850 1.35619 1.36300 1.36426
1.07428 11.12325 | 1,2567¢ 1.29666 | 1.33651 |1.3u241 |1.34541
1.06774 | 1.11202 | 1.23233 1.27093 11.31296 [1.31999 |1.32308
| 45 |1.06058 1.09968 | 1.20591 1.24116 {1.28503 1.29412 [ 1.29684
| 50 1.05288 [ 1.08638 1.17599 | 1.20724 1.25198 |1.26213 1.26629
| 55 1.0447y 1.07229 1.14336 1.16916 1.21283 1.22708 |1.23073
60 1.03627 1.05760 1.10835 1.1270686 1.16691 1.18724 1.18921
65 [1.02759 1.04253 1.0714y 1.08133 1.13321 1.13937 1.14028
70 1.01883 1.02730 1.03323 1.03263 1.07412 1.08069 |1.08150
75 1.01012 |1.01217 .99453 .898203 .36u75 .38960 1.00870
80 11.00162 99741 . 95631 .93106 .90253 .91131 91292
85 .89349 .98333 .91977 .88179 .77965 .76880 76840
90 .98590 .97024 .88632 .83684 .72340 .58532 0
95 .97898 . 95843 85714 .79850 .65631 LU6727 0
100 .97271 .94781 .83187 .76613 .60415 .4oous 0
105 .96703 . 93827 . 80991 .73857 .57227 .36310 0
110 961990 -92969 .78075 . 71497 .953393 .32352 0
115 . 95726 .92200 77400 .69466 51476 .30373 0
120 .95308 91512 .75937 .67716 49304 .28349 0
125 94933 .30898 74656 .66201 .47515 .26772 0
130 .94599 .90352 . 73540 .64895 46025 .25831 0
135 . 94302 .83870 72571 .63771 45000 24752 0
140 -94041 .89u4nu9 .71735 .62808 .43732 .23341 0
145 .93815 . 839084 .71020 .61991 .42828 .23019 0
150 .93621 .88773 70417 .61305 42049 .22362 0
155 93459 .88513 .69918 .BO07UQ .H1436 .21873 0
1160 f .93328 . 88303 .69518 .60288 .40957 .21506 0
165 . 93227 .88141 .69210 .599y1 .40596 .21235 0
!170 .93155 .88026 .68993 .538696 40343 .21048 0
(175 .93112 .87958 .68861 .59545 <4019y .20937 0
Liﬁg . 83097 87935 .68828 .59519 -H014y .20901 0
Table 1-1, Temperature distribution on sphere for several U values,

No spin. No internal radiation.

Calculated by the

compiler,
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p=0,.01
1.4 . B
m\ .
12 g I N -
_10\\\
preo |
1 :
X
Tr B
.8
.6
A .
.2
0 ! 1 | ] ] i
0 30 60 0 120 150 180

90

Fig 1-56. Temperature distribution on sphere. No spin. No

internal radiation. Calculated by the compiler.
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Additional Sources of Data

Definition Sketch Sources

Element is at end of

wall on inside of _W
finite length cylinder
enclosing concentric
cylinder of same
length; factor 1is from
element to inside
surface of outer cyl-

Hamilton & Morgan (1952),
Leuenberger & Person (1956),
Kreith (1962).

Elemental strip on
inner surface of outer
concentric cylinder to
interior surface of
outer concentric cyl-
inder

-

Elemental strip on
inner surface of outer
concentric cylinder to
either annular end

Hamilton & Morgan (1952),
Leuenberger & Person (1956),
Kreith (1962).

Hamilton & Morgan (19852),
Leuenberger & Person (1956),
Kreith (1962).

Elemert on inside of
outer finite concen-
tric cylinder to in- N Leuenberger & Person (1956).
side cylinder or annu-
lar end

rw__#ﬂ"__ﬂ.__ﬁ,_,,“__#*LWM -

Strip element on ex-
terior of inner finite
lengti concentric
‘cylinief to inside of
outer cylinder or to
annular end

|
9! Leuenberger & Person (1956).

Reference: Siegel & Howell (1972).
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Additional Sources of Data

Definition

e —

Strip on plane inside
cylinder of finite
length to inside of
cylinder

Sources

Leuenberger § Person
(19586).

Exterior element on
tube surface to fi-
nite area on adjacent
parallel tube of same
diameter

Exterior element on
tube surface of par-
titioned tube to fi-
nite area on adjacent
bParallel tube of same
diameter

Sparrow & Jonsson
(1963 a),

Journal of Heat Transfer,
vol. 85, No. u, 1963, pp.
382-384,

Sparrow § Jonsson
(1963 a).

Element on wall of
right circular cone
to base of cone

Joerg & McFarland (1962).

Report S62-245, Aerojet-
IGeneral Corporation, 1962.

|

|

’Spherical point

| source to rectangle.
Point source is on
one corner of rectan-
gle that intersects
with receiving rec-
tangle at angle ¢

Reference: Siegel & Howell (1972),

P

N

!
1
|
|

'Hamilton & Morgan (1952),
Jakob (1957),
|Kreith (1962),

|
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C 1123

Definition

Sketch

Sources

Sphere to ring ele-
ment oriented normal
to sphere axis

Feingold & Gupta (1970).

Elemental area on
sphere te finite
area on second
sphere

Grier (1969).

NASA SP-3050, 1969.

Area element to
axisymmetric surface
-paraboloid, cone,
cylinder (formulation
given-factors are
not evaluated)

Morizumi (196u4).

AIAA Journal,
11, 1964, pp.

vol. 2, No.
2028-2030.

Element on interior
(or exterior) of any
axisymmetric body of
revolution to band
of finite length on
interior (or exteri-
or)

Robbins
NASA TN

(1961).

p-586, 1961.

Robbins
NASA TN

& Todd (1962).
D-878, 1962.

Slender torus to
element on perpen-
dicular axis

Reference: Siegel &

Moon (1961).

Howell (1972).
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Additional Sources of Data

Definition Sketch Sources

Element on exterior of
toroid to toroidal
segment of finite width

Grier & Sommers (1969)
NASA TN D-5006, 1969.

Element on exterior of
toroid to toroidal band
’of finite width

|

Grier & Sommers (1969).

Grier & Sommers (1969).

|
JElement and ring ele- .
] Sommers & Grier (1969).

ment on exterior of
toroid to entire exte-
rior of toroid

Journal of Heat Trans-
fer, vol. 81, No. 3,
1969, pp. 459-u481.

|
——

| Reference: Siegel & Howell (1972).

L
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Definition Sketch Sources
Circular disc to WW r{i;gg; Hwang & Crank
arbitrarily placed e )
/

rectangle in parallel
plane

Special Report 16, Kansas
State University Bulletin,

lar to zylinder axis

Finite area on exterior
of cylinder to finite
area on plane parallel
to cylinder axis

vol. 46, No. 4, 1962.
Circle to arbitrarily @P——ﬂ
placed rectangle in ,/E Tripp, Hwang & Crank
plane parallel to normal A (1962).
to circle L !
Circular disc to par- eZZZZ?
allel right triangle; l )
normal from center of ! Tripp, Hwang & Crank
circle passes through ?%%7 (1862).
one acuve vertex
Cylinder to any rectan- .
gle in plane perpendicu- fi;gg; Hwang & Crank

Stevenson & Grafton
(1961).

Report SID-61-91, North
American Aviation
(AFASD TR 61-119,
1961.

pt. 1),

Reference: Siegel &

Howell (1972).
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Additio

Definition

Cylinder to any rectan-

gle in plane parallel
to cylinder axis

Finite area on exterior
of cylinder to finite
drea on skewed plane

Outside surface of cyl-
inder to perpendicular
Iright triangle; triangle
is in plane of cylinder
base with one vertex of
triangle at center of

ibase

Cylinder and plane of
equal length parallel
to cylinder axis; plane
inside cylinder; all
factors between plane
and inner surface of
cylinder

l

1961.
Tripp, Hwang & Crank
(1962).

ESA PSS-03-108 Issue 1 (November 1989)
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nal Sources of Data

Tripp,
(1962).

Hwang & Crank

‘Special Report 16, Kansas
State University Bulletin
vol. 46, No. 4, 1962,

N

Stevenson ¢ Grafton
(1961),

IReport SID-61-91, North
American Aviation
(AFASD TR 61-119, pt. 1)

]

Leuenberger & Person
,(1956).

'Finite areas on inte-
Irior of right circular
jcylinder

N

l
1
| . |
|

Stevenson § Grafton
(1961),

f

Reference: Siegel ¢ Howell (1972).
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Additional Sources of Data

Definition Sketch Sources

Stevenson & Grafton

Finite area on exteri- ‘ . (1961).

or of cylinder to fi- w w Report SID-61-91, North
nite area on exterior . . .
. American Aviation
of parallel cylinder (AFASD TR 61-113, pt. 1,
1961.

Concentric cylinders

of different radii, one
atop other; factors
between inside of
upper cylinder and in-
side or base of lower
cylinder

Leuenberger & Person
(1956).

Finite area on exteri-
or of inner cylinder
to finite area on in-
terior c¢f concentric
outer cylinder

Stevenson & Grafton
(1961).

Two tubes connected
with fin of finite
thickness; length can
be finite or infinite;
all factors between
finite surfaces formu-
lated in terms of in-
tegrations between
differential strips

Sotos & Stockman (1964).
NASA TN D-2556, 1964.

Two tubes connected
'with taoered fins of
lfinite thickness; tube
length zan be finite or
infinitz; all factors
between finite surfaces
formulated in terms of
integrations between
differential strips

Sotos & Stockman (1964).

Reference: Siegel & Howell (1872).
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Additional Sources of Data

Definition Sketch Sources

Sandwich tube and fin
structure of infinite
or finite length; all
factors between finite
surfaces formulated in
terms of integrations
between differential
strips

Sotos & Stockman
i (1964).

NASA TN D-2556, 1964,

Concentric cylinders
connected by fin of fi-
nite thickness; length
finite or infinite; all
factors between finite
surfaces formulated in
terms of integrations
between differential
strips

Sotos & Stockman
(1964).

Stasenko (1967).

From Moebius strip to Akad. Nauk SSSR, Izv.

itself Energetika Transport,
pp. 104-107, 1967,
Area on sphere to area , Grier (1969).
on another sphere <E>// NASA SP-3050, 1869.
P .
/
Band on one sphere to s Grier (1969).

band on another sphere Cgb‘
-~

,,,,,, U

Reference: Siegel & Howell (1972).
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Additional Sources of Data

Definition Sketch Sources

Grier (1969).
NASA SP-3050, 19689.

Area on sphere to cap
on another sphere

Cap on sphere to band e Grier (1969).
on another sphere (g;)
e
% ~
Cap on sphere to cap . Grier (1969).

on another sphere (E%?//,
//

Wakao, Kato & Furuya
(1969).

Int. J. Heat Mass Trans-
fer, vol. 12, No. 1,
1969, pp. 118-120.

Hemisphere to coaxial
hemisphere in contact

Sommers & Grier (1969).

?xter;or of toroid to ( }‘; Journal of Heat Trancfer,
itsel P vol. 91, No. 3, 1969,

pp. 459-u61.

Reference: Siegel & Howell (1872).
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Definition

Segment of finite
width on toroid to ex-~
terior of toroid

iGrier & Sommers
(1969),

NASA TN D-5006, 1969,

- |

Toroidal band of fj-
nite width to exterior
of toroid

|
|
|
|
l

’Grier & Sommers
(1969).

A\

s
.
Area on surface of
sphere to rectangle in
plane perpendicular to
axis of sphere y

Stevenson & Grafton
(1961).

Report SID-61-91,

North American Avia-
tion (AFASD TR 61-119,
pt. 1, 1961,

Reference: Siegel § Howell (1372).




ESA PSS-03-108 Issue 1 (November 1989) C 21

SPECULAR SURFACES

General

2. SPECULAR SURFACES

2.1. GENERAL

The specular view factor, F12s, between two specularly

reflecting gray surfaces A1 and A, is defined, (Perlmutter & Siegel
(1963)) as the fraction of the energy leaving diffusely the iso-
thermal surface A1 that impinges AQ, either directly or through any
number of specular reflections from these or other gray surfaces of
the whole system. Notice that a given amount of energy leaving Al’
if specularly reflected, may be counted several times on its arrival
to A2, sc that F128 may be larger than one. dn the other hand, the

to that emitted by A, is smaller

ratio of the energy absorbed by A 1

2
than one, depending its value, for a given geometrical system, on
the specular reflectances of the surfaces forming the system.

The above definition of specular view factor shows some
peculiarities that were not present in the definition of diffuse
view factors. Such peculiarities are:

1) When calculating the radiant interchange between gray
diffuse surfaces, the effect of the diffuse reflectance of the sur-
faces is not included in the view factor, since it is accounted for
by means of the radiosity, B, which takes into account both the e-

mitted ard the diffusely reflected radiations.

n
B=e0T + pdE{ s

H represents the radiiant flux incident on the emitting surfaces per
unit time and unit arqa, and pd is the diffuse reflectance. Thus

B1A1F12 is the heat arriving directly to A, from Al without being
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reflected in any surface after the last time it leaves Aj.

On the other hand, when specular surfaces are involved,
it is usual to leave unchanged the factor corresponding to diffusg
radiosity, and to include specular reflections in the view factor
FIQS. In any case B1A1F12S measures the heat arriving to A2 from Aq
both directly and through all possible specular inter-reflections,
but it should be emphasized that By indicates the diffusely-tributed
radiant flux leaving Aq per unit time and unit area.

A ray, that leaving A1 reaches A, after a reflection from
Aj, is accounted for as coming from Aj if this surface is diffuse
reflecting and as coming from Ay if Aj is specularly reflecting.,.

2) The concept of diffuse view factor involves only the
emitting surface, A4, and the receiving surface, A,, while the par-
allel concept of specular view factor involves, in addition to Ajq
and A,, all partially or totally specular surfaces of the system
where rays caming from Ay can be reflected before reaching Ay,

3) It is obvious that, for a given geometrical system, the
radiative transfer equation may be written in a unified fashion in
terms of the temperature, optical characteristics of the surfaces,
and view factors, no matter whether some of these surfaces are spec-
ular or nct, provided that the diffuse radiosity and the appropri-

ate view factors are used for the computation.

For a system of N Specular surfaces, having specular re-

S

10 s between two of them

flectances pjs,the specular view factor, F

is:
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f=E 2.8 & (ps) (p, ) Lot (ps oM K (1,],k,p,q)

12 j=0 k=0 p=0 g=
with lém (p S)O =1 for every pjS
Oj +0
The factor K may be interpreted as the fraction of the

12

radiative energy leaving A1 which reaches A, after i specular re-
flections from Aq, J from Ay, k from Agse...., p from Ay_1, and gq
from Ay, under the assumption that there is no absorption, so that
the mirrors do nothing eXxcept to change the direction of the im-
Pinging rays. Due to some geometrical constraints, several K fac-
tors may vanish.

A reasoning based on the fact that the reversal of the
rays arriving to A, from Ay, after reflection from several surfaces
of the system, is exactly equivalent to the system of the rays ar-
riving to Ay from Ay, after reflection from the same surfaces, in-
dicates that, independently of what surfaces A1 and A, are consid-
ered, their specular view factors satisfy the reciprocity relation:

S

S -
Ay Fip = Ay Fyyo

When an enclosure of N surfaces Al’ A2,......, Ay is

considered, the specular view factors satisfy the relation:

for any surface A;. This relationship results from the fact that

the overall heat transfer in the enclosure must be zero.
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Two Planar Specular Surfaces

2.2. TWO PLANAR SPECULAR SURFACES

2.2.1. TWO-DIMENSIONAL CONFIGURATIONS

2.2.1.1. PARALLEL STRIPS OF EQUAL WIDTH

Two infinitely long directly opposed

A
parallel strips of same finite width. t
W h
H= — J
h A2 !
R= s S
p1 p2 f——— W ——e

Formulae:

[e o]
F123= F.o°% = k(1) + X R K (2n+1)
21
n=1
S S
F F %
11
= = 22 - x(2) + ¥ R" K (2n+2)
Py Py n=1

where:

K(m) = %? ( Vﬁz tm? - m)

n is the number of specular reflections which a ray suf-

fers before reaching the receiving surface.

Reference: These expressions have been obtained by the compiler.
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N 1 .2 o .6 1 2

05| .05073| .10074| .19601| .282089 42258 .63367
.20| .05368| .10662| .20773| .29959 . 45131 .68762
.30 | .05603| .11131| .21710| .31358 L7432 .73117
.40 | .05881| .11688| .22820| .33017 .50164 .78314
.50 .06220| .1236u4| .24171| .35036 . 5349y .84688
.60 | .06647] .13219| .25877| .37588 .57709 .92810
.70 | .07218| .14361| .28157| .41000 .63354 | 1.03765
.80 | .08058| .16039| .31510| .46021 .71677 | 1.20039

.

.90 .09576| .19069, .37561 55087 .86737| 1.49732
.85 .11191 .22260 . 43825 .64624 | 1.02596 | 1.81208

R 4 6 10 20 50 100

.05 .80669 .87925 .94380 .99635 1.02967 1.04107
.20 .89734 .98301(1.08354(1.16166 1.21337 1.23147
.30 .9718111.087794}1.2027611.30625 1.37719 1.402406
.40 11.0620811.2047111.3523411.48219 1.59217 1.62860
.50 11.1746411.3525311.54615|1.74038 1.88674 1.94170
.60 11.3205811.5475011.80863{2.08901 2.31524 2.40386
.70 11.5212411.82072{2.188011]2.61669 2.99633 3.15489
.80 (1.8256912.24439]12.79856(3.51889 4,243858 4L.58837
.90 12.39482(3.057241{4.0263215.49479 7.35852 8.43256
.9513.0098313.95438|5.4386717.96304(11.84370 14.62470
07177777 T T T T T 7TTIIT T T[TTT
10 ot
- ///’// —;i" ]
— /j:::////’- fﬂ"'*——— ]
7 ,/

\

At
IR AR

A

AN
A\
|\

\

L
A~

FTT
N\
\

\

5 ,/ o

3 12222;//;///

z/é/lzlm Cl e bbb
23 s 3 2 3,5 10 20 30 5 10

Fig 2-1. Values of FlQS as a function of R and H. Calculated
by the compiler.
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N .1 .2 L4 .6 1 2
.00 | .02499 | .04988 | .093802 | .14677 23607 TE1521
.10 | .02633 | .05255 | .10437 | .15u477 L24927 .43358
.20 | .02788 | .05566 | .11057 | .16u404 .26459 .46909
.30 | .02971 ] .05932 | .11787 | .17497 .28267 .50404
.40 | .03191 ] .06372 | .12667 | .18814 .304u7 .5L632
.50 | .03464 | .06918 | .13757 | .20u447 .33151 .58897
.60 { .03817 | .07622 | .15164 | .22553 .3664L . 66724
.70 . 04298 .08586 .17080 .25438 L41432 .76123
.85| .05583 | .11146 | .22206| .33105 .54174 | 1.01288
.95 | .07925| .15768 | .31424 | .u46921 .77165 | 1.46999
N Y 6 10 20 50 100
.00 | .61803 | .72076 | .81980 | .90499 196080 .98020
.10 | .66274 | .77878 | .89370| .99515| 1.06293 | 1.08672
.20 ] .71525| .84757 | .98251 {1.10534 | 1.18937 | 1.21922
.30 | .77802 | .93062 |1.09140(1.24308| 1.34996 | 1.38851
L40 | 85475 (1.03325 (1.22833(1.42028| 1.56071 | 1.61241
.50 .95139 11.16405 |1.40626 |1.65700 1.84951 1.92239
.60 {1.07818 |1.33792 [1.64815(1.98985| 2.26966 | 2.37998
.70 {1.25502 {1.58403 [1.99968 |2.43446 | 2.93762 | 3.12359
.85(1.73786 [2.27142 [3.02477 |4.08585| 5.27772| 5.88321
.9512.63412 |3.58166 |5.08668 ({7.66349(11.63700 |14.48770

20T T [II T T T[T T 71 T[T

10 /‘}

5 85—
s T
Fn B
— 7
2 L.
2 p.

I

1 /

/

pZz
A
- ///1//1 RSN RN

.

2 3 5 L 2 3 H S 10 20 30 50 100

Fig 2-2. Values of Fils/pgs as a function of R and H. Calcu-
lated by the compiler.
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2.2.1.2. STRIPS OF EQUAL WIDTH AT ANY ANGLE

Two infinitely long plates of equal finite

width w, having one common edge, and at an in-

cluded angle ¢ to each other.

\<—W——-——>-

Formulae:
n<£(£§9-1)

2% ¢
F %=r S=x(1)+2 R™ K (2n+1)
12 - %01
n=1
1
s s n< (322 - 1)
Fi1 Fop ¢ n
S:._..S:K(Q)-}»z R™ K (2n+2)
p2 pl n=1

where:

K(m) =1 - sin %?

n is the number of specular reflections which a ray suf-

fers before reaching the receiving surface.

Comments:

When ¢ >60°, the rays reaching the second surface did not suf-

fer any specular reflection by the first.

s _ s _
F12_F21—K(1)

When ¢ 2 45°, the rays reaching the first surface did not suf-

fer more than one specular reflection by the second.

s s
F F

S S
pQ pQ

Reference: These expressions have been obtained by the compiler.
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Py ; 10 20 30 40 50
.10 [ 1.05193 .99319 .87875 .77081 .6713‘{;~ .58079
.20 | 1.16841 | 1.08812 .93619 .801172 .68477 58420
.30 1.31338 1.20156 . 99904 83212 .6a817 .H8760
40 1.43846 1.33878 1.06764 .86379 L7157 .59101
.50 1.74221 1.50679 1.14238 .89615 724497 .594y2
.60 2.07590 1.71493 1.22360 .92918 .73836 .57783
.70 2.55515 1.97562 1.31168 .96290 .75176 .60123
. 80 3.284486 2.30522 1.40696 .99730 .76516 .6046Y4
. 90 4.47036 2.72513 1.£50982 1.03238 .77856 .60805
1.00 { 6.53721 | 3.26314 | 1.62061 | 1.06815 .79195 .61146
° 60 65 70 75 80 8¢ 90
any R |.50000 L46270 42642 .39124 .35721 .32¢841 .29289
Notice that, when ¢ 2 60°, Flzsis independent of R.
3.5 I | 1 ]
3 //
2.5 7
e
[°)
< ,/’\Q /
-
52 ‘///EL/ 51////////
\
s / — /:
— R
40
S0
)
| 1 | | !
0 2 A 6 8 1

R

Fig 2-3, Values of F12s as a function of R for different values

of ¢. Calculated by the compiler.
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SPECULAR SURFACES
Two Planar Specular Surfaces
R $° 5 10 15 20 30 40
.00 .91284 .82635 .74118 .65798 .5 .35721
.10 1.00361 .89753 .79425 .695060 .51340 .35873
.20 1.11414 .98123 .B85402 .73490 .52679 .36025
.30 1.251563 1.0806606 .921u2 LT ud LLu019 L3u17Y
45 1.53328 1.26887 1.03910 .88724 .56029 .36400
.55 1.80054 | 1.42897 1.13018 .897%0 .57369 .36557
.70 2.41868 1.74150 1.28883 .97889 .59378 .36785
.80 3.09556 2.01435 1.41118 1.03727 .60718 .36937
.90 4.18336 | 2.35587 1.54845 | 1.099807 .62058 .3708¢9
1.00 6.04812 2.78497 1.70212 1.1€436 .63397 .37240
[¢]
6 50 60 70 75 80 85 30
any R .23396 .133987 .06031 .03407 .01519 .00381 0

Notice that, when ¢ 2 45°, F1{

S

/pQSis independent of R.

3 1 x ! l
2.5
2
S
AT}
S
e ‘Q”’\Qo _—
. ///////’T ’///'
0.5
40
| |
0 2 A R 6 .8 1
Fig 2-4. Values of Flls/QQS as a function of R for different val-

ues of ¢. Calculated by the compiler:
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SPECULAR SURFACES

Two Planar Speccular Surfaces

2.2.3. PARALLEL RECTANCLES OF SAME WIDTH AND LLUNGTH

T‘———o ————1
2arallel, directly opposed rectangles

of same width and length.

-

oo ofe

X
yA
R = P1SP25

Formulae:

P S.p S x(1) + > RTK(2n+1)

12 21 -

n=1

F.5 F,..° o
12 - 22 - K(2) + 2 R" K(2n+2)

where:
1/2
_ 2 {1+(mX)2}{1+(mXZ)2}
K(m)-——3—3— in 5 +
2%z 1+(nx)2(1+2%)

Vit ioxa)2 - X7
+ mX 1+(mXZ)2 tan'1<———E§————>+mXZ 1+(mX)“ tan 1 (—EL————>-
Vi+(mxz)? Vit (mx)?2

- mX tan_l(mX) - mX7Z tan-l(mXZ)

n is the number of specular reflections which a ray suf-

fers before reaching the receiving surface.

Reference: These expressions have been obtained by the compiler.
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SPECULAR SURFACES

Two Planar Specular Surfaces

N 1 .2 b .6 1 2

.05 .00317 .01247 04642 .093389 .20151 .42091
.20 .00323 .01271 .04735 .038605 .20697 43947
.30 .00328 .01288 ,0u4803 .08757 .21105 L4534y
40 .00332 .01307 .04879 .09925 .21555 46904
.50 .00338 .01328 043863 ,10112 ,22059 .486689
.60 00344 .01352 .05059 ,10325 ,22b633 .50703
.70 .00351 .01380 .05170 .10573 .23304 .53113
.80 L00359 01414 .05305 .10874 24121 .56088
.90 .00370 .01458 .05482 .11268 .25185 .60072
.95 .00378 .01488 .05601 .11536 .25929 .B62840
R L 3 10 20 50 100

.05 .64655 L75400 .85705 .9472511.,00820 1.02996
.20 .069523 . 82717 .96238 11.08924 |1.18030 1.21402
.30 .73293 .8852511.0u4886 {1.21048 (1.33198 1.37827
40 .77605 ,9531711.1532211.3625111.52856 1.59398
.50 .826181{1.0340811.282031{1.559001{1.78350 1.88988
.60 .88570{1.1328011.44585({1.82337(|2.17022 2.32100
.70 .95855(1.25747 |1.66306 {2.19973 (2.74905 | 3.00780
.80 [1.0520511.4235311.97027 |2.78428 |3.75561 4 ,27523
.90 |1.183411]1.66806 |2.45981 |3.84963 (5.97218 7.41699
«951(1.2789211.85405{2.86239 |4.85810|8.60281(11.83080

T T T T T T T T T T T T T T T TTTT
10 //__

Z-1 _ o8

11l

S| ——— Pl
Fr - ///}/,_-
3 < T
2_ /;///,é//
- Aﬁéﬁ ’/”’,—f” —
1 %/// .05
:: //////”,—A EE
— / ~
5
3
201 ] ol o bbb
2 3 5 1 2 3 .5 10 20 30 50 100

X
Fig 2-5. Values of F12s as a function of R and X for Z=1.
Calculated by the compiler.
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SPECULAR SURFACES

Two Planar Specular Surfaces

R ! .2 U ) 1 2
.00 .00079 .00316 .01240 .02705 .06859 .198983
.10 .00082 .00324 .01273 .02779 .07059 ,20704
.29 .00084 .,00333 .01310 .02860 .07280 .21504
.30 .00086 .00343 .01350 .02951 .07527 .22401
LU0 .00089 .00355 .0139¢6 ,03053 .07805 .23420
.50 .00083 .00368 .01u48 .03170 .,08124 . 24596
.60 .00096 .00383 .01509 .03306 .,08uU386 .25983
.70 .00101 .00u407?2 ,01583 .03470 .08946 .27668
.85 .00110 .00u39 .01733 .03807 .09869 .31175
.95 .00121 .00ou80 ,018985 .0u4170 .10870 .35037
o X n 6 10 20 50 100
.00 .41525 .54738 .69025 .82700 .92525 .96148
.10 .43642 .58153 L74300 .90235(1.01386 1.06387
.20 LUp6028 .62063 .80u75 .,9929411.13607 1.19068
.30 L487u49 .66595 .8781311.10396 1.28224 1.35184
.40 .51895 .71929 .96694 11.24330 1.47171 1.56352
.50 .55597 ,7833211.07696 1.4235¢9 1.72715 1.85392
.60 .60056 .8621911.21752 1.66652|2.090u409 2.27707
.70 .65610 .96299(1.40510 2.0131312.64904 2,985130
.85 .77610101.18978 1.85861|2.96052 4.,u4u239 5.32104
.85 .81u77 11.46616 2.46829 4.49068(|8.31719 11.62380
20 T T T r Tt T it
10 | ~
- gg/__
- Z=1 B
- / —
° T
Fis — //// ]
53 ot m———
Pz B ///, ,//”)L—— o
2 7
= /// //' y’fﬂf””. _
sk //‘,////
3 /V///,
LU /AN RS RN
2 .3 .5 1 2 3 5 10 20 30 50

Fig 2-6. Values of Fils/OQS
Calculated by the compiler.

X

100

as a function of R and X for Z=1.
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SPECULAR SURFACES

Two Planar Specular Surfaces

R 1 .2 " .6 1 2
051 015480 .0L975| .13640] .22141| .36460 58597
20| .01509| .05088 | .14053| .22969| .38261 .62856
.30 | .01531| .05172] .14362| .23592| .39637 66194
40| .01555| .05264| .14704 | .24288] .41192 .70056
50| .01582| .05367| .15089| .25076| .u42978 .74610
60| .01613! .05485| .15528| .25984] .45069| .80113
.70 | .01649| .05622| .160u44| .27059| .u47593 .87000
.80| .01692| .05789| .16673| .28388| .50779 .96101
.90 | .01749] .06011] .17498| .30172| .55169| 1.09u429
95| .01788| .oe16u4| .18055| .31418| .58298] 1.19552
¥ 4 6 10 20 50 100
5T 77309 85346 .92617 | .98647| 1.02536| 1.03885
20| .85331| .957981.05856(1.14698]1.20673| 1.22797
.30 | .91813|1.0441911.17061|1.28672|1.36809| 1.39761
40| .99535(1.1488811.31003|1.46553]1.57932| 1.62165
.50 11.089u4(1.27927|1.48872|1.70268] 1.86784 | 1.93127
60 11.20765|1.4473911.72711|2.03287] 2.28568| 2.3871k
.70 11.36775!1.6751112.06980(2.52608| 2.94541| 3.12508
.80 11.58063/2.00846|2.58553(3.35060| 4.14566| 4.52511
90 [1.92836(2.57367 |3.54719/5.06595| 7.04731| 8.2181k
.95 12.2180313.07711 |4.48968|7.00567[11.03080[13.99550
74T oo oo B S I I Y A R R N AR I M B
L P ]
= Z=5 A e
5 e
.8 /—
S
_ ////ij://::::,/—”‘ ]
122 /// 5
/“
] y e _
: //////,///”/’4 -
.5—_ I/C:: _
i //////’ h
3 /
REREY /AN N R
2 .3 .5 1 2 3 5 10 20 30 50 100

Fig 2-7. Values of Fqy,°
Calculated by the compiler.

X

as a function of R and X for Z=5.
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SPECULAR SURFACES

Two Planar Specular Surfaces

AN .1 .2 b .6 1 2
.00 .00389 .01471 .04941 .09152 .17792 .35917
.10 .00u400 .01512 .05095 .08473 .18531 .37809
.20 .00412 .01557 .05266 .08829 .19359 .3990604
. 30 .o0u25 .01607 .05457 .10228 .20296 424449
LU0 ,oouy40 .01664 .05672 .10682 .21372 .45359
.50 .00458 .01729 .05920 .11206 .22628 .48835
.60 .00479 .01805 .06210 .11824 .24128 .53099
.70 .,00503 .01898 .06562 .12576 ,258979 .58532
.85 .00554 .02091 .07290 .14139 .29924 .70733
.95 .00608 .02301 .08096 .15845 34401 .85652
R 4 6 10 20 50 100
.00 .57338 .68413 .79316 .88920 .95366 .97645
.10 .b1194 .73657 .862u48 .97631 1.05427 1.08214
.20 .65669 .79822 .9453511.08243 1.17864 1.21348
. 30 .70941 .8719011.04629{1.21458 1.33630 1.38115
.40 .77269 .96180(1.17215]1.38376 1.54272 1.60258
.50 .8504811.074411{1.33391 1.60831 1.82469 1.90861
. 60 .9492111.2206411.5504911.92130 2.23311 2.35921
.7011.0803611.42043]1.85801 2.38957 2.87815 3.08867
.85(1.39793(1.93009|2.70147 3.81485 5.09800 5.76702
.9501.83305]2.68923{4.11800 6.68380(10.80410({13.84260
01T T 77T T T T T 77100 T V] T [T7id

|

\&
\,

10

X

T

Z=5

s ° /’////

e
2 //f/ 7 .
L

d
-

om
|

I

k\\
NN

\
|
P
| | lllJ]

/
s
Ll 1//% Cloc o be b b

2
2 3 .5 1 2 3 5 10 20 30 50 100
Fig 2-8. Values of Flls/pzs as a function of R and X for Z=5.

Calculated by the compiler.
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SPECULAR SURFACES

Two Planar Specular Surfaces

N .1 .2 4 .6 1 2

.05 .02510 .06971 .16419 .250689 .39316 .60971
.20 .02567 .07233 .17074 .26256 .41596 .65778
.30 .02608 .07384 .17568 ,27163 . 43370 .69599
.40 02654 .07551 18121 .28189 Jhsu1? .74086
.50 .02706 .07739 .18748 ,28369 47803 .79470
.60 .02765 .07955 .138u476 .30752 .50607 .86124
.70 .02833 .08210 ,20345 .32426 54217 .94693
.80 .02%16 .08522 .21429 .34552 .58857 1.06466
.90 .03025 .,08936 .22905 .37514 .65577 1.24742
.95 .03099 .09221 .23948 .38658 .70648 1.39617
R 4 6 10 20 50 100

05| . 78986 | .8663L4 | .93498 | .99141 | 1.02751 | 1.03996
.20 .87524 .97546 |1.07104 11.15432 1.21005 1.22972
.30 .94481(1.06601 |1.18666 1.29648 1.37264 1.40003
.40 11.0284211.17665(1.33113 1.47885 1.58574 1.62512
.50 11.131451(1.3156211.51733 1.72150 1.87728 1.93648
.60 [1.262951{1.49684 |1.76764 2.06088 2.30045 2.39550
.70 11.43918 {1.74643 12.1253¢ 2.57123 2.97085 3.13998
.80 11.69521 |2.12181 2.68997 {3.43415 4.19752 4,55722
.90 |2.1281012.79207 3.7739115.27581 7.20205 8.32512
.95 12.51631 13.43379 |4.90714 7.45775 {11.43070 14.30830

20T T 7T T [T T[] T [r[]

I

o)

S

K=

A

NE

10

=
\

Z=1

Frii

n
f

N\
N

I\
\

a

| L L1l l | l\l

"
- el

NN
AN
N

\\

o
7))

AN
\
\
|

I
Al Z

20 | LI I | ! | l Lt
2 .3 .5 1 2 3y S 10 20 30 50 100

Fig 2-9. Values of Flgs as a function of R and X for Z=10.
Calculated by the compiler.
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SPECULAR SURFACES

Two Planar Specular Surfaces

Fig 2-10. Values of Fy;°/py° as a function of R and X for Z=10.

Calculated by the compiler.

RN .1 .2 o .6 1 2
00| .00729| .o02u93| .06971| .11650 .20586 .38638
.10] .00749| .02569| .07233| .121u43 .21576 .40839
L2011 .00772| .02654| .07524| .12696 .22699 L43371
.30 | .00797!| .o027u48| .07852| .13323 .23990 L 46327
.40 | .00825]| .02856| .08224 | .1u40u3 .25496 .498u0
.50 | .00857| .02379| .08656| .14886 .27287 L5u114
.60 | .00895| .03123| .09168| .15895 .29471 .59477
.70 | .00941| .03298| .09795| .171uL .32235 .66510
.85| .o01o3u| .03660| .11116| .19829 .38383 .83168
.95| .01135| .04055| .12596 | .2292u .45841 | 1.05385
R4 4 6 10 20 50 100
00! .59563| .70241| .806u47| .88709 .95723 .97833
10! .83722| .75762| .87807 ! .98573 ! 1.05860 | 1.08uu3
20| .88579| .82281 | .96390(1.09388 | 1.18400| 1.21636
.30| .743u3] .90113(1.06880|1.22882 | 1.34313 | 1.38u83
. 401 .81325| .99731[1.20016|1.40200| 1.55171 | 1.60749
50| .90011/1.11884 11.36994 [1.63262 | 1.83709 | 1.91550
.60 11.0121311.27856[1.59903{1.95549 | 2.25137 | 2.36958
.70 11.16433(1.50045]1.92812|2.44182 | 2.90786 | 3.10612
.85 11.55153/2.0904912.85813{3.94880 | 5.18758 | 5.82505
.95 02.13409/3.05160 [4.54397 |7.14637 11.21380 {14.16330
0 1T T 7T T T T T 7T
?«/9"’/
10__ ///,/” —
o A g
v
F"S i /// ]
5 1 }___‘___—-—__
2 / 4 L
— / -
; /4
201 l /622;; | | | P \ | I BN
2 3 5 1 2 3 X 5 10 20 30 S0 100
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Two Planar

Specular Surfaces
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b .6 1 2
03144 107940 17447 281071 ] 40291 .61768
. +032251 .08180| .18218| .27448 .42758 .66769
30 | .03285| .08364| .18794 .28U479 44695 70764
-40 1 .03352| .08571| .19u36 L2964y 46937 75480
50| .03426| .08809] .20168 .30983 .49573 81179
601 .03512| .09086| .21023 .32558 .52746 88281
-701 . 036111 .09420| .22059| .34u7g .56696 97515
+80 1 .03733 1 .09837| .23384| .36964 .61909 | 1.10327
»90 | . 03893 .10405| .25254| L4057 .69660 | 1.30519
95 | .04002| .10805| .26626| .u3258 L75772 1 1.47473
R 4 6 10 20 50 100
+051 79546 | .87064 | .93792] .99306 1.02823 | 1.04033
+20 | . 88260 | .98130{1.07520(1.1567¢ 1.21116 | 1.23030
+301 .9537911.07332(1.19203 |1.29974 1.37415| 1.40084
+4011.039601.18599(1.33819|1.48329 1.58788 | 1.62628
+9011.14577 11.32789|1.52692 (1.72779 1.88043 | 1.93829
-60 11.28195 11.51365(1.78127 [2.070025 2.30538 | 2.39828
70 11.46607 [1.77098 |2.14618 |2.58636 2.97934 | 3.14495
+80 11.73679(2.16187(2.72587 [3.46232 4.21486 | 4.56793
+90 12.20264 12.87279(3.85539|5.3u815 7.25410| 8.36090
.95 |2.62890 (3.56738 |5 062u617.62055]11.567uo 14.41350
e LN R R R RRE E—— BEER
10 =
= | 7 =15 /)///__:
' S ————— / ]
5 A -~ ———
y // —
s
B 7 i}
1 ///,/ 00
£ o — E
n //;é%é/////’
4 /7////
20 Liiel | NI NI
2 .3 5 1 2 3 X 10 20 30 50 100

Fig 2-11. Values of F4,°
Calculated by the compiler.

as a function of R and X for Z=15.
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SPECULAR SURFACES
Two Planar Specular Surfaces
AN .1 ) 4 .6 1 s |
501 .00969] .03119| .07868 | .12620| .21578 39562
10! .00999| .03221| .08195| .13199 | .22671 41873
20| .01032| .03335| .08557 | .13853 .23920 H454 2
30| .01068| .03463| .0896L4 | .14596 | .25366 47672
40| .01110| .03610| .09428 | .15452 1 .27063 51414
50| .01157| .03779| .09968| .16456 | .29095 56000
60! .01213| .03980| .10614 | .17465| .31587 61807
.70 | .01280| .0u225| .11416| .19177 .34763 69499
85| .01418 | .0o4739| .13150| .22514 | .41960 88001
95| .01568 | .05310| .15170| .26551 | .51132 | 1.1355%
R~ 4 6 10 20 50 100
00 | .60309| .70852| .81091 | .89972 | .95842 97895
10| .eus571| .7e6u67 | .88328 | .98887 | 1.06005| 1.08519
.20 | .69559| .83105| .97010(1.09769 | 1.18579 | 1.21731
30| .75u92 | .91094 |1.07633|1.23357 | 1.34541 | 1.386086
40| .82702/1.00926 |1.20954 |1.40810 | 1.55471 | 1.60913
50! .9170911.13386 |1.38203|1.64074 | 1.84123 | 1.91780
60 |1.03392 |1.29820{1.61537 |1.96693 | 2.25746 | 2.37305
.70 11.19401 [1.52806 [1.95188 [2.45934 | 2.91777 | 3.11194
.85 01.60872 |2.14859 |2.91290[3.99428 | 5.21759} 5.84443
.95 |2.25046 |3.18902 |4.70312(7.31301 [11.35400 |14.27120
01T 77T T [T T [y I rrrm
51 ,/ 85 L—"
S
"""F“ - /// h
s 3 N
2 .
/A &
- /////////,///’,//f’ﬂ’————— :j
5 % /
- //////' _|
M // 4 1
2l 1] A7 Lol L L
2 3 S 1 2 3y 5 10 20 30 50 100

Fig 2-12. Values of Flls/pgs as a function of R and X for 2Z=15.
Calculated by the compiler.
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SPECULAR SURFACES

Two Planar Specular Surfaces

RN .1 .2 4 .6 1 2
.05 | .03545] .08412] .17973| .26623 .40781 .62167
.20 .03646| .08619| .1877u4| .280u" .43346 .67266
.30 .03721| .08785| .19345| .29118 45364 .71350
<40} .03805| .08980| .19966| .3030u 47694 .76184
.50 | .03899| .09213| .20661| .31633 .50415 L8204k
+60| .04007| .09496| .21472| .33163 .53639 .89362
<70 | .04135| .09850| .22468| .35004 .57562 . 98856
80| .04291( .10312| .23784 | .37397 .62623 | 1.11839
.90 | .o0u498| .10970| .25745| .40989 .70155| 1.31683
+95| .04641 | .11451 | .27272| .43876 .76355 | 1.48236
R 4 6 10 20 50 100
051 .79827 | .87279| .93939| .99388 | 1.02859 | 1.05052
+20 | .88628 | .98423(1.07729/1.15799| 1.21171 | 1.23059
»30 1 .95829(1.07698 [1.19471 {1.30137 | 1.37491 | 1.40125
40 11.04521 11.19066 {1.34173 |1.48552 | 1.58895 | 1.62686
+50 11.15297 |1.33404 [1.53172(1.73094 | 1.88201 | 1.93909
60 11.29156 11.52209|1.78810(2.07494 | 2.30784 | 2.39968
70 11.47967 |1.78336 |2.15661 (2.59394 | 2.98359 | 3.14743
80 11.75734 (2.18214 [2.74397 |3.47644 | 4.22353 | 4.57329
-90 12.23051 |12.90966 /13.89628 |5.38463 | 7.28017 | 8.37881/|
+9512.65013 {3.60608 |5.12739|7.70208 [11.63620 |14.46620
I O R B B B R R O B R e e R
RZ~
10 /r —
F s | / —
12 / // 1
3 1/ - s
A /
2 - -
- o = ]
1 %/ — L 05
201 | 111 | | | LI ! | l N
2 .3 .5 1 2 3 5 10 20 30 50 100

X
Fig 2-13. Values of FIQS as a function of R and X for Z=20.

Calculated by the compiler.
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SPECULAR SURFACES
Two Planar Specular Suriaces
8 1 .2 L .6 1 2
.00 .01060 .03515 .08353 .13123 .22081 .40026
.10 .01098 .03627 .08717 .13752 .232289 L42392
.20 .01140 .03754 .09112 .14459 L2545 45131
.30 .01188 .03899 .08548 .15255 .26072 .48351
40 .01241 .04067 .10040 .16160 .27864 .52212
.50 01303 04264 .10611 .17208 .29997 .56959
.60 .01375 .04502 .11296 .18455 .32583 .62987
.70 .01463 . 04797 .12158 .20012 .35827 .70958
.85 .01644 .054289 .140806 .23513 .43084 .89758
.95 .01841 .06151 .16457 .28006 .52672 1.15204
R~ v |6 10 20 50 100
.00 .60682 .71158 .81314 .90104 .95901 .97926
.10 .64 997 .76820 .88588 .99044 | 1.06077 | 1.08558
.20 .70050 .83518 .9732011.09961 | 1.18669 1.21779
.30 .76069 .91586 |1.08010(1.23585 1.34655 | 1.38667
.40 .83394 {1.01525 |1.21424|1.41114 1.55621 1.60895
.50 .92563 {1.41139(1.38808 1.64480 1.84330 1.91885
.60 [1.044921(1.3081011.62356 1.97266 2.26051 2.37478
.70 {1.20905}1.54198 (1.96380 2.46812 2.92273 3.11u485
.85 11.63564 (2.17769 [2.94060 4.01711 5.23261 5.85412
.95 (2.27784 |3.23205 |4.77077 7.39656 |11.42450 14.32530
20 CTTTTTT T T T T T
R>
S 5 7
E —
11 ~ ///////,/"
S 3 .
Pz L— /, /}- _
2 // L
1 / // ] Q
3 /45 ,///
201 | //6224: | | | L1t L | | L4
2 3 5 1 2 3 5 10 20 30 S0

Fig 2-14. Values of Flls/pgs as a function o

X

Calculated by the compiler.

100

£ R and X for Z=20.
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SPECULAR SURFACES

Two Plunar Specular Surlaces

2.2.4. RECTANGLES OF SAME WI1DTIl AND LENGTH WITH ONE COMMOU EDGE

Two specular finite rectangles of the

same dimensions having a common edpe and 2t o
. /
an included angle ¢. a ‘
L= —
b
R=p*p*
1 p2
F ae:
ormulae 1.180
n<§(——¢)—-——1]
s s
F, o =F,.=K(1) +25 R™ K (2n+1)
12 21
n=1
S 3 n<(1§g —1)
Fi11 Fo2 n
L- ._S:K(2)+E R" K (2n+2)
Py 0y n=1

In these expressions K(m) is the diffuse view factor be-
tween two rectangles having the same width and length of that con-
sidered and at an included angle m¢. The value of this diffuse view
factor has been obtained by using the results by Feingold (1966)
See § 1.3.2.3.

n is the number of specular reflections which a ray suf-

fers before reaching the receiving surface.

Comments:

When ¢ 2 60°, the rays reaching the second surface did not suf-

fer any specular reflection by the first.
3 = F = K(1)

When ¢ 2 45°, the rays reaching the first surface did not suf-

fer mcre thap one specular reflection by the second.
Fal° Foo®
11 22
:__.._—:K(Q)
0,5 0,°
2 2

Reference: These expressions have been obtained by the compiler.
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SPECULAR SURFACES

Two Planar Specular Surfaces

L 1 2 W
R . L 6 1

.1 .75680 74304 .71570 .68913 .63925
.2 .78606 .77107 LTH157 .71304 .65989
.3 .81587 .79972 .76800 .73746 .68096
.4 .84633 .82898 .79498 .76238 .70246
.5 .87744 .85886 .82253 .78781 .72439
. 6 .90920 .88936 .85063 .81374 74674
.7 94161 .92048 .87929 .84019 .76952
. 8 .97466 .95221 .90851 .86714 .78272
.9 1.00837 .98456 .93829 .89459 .81636

1.0 1.04272 1.01753 .96862 .92256 .84042

L
R 2 4 6 10 20

.1 .53639 40478 .32767 24152 .15165
.2 .55178 L41522 .33573 .24718 15505
.3 .56749 .42587 34394 .25296 .15851
h .58349 43672 .35231 .25884 .16204
+ 5 .59981 LUn777 .36083 26483 .16563
.6 .6164Y .45903 .36951 .27093 .16929
.7 .63337 .47050 .37835 L27714 .17301
. 8 .65061 48217 .38734 .28346 .17680
.9 .66816 <4840y .39649 .28989 .18065

1.0 .68602 .50612 .40580 .29642 S .18457
| [ P T T | l l I T 1T

1\\

'?“7 @=30° =
RN

TN

/

///7,
VE

F)

/4
w4

2 1 1 | L L1 ! 1
N .2 3 .5 1 L 2 3 5 10
Fig 2-15. Values of FlQS VsS. aspect ratio, L, for different values

of R. $=30°. Calculated by the compiler.
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Two Planar Specular Surfaces

C 2.27

L .
R A .2 .6 1
.00 .148559 .u47129 .4u3u8 L41725 .37091
.10 .49840 . 48352 .45463 L4274y .373857
.20 .51121 .4957¢6 .46578 .u3764 .38823
.30 .524072 .50799 .47693 L4u783 .39689
.us .5u4323 .52634 .48366 .u6312 .40988
.55 .55604 .53857 .50u481 L47332 .41854
.70 .57525 .55692 .52153 .u48861 .43154
.80 .58806 .56916 .537268 .49880 .4u020
.90 .60087 .58139 54384 .509800 .uu806
1.00 .61368 .59363 .55499 .51919 LU45752
R L 2 y 10 20
.00 .28827 .20204 .15805 .11266 . 06849
.10 .29%460 .20626 .16129 .11483 .06984L
.20 .30092 .21049 .16453 .11719 .07119
.30 .30725 21471 16777 .11945 .07254
.45 .31674 .22105 .17262 .12285 .07456
.55 .32306 .22528 .17586 .12511 .07591
.70 .33255 .23162 .18072 .12851 .07794
.80 .33887 .23584 .18396 .13077 .07929
.90 .34520 .24007 .18720 .13304 .0806H4
1.00 .35152 L24430 .1904y ,13530 .08199
| | | 171l 1 | | B
6 e —]
~§‘\\\:;\\\\ {b :::;()‘,
—— . “\\\\
.5 ]
F11 \rsk\\\
F_g P\\\\\\\\\\\\\\\\\\\\
o \\\\\
2 &:§§>\ N
1 | 1 | L | ! N\

1 2 3

.5 1

L

2

3

S 10

Fig 2-16. Values of F 15/02S vs. aspect ratio, L, for different

1

values of R. ¢=30°.

Calculated by the compiler.
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SPECULAR SURFACES

Two Planar Specular Surfaces

~.
NS 1 .2 " .6 1
.1 .61010 .59535 56644 .53872 .48810
.2 .61736 .60227 .57271 Lolbgyy .49301
.3 .62462 .60919 .57899 95016 .49784
H .63188 .61610 .58527 . 55588 .50267
.5 .63914 .62302 .59155 .0ob1b9 50750
.6 . 64640 .62994 .59782 .56713 .51233
.7 .65366 .63686 .60410 .57303 .51716
. 8 .66093 .64378 .61038 .57874 .52200
.9 .66819 .65069 .61666 .58L440 .52683
1.0 .67545 . 65761 .62293 .59018 .53166
P 2 m 6 10 20
.1 .39173 .28235 . 23365 .16136 .09925
.2 .39523 .284568 .22543 .16260 .09939
.3 .39874 .28701 22721 .16385 .10073
U L4022y . 28935 .22900 .16509 .10147
.5 40575 .29168 .23078 .16633 .10221
. B .40925 .29401 .23256 .16758 .10295
.7 41275 .29634 .23434 .16882 .10369
.8 41626 .29867 .23613 .17006 10443
.9 41976 .30100 .23791 17131 .10517
1.0 42327 .30333 .23969 .17255 .10591
7
[ I I 1T l T [T T TTT
\
\\ R:
. ‘\ —
\\\
5 \ NN
TN
s
F;z \\
4 \
.3
.2
N l | l | L1 | [ J Ll 1]
1 2 .3 .5 1 L 2 3 5 10
Fig 2-17. Values of FlQS vS. aspect ratio, L, for different values

of R. ¢=45°, Calculated by the compiler.
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SPECULAR SURFACES

Two Planar Specular Surfaces

L [P, /0% for o=u5 P S for ¢ =600 |r. S/p.° for ¢ = 60°
11 2 12 11 2
.1 .28189 .U48559 .12810
.z .27104 . B7129 .12234
W4 .25032 . 44y348 11151
. G . 23147 .41725 .10194
1.0 .20004 .37091 .08662
2.0 .14930 .28827 .06325
4,0 .10136 .20204 04226
6.0C i .07822 .15805 ,03239
10.0 .05502 .11266 .02264
20.0 .03302 .06849 .01350
.5 l l T T T T I T T

\\\\N E: for Q =60°

4 ' ™~
N

— | U for § = 45°

N
} F,S \ N
~

\-
1 —_ | ~
. —] N
e \\‘\N \\\\\\\f:
~§‘-‘~
’\
{ L 1 L1 J l L L]
1 .2 .3 .5 1 2 3 5 10

L

Fig 2-18. Values of F,, and F“S/pzS vs. aspect ratio, L, for the
limiting values of ¢. Calculated by the compiler.
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SPECULAR SURFACES

Planar Specular and Planar Diffuse Surfaces

2.3, PLANAR SPECULAR AND PLANAR DIFFUSE SURFACES
5 3.1. TWO DIMENSIONAL CAVITIES. CYLINDERS OF QUADRANGULAR CROSS
SECTION
A,
Specular view factors between the b
| As A,
different inner surfaces of a cylinder
) ® A,
of quadrangular cross section formed
b
by two specular and two diffuse par-
allel strips.
The surfaces A] and A2 are spec-
ular-reflecting while A, and A are
3 Y S S S
. , p=p =P
diffuse reflecting. | 2

Formulae:
s s M"Y g e 2 ' :
F11=F22= n!-:o (P) [V(2n+2) sin2@d+1 - (2n +1) sin Q-1]+

o J
+ 2K (p Syin+ 1 [W‘l-cos d P+(2n+1)2sin?d - (2n +1) sin Q]
ns
ES.F s_“i" ( s)Zn ‘/(1+cos @2+(2n+1)zsin2§+\/(1—cos §)2+(2n+1)zsin2¢; )
2= = % p i 3 -1-2nsm@_+
® s, \[(2n+1)sin2Q+(1-cos@)2'+‘\/(2n -1)%sin?@ +(1-cos@)z‘ )
+ EK(P )2 5 -2nsin@
n=K+1 L .
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SPECULAR SURFACES
Planar Specular and Planar Diffuse Surfaces
FS.FS.FS.F Sz N sin2 § + (1 - cos §)?
ML PR RV 2 *

2 -2 A 2 . ———
+ {; (Ps)zn-1 ’\/(2n—1) sin“§ +(1 co:@) +1 V(Zn sin ) +1] .

5)2n V(Zn sin§)2+1'-1-WZn2+1)2sinZQ +(1—cos @)‘ +sin Q} .
|

20 ‘\/( 2n -1)2 sind + (1-cos Q)f—\/( 2n +1)? sin2<b+(1-cos§)z]+ sin (}]
2

+ B (pS

naK+1

n=K 5)2,, A1+(2n sin Q) +1- \AZnH) sin?d +(1+cos <1>) .

Fp=Fa=Fy=f = T

nzKk-1 .20+ ‘\/(1+cos<l>)2+(2n+1)zsin2 Q'—1—-V(2n+2)2sin24>+1' .
+sind |+

¥ n=0 (P ) L 2 4
-

n %1 (0 5)2,,+1 VZn -1) sunZQ +(1- cos@) . ‘\[Zn +1)¥sin (}+(1 cos@)z csin s s
=K+ L .

-

‘\/(2n+1) sin? § + (1+cos §) 2\/(2n +1Vsin? § +(1- °°s¢’2 +sin §-1

S)Zn +1

+ (p

In all these expressions K is the largest integer which is smaller than1/(2 cos §)

S_FE S_ S (1 ¢
F;z-F“-p (1-sin @)

s o s s S, S s
Re=Fa =1- 00 -p ) R+ Fy) - F

Reference: These expressions have been obtained by the compiler.
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Planar Specular and

SPECULAR

SURFACES

C 233

Planar Diffuse Surfaces

¢0
oS 5 10 20 30 40
05 50000 | 00003 | .00026 | .00088 [ .00206
.20 00002 | .00013 | .00107 | .00358 | .00837
.30 00003 | .00021 | .00163 | .00546 | .01278
.40 00004 | .00028 | .00224 | .00748 | .01750
.50 00005 | .00036 | .00290 | .00970 | .02272
.60 00006 | .ooous | .00366 | .01225 | .02871
.70 00007 | .00058 | .o0us8 | .01534 | .03598
. 80 00009 | .00073 | .00581 | .01946 | .04568
.90 00012 | .o0o0g98 | .00779 | .02613 | .061N
.95 '00015 | .o00122 | .00970 | .03257 | .07668
[o]
N 50 60 70 80 30
05 ~50556 | . 00670 | .o00g47 | .01122 | .01182
.20 51606 | .02719 | .03846 | .0u4573 | .0u823
.30 02455 | .ouiss | .0ssg2 | .07038 | .07436
40 03364 | .05697 | .08105 | .09747 | .10327
.50 ‘o368 | .o07u05 | .10581 | .12841 | .13662
.60 "05523 | .09373 | .13u72 | .16547 | .17713
.70 06930 | .11776 | .17057 | .21280 | .22996
.80 08812 | .15002 | .21951 | .2796% | .30689
.90 11878 | .20277 | .3011u | .39543 | 44683
.95 "lussg | .2su06 | .38170 | .51304 | .59695
.6
.5 /
Y 7 ,/
FS &
1 o
3 Q
// 9 L
/ 9/
.2
J EEEEEE::::::/’////’)5’__,——
0 10 20 30 40 50 60 70 80 g0

Fig 2-19. Values of Flls vs.

specular reflectance, ps

piler.

¢ for different values of the
Calculated by the com-
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SPECULAR SURFACES

e Surfacesg

$° 5
0S8 10 20 30 40
.00 .00095 .00381 | .015109 .03407 .06031
.10 .00521 .01207 .03051 .05479 .08437
.20 .00947 .0203y4 0458y L0755y .10851
.30 .01373 .02862 .06119 .09637 .13282
40 .01799 .03689 .07658 .11730 .15739
.50 .02225 .0u4518 .09201 .13840 .18233
.60 .02651 .05347 .10751 15971 20777
.70 03077 .086177 .12310 .18131 .23389
.85 .03717 07426 14672 21452 27497
.95 L4144y .08261 .16275 .23762 .30460
)
pS ¢ 50 60 70 80 90

.00 .09369 .13397 .18085 23396 .29289
.10 .11869 .15722 .20038 .24879 .30219
.20 .14385 .18073 .22029 .26418 .31236
.30 .16932 .20478 24095 .28042 .32359
40 .19530 .22966 .26273 .29785 .33610
.50 .22198 .25573 .28608 .31693 .35026
. B0 24962 .28341 .31161 .33829 .36655
.70 .27855 .31327 . 34014 .3628¢9 .38582
.85 .32561 .36427 .39167 .40991 42403
.95 .36132 .40568 43694 45519 .46325

I—

/ —

/ //

-

] B ]
] ]

/

i

]

) _

- /4455 ////// o —
///?%EE:;::::/’r///' ,/////

0 0 20 30 40 & 50 60 70 80 90

Fig 2-22. Values of F32s vs. ¢ for different values of the



ESA PSS-03-108 Issue 1 (November 1989)

0

Fig 2-21. Values of F31S

SPECULAR SURFACES

nar Diffuse Surfaces

Planar Specular and Pla

C 2-35

oS $° 5 10 20 30 40
.00 .95638 .9128L .82635 .7u4118 .65798
.10 .95638 .91285 ,82637 .7u124 .65812
.20 .95638 .91285% .82642 L7142 .65853
.30 .95638 .91286 .82651 74172 .65922
40 .95639 .91288 .8266U .74215 .66023
.50 .95639 ,91290 .82681 .74272 .66157
.60 ,95639 .891293 .82704 L 74347 .66330
.70 .95640 .91297 .82732 R AT .66550
.85 .95641 .9130u4 .82791 .74636 .67007
.85 .95641 .91311 .82849 .74833 67467
[o]
pS ¢ 50 60 70 80 90
.00 .57738 .50000 .u2642 .35721 .29289
.10 .57764 .500u43 .L42791 .36160 .30219
.20 .578u2 .50174 L43054 .36714 .31236
.30 .57975 .50396 L 43440 .37391 .32359
.40 .58166 .50716 .43956 .38208 .33610
.50 .58422 .511u45 L4622 .39190 .35026
.60 .58752 .51700 L4546 L40375 .36655
.70 .59173 .52409 .46528 .41831 .38582
.85 .60049 .53888 .48739 44820 42403
.95 .60936 .55395 .51011 . 47927 .46325
\\\\\\\\\\\\
Y\
S.
i \\\\\\::::::11;:25 _
. l) ——
\ \
0 10 20 30 40 o50 60 70 a0

piler.

specular reflectance, ps.

vs. ¢ for different values of the

Calculated by the com-
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Planar Specular and Planar Diffuse Surfaces

NS 5 10 20 30 40

00 +O4267 108335 | 15846 | .22875 | 78171
.10 -Ok328 | .08494 | 16301 | .23357 | .29604
.20 POWHTS | .08817 | .17059 | .2u643 | .31493
.30 -OW707 | .09306 | .18121 | .26334 | .33841
40 05024 1 .09959 | .19487 | .28433 | .36654
.50 05426 | .10778 | .21160 | .309u4 | .3gquy
.60 +05913 | 11763 | .23139 | .33873 | .u3704
.70 -06486 | .12913 | .25429 | .37228 | .ugo01a
.85 $07505 | 14951 | 29452 | .43087 | 55461
.95 -08291 | .16518 | .32536 | .47570 | .61168

o8 $° 50 60 70 80 90
.00 -32893 | .36603 | .39273 | .40883 | 51421
.10 +34991 | .39471 | 42852 | 44913 | .45606
.20 -37539 1 .u42723 | 46727 | .49191 | .50022
.30 F4#0546 | 46369 | .50917 | .53741 | .sugog
.40 S48024 50432 | .55450 | .58595 | .5gp67
.50 +47993 | .54942 | .60369 | .63799 | .oug74
.60 S2877 | 59945 | 65731 | .63407 | .70876
.70 +57515 | 165501 | .71616 | .75501 | .76851
.85 166222 | .75065 | .81688 | .85837 | .g7279
.95 172921 | .82474 | .89536 | .93884 | .953pg
/””——————_
//

Wy Z==—=mm
._/ N
0

0 10 20 30 40 $° 50 60 70 80 S0

Fig 2-24. Valyes of F3us vs. ¢ for different values of the

specular reflectance, ps. Calculated by the com-

piler.
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Planar Specular and Planar Diffuse Surfaces

C 2-37

¢O

oS 5 10 20 30 4o
.05 . 04564 .04132 .03290 .02500 .01786
.20 .18257 .16527 .13160 .10000 L0714y
.30 .27385 .2u4791 .19739 .15000 .10716
.40 .36514 .33054 .26319 .20000 .14288
.50 .us5642 .41318 .328989 .25000 .17861
.60 54771 .49581 . 39479 .30000 .21433
.70 .638989 .57845 .46059 .35000 .25005
.80 .73028 .66108 .52638 .40000 .28577
.90 . 82156 .74372 .59218 .45000 .32149
.95 .86720 .78503 .62508 .47500 .33935
o
oS ¢ 50 60 70 80 85
.05 .01170 .00670 .00302 .00076 .00018
.20 .0u679 .02679 .01206 .00304 .00076
.30 .07819 .0u40189 .018089 .00u456 .00114
.40 .09358 .05359 .02412 .00608 .00152
.50 .11698 .066989 .03015 .00760 .00190
.60 .14037 .08038 .03618 .00912 .00228
.70 .16377 .09378 .0L222 .01063 .00266
.80 .18716 .10718 .04825 .01215 .00304
.90 .21056 .12058 .05428 .01367 .00342
.95 .22226 .12728 .05728 .01uu3 .00362
.8
.6 \\\\\\S 8 {
>
ES \\\\\\\ S5
3 *‘ N
4 : <
- \\\<£\ \\\\\J 1
—Los — S
0 |
0 10 20 30 40 _, 50 60 70 80 80
Fig 2-23. Values of F33S vs. ¢ for different values of the

specular reflectance, 5. Calculated by the com-

piler.
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SPECULAR SURFACES

Non-Planar Specular Surfaces

2.4. NON-PLANAR SPECULAR SURFACES

2.4.1. CONCENTRIC CYLINDER OR CONCENTRIC SPHERES A
2

Concentric cylinders of infinite length,

or concentric spheres. r
Formulae:
s Ay
P
P S 2
11~ 1 s s
Py Py
s _ - 1
F12 - 1 s s
Py Py
s Ayl
F =
21 1 S
-01 O?
A
S _ 1 1 S s
Fop = (1 - ) s TP Tag
2 1-p
2
Tq
where A,/A, = for concentric cylinders,
1 2 r2
ry 2
and A,/A, = ( ) for concentric spheres.
1 2 r2

Reference: These expressions have been obtained by the compiler.
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LIST OF SYMBOLS

A, Surface Area of the Cavity. [m2].

Ah ’ Area of the Surface Tightly Stretched over the Cavity Open-

ing. [mQJ.
Tw ’ Cavity Wall Temperature. [K].
Ti , Surrounding Temperature Facing the ith Opening. [K].
a , Hemispherical Total Absorptance of a Surface.
e , Hemispherical Total Emittance of a Surface. The surface 1is
assumed to be diffuse-gray, unless otherwise stated.
Subscript

a , Apparent Radiation Property of the Cavity.

Other symbols, mainly used to define the geometry of the configura-

tion, are introduced when required,
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1. GRAY DIFFUSE SURFACES

1.1. GENERAL

The radiant heat transfer properties of cavities which do
not contain an absorbing-emitting medium are analyzed in this item.

When radiant energy arrives to & cavity, having one or
more openings, it suffers several reflections and the corresponding
absorptions at the walls of the cavity. Hence, the following effects
can be observed:

1) The absorption within a single-opening cavity will ex-
ceed that of a surface, of the same absorptance, tightly stretched
over the cavity opening.

2) The emission from a heated single-opening cavity will
exceed that of the surface, of‘identical emittance and temperature,
tightly stretched over the cavity opéning.

3) The net radiant heét transfer rate through a passage,
open at both ends, and connecting two isothermal media at different
temperatures, 1is smaller than the net radiant heat transfer rate
between the same media when separated by a non absorbing-non emitting
intermediate layer.

In most cases the cavity surfaces are regarded as gray and
diffuse emitters and reflectors. Nondiffuse and/or nongray conditions
have been considered in several instances; particularly relevant is
the case of specular reflection (Siegel & Howell (1972)).

Concerning the characteristics of the incoming radiation,
either of the following two extreme alternatives are normally consid=-

eped: diffuse distribution of radiation across the cavity openings,
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or parallel radiation.

The analysis of the radiant interchange between cavities
and their environment can be achieved in a unified fashion when at-
tention is paid to the following characteristics of the problem:

1) Openings can be treated as walls of the whole enclosure
which have the property of absorbing all of the radiant energy inci-
dent upon them, and of emitting all the radiant energy streaming
into the enclosure through them.

2) The cavity is normally isothermal over all its material
surfaces. The enclosure representing a cavity with n openings exhib-
its the following distribution of temperatures: T=Ty for the materi-
al surfaces; T=T; (i=1,2,..... n) for the opening facing the surround-
ing at temperature Tj.

3) When it is assumed that the optical characteristics of
the surfaces are temperature invariant, the equations expressing the
radiant interchange at any elemental surface are linear in Twu and

4 oo, . R
i (i=1,2,.....n), thence a linear superposition of elemental solu-

T
tions is justified.

The solution of the whole problem 1is expressed as the su-
perposition of n+l different solutions; all of them concern the same
geometrical enclosure, having n temperatures equal to zero and the
remaining one equal to that of the whole problem at the corresponding
surface.

Simple examples, which will illustrate the usefulness of

this superposition, are given in the following.
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To introduce the concept of apparent absorptance of a cav-
ity, which to simplify the presentation is assumed to have only one
opening, this opening is assimilated to a black-body surface at the
temperature T4, while the cavity walls are at absolute zero.

The apparent absorptance, Q,, of the cavity is defined as
the ratio of the energy absorbed by the cavity to the incoming ra-
diant energy. Obviously, the radiant energy emitted by the cavity
wall is zero and in no case should be taken into account for com-
puting the apparent absorptance, Q,, of the cavity.

Conversely, for computing the apparent emittance of the
cavity it is assumed that the walls are at temperature Ty, while the
surroundings are at absolute zero. The radiant energy which could
reach the cavity opening from an external source is not taken into
account in the computation of the emittance of the cavity.

The apparent emittance, €., of a cavity is the ratio of
the radiative flux from the cavity to the radiative flux from an
identically shaped, black-walled cavity at the same temperature.

For gray-walled cavities irradiated by a diffusely dis-
tpibuted incoming radiation, the apparent emittance, €5, equals the
apparent absorptance, 0., provided that any of the following coqdi-
tions applies (Sparrow (1965)):

1) The cavity walls are diffuse emitters and diffuse re-
flectors.

2) The cavity walls are diffuse emitters and specular re-

flectors.
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3) The radiant flux leaving a surface element is black and
diffusely distributed when the incident radiation upon the element
has the same characteristics, whichever the directional characteris-
tics of surface emittance and reflectance.

The first two cases are particularly useful since they
allow to deduce absorptance data from emittance data or conversely.

The details of the proof of the above statements, which
have been given by Sparrow (1965), can be outlined as follows:

1) An isothermal enclosure is defined by roofing the cavi-
ty opening with a black surface at the temperature, Ty, of the cavi-
ty.

2) The net heat transfer at any elemental wall surface of
the enclosure will be zero, and the radiation within the enclosure
will be black and diffusely distributed.

3) The net heat transfer at an element of wall surface can
be considered as the superposition of two contributions: the heat
transfer of the undisturbed cavity at temperature, Ty, and the heat
tpransfer of an enclosure whose walls are at absolute zero, except
the roof which is at temperature Ty. Since both terms cancel each

_other it follows that a_ =€,.

The transmission of radiation through isothermal passages,

which are open at both ends, and which connect two isothermal envi-
_ronments at different temperatures, can be also calculated by means
of the superposition method. In this case three elemental solutions

must be superposed. The first solution corresponds to the passage,
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at temperature Ty, radiating through both ends to the outer space
at absolute zero. In the second solution a cavity at absolute zero,
formed by the passage closed at one end with a black surface, re-
ceives the energy coming from the surrounding and entering through
the open end. Finally, in the third solution the passage is closed
at the last mentioned end, while the radiation enters through the
opposite one.

Finally it is interesting to indicate that the apparent
emittance of differently shaped isothermal cavities, all of them
having gray and diffuse emitting and reflecting surfaces of emit-
tance €, is quite insensitive to the cavity shape provided that the
ratio Ah/Ac of the opening to cavity areas is larger than .5. Some
of the results which will be presented extensively later are shown
in Fig 1-1. It can be seen that the spherical and conical cavities
bound above and below, respectively, the values of the apparent e-
mittance, €5, and that the influence of the shape practically disap-

pears for values of the ratio Ah/Ac above .5.
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Fig 1-1. Apparent emittance, €5, of differently shaped isothermal
cavities, all of them having gray diffuse emitting and re-
flecting surfaces, as a function of the opening to cavity
area ratio, Ap/Ag, for several values of the surface emit-

tance, €. Calculated by the compiler.
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1.2. DIFFUSE INCIDENT RADIATION

1.2.,1. V-GROOVE

Symmetrical V-groove allowing
emission and absorption of radiation

through its opening.

All results presented in the literature have been obtained

numerically.

Comments:

"
™

The reciprocity theorem for cavities applies, so that a

References: Sparrow & Lin (1962), Sparrow (1965).
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go 0 10 20 30 40 50
An/Ac .
€ 0 .08716 .17365 .25882 .34202 42262
.1 .52650 | .43026 | .34376 | .28123 | .23651 | .2039y
.2 .66070 | .58800 | .51545 45336 | .L0226 | .36084
.3 . 74309 | .68792 | .63004 | .57642 | .52878 | .u8747
b .80316 | .76115 | .71572 | .67163 | .63049 | .59311
.5 .85050| .81885 | .,78390 | .74892 | .71513 | .68337
.6 .88956 | .86636 | .84036 | .81375 | .78738 | .76192
.7 .92277 | .90669 | .88842 | .86942 | .85022 | .83128
. 8 .95165| .94165 | .93019 | .91810 | .90570 | .89325
.9 .97716 97247 .96705 .96128 .95527 .94915
6° 70 90 110 130 150 170
A h / A c
€ .57358 70711 .81915 .90631 .96593 .99619
.1 .16115 | .13548 | .11936 | .10919 | .10316 | .10034
.2 .30023 | .26019 | .23355 | .21615 | .20560 | .20061
.3 LH42217 1 .37558 | .34297 | .32094 | .30732 | .30080
.4 .53043 | .48281 | .u44794 | . 42366 | .40833 | .40091
.5 .62757 | .58286 | .54879 | .52u436 | .50864 | .50095
.6 .71548 | . 67655 | .6u4579 | .62312 | .60826 | .60091
.7 .79563 | .76457 | .73919 | ,72001 |.70720 | .70080
.8 .86919 1 .84749 | .82922 | .81508 | .80546 | .80061
.9 .93706 | .92582 | ,91609 | .90839 | .90306 | .30034
1 l r T | T l
Q\. e =.9
\
. \
\Q\\\ 1
. N
\
\ \\
' 2 \\
A i | | ] 1 |
i 30 60 50 go 120 150 180
Fig 1-2. Apparent emittance, €3, of a V-groove vs. angle 0, for
different values of the surface emittance, €, Calculated

by the compiler.
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1.2.2. PARALLEL-WALLED GROOVE

Symmetrical parallel—walled
groove allowing emission and ab-
sorption of radiation through its

opening.

= h
H= W

All results presented in the literature have been obtained

numerically.

Comments:

The reciprocity theorem for cavities applies, so that a_ = €.

References: Sparrow & Gregg (1962), Sparrow & Jonsson (1963a),

Sparrow (1965).
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| i

H 4 8 1.2 1.6 ) 2.5
h/Acl g5556 ' 566
. . .38462 |.29412 |.23810 |.20000 |.16667
1 .16556 |.22285 |.27160 |.31278 |.34761 |.38296
.2 30697 |.39040 |.45306 {.50012 [.53562 |.56826
.3 L42971 |.52148 |.58379 |.62661 |.65654 |.5821u
b 53770 |.62725 |.68311 |.71890 |.74253 |.76173
.5 63389 |.71473 |.76165 |.79002 |.8079u |.82195
.6 .72047 |.78859 |.82571 |.84711 |.86013 |.8700u
.7 .79915 |.85204 |.87930 |.89u438 |.90329 |.50992
.8 .87128 |.90738 |.92508 |.93u52 |.93997 |.94396
.9 .93794 |.95627 |.96487 |.96932 |.97183 |.97365
H 3 3.5 m 4.8 5.6 >10
An/A
c h/Ael 14546 .12500 |.11111 |.09u34 |.08197 |.0u762
) 41146 |.43431 |.45267 |.47494 |.49084G |.52650
2 59167 |.60867 |.62119 |.63496 |.64384 |.66070
3 .69929 |.71106 |.71933 |.72802 |.73338 |.74309
b 77401 |.78216 |.78773 |.79344 |.79690 |.80316
5 .83065 |.83628 |.84007 |.84393 |.84625 |.85050
6 .87605 |.87989 |.882u6 |.88506 |.88663 |.88956
.7 .91389 |.91641 |.91808 |.91978 |.92081 |.92277
.8 .94632 [.94782 |.9u881 |.9u983 |.95045 |.95165
.9 97472 |.97540 |.97585 |.37631 |.97660 |.97716
1
l I L 1 T
€=.9 323
— A=
7 V]
B8

N

N\

10
|
]

puedser=

)
.6 - —’_7
=
T
"””””’;3’_,ﬂ

N\

DN

2 -

| | | 1
16 3 T 4 5 "0

Fig 1-3. Apparent emittance, €5, of a parallel-walled groove vs,
dimensionless depth, H, for different values of the sur-
face emittance, €. Calculated by the compiler.

-
N
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1.2.3. CIRCULAR-ARC GROOVE

Inner surface of an infinitely
long circular cylinder emitting and
absorbing radiation through a slot

which forms the cavity opening. The

slot is limited by two generatrices

of the cylinder.

Formula:

2/ (1- cosvVe(n-6))
Ve (1—cos/g(w—6))(1+cose)-fsin/Z(n-G)sinG

Comments:

The reciprocity theorem for cavities applies, so that a, ¢
a

Reference: Obtained by the compiler after Sparrow (1965).
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go 10 20 30 L4 Q0 50 60
An /A
€ .05852 |.,12248 |.18099 ,.26306 {.33762 41350
.1 .65186 |[.47304 |[.36596 |.29573 |.2u682 .21130
.2 .80594 |.,66645 |.56297 |.u48431 |.42335 .37536
.3 .87525 |[.77207 |.68652 |.61541 |.55614 .50665
o4 .91489 |.83894 [.77157 .71211 ].65990 .61426
.5 .94073 .88534 .83395 .78663 .T4340 LT0422
.6 . 95906 .91963 .88188 .8B4600 .81221 .78068
o7 .97286 94617 .92004 .89460 .87006 .84659
.8 .98371 .8967u48 .95131 .93528 .91950 .90410
.8 .99256 .98508 .97754 .96995 .96236 .95483
6e 70 90 110 130 150 170
An/Ag .
£ .489%u46 |.63662 |.76915 |.87782 {.95493 99433
.1 18470 |.14848 |.,12619 1.11235 1.10423 10046
.2 .33715 .28160 .24518 .22164 .20748 20082
.3 .46526 |.40168 |.35760 |{.32800 |.30977 30108
L4 .57455 .51061 .46399 .43156 L41111 40122
.5 .66901 .60992 56484 . 53243 .51151 50126
. b .75155 |,70088 {.66060 |.63071 ].61100 60122
.7 .82440 |.78u454 |.75166 |.72652 .,708958 70107
.8 .88925 |.86180 |.83837 !.81994 |.,80726 80081
.9 94743 |,93341 {.92105 |.91107 |.90407 30045
1 l l T l !
\\
§ T €=.9
\\_“__
8 N T~ 8
\\ ~—— .7
- \
\ \6\
€ | \\ T~
\
T~ —
1 ! | | I I !
0 30 60 90 go 120 150 180
Fig 1-4. Apparent emittance, €5, of a circular-arc groove vs.
opening semiangle, 0, for different values of the sur-

face emittance, €. Calculated by the compiler,
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1.2.4. AXISYMMETRICAL CONICAL CAVITY

Inner surface of an axisymmetri-
cal cone emitting and absorbing radi-

ation through the base of the cone.

All results presented in the literature have been obtained

numerically.

Comments:

The reciprocity theorem for cavities applies, so that a_ a

References: Sparrow & Jonsson (1963b), Sparrow (1965).
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po 0 10 20 30 4o 50
Ah /AC o y L ) [S .
e 0 .08716 17365 .25882 L34202 42262
.1 .50086 .40818 .33308 27622 23411 .202175
.2 .63525 . 56540 .50110 Lhuy8y .39730 .35804
.3 .72182 .66798 .61571 .56680 . 52260 .48361
4 .78609 L7Th4Lhb .70281 .66227 .B2401 .58878
.5 .83720 .80541 77298 740506 .70903 .67908
. B .87959 .85603 .83165 .80680 .78209 .75805
.7 .91575 .89923 .88197 .86411 .84604 .82812
. 8 .94723 .93687 .9259¢6 .9145y .902¢81 .89101
.9 .97507 .97018 .96498 .953949 .895373 .94798
go 70 30 110 130 150 170
A
€ &h/Ac .57358 .70711 .81915 .90631 .96593 .996189
.1 .16083 .13539 .11933 .109189 .10318 .10034
. 2 .29934 .25992 .23348 .21613 .20560 .20061
.3 .42075 .37510 .34283 .32091 .30731 .30080
4 .52867 .u8217 LLy775 42361 .40832 40091
.5 .62565 .582172 .54855 . 52430 .50863 .50095
.6 .71362 .67579 .64553 .62306 .60825 .60091
.7 .79402 .76386 . 73894 71994 .70719 .70080
. 8 .86798 .84693 .82902 .81502 .8054%6 .80061
.9 .93640 .925850 .81597 .908386 .90306 .9003y
1 ] | 1 i | [
— =
\\
N e
\ 6
\“
4 \\\ \\\\\‘.1 I —
* \ \
\‘2\\‘\
\ \
.2 e
1 | | 1 T z 1
0 30 60 80 go 120 150 180
Fig 1-5. Apparent emittance, €3, of a conical cavity vs. cone an-

gle, 6, for different values of the surface emittance, €.
Calculated by the compiler.
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1.2.5. CIRCULAR CYLINDRICAL CAVITY

Inner surface of a circular cylinder

plus one of its bases, emitting and ab-

sorbing radiation through the other base.

. h
H‘d

All results presented in the literature have been obtained

numerically.

Comments:

The reciprocity theorem for cavities applies, so that a e .

References: Sparrow & Albers (1960), Sparrow, Albers & Eckert

(1962), Sparrow (1965).
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H LU .8 1.2 1.6 2 2.5
Anh/Ac
€ -38462 | ,23810 | .17241 | .13514 | .11111 |.09091
.1 .22279 | .31306 .3755Yy 41762 L44556 | .46750
.2 .39031 .50086 .56101 .59357 .61135 .62288
.3 52184 | 62774 .67613 .68870 | .70957 .71587
b4 .62730 .72030 .75704 .77235 77810 .78274
<5 71490 | .79155 .81846 .82872 .83296 .8351y4
.6 .78887 .84862 .86757 .87430 .87695 .87827
.7 .85238 .89573 .90831 .91252 91412 | .,91491
. 8 .90770 .93557 94304 94542 +94631 1) . 94674
.9 .95649 .96991 97327 .97429 97467 .97485
H 3 3.5 b4 4.8 5.6 210
An/Aq
€ .07692 .06667 .05882 .04950 .04273 .02439
.1 .48053 . 48830 49297 .49695 .49881 .50086
.2 .62854 .63141 .63291 .63403 .63450 .63525
.3 .71866 .71996 .72061 .72108 .72130 .72182
o4 .78426 7849y .78528 .78554 .78567 .786089
.5 .83602 .83642 .83661 .83677 .83686 .83720
.6 -87879 1 .87903 | .87915 | .87926 | .87932 |.87959
.7 .91522 91536 | .9154y .91550 .91555 .91575
. 8 94691 .84699 94703 .94707 .94710 . 94723
.9 97492 .87496 .97498 .97499 .97501 .97507
1 L
ees ] 1 J 1 < Vs
g I A
8 /4/5’7 v
/
3 V]
2 V-
eo .1 \/_
/
.fﬂ Z //
. ///////
L | I 1 |
1 1 2 I 4 5 Vo
Fig 1-6. Apparent emittance, €as of a cylindrical cavity vs. di-

mensionless depth, H, for different values of the sur-
face emittance, €. Calculated by the compiler,
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K (iyg,k

"',in)(jl’jz""’j ),

Surface Area of the ith surface. [mzj.

Energy Flux lLeaving Surface i. 0Often called Radiosity.
[W.IH—QJ .

View Factor from Diffuse Surface Ai to Diffuse Surface Aj.

View Factor from the Ensemble of
n

Diffuse Surfaces Ail,Ai .>A;  to

2" n
the Ensemble of Diffuse Surfaces

Ajl,AjQ,...,Ajn.

View Factor from Specular Surface Ai to Specular Surface Aj'
. . -2

Energy Flux Incident on Surface 1. [w.m ].

Term which Appears in the Expression for the View Factor

between Elements of Parallel Plates. Ki2=A.F..

itiditre

yP>G,s...), Fraction of the Radiative Energy Leaving Am which
Reaches An after 1 Perfectly Specular Reflections
from Surface Ai’ 7 from Surface Aj’ k from Sur-
face Ak"

Distance between Two Differential Elements. [m].

Temperature. [K]. |

Angle from Normal to Surface 1. [Angular Degrees].

Hemispherical Emittance of a (diffuse-gray) Surface.

Hemispherical Diffuse Reflectance of a (diffuse-gray) Sur-

face.

Specular Reflectance of a (gray) Surface. It is assumed to

be independent of incident angle.



C 06 ESA PSS-03-108 Issue 1 (November 1989)

VIEW FACTORS
List of Symbols

g, Stefan-Boltzmann Constant. 0=5.6697x10 - W.m “.K

Other symbols, mainly used to define the geometry of the

configuration, are introduced when required.
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DIFFUSE SURFACES

General

1. DIFFUSE SURFACES

1.1. GENERAL

The view factor, Fqp9, between the diffuse surfaces A4 and
Ay, 1s the fraction of the energy leaving the isothermal surface Aq
that arrives at As.

If the receiver surface is infinitesimal, the view factor
is infinitesimal for both infinitesimal and finite emitting surfaces,

and is given by the expression

cosBicosBzd

d F =
12 TS 2

2 ’

when both surfaces are infinitesimal, and by

A
dF12:dA12 J COSBi;ZSBQ Ay
when Aq is finite.
If the receiver surface is
finite, the view factor is finite for ‘
both infinitesimal and finite emitting A Az

surfaces, and is given by the expres-

sion

Fyp=

J cosBqicosB,

d A
mS?2 2

)

when Ay is infinitesimal, and by

cosBicosB
F12=K1_[ J L2 an,dn, ,
1 TS : B . . ‘
Fig 1-1. Geometric notation for
view factors between

diffuse surfaces.

Aq " Ap

when A4 is finite.
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General

Regardless of which surfaces are considered, their view
factors satisfy the following reciprocity relation:
AjF1p = ApFoy
If we consider the diffuse surfaces Ay, Ay and Aj, the

view factor between the surfaces A4 and Ap+ A3 is

Fica,3)  F12t Py

when the receiver surface is formed by two surfaces, and

. _ AgFgq + Aglgy
(2,3)1° A, + Ag ’

when the emitting surface is formed by two surfaces. Notice that

the notation [ and F will be used in the following

1(2,3) (2,3)1

data sheets.
When an enclosure of N surfaces Aq{,Ap,....,AL is consid~

ered, their view factors satisfy the relation

nM=

Fij=1 ’

j=1

for any surface A;. This relationship results from the fact that

the overall heat transfer in the enclosure must be zero.
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Infinitesimal to Finite Surfaces

1.2. INFPINITESIMAL TO FINITE SURFACES

1.2.1. PLANAR TO PLANAR

1.2.1.1. TWO-DIMENSIONAL CONFIGURATIONS

A plane point source dA, and

1
any surface A, generated by an in-
2 / A,
finitely long line moving parallel /
/ -7
to itself and to the plane of dA,. / ’///
‘ /

Formula:

[

F1p = — (cos 8 - cos w)

N

References: Hamilton & Morgan (1952), Moon (1961), Kreith (1962).

Comments:

Notice that Fy, is independent of the shape of A, for given
values of 86 and w.
View factors for several configurations may be obtained as a

particular case of this one. An example is shown in the next page.
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Infinitesimal to Finite Surfaces

A plane point source dA1

and any infinite plane A, with

2

the planes of dA1 and A2 inter-

secting at an angle 6.

Formula:

Fqp = %% (1+ cos 8)

References: Hamilton & Morgan (1952), Kreith (1962).
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DIFFUSE SURFACE

Infinitesimal to TFinite Surfaces

1.2.1.2. POINT SOURCE TO RECTANGLE

A plane point source dA4q and
a plane rectangle Aj parallel to
the plane of dA4 (see sketch). The ///
normal to dA4q passes through one a A,

corner of Ay, _A///

X = {}
b
Y=<
da, 21
Formulae:
Fyo= ;? X  tap t y + y tan™! X __
Y1+ x? 1+ x2 Y1+ y? Y1+ y2
lim Fq9 =X
y > o bvY1+ x2
lim Fyg= —3
X *> bvi+ yz

References: Hamilton £ Morgan (1952), Hottel (1954), Jakob (1957),
Moon (1961), Kreith (1962).



C16 ESA PSS-03-108 Issue 1 (November 1989)
DIFUSSE SURFACES

Infinitesimal to Finite Surfaces

Yo .2 4 .6 1.0 2.0 4,0 o
-1 [.00314 | .00616 | .01147 | .01553 | .02034 | .02386 | .02472 | .02u88
.7 |.00616 | .01209 | .02252 | .03051 | .04002 | 04701 | .ou872 | .04903
4| L01147 | ,02252 | .04204 | .05710 | .07525 | .08885 | .09223 | .09285
.6 |.01553 | .03051 | .05710 | .07782 | .10320 | .12272 | .12771 | .12862
.0 ].0203% | .04002 | .07525 | .10320 | .13853 | .16738 | .17527 | .17678
-0 |.02386 | .04701 | .08885 | .12272 | .16738 | .20776 | .22078 | .22361
0 1.02472 | ,04872 | 09223 | .12771 | .17527 | .22078 | .23786 | .24254

.02488 | .04903 | .09285 | .12862 | .17678 | .22361 | .24254 | .25000

BT T I 1

2t T "12=.°°
L ’/,,——”'”* q
1 A///‘——-’f 15.
071 ///////// 3
05 - 7// /// 2
Fi2 . I~ / // / .15

7 ;

74

//
wl SN
Y 7
.007?7]//
.oos//////
.003 —I )/{T/ I 1 | [ L | | l

.05 1 2 3 .5 2 3 5

Fig 1-2. Values of F12 as a function of x and y. From Hamil-
ton & Morgan (1952).

\\\\\\

——t
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DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

1.2.1.3. LINE SOURCE TO RECTANGLE

A line source dA4 and a plane

rectangle A, parallel to the plane /: a 7

of dAq4 with dA4 opposite one edge ’// |
of Ay, b IA2
|
/ |
| |
b n
= — I
X c |
|
c t
y = iL ‘
¢ | dA
| 1
Formulae:
Fqo= %; vl + xi tan_l S - tan y+~——§i—— tan_1 X
% 1+ x2 V1 +y2 vl +y2
Lim Py, s Y
x> 2/1+ y?
lim Fqip= = (\/1+ ER
- 2 2 X
y &+ ™ X

References: Hamilton & Morgan (31952), Kreith (1962).
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Infenitesimal to Finite Surfaces

.10 .0031 | .0061 .0115 .0155 .0203 .0239 .0249 .0249
.15 .0047 1 .0092 | L0172 | .0233 .0305 .0358 .0373 .0373
.20 .0062 | .0122 | .0228 .0308 L0405 L0U7s L0495 .0ug9s
.30 .0092 .0181 | .0337 | .0u456 | .0599 0704 L0734 L0734
.40 .0120 .0236 | .0uu0 .0597 L0784 | L0923 .0862 .0963
.60 0171 .0336 .0626 .0851 1122 .1325 .1384 | .1385
.80 .0213 | .0419 | 0784 | .1067 | .18412 .1675 .1753 | L1754
1.00 .0284 | ,0u88 0814 | 1247 .1656 .1974 | L2070 L2071
2.00 .0350 .0690 .1297 .1781 . 2397 .2912 .3088 .3090

L .0498 .0981 .1857 .2572 .3536 LUu72 L4375 .5000
6 T ! T T u I T
L — = X = 00
3 // 2
2” y 1,
. / / 8
Fo [ / 16
A ”,/ = .4
07 /// = .3
.05"* /// ////f:/’/ j; 2
WP
03 A////// |
.02/ A/ // !
o
.01 /] / 1/ L1l | | Ll
] .2 .3 5 1 2 3 5 10

y

Fig 1-3. Values of F1,5 as a function of x and y. From Hamilton
& Morgan (1352).
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Infinitesimal to Finite Surfaces

1.2.2. PLANAR TO SPHERICAL

One face of an elemental plate to sphere.

__h
H= R

Formula:

The analytical expression for the view factor is only known

. =1
when A + sin T

< m/2 . In such a case:

cos A

12 (1+H)2

References: Cunningham (1961), Kreith (1962), Bannister (1965),
Clark & Anderson (1965).
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Infinitesimal to Finite Surfaces

12 @S a function of ) fo
Calculated by the compiler.

g o2° 0 20 40 50 60 70 80
001 | .9946 | .9594 | . 8636 | .7986 | .7246 |.6538 | . S58%
.01 +9752 1.9303 |.8174 | .7460 | .6676 |.5839 | .4973
.05 9062 | .8523 | .7215 | .6428 | .5600 | .u752 | .3506
1 8282 | .7755 | 6438 | .5638 | .u809 |.3983 | .3182
.2 6962 | .6521 |.5332 | .4575 | .3792 | .3030 | .2318
.3 5922 | .5560 | .4526 | .3840 | .3122 |.2427 | .1790
.5 H432 | L4177 |.3398 | .2853 | .2267 | .1692 | .1173

1. <2490 | .2346 |.1917 | .1604 | .1248 | .0881 | .0547

2. -1110 | .1040 |.0854 | .0718 | .0554 |.0375 | .0209

5, 0279 | .0260 |.0214 | .0181 | .0139 | .0092 | .00u47
(o]

y A 90 100 110 120 130 140 160
001 1 .4713 1. 3852 | .3025 | .2256 | .1570 1. 0991 I 071%E
.01 4107 103271 | L2487 | L1774 | .1158 | .0665 | .0091
.05 3090 |.2331 |.1650 |.1065 | .0597 |.0267 | .0
1 2430 | .1747 |.1156 | .0677 | .0326 | .0107 | .0
.2 1673 | .1112 |.0654 | .0320 | .0112 | .0012 | .0
.3 .1230 | .0762 |.0403 | .0163 | .0036 | .0 .0
.5 L0737 |.0401 |.0172 | .00u45 | .0 .0 .0

1. .0285 | .0113 |.0026 | .0 .0 .0 .0
2. .0085 | .0016 | .0 .0 .0 .0 .0
5, L0015 | .0 .0 .0 .0 .0 .0
1 S A
J —
. \ -
6 \\
F12 [ \ —
A -—i\\‘\;
\
|
\ __1
t 9
0 | | | T frmm
0 20 40 60 80 30 100 120 140 160 180
Fig 1-4. Values of F

r different values of H.
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Infinitesimal to Finite Surfaces

1.2.3. CYLINDRICAL TO SPHERICAL

Outer area of an infinitesimal

cylindrical surface to sphere.

H=P
R

Formula:
2m
F =L / d¢ [ O/?L(cosecosk+sinesinkcos¢)2sinede
12 2
™ 0 0
where
sin® = !
o 1 + H

References: Watts (1965), Clarké Anderson (1965).
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Infinitesimal to Finite Surfaces

oAl 0 10 20 30 4o
.001 L4713 L4716 L4722 L4732 LB745
.01 L4107 L4115 .4135 L4166 .4206
.05 .3090 .3104 .3145 .3210 .3295
.1 L2430 L2447 . 2499 .2583 . 2695
.2 .1673 .169u .175%6 .185¢9 .1996
.3 .1230 .1253 .1321 .1432 L1577
.5 .0737 0772 .0835 .094p .1082
1. .0285 .0307 .0370 .0u45g .0556
2 .0085 .0099 .0136 .0186 .0236
5 .0015 .0019 .0030 .00oLy .0058
(o]
y A 50 60 70 80 90
.001 4761 LU778 L4796 L4810 .4815
.01 L4255 L4310 .436U Lhuou Luu20
.05 .3397 .3507 .3611 .3687 .3715
.1 .2828 .2965 .3089 .3175 . 3206
.2 .2151 .2303 .2u31 .2514 .2543
.3 .1732 .1880 .1998 L2072 .2098
.5 .1222 1347 .1uy?2 1499 .1518
1. .06u48 .0723 .0779 .0812 .0823
2. .0279 .0331 .0337 .0353 .0358
5. .0069 .0077 .0083 .0087 .0089
H=.001
01
N
/, —]
T .FO’S//
3 1
F12 /V‘
o~ /, ]
2
. 2 3 /
//
- / .5 /_‘__.——f
//
1 ="}
__/
0 2
0 10 2 30 40 )0 50 60 70 80 90
Fig 1-5. Values of F as a function of H and A. Calcu-

12
lated by the compiler.
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DIFFUSE SURFACES

Infinitesimal to Tinite Surfaces

1.72.4. CONICAL TO SPHERICAL

QDuter area of an infinitesimal conical

surface to sphere.

A1l results presented in the literature are obtained numerically.

Reference: Clark & Anderson (1965).
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Infinitesimal to Finite Surfaces

g 2o o 20 40 50 60 70 80
001 1.5585 | .5540 | .5412 | .5320 | .5213 5091 | .4956
.01 4973 1 L4947 | 4866 | .UB07 | .4736 | .ugug 4540
.05 -3906 | .3910 | .3915 | .3913 | .3901 3868 3800
.1 3182 | .3206 | .3267 | .3301 | .3323 3319 3273
.2 2318 | .2363 | .2483 | .2550 | .2600 2619 2593
.3 -1790 | .1847 | .1993 | .2071 | .2130 2156 2138
.5 »1173 | L1239 | .1395 | .1474 | 1539 1558 1548

1. -0547 | L0606 | .0729 | .0785 | .0824 0843 0839

2. -0209 | .0243 | .0310 | .0338 | .0357 0366 0365

5. -0047 | . 0057 | .0076 | .0083 | .0088 0090 0090

" Ae 90 100 110 120 140 160 180
-001 | .4810 | .4655 | 4498 | .43u46 | .5084 3912 3852
.01 SHBOW | u2uy ) 4066 | .3885 | L3562 3347 3271
.05 -3687 | .3527 | .3330 | .3114 | .2709 2430 2331
.1 .3175 | .3024 | .2828 | .2605 | .2168 1857 1747
.2 +2514 | .2383 | .2207 | .1998 | .1554 1230 1112
.3 +2072 | L1960 | .1805 | .1617 | .1206 0882 0762
.5 -1499 | L1414 | 1295 | 1146 | .ogou 0514 0401

1. 0812 | . 0763 | .0694 | .0607 | .0397 0198 0113

2. +0353 | .0331 |.0300 |.0260 | .0169 0062 0016

5. -0087 | .0082 | .0074 | .0064 | .0039 0012 0

6 — B
5 — T~

\\
A
12
.3

T

.2

e
J
0 + } : } ::;::i:::::

0 20 40 60 80 )0 100 120 140 160 180
Fig 1-6. Values of F @s a function of H and X for 4 =109,

Calculated by the compiler.
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Infinitesimal to T'inite Surflaces
A ¢}

H 0 20 40 50 60 70 80
.001 .7246 .7100 6681 .56380 .6028 .5634 .5213
.01 .6676 L6542 6153 .5870 .5532 .51u49 L4736
.05 .5600 . 5494 5175 .43930 .4629 L4282 .3901
1 .4809 L4726 Bus7 .h2ug .3976 .3665 .3323
.2 .3792 .3732 3521 .3348 . 3131 .2879 .2600
.3 3122 .3071 2892 L2747 .2568 .2361 .2130
.5 . 2267 2220 2075 .1968 .18u2 .1697 .1532

1. .12u8 .1203 1102 .loub .09881 .0910 .082u

2. . 0554 .0524 0469 Louhy .0u20 .0392 .0357

5. .0139 .0130 0114 .0108 .0103 .0096 .0088

H A° 90 100 110 120 140 160 180
.001 U778 L4346 3927 .3533 .2858 2411 .2256
.01 L4310 .3885 73 .3081 .2399 .1936 L1774
.05 .3507 .3114 2730 .2362 .1701 .1233 .1065
1 .2965 .2605 2252 .1910 .1292 .0843 .0677
.2 .2303 .1998 1692 .1395 .0861 .0469 .0320
.3 .1880 .1617 1349 .1089 .0625 .0291 .0163
.5 .13u7 .1146 .0937 .0731 .0373 .0132 .00us

1. .0723 .0607 ousg?2 .0356 L0145 .0029 .0

2. .0313 .0260 .0202 L0142 .o0uu .0002 .0

5. .0077 .0064 .00u9 .0033 .0008 .0 .0
8 . 1 T 1 T ]

— Ns
= 00 =30° ]
——-\ -
6 T~0;
__—--‘“<Q§~‘\\\\
Fig L \\\ -
'———-N\7
4 \\\\\A\\\\\,\\\\\ \\
= 3 h\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ | —
0 } 15 t + } | . ]
0 20 40 60 80 \O 100 120 140 160 180
rig 1-7. Values of F as a function of H and X, for

§

30°.

Calculated by the compiler.
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- DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

)
H 2 0 20 40 50 60 70 80
.001 | .8636 | .8u405 |.7727 L7242 | . 6681 .6064 | .5412
.01 «B174 | 7344 | 7244 | 6736 | .6153 .5522 | . 4866
.05 .7215 | . 6984 | .6275 | .5761 5175 L4550 [ .3915
.1 .6u438 | .620u4 | .5511 .5017 LHLu57 .3864 | .3267
.2 .5332 ] .5099 |.u4454 | .u014 | ,3521 .3001 .2483
.3 L4526 ) .4303 [.3713 |.3323 .2892 | ,2440 | .1993
.5 .3398 [ .3208 |.2719 |.2u409 | .2075 1732 | .1385
1. 1917 1.1798 |.1u489 .1298 | .1102 .0812 | . 0729
2. .0854 |.0799 |.0650 .0559 | .0469 | .0387 |.0310
5. .0214 1 .0200 |.0161 |.0137 011y 0094 | ., 0076
o
H 90 100 110 120 140 160 180
.001 L7445 | .u4084 | .3449 | .2858 | .1871 1221 .0991
.01 4206 | .3562 |.2954 .2399 1491 .0887 | .0665
.05 3295 |.2709 1 .2173 | .1701 .0952 .0L55 | .0267
.1 .2695 | .2168 | .1698 | .1292 | .0661 .0255 | .0107
A 1996 | .1559 |.1182 | .0861 .0379 | .0100 | .0012
.3 1575 | .1206 | .0890 | .0625 .0240 .00y | .0
.5 1082 | .0804 |.0567 | .0373 | .0111 .0008 .0
1. 0556 | .0397 |.0257 |.01u45 | .0022 | .0 .0
2. 0236 | .0162 |.0096 | .00uu | .0 .0 .0
5. 0058 | .0039 | .0021 .0008 0 .0 .0

for

S

Values of

F

12

80 1o 00

1200

140

as a function of

160

H and

180

A,

= 50°. Calculated by the compiler,
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DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

g o 20 40 50 60 70 80
501 19856 | .9575 | .8578 | .7938 | .7210 | .6u1k | 5574
01 | .a635 | .9210 | .8117 | .7415 | .6642 | .5818 | (4967
‘o5 | .gg21 | .sui4 |.7158 |.6388 | .557u | 4739 | .3907
1 'g1us | .76u5 | .6380 |.5601 | .4789 | .3976 | .3188
.2 6850 | .eu22 | .5272 | .usuo | .3778 | .3030 | .23289
.3 ‘5831 | 5474 | .uues |.3806 | .3110 | .2431 | .1804
.5 4370 | .u112 | .33u9 |.2822 | .2255 | .1698 | .1180

1. ousu | .2311 | .1887 |.1581 |.1236 | .0884 | .0563

2. 1092 | .1025 | .0840 |.0705 | .0546 | .0375 | .0218

S 0274 | .0256 | .0210 |.0177 | .0136 | .0092 | .0050

y 30 100 110 120 140 160 180
501 | .u716 |.3867 |.3052 |.2295 | .10u9 | .0279 | .0028
01 |.w115 |.3200 |.2516 |.1815 |.0722 | .0138 | .0
05 | .3104 |.2356 |.168u |.1107 |.0315 | .0021 | .0
1 ouy7 | .1775 | .1193 |.0720 | .01u5 | .0 .0
.2 1694 | .1142 |.0831 |.0358 | .0033 | .0 .0
.3 1253 | .0793 |.0u38 |.0196 |.0005 | .0 .0

5 0762 | .0420 |.0201 |.0067 | .0 .0 .0

1 0307 | .0435 |.ooul [.0005 | .0 .0 .0

2 0099 | .0028 |.0001 | .0 L0 .0 L0

5 | .0 0 .0

I

o1
n
o0
Q
o

,. \ —

| NN N

2:‘“{ \\\\ \ —
AESANNNNGN

A ?5\\\§§§&;

0 20 L0 60 80 \O 100 120 140 160 18
Fig 1-9. Values of F,, as a function of H and A, for § = 80°.
Calculated by the compiler.
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DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

1.2.5. SPHERICAL TO SPHERICAL

1.2.5.1. SPHERE TO OUTER SPHERE

Infinitesimal sphere to finite T 'dA1
ho |

sphere.

h
H= —=
R
Formula:
b L |y L _YuZs 2H
12 =~ 2 . 1+ H

Reference: Watts (1965).
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DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

R N B A T T
; N
! |
AN S e S
|
|
| _
' ;
3
Flo - ﬂ
i} —
| | \
! |
i
|
ol_ Lot I RN Lol
.001 .01 1 1

H

Fig 1-10. Fl? as a function of H in the case of an infini-
tesimal sphere viewing a finite sphere. Calculated

by the compiler.
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DIFFUSE SURFACES

Infinitesimal to Tinite Surfaces

1.2.5.2, CONVEX HEMISPHERICAL SURFACE TO OUTER SPHERE

Convex surface of an infinitesimal , dA
1 1

hemisphere to sphere. ‘.‘

IS

H=% l

Formula:

YHZ + 2H cos A

ivn 2

12

Reference: Watts (1965).
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DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

(o]
H 4 0 20 40 50 60 70 80
.001 7272 L7121 .6688 .6380 . 6024 .5630 .5210
.01 .6749 .6601 .6176 .5873 .5524 .5136 L4724y
.05 .5743 .5606 .5213 .4933 4609 L4251 .3869
.1 .4983 .4859 L4500 L4245 .3950 .3624 .3276
.2 .3972 .3868 .3566 . 3352 .3104 .2830 .2538
.3 .3284 .3195 .2938 .2756 .25u5 .2311 .2062
.5 .2384 2317 .2124 .1987 .1823 .1653 L1466
1.0 . 1295 .1257 .1149 L1072 .0982 .088u .0778
2.0 .0564 L0547 . 0499 0465 .0425 .0381 .0334
5.0 .0139 .0135 .0123 .0115 .0105 .0094 .0082
o]
H A 90 100 110 120 140 160 180
.001 LW777 .4343 .3923 .3529 .2865 . 2432 .2282
.01 L4298 .3873 L3460 .3073 L2421 .1995 .1847
.05 L3475 .3082 .2700 L2342 .1738 L1345 .1208
.1 .2917 .2558 .2210 .188u .1334 .0975 .0851
.2 . 2236 .1935 L1642 .1368 .0906 .0605 .0500
.3 .1805 .1548 .1299 .1065 .0672 L0415 .0326
.5 L1273 .1080 .0893 L0718 | L0422 .0229 .0162
1.0 .0670 .0561 .0u456 .0357 J .0191 .0083 .00us
2.0 .0286 .0238 .0191 L0147 | 0073 .0025 .0008
15.0 :0070 | .0058 | .0046 | .0035 | .0017 | .0005 | .o
81 l l I
- r
\
.6
\
E —— —
12
A —y
\
\
.2
0 — : - _
0 20 40 60 80 \O 100 120 140 160 180
Fig 1-11. F1p as a function of angle X for different values of the

dimensionless distance H. Calculated by the compiler,
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DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

1.2.6. ELLIPSOIDAL TO SPHERICAL

Infinitesimal ellipsoid of revolution

to sphere.

H= -
R
A= S
b
Formula:
27 6 N 2
ol - .
Fip = %ﬁ i d¢ [ \/ At tan” 8 sin{Aa+ tan 1(A2cotA)}31ned8
° 0 A2 + tan?ap
where:
. ) 1
sinm 8, % T4 w
cosh = cosfcos) + sinfsinicosé
-1 a2
S = 2n(A + 1-A ) if A <1 (prolate ellipsoid)
/1-A2
VAZ -
S = 2N<A ¢ A0 (A+ VA )> if A>1 (oblate ellipsoid)

YAZ -1

Reference: Watts (1965).
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DIFFUSE SURFACES

ESA PSS-03-108 Issue 1 (November 1989)

Infinitesimal to Finite Surfaces

" A° 0 10 20 30 40
.001 . 47386 L47401 LA744y .47513 47602
.01 .41808 4185y .41989 42202 Lu2477
.05 .32370 .324865 L3274y .3318¢4 .33748
.1 .26166 .26288 .26646 .27209 .27927
.2 .18941 .19086 .19508 .20167 .20997
.3 14623 .14773 .152009 .158886 .16728
.5 .09645 .09788 .10201 .10833 .11600
1.0 04596 .o470u .050009 .05461 .05986
2.0 .01807 .01866 .02030 .02264 .02525
15.0 .00435 .00435 .00481 .0054Y .00614
. A° 50 60 70 80 90
.001 LU47702 .47803 .47893 .47956 .4739880
.01 .42788 .u3104 .43383 .43578 .43649
.05 .34382 .35018 .35569 .3594u7 .36082
.1 .28727 .29517 .3018¢9 .30642 .30801
.2 .21906 .22780 .23503 .23978 24142
.3 .17632 .18u85 .19176 .19625 .19780
.5 12401 .13135 .13717 .14089 14216
1.0 .06513 .06979 .07340 .07537 .07646
2.0 .02779 .03000 .03169 .03275 .03310
5.0 .00680 .00737 .00780 .00807 .00816
S H=_.001
.01
4 A=.5—
— .05 ~
.3 n
i '
2 )
e
'5 —
1 - .
A
L Z —_
5
0 —— - ——
0 10 20 30 40 A° S0 60 70 80 80
Fig 1-12, Fq as a function of A and H, for A=.5. Calcu-

lated by the compiler.
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DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

80

AO
H 0 10 20 30 40
.001 .48106 .48089 .48039 47967 .4788L
.01 .u4030 .43976 43825 .43602 43343
.05 .36839 .36734 .36440 .36002 .35u86
.1 . 31735 .31610 .31257 .30725 .30090
.2 .25171 .25040 . 24666 .24096 .23403
.3 .20782 .20660 .20305 .19760 .19089
.5 .15083 .14981 .1u4686 L1u227 .13655
1.0 .08202 .08140 .07958 .07673 .07312
2.0 .03577 .03548 .03463 .03330 .03160
5.0 .00885 .00878 .00856 .00822 .00778
[¢]
H A 50 60 70 80 30
.001 47801 477289 LB7876 A 47633
.01 .43082 .42851 .42671 .42558 42520
.05 .343860 .34486 .34113 .33887 .33796
.1 . 28435 .28838 .28367 .28066 .27963
.2 .22675 .22003 .21463 .21115 .20996
.3 .18375 17707 .171865 .16814 .16693
.5 .13034 12443 .11956 .11636 .1152u
1.0 .06912 .06522 .06192 .05971 .05974
2.0 .02969 .02778 .02617 .02504 02464
5 5.0 .00729 .00679 .00636 .00606 .00595
' =. 001
- .01 7
. —
05 A - 1.5
3 1
F
12 —
2
.2 = "3
.9
A
1
}_‘ —
2
0 2
0 10 20 30 40 ;0 S0 60 70 80
Fig 1-13. F4p as a function of A and H, for A=1.5. Calcu-

lated by the compiler.
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DIFFUSE SURFACES

Infinitesimal to Finite Surfaces

}\ o]
H 0 10 20 30 4o
.001 .48379 .48343 .48246 .48111 .47963
.01 .4U865 c44757 .hu4up? .4hoys .43581
.05 .38460 .38261 37705 .36900 .35978
.1 .33685 .33u457 .32810 .31850 .30722
.2 .27239 27011 .26357 .25357 24143
.3 22750 . 22542 .21938 .21002 .19842
.5 .16732 .16565 .16078 .15312 14340
1.0 .09225 .09126 .08836 .08375 L.07777
2.0 .04055 .04010 .03878 .03666 .03389
5.0 .01008 .00997 .00963 .00809 .00839
(o]
H A 50 60 70 80 90
.001 LU7824 LU47715 47648 .47620 LU47614
.01 .43133 42752 L4247y L42313 42262
.05 .35066 .34268 .33663 .33294 .33171
.1 .29585 . 28573 . 27792 .27308 .271Uu6
.2 .22878 .21723 .20811 .20236 .20041
.3 .18604 17448 .16520 .153927 15724
.5 13271 .12241 .11390 .10834 .106u41
1.0 .07098 .06416 .05826 .05426 .05284
2.0 .03068 .02738 .02441 .02232 .021586
5.0 .00756 .00670 .00591 .00533 .00512
5 H=.001
.01 —
A A -
T ——
' \~
F12 — \\ i
\\2
. . 3
— o
—~—
J
‘.h\"
2
(0] o 1
0 10 20 30 40 A0 50 60 70 80 80
Fig 1-1u F1o as a function of A and Hy for A=2. Calculated

by the compiler.
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DIFFUSE SURFACES

Finite to Finite Surfaces

1.3. FINITE TO FINITE SURFACE

1.3.1. PLANAR TO PLANAR. TWO-DIMENSIONAL CONFIGURATIONS

1.3.1.1. TWO STRIPS OF EQUAL WIDTH AT ANY ANGLE \

Two infinitely long plates of
equal finite width w, having one common

edge, and at an included angle ¢ to each

other.

Formula:

Reference: Siegel & Howell (1972).

1.3.1.2. TWO STRIPS OF UNEQUAL WIDTH NORMAL TO EACH OTHER

Two infinitely long plates of
unequal finite width, having one common
edge, and at an included angle ¢ = 90° to h Az
each other. :
h l ak
H=—
Formula:

2

Fip=HFy, = = [1+ H - /1+H2]

References: Kreith (1962), Siegel & Howell (1972).



C 1-28 ESA PSS-03-108 Issue 1 (November 1989)

INTENTIONALLY BLANK PAGE



ESA PSS-03-108 Issue 1 (November 1989) C1-29

DIFFUSE SURFACES

Finite to Finite Surfaces

1.3.1.3. TWO PARALLEL STRIPS

Two infinitely long parallel

strips of unequal width.

>
W

<
i
:TIN . D'I‘< J'IX

N
u

X . X
2 2

Formula:

Y 1 Y+X-22y 2 Y+X+224 2
F12:§ F21:§7(- {\/1+[_1_2__) +\/1+(+_2+____) -

e e |

Reference: Kutateladze & Borishanskii (1966).

When X=Y and Z=0, one obtains:

_ 21 2
Flz—F21—§[\/1+X -1]

References: Kreith (1962), Siegel & Howell (1972).
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DIFFUSE SURFACES

Finite to Finite Surfaces

y & 1 .2 4 .6 .8 1
.1 .0u988 .04969 .04897 .0478Yy .0u638 .0Ly69
.2 .09938 .09902 .09761 .039538 .09250 .08916
.3 .14816 .14764 .14558 .14233 .13812 .13321
U .19589 .19522 .19258 .18841 .18298 .17662
.6 .28705 .28615 .282672 .27698 .26958 .26082
1.0 44686 44579 LU44156 43470 . 42547 Lu1u21
2.0 .70689 .706272 .70356 .69911 .6928Y4 .68474
4.0 .89438 .89425 .839371 .89280 .89150 .88981
6.0 .94867 .94864 .94849 .84825 .94791 .9u4747
10.0 .98058 .98057 .98055 .98052 .98046 .98040
y & 2 4 6 8 10 15
o1 .03534 .02236 .01581 .01213 .00981 f00661
.2 .07062 .ouy71 .03162 .02425 .01961 .01322
.3 .10577 .06705 .ou743 .03638 .02942 .01982
. u .14071 .08937 .06323 .0u850 .03822 .02643
.6 .20973 .13392 .03%u83 .07275 .05883 .03965
1.0 .34237 .222u45 .17791 .12121 .0980u .06608
2.0 .61803 43702 31451 .24209 .19597 13214
.0 .87403 .78078 .61413 .4808u .39088 .26415
6.0 .9u4352 .92120 .84713 70711 .58262 .39585
10.0 .97983 .97720 .97103 .95515 .390u449g9 .65649
1 I ! ! IJv ]‘l E { !
7‘%
\ K
8 \{k\
"-~\s\\\ \\\\\
T Z = 0 ~
Fl, - \ \
\
A ‘*~‘\J\N AV
-2 < ‘\\\\\\\~
0 1 | | Lol l ] ; E

1 2 3 .5 1 X 2 3

Fig 1-15. Values of F1o as a function of X and Y, for Z=0. Calcu-
lated by the compiler.
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DIFFUSE SURFACES

Finite to Finite Surfaces

y X .1 .2 LU .6 .8 1
.1 .03578 .03578 .03576 .03571 .03558 .03534
.2 .07155 .07155% .07151 .071383 .07112 .07062
.3 .10731 .10730 .10721 .10698 .10655 .10577
.4 14305 14301 .14285 .1424¢8 .14182 14071
.6 .21426 211416 21374 .21294 .21164 .20973
1.0 .35344 .35311 .35178 34856 .34642 . 34237
2.0 .63940 .63872 .63601 .63158 .62554 .61803
4.0 .88020 .88002 .87929 .87807 . 87632 .87403
6.0 . 94499 .9uugy LouuT77 .ouu4u8 . 94406 . 94352
10.0 .98003 .98002 .98000 .97996 .979890 .97983

Y X 2 4 6 8 10 15
A .03197 .02201 01575 .01211 .00980 .00661
.2 .06387 .0uy00 .03150 .02u22 .01960 .,01321
.3 .09564 .06598 LOu724 .03633 .02940 .01982
U .12720 .08793 .06298 L0484l | .03920 .02643
.6 .18947 .13171 .09uus .07265 .05880 .03964
1.0 .30302 .21851 15725 .12105 .09798 .06607
2.0 .56482 42648 .31287 .24171 .19584 .13213
4.0 .85296 .75172 .60658 LU47946 .39051 .26u412
6.0 .93862 .90988 .82755 .70138 .58148 . 39577

10.0 .97920 .97628 .963914 .94939 .89320 .65606

1 1 1 ] ] ) S A | I ! Ir | T l

— Ve

—— \
8 \
- .

|
/
4

/

N\

0 | | | L1 11 |

A 2 3 5 1 x 2 3 5 10
Fig 1-16. Values of Fq1o, as a function of X and Y, for 2Z=.5. Cal-

\
-

' N
Fia |- Z =.5 \
A '

=

s

1/ /

culated by the compiler.
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DIFFUSE SURFACES

Finite to Finite Surfaces

X 1 2 y 6 8
% . . . . . 1
.1 .01771 .017786 .01796 .01828 .01872 .01925
.2 .03552 .03562 .03601 .03665 .03752 .03859
.3 .05353 .05367 .05426 .05521 .05649 .05807
U .07183 .07202 .07279 .07403 .07572 .07778
.6 .10967 .10935 .11105 .11284 .11523 .11813
1.0 .19255 .19293 .19445 .139688 .20007 .20382
2.0 .44719 Luu712 .44685 LHhen0 LH44575 Lhuygo
4.0 .82778 .82743 .82603 .82368 .82038 .81611
6.0 .93226 .93219 .93189 .93139 .93069 .92976
10.0 .97827 .97826 .97823 .97818 .97810 .97801
X
v 2 4 6 8 10 15
.1 .02236 .02069 .01554 .01206 .00878 .00661
.2 o471 .04137 .03107 .02412 .01957 .01321
.3 .06705 .06201 04660 .03617 .02935 .01982
LU .08937 .08260 .06213 .04823 .03913 .02642
.6 .13392 .12355 .09314 .07233 .05869 .03963
1.0 . 22245 .20403 .15496 .12049 .09780 .06605
2.0 .43702 .390389 .30707 24042 .195uy .13208
4.0 .78078 .67911 .58082 L47460 .3892¢ .26400
6.0 .92120 .87123 77847 .68181 57750 .39552
10.0 .97720 .97323 .96250 .92975 l .86362 .65459
1 I I I T 11 I i I T T 7))
L "-\ \\70 ]
\6‘
.8 ——_
o— Z = 1 \
L "~ "
F1z I~ ]
2
& ~\;\\\\ N
1
ZW - \
.6
B .3
0 t ! t A — Iq 1 f t )
1 2 3 .5 1 2 3 5 10
Fig 1-17. Values of Fq12 as a function of X and Y, for Z=1. Calcu-

lated by the compiler.
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DIFFUSE SURFACES
‘Finite to Finite Surfaces
X
Y .1 2 U4 .6 .8 1
.3 .01352 .01355 .01367 .01388 .01418 .01457
.6 .02759 .02765 .02791 .02834 .02895 .02976
1.0 .0u4825 .0u4837 .0u883 .0u4961 .05072 .05218
2.0 .12089 12121 .12247 .12457 .12754 .13137
3.0 .25733 .25785 .25983 .26329 .26781 .27331
4.0 .48507 .48506 L4850 .48500 L4843y .ugugb
5.0 .71152 .71098 .70885 .70540 .70074 .69506
6.0 .84373 .84340 .84206 .83981 .83665 .83257
8.0 .9u4039 .94032 L9400 .933858 .93892 .93806
10.0 .96931 .96929 .96922 .969089 96892 .96869
T~ 2 Y 6 8 10 15
.3 ,01826 .03638 .ou21y .03526 02908 .01978
.6 .03737 .07275 .08398 .070u47 05815 .03957
1.0 .06568 .12121 .13876 .11726 039687 .0659Uu
2.0 ,16274 .24209 .26631 .23251 19333 .13185
3.0 .30811 .36220 .37591 34241 28877 .19770
b.o .48u419 .48084 47140 .4u139 38206 .26344
5.0 .65871 .59671 .55926 .52564 47074 .32902
6.0 .79893 .70711 .ou277 .59862 55048 .39432
8.0 .93003 .B8278 .79816 .72878 67700 .52322
10.0 .96663 ©.95515 .91746 .8u625 .78159 .bus514
1 [ ] I T T LT y=101 I T 11
—
\6 \
8 \:
\5
b i A \:>~<:_
Fi, o Z = 2 4 \
]
: B A R N
2 _ _ _muw_"ijj::z:><
/ 1
0 I 1 ] L S sos ] P41
N | .2 .3 5 X 1 2 3 5 10

Fig 1-18. Values of Fq, as a function of X and Y, for Z=2. Calcu-

lated by the compiler.
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DIFFUSE SURFACES

Finite to Finite Surfaces

X
y 1 2 b 6 8 1
i .00151 .00151 .00152 .00152 .00153 .00154
.6 .00228 .00228 .00228 .00229 .00231 .00232
1.0 .00384 .00384 .00385 .00387 .00389 .00391
2.0 .00813 .00813 .00815 .0081¢% .00823 .00829
.0 .02064 .02066 .02072 .02084 .02100 .02121
6.0 .0u895 { .04901 .0u928 .043973 .05038 .05122
8.0 .14350 .14383 .1u4516 .14738 .15051 .15456
9.0 .27382 .27436 27647 .27990 .28u451 .29014
9.5 .37626 .37666 .37822 .38070 .38395 .38777
10.0 .49752 .49752 .49752 .49752 .49751 .49751
y X 2 4 6 8 10 15
U .00163 .00207 .00329 .00726 .01990 .02567
.6 .002u6 .00313 .00497 .01105 .02985 .03849
1.0 .00415 .00530 .00854 .01932 .04875 .06410
2.0 .00883 .01156 .01969 .04697 .09950 .12770
4.0 .02311 .03394 .07033 .13914 .19897 .24929
6.0 .053806 .10550 .188Uu6 .25449 .29387 .34840
8.0 .18789 .27828 .33932 .37517 .39765 .42u85
9.0 .32604 .38590 .41800 .43607 Lau721 L46007
9.5 40967 Lau14s 45761 .46656 47197 47737
10.0 43749 LH9742 .49728 .49706 .49671 .49453
6 1 I T T T 1 T T T
Y=10
/
4 85— |
— /
.2 o /;///4
4_”/// ///
— W
— iﬁ-==ﬁ=£éégg
] —
0 ! } f 1 t 1 z j

Fig 1-19. Values of Fy, as a function of X and Y, for Z=5. Calcu-
lated by the compiler.
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1.3.2. PLANAR TO PLANAR. THREE-DIMENSIONAL CONFIGURATIONS

1.3.2.1. PARALLEL RECTANGLES OF THE SAME DIMENSIONS

Parallel, directly opposed rectangles

N
?
B

of same width and length.

(¢]

I
A, /
| ! |
- 9 | !
X = c i { :
I |
L H |
- b | !
Y = o | |
| A1 '
|
Formulae:
, 1/2 '
2 2 -
F12 - 2 ln (1+X )(1+Y ) +X 1+Y2 tan 1 x +
TXY 1+ X2 + Y2 VY1+Y2

1 Y

vV 1+x2

+ Y Y1+X?2 tan _ Xtan X - vtan ly

When X~nY<<1, F12=-é;

References: Hamilton & Morgan (1952), Jakob (1957), Kreith (1962),

Hsu (1967), Siegel & Howell (1872).
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X .1 2 i . b . 8 1.0
.1 .00316 .00626 .01207 .01715 .02141 .0249872
.2 .00626 .01240 .023982 .03398 .Lo4243 .04%u1
. 3 . 00925 .01832 .03532 .05020 .06272 .07305
<4 .01207 .02392 .04u61u .06560 .08199 .0855Yy
. b6 .01715 .03398 .06560 .08336 .11683 .13627
1.0 .024972 . 04941 .0955y .13627 .17092 .199872
2.0 .03514 .06971 .13513 .19342 . 24356 .28588
4.0 .04209 .08353 .16219 .23271 .29387 .34596
0.0 04671 .09272 .18021 .25849586 .32759 .38638
co .0u4988 .09902 .19258 .27698 .35078 41421
X 2 4 6 8 10 o
.1 .03514 .04209 04463 .0u4592 04671 .04988
.2 .06971 .08353 .08858 .09116 .09272 .08902
.3 .10318 .12372 .13123 .13507 .13739 14677
LU .13530 .16219 .172009 .17715 18021 .19258
. b .193y42 .23271 . 24712 . 25449 .25896 .27698
1.0 .28588 .34596 .36813 .37950 .38638 39982
2.0 41525 .5089¢9 54421 .56236 .57338 61803
U.o0 .50899 .63204 .67385y .70u426 .71933 78078
0.0 .57338 .71933 77741 .80811 . 82699 aoug99
o .61803 .78078 .84713 .88278 .90499 1
1 I [ T T T l T 17
8
6
Fya -
A
2

Fig 1-20.

Values of F1y as a function of X and Y. Calculated

by the compiler,
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1.3.2.2.

Surfaces

C 137

PARALLEL RECTANGLES OF UNEQUAL DIMENSIONS

The following view factors can be deduced by using the results

for two parallel directly opposed rectangles.

Two rectangles in parallel planes with
one rectangle directly opposite to portion
of the other. View Factor is:

1

Fica,uy” 2A1[A(l,a)F(l,S)(2,u)+A1F12‘A F

3Fau)

Moon (1961),
Hsu (1967).

References: Kreith (1962),

N AN
S ) N
G
AN

\_w___\

— —

Two rectangles of arbitrary size in par-
allel planes with one edge of a rectangle

N
N

Ly

W

|
parallel to one of the other. View Factor is: il !
. ; VN R 1 I
1F19"'TT[K(1,2,3,u,5,6,7,8,9)2' | { §|'{ {1l |
| i
_k Sy ) | 'Llli [11/ |
(1,2,5,6,7,8)2 (2,3,4,5,8,9)2 % T;} L/TTH/3);7
a5 6'5'/14'
- 1 g '
Ki1,2,3,u,5,602 " K(1,2,5,6)2 * Ag
+ — - -
Ki2,3,8,502 " Ky 58,9727 Ky, 5)27 K5 gy2 ™ K(5,6)2
- Ky s,6,7,8,9)2% K(s5.,6,7,8)2 1" K(u,5,6)2% K(2,5,8)2

-K(2,5)2+K52], where Km2=A F

m- mm'

Reference: Hsu (1967).

Finite area on interior of a rectangular

channel. View Factor is:
F —ﬁi—
12 7 &y [Fu5+ Fae ™ Tug ~ F3;]
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1.3.2.3. RECTANGLES WITH ONE COMMON 9 :-N
b
EDGE
L-L
Two rectangles A and b

1

A2 with one common edge and

included angle ¢ between

the two planes.

Formulae:

2 gL Lsind Nsin @

-1 (.__._Si"‘z@[NL sind 4-(-’25—<I>)(N2+l.2)+l.2tan“1 (—————QN L cos ) + N2 tan™! (———Q—L —Ncos )] +

2
sin2¢ l (1+N2)(1+12) 7]°5€ b+cot?d (2(1+N2+12-2NLcos ) L2+
b € }114+N2+12-2NL cos § (14 L2)(N24+L2-2NLcosd)

2.2 2 2
+ -————Q—N sin loge N ( 1+N )cos 2¢]+Ltun'1 (—1-)+
4 N2,12-2NLcos®/\ 1+ N2+L2~2NL cos P L

+ Ntan*(’W)-\/NuLz-zNL cos d cot™! VN2+L2-2NL cos § +

N sin @ sin 20 2.2 [ _1( Ncos § ) _1( L-Ncos ¢ ):l
+ \/1+N sin? |tan™' | ——x= | +tan” | ———=———==]| +
2 26in2 2¢in
) “/1+N sin?d \/1+N sin d
; - - - ()
+ cosé/\/1+zzsm2¢[tun 1( N-z cosd )+ton ‘( 208 )]dz)
V 2 ¢in2 1/ 2 ¢in 2
A 1+2z2sin2d 1+z2sin2d

FOR & = 90°, , ; ] | 1
1 -1 0y N2 bant [ e
F"12-’”_(Ltan (L)+Ntun (N) {/N24+ 12 tan (Vm)+
2
. L olog. | [1e) (14N ] [L3014 L2+ N2) 2 IN2(1424N2) [N
4 e (14 N2+ L2) (1+L2)(L2+N2) (1+ N2)(L2+N2)
‘ =0 -~ i =1 -1, - L (1_”-1)
Ll_me Fpg=0 NEme Fip = - [tan (L )+I.L log, (1+L2) T log, ¥

References: Hamilton & Morgan (1952), Hottel (1954), Jakob (1857),
Kreith (1962), Feingold (1966), Redor (1973).
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o~y .05 1 .2 b .6 1
+11.43521 1. 72838 [ .86050 | .B88904 | .89475 | .89800
-2 ] .22527 | .43025 | .71563 | .84082 | .85934 | .86820
-4 1 .11381 | .22226 | .42041 | .69039 | .77761 | .81211

of 6 |-07606 | .14912 | . 28645 | ,51841 | .66573 | .75470
@=30 1.0 1.04571 | .08980 | .17364 | .32u84 | .45282 | .61903
2.0 1.02287 | .04497 | ,08718 | .16454 | .23363 | .35005

$.0 101144 1, 02250 | .04363 | .08248 | .11738 | .17746

6.0 1.00763 | .01500 | .02909 | .05501 | .07831 | .11850

10.0 1.00457 | .00300 | .01746 | .03301 | .04700 | .07115

20.0 |.00229 | .00450 | .00873 | .01651 | .02350 | .03558

L 2 4 6 10 20 o
+1 1.89950 | .89989 | .89996 | .90000 | .90001 | .90002
-2 [ .87180 | .87265 | .87280 | .87288 | .87290 | .87292
4| .82272 | . 82478 | .82511 | .82527 | .82534 | .82536
-6 1.77877 | .78256 | .78311 | .78337 | .78347 | .78350

1.0 1.70010 | .70985 | .71099 | .71148 | .71166 | .71172
2.0 1.52131 | .57343 | .57761 | .57902 | .57945 | .57957
4.0 1.28671 | 39454 | 41866 | 42497 | .42631 | .42659
6.0 1.19253 | .27911 | .31977 | .33788 | .34111 | .3u181

10.0 1.11580 | .16999 |.20273 | .23596 | .24796 | .24922

20.0 | .05794 | .08526 |.10233 | .12398 | .14831 | .15498

P L [ l 1 [T 1

8l 4§ =

N

e
7 / V / ——%%ﬁ

. /
/

/
/

‘$\\

N

pd

/
.1./ / r”/ /,-—-——-
3l B // \‘7// -
,2;/// ///y//,/;
| —
e e e — .
0 ===t N1213lsllll10

Fig 1-21. Fq9 as a function of I and N for ¢= 30°. Table from

Feingold (1966), figure from Hamilton & Morgan
(1952).
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. .05 1 .2 4 .6 1
.1 .31075 | .48559 | .60910 | .66254 | .67630 | .68u81
.2 .16994 | .30455 | 47129 | .58u469 | .61658 | .63588
.4 | .08789 | .16564 | .29235 | .4L43L48 | .50900 | .55369

¢=60° .6 .05911 | .11272 | .20553 | .33934 | .u41725 | .48358
1.0 | .03567 | .06848 | .12718 | .22148 | .29015 | .37091
2.0 .01788 | .03uu5 | 06450 | .11495 | .15548 | .21499
4.0 | .00895 | .01725 | .03237 | .05799 | .07900 | .111u7
6.0 .00597 | .01151 | .02159 | .03872 | .05281 | .07475

10.0 .00358 | .00690 | .01296 | .02325 | .03173 | .0u4u38

20.0 | .00179 | .00345 | .00648 | .01163 | .01587 | .02251
N

L 2 m 6 10 20 w

.1 | .68898 | .69011 | .69031 | .69042 | .69046 | .69048
.2 | .6Lu98 | .64733 | .64776 | .6L798 | .64807 | .64B10
.4 | .57473 | .57988 | .58080 | .58125 | .58143 | .58149
.6 | .51825 | .52665 | .52809 | .52879 | .52908 | .52917
1.0 | .42997 | .u4587 | .u4850 | .44976 | .45025 | .u50u1
2.0 | .28827 | .32209 | .32838 | .33127 | .33236 | .33269
4.0 | .16105 | .20204 | .21496 | .22180 | .22434 | .22505
6.0 | .109u46 | .14330 | .15805 | .16814 | .17236 |.17350
10.0 | .06626 | .08872 | .10088 | .11266 | .11982 | .12197
20.0 | .03324 | .ou487 | .05171 | .05991 | .06849 |.07315
7 I - ¥ I =T=:=f=ﬁ=ﬁnﬁ
\ 2 A
.6

"\ r
\

L . -

e

y 4

_n
»
o

N

ST

L
®
/
/ .
7~
]
mamm———"

|

NN

AN

> ' //

5 B pd PR —

d ’/,//”’ ’,”,”’,r/f”—‘—9——‘L,————'f:
A ,,,/ff”// ”//’//_———”" _,————’:“—"——— 10 =
= : - | l I L | 11

A .2 3 .5 1 N 2 3 5 10

Fig 1-22. F412 as a function of L and N for ¢ =60°., Table from
Feingold (1966), figure from Hamilton & Morgan (1952).
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N
L .05 1 .2 o .6 1
-1 1.18601 | .28189 | .36216 | .40859 | .52290 | 53551
2 |.10584 | .18108 | .27104 | .3u295 | .36884 | .38719
4 | .05607 | .10215 | .17147 | .25032 | .28809 | .31924
@=90° -6 .03799 | .07048 | .12295 | .19206 | .231u47 | .26896
1.0 .02304 |.04325 | .07744 | .12770 | .16138 | .200084
2.0 |.01158 | .02188 | .03971 | .06757 | .08829 | .11643
4.0 | .00580 |.01097 | .02000 | .0343% | .04536 | .06131
6.0 | .00387 | .00732 | .01335 | .02297 |.03040 | .04131
10.0 |.00232 | .00439 |.00802 |.01380 | .01829 | .02ug92
20.0 | .00116 | .00220 | .00401 | .00691 |.00916 | .012u9
L N 2 4 6 10 20 w

+1 | 43755 [ .43898 | .43925 | .53930 | .543945 | .u3907
.2 (.39711 | .39994 | .40048 | .40076 | .40088 | .40092
41033784 | .34339 | .344u7 | . 34503 | .34527 | .3u535
6 1.29429 | .30238 | .30399 | .30482 |.30518 | .30530
1.0 |.23285 | .2u4522 | . 24783 | .24921 | .24980 | .25000
2.0 [.14930 | .16731 |.17193 | .17455 | .17571 | .17611
4.0 | .08366 |.10136 |.10776 | .11210 | .11427 | .11505
6.0 |.05731 | .0718% | .07822 | .08331 |.08624 | .08738
10.0 |.03491 |.0u448L | .04998 | .05502 | .05876 | .06053
20.0 | .01757 | .02285 | .02587 | .02938 |.03302 | .03578
! ] | T T ] | I T 1

L=1

4 — 2

- 2

al

P
s
/

=
Frz | / ]
. /]

/)

2
/ / / 2
- / | —
20
OL%——T’ 11 l ! | L]
k 2 3 5 N 2 3 5 10

Fig 1-23. Fqp as a function of L and N for &= 80°. Table from
Feingold (1966), figure from Hamilton & Morgan (19852).
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N
L .05 1 .2 LU .6 1
.1 .08585 .12810 .16634 19174 .200u46 .20669
.2 .05003 .08317 .12233 15599 .16954 .18005
U .02698 L0794 .077989 11151 .12827 .1u4328
¢=‘|200 .6 ] .o18u0 | .03341 |.05651 08551 | .1019u4 | .11833
1.0 .01121 .02067 .03601 05731 .07100 .08661
: 2.0 .00565 .01051 .01863 03069 .03824 .05040
4.0 .00283 .00528 .003841 01569 .02032 .02677
6.0 .00189 .00352 .00629 01051 .01365 .01810
10.0 .00113 .00211 .00378 00632 .00822 .01095
20.0 .00057 .00106 .00188 00316 .00u12 ,00549
N
L 2 b 6 10 20 o
1 .21013 .21115 .21135 21145 .21150 .21151
.2 .18629 .18821 .18860 18880 .18889 .18891
LU .15346 .15682 .15765 15804 .15821 .15827
. 6 .13080 13547 .13650 13707 .13732 .13740
1.0 .10081 .10710 .10863 10950 .10990 .11005
2.0 .06325 .07080 .07317 Q74672 .07534 .07561
4.0 .035u45 .0u4226 .ouug9 oup B8R .0ou80u L.0U85u4
6.0 ,02u439 .029983 .03239 03450 .03591 .03659
10.0 .01492 .01875 .02070 02264 .02421 .02516
20.0 .00753 .00961 .01077 01211 .01350 .01u476
l I | 17 T I 1 [T T1
] T T .
16 A ~
Fa | __‘
5 L
.12 A /
//////'///////// 1 B
) // ]
0 // / /
s
T‘/ / // _
A
04 | e —
/ —
01 : i = ! l Loty
. .2 3 .5 1 N 2 3 5 10
Fig 1-24. Fq1p as a function of L and N for $=120°. Table from

Feingold (1966), figure from Hamilton & Morgan (1952).



C 144

ESA PSS-03-108 Issue 1 (November 1989)

DIFFUSE SURFACES

Finite to Finite Surfaces

o .05 1 .2 .u .6 1
.1 .02191 .03245 .04233 0493y .05188 .05376
.2 .01293 .02117 .03086 .03947 .04311 04607
. 4 .00705 .0123y .01973 .02791 .03208 .03596
é_lsoo . B .00483 .00865 01437 .02139 .02535 .02939
- 1.0 .00295 .0053s8 .00921 .01438 .01764 .02135
2.0 .00149 .00274 .00u479 .00775 .00979 .012481
4.0 .00075 .00138 .00243 .00398 .005009 .00662
6.0 .00050 .00092 .00162 .00267 .00343 .00449
10.0 .00030 .00055 .00097 .00160 .00207 .00272
20.0 .00015 .00028 .000ug9 .00080 .0010u4 .00137
N
L 2 i 6 10 20 ®
.1 .05u48y .05517 .05523 .05527 .05529 .05529
.2 .04792 .0u48s52 .0U865 .04871 .0u4875 .04875
.4 .03875 .03977 04000 04012 .0u4018 .04020
. b .03264 .03396 .03427 .03445 .03453 .03456
1.0 .02483 .026409 .02693 .02719 .02731 .02736
2.0 .01541 .01728 .01787 .01827 .018u8 .01856
4.0 .00864 .01022 .01085 .01135 .01167 .01181
6.0 .00596 .00723 .00781 .00831 .00868 .00887
10.0 .00365 0045y .00499 .0054y .00582 .00608
20.0 .00185 .00233 .00260 .00291 .00323 .00355
1 I I 1T [ l T 17
.05
04 ——_A ﬁ
Fi2 / ‘ =
.03
.02
.0‘,1 / L s —
)
10
_ —0
0 e——— - o el 1 | l [
A .2 3 .5 1 N 2 3 5 10
Fig 1-25. F19 as a function of L and N for $=150°. Table from

Feingold (19686), figure from Hamilton ¢ Morgan (1952).



ESA PSS-03-108 Issue 1 (November 1989)

DIFFUSE SURFACES

Finite to Finite Surfaces

1.3.2.4, RECTANGLES PLACED IN INTERSECTING PLANES

C 1-45
Rev. 1.1981

The following view factors can he deduced by using the results

for two rectangles with one common edge.

Two rectangles A4 and Ap, with one side of
A4 parallel to one side of Ay in planes inter-
secting at angle ¢, View Factor is:

e A P rAsfu-AsFaga 0 -An,a) Fraa
12 A
1

References: Kreith (1952),

Two rectangles Aq and Ap. One side of A4
is parallel to one side of Ap, and one corner
of Ay touches a corner of Aj. Both planes in-
tersect at an angle ¢. View Factor is:

R a [A(1,3)F(1,3)(2,L)'A1 Fiio= As Fn]
27,

References: Kreith (1962).

Two rectangles, A3 and A(pug), with one

-K

*Kies, 002 ~Ki,2,3,0,5,80 000580~ s, 8000230008080 F

common edge and included angle ¢ between the
two planes. View Factor is: % Ay |5
] $
Fatae,0” 24, [Au,a) Fina0ta,00* A 13,81 F13,8)04,8) - ArFra=AsFis A,\ A,
References: Kreith (1962).
Two rectanrles A4 and A3'. One side of A4
is parallel to one side of A3sr. Both planes A, 2 3
intersect at angle ¢&. View Tactor is:
6 5 4
!
Avfy=7 [Kn,z,z,t,s,a)z"K(z,a,a,sﬂ'Kh,z,s,a)? * 5\ 5 Lﬁ

\1'\ 2 \As\

*Knas e, 60 +K02,3,4,5006 50515, 600027 57 61K (e, 51023009 K1, 527K 505 Kis 62

“Kies2Ks (2, 59*Ks2] where Kimyin)= AmFrn and Km? = AmFnme

References: Hamilton & Morgan (1952), Xreith (1962).
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1.3.2.5. REGULAR POLYGONS FORMING THE BASES OF A PRISM

Two parallel regular polygons forming the bases of a right

prism. A,
'
L i :
l_:-F— L~__;* l h
—’J\\u

Formula:

n+?2

F1p=1- 2 Fyp
m=3

where n is the number of sides of the polygon.

The values of Flmcan be deduced by using the results corre-

sponding to two rectangles with one common edge, by applying sim-

ple view factor algebra.

Reference: Feingold (1966).
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n
L 3 4 5 6 8
.1 .00137 .00316 .00542 .00813 .01509
.2 .0054y .01240 .02098 .03104 .054498
.4 .02095 .0uB1y 07481 .10566 .16952
. b .0uyyg .09336 .14380 .1931¢9 .28359
1.0 .10560 .19983 .280u47 .34685 45502
2.0 .26656 . 41525 .51075 .57837 .66880
4,0 .48391 .63204 .70848 .75693 .81628
6.0 .60515 .73258 .79284 . 82949 . 87297
10.0 .73165 . 82699 .86871 .89318 .92143
20.0 .85052 .90785% .93132 94468 .95374
g /1
.8 J
7 /
6 _—
Fiz | _]
5— |
|
- -J
i
4 |
.3
2 //
-’ /'7/// ‘
0 4 ! Lt 1 | L | L
1 2 3 5 T2 3 5 10

Fig 1-26. Values of F12 as a function of L for different regular
polygons. n is the number of sides of the polygon. From
Feingold (1966).
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1.3.2.6. SEVERAL AREAS OF A PRISMATIC CONFIGURATION

View factors between various areas

A, /(l
in a honeycomb structure.
' |
L >
! } /_AG
| | N
L L AS_\\\ 1 =\*
== 1
"L A
A i i \‘-As
LA
/ - N
|
Ay —

The results being presented have been obtained by combination
of the data on twoc parallel regular polygons with those concerning

two rectangles with one common edge.

Reference: Feingold (1966).
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b F3H FSS F36 F13 F31 F12
.05 ) .13103 .22094 | .25286 .16632 .02161 .00206
.1 .12810 .20995 .23800 .16531 04295 .00813
.2 .12234 } .18886 | .20879 .16149 .08391 .03104
.3 .11678 .1694g3 .18453 .15583 .12146 .06500
.4 11151 .15224 | .16269 .14306 15490 .10566
.5 .10656 | . 13715 14420 14179 18419 .14928
.b 10194 | .12410 .12869 13447 .20962 .19319
7 .09766 | .11285 .11568 .12738 .23165 23574
.8 .09369 .10316 | .10u47u .12066 .25079 .27605
.9 .08001 08478 .09549 .11439 .26746 .31369
1.0 .08662 .08676 .08760 .10886 .28282 .34685
1.5 .07296 .06248 .06135 .08567 .33388 48596
2.0 .06325 | .04817 .04689 .07027 .36514 .57837
3.0 .05041 .032789 .03170 | .0514u .40095 .69135
u.0 .04226 .02479 .02390 .0u051 42101 .75693
5.0 .03659 .01990 .01916 .033490 .43393 .79958
8.0 .02655 .01249 .01201 .02189 45496 .86866
10.0 .02264 .01000 .00961 .01780 .U4b6256 .89318
15.0 .01679 | .00667 .00641 01215 47333 .92713
20.0 .01350 | .00501 .00481 .00922 .47908 .94468

6 /

- < -

s / R .
A — —T

[ A :

2 |F31 i
= g Frs
7 -
— L— -
Qb——T"1 | | L1 1] | x =
1 .2 .3 .5 1 L 2 3 5 10

Fig 1-27. View factors between different faces of a honeycomb cell

as a function of the cell length,L . From Feingold (1966).
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1.3.2.7. PARALLEL COAXIAL DISCS

Parallel circular discs with centers |

along the same normal. ._._

Formula: r
2 = —
F - 1 X - x2_u(53) | R1
12 2 R1 h
| R
with 2 h
1 + R32
x = 1 + 2
2
Rl

References: Hamilton & Morgan (1952), Leuen
berger & Person (1956), Jakob (1957), Eckert
¢ Drake (1959), Kreith (1962), Siegel &
Howell (1972).

Comments: The following view factors may be
deduced from the previous one.

Directly opposed ring to disc of arbitrary !

radii. _ —

Fio = Fy(2,3) " F1s |

Reference: Leuenberger & Person (13956). €E::I:::>
A

Parallel, directly opposed plane ring

areas

A
a 3
F12 ° [“KI]E“’WZ’”) ‘F(1,3)u-\
A, | |
3 .
T TR [st,u) il Fau] .

References: Hamilton & Morgan (1952),
Leuenberger & Person (1956), Siegel & l
Howell (1972). '
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R2 .1 .2 .3 4 . b . 8 1.
R
1
.1 .0098 .0381 .0819 .1369 .2633 .3888 .4988
.5 .0080 .0312 .0680 .1159 .2320 .3553 4689
1.0 .0050 .0198 L0440 .0768 .1639 2701 .3820
2.0 .0020 .0080 .0179 .0318 .0709 .1245 .1910
3.0 .0010 .0040 .0090 .0160 .035¢g .0636 .0989
4.0 .0006 .0024 .0053 .0094 .0212 .0376 .0586
5.0 .0004 .0015 .0035 .0062 .0138 .0246 .038Yy
6.0 .0003 .0011 .0024 .00u43 .0097 .0173 .0270
8.0 .0002 .0006 .001y .0025 .0055 .0098 .0154
10.0 .0001 .0004 .0009 .0016 .0036 0063 .0099
R2
R1 1.5 2. 3. y, 6. 8. 10.
.1 6917 .7997 .8999 .94011 .9730 .98u6b6 .9601
.5 6754 .7918 .8977 9404 .9728 .9846 .9901
1.0 6198 .7639 .89072 .9377 .9722 .984yYy .9900
2.0 3975 .6096 .8486 .9248 .9698 .9836 .9897
3.0 2189 . 3772 .7176 .8889 .9647 .8822 .9891
4.0 1312 .2312 .5000 7793 .9540 .9797 .9883
5.0 0862 .1528 .3394 .5839 .8276 .9754 .9868
6.0 0607 .1078 .2412 L4240 .8466 .8669 .984y7
8.0 0346 .0615 .1381 2449 .5u439 .8826 L9741
10.0 . 0223 .0396 .0890 .1581 .35u45 .6234 .90u9
'r | T 1 1 |
8 /f
6 //
Fuip F /.q
A
oLé %/ | I Ll

N .2 3 .5 1
Fig 1-28,

R, 2 3 5 10
Values of Fq1o as a function of R4 and Ro in the case of

two parallel coaxial discs. Calculated by the compiler.
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1.3.2.8. RINGS AT OPPOSITE ENDS OF A CIRCULAR CYLINDER

The following view factor may be obtained from those cor-

responding to two coaxial cylinders of equal length.

Annular ring to an equal annular ring placed at the oppo-

site end of the cylinder. The view factor is:
A,
& foa
A3 Ay | |
Fi20 1 - 215 1'K;(Fuu+”u3“1) | |
I l
| I
! I
S

b Y

@

For Fua and Fuu see § 1.3.8.1.

References: Leuenberger & Person (1956); Sparrow, Miller &
Jonsson (1962).
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1.3.3. PLANAR TO CYLINDRICAL. TWO-DIMENSIONAL CONFIGURATIONS

1.3.3.1. PLANE TO CIRCULAR CYLINDER

Infinitely long plane of finite
width, to parallel infinitely long

cylinder.

Formula:

12 - b -a

where the range of tan_lx is -m/2 to mW/2.

References: Hamilton & Morgan (1952), Kreith (1962), Feingold &

Gupta (1970), Siegel & Howell (1972).

Comments:

C 1-55

The expressions given by Hamilton & Morgan (1952) and Kreith

(1962) are in error as has been pointed out both by Feingold &

Gupta (1970), and Siegel & Howell (1972).
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1.3.3.2. PLANE TO ROWS OF CIRCULAR CYLINDERS

Infinite plane to first row and second row of an infinite num-

ber of parallel staggered tubes having equal diameters.
-~ D B
As (:> ’t:J“ <£;— —El) cgi/xa
B
<37 ~0 00000

A,

Formula:

K + tan /k2-1 - /x2-1

12 K

P13 has been obtained graphically. No analytical ex-

pression is available.

References: Hottel (1954), Jakob (1957).
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Fig 1-29. Values of F12 and F13 as a function of the

parameter K. From Jakob (1957).
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C 1-59

1.3.4. PLANAR TO CYLINDRICAL. THREE-DIMENSIONAL CONFIGURATIONS

1.3.4.1. FINITE LENGTH CYLINDER TO OUTER RECTANGLE

Finite length cylinder to rectangle
with two edges parallel to cylinder axis

and of length equal cylinder.

r
R= |

-5
Z= r

T=L.
r

Formula:

?———

1

4
/]

- gy,

iy

1,#

RS
2

- T 2 1 -1 1+y 1 Y 2 -1
F12 T f Zv {1 - TY{cos oy 7R /(1 y)“+4R“cos (v

where:

Reference: Leuenberger & Person (1956).
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7R .01 .1 .15 .2 .3 .5 .8
.5 ].0780 L0779 L0779 .0778 .0778 L0776 L0774
1.0 | .1475 L1471 .1468 L1466 L1461 L1451 L1437
1.5 | .2047 .2035 .2028 .2022 .2009 .1982 .1943
2.0 | .2498 L2475 .2463 L2450 . 2426 .2377 .2306
3.0 (.3123 .3076 .3050 .3024 .2973 .2874 .2736
5.0 { .3778 .3682 .3629 .3577 .3476 .3293 .3061
8.0 | .4203 L4oyu7 .3963 .3883 L3734 .3482 .3193
10.0 | .4351 L4164 .4065 .3973 .3805 .3530 .3224
15.0 | .4550 .4306 .4183 L4072 .3879 .3578 .3254
20.0 | .u4649 .4366 L4230 L4110 .3905 .3594 .3265
T~ 1 1.5 2 3 5 8 10
.5 [ .0772 L0769 L0765 .0758 L0754y L0723 L0710
1.0 | .1427 .1403 .1380 .1335 .1253 L1151 .1095
1.5 | .1918 .1856 .1799 L1694 .1526 .1346 .1257
2.0 | .2261 .2155 .2059 .1899 .1665 .1438 .1331
3.0 | .2651 .2468 .2318 .2086 .1783 .1513 .1392
5.0 | .2931 .2673 L2477 .2196 .1850 .1555 L1426
8.0 | .3040 L2747 .2534 .223y .1873 .1570 L1437
10.0 | .3065 L2764 .25u6 L2242 .1878 .1573 L1440
15.0 | .3090 .2781 . 2560 L2251 .1883 .1576 L1442
20.0 | .3098 .2786 .2563 .2254 .1885 .1577 L1443
.5 [ [ I T T [ l | 11
" \:58\\\ £=1 -
h
Fn 2 \ N
—— \\\\\
2] 1.5 ~--~"“~~::\‘\=:\
\\
1
.5
0 l [ ! L L 11 ! L l 1 1]
1 .2 3 5 1 R 2 3 5 10

Fig 1-30. F1o2 as a function of T ang R. Calculated by the compiler.
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7 X .01 1 .15 2 .3 .5 .8
.5 L0261 0229 | .0212 0196 | .0168 | .0126 | .0089
1.0 | .o518 | .ousu | .ou20 | .0389 ,0333 .0250 | .0175
1.5 | .0769 L0673 | .0622 L0575 .oug2 | .0368 | .0259
2.0 | .1010 | .0882 | .0815 .0753 L0643 .0u80 | .0337
3.0 .1454 .1266 .1167 .1075 .0915 .0680 .0u75
5.0 .2177 .1875 .171¢9 L1575 .1326 .0974 L0674
8.0 | .2901 .oush | .2228 .2024 | .1682 L1217 .0835
10.0 | .3219 | .2693 | .2u31 .2197 1814 | .1303 | .0891
15.0 | .3709 | .3027 .2703 . 2423 .1979 .1408 | .0958
20.0 | .3977 .3185 | .2825 L2521 _oous | .1ust | .0985
7k 1 1.5 2 3 5 8 10
5 | L0073 | .0051 0039 | .0026 0016 | .0010 70008
1.0 | .01u5 .0100 | .0076 | .0051 .0031 .0019 | .0015
1.5 | .0214 | .01us L0112 0075 | .oous | .0028 .0023
2.0 | .0278 .0192 L0146 .0098 .0059 | .0037 .0030
3.0 | .0392 | .0270 | .0205 .0138 | .0083 .0052 .00u?2
5.0 | .0555 | .0381 .0289 | .019n L0117 .0073 | .0059
8.0 | .0685 | .ou69 | .0355 | .0239 _o1uu | .0090 | .0072
10.0 .0730 | .0500 .0378 .0254% | .0153 .0096 | .0077
15.0 | .0784% | .0536 | .0LOB L0272 0164 | .0103 | .0082
20.0 | .0806 | .0550 L0416 .0278 .0168 | .0105 .008Y
35 T I T T 17 I T T T T T
‘3\
F12 x\) Z - 3 -
NS
z,
2 o ’00\?
\N
5 \
\3 \
Ny I
_\ \
_~‘l§——__5555‘:::::::\\\\\\\\N\\\\\\\\~
— .\- p—
.5 Q
0 I ] —— : : E
1 2 3 5 1 r 2 3 5 10

Fig 1-31. F4, as a function of T and R. Calculated by the compiler.
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T .01 .1 .15 .2 .3 .5 .8
.5 .0155 .0119 .0102 .0089 .0068 .00u45s% .0029
1.0 .0309 .0237 .0204 .0176 .0136 .0080 .0059
1.5 .0u61 .0354 .0304 .0263 .0203 .0134 .0087
2.0 .0611 .0469 .0403 .0348 .0268 .0178 .0116
3.0 .0903 .0690 .0592 .0512 .0393 .0260 .0169
5.0 .1u435 .1089 .0931 .0802 .0613 .ouoy .0262
8.0 .2085 .1558 .1322 .1132 .0860 .0563 .0365
10.0 L2424 .1790 .1512 .1289 .0975 .0637 .0u12
15.0 .3024 .2171 .1813 .1535 1151 .0747 .0u81
20.0 .3396 .2380 .1972 .1661 .1239 .0801 .0516
R 1 1.5 2 3 5 8 10
.5 .0024 .0016 .0012 .0008 .0005 ,0003 .0002
1.0 .00u7 .0032 .0024 .0016 .0010 .0006 .0005
1.5 .0071 .00u8 .0036 .0024 .0014 .0008% .0007
2.0 .0093 .0063 .oou7 .0032 .0018 .0012 .0010
3.0 .0137 .0092 .0069 .00u46 .0028 .0017 .0014L
5.0 .0212 .01u3 .0107 . 0072 .00ou3 .0027 .0022
8.0 .0294 .0198 .0149 .0100 .0060 .0037 .0030
10.0 .0332 .0223 .0168 .0112 .0067 .00u? .0034
15.0 .0388 .0261 .0196 .0131 .0078 .00u49 .0039
20.0 L0416 .0279 .0210 .0140 .0084 .0053 .00u2
25 T 1 | T 1T T I 1 T 11
2

N
12 /3\?30 -

SN

\
"“%£L-_:::::::::::S\;:iEEEEE\\\\\\\\N .
0 l l i | 1 L n __!b'L: 3
1 2 3 .5 1 2 3 5 10

Fig 1-32. Fqyo as a function of T and R. Calculated by the compiler.
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1.3.4.2. INNER RECTANGLE TO FINITE-LENGTH CYLINDER

Cylinder and plane of equal

length parallel to cylinder axis, T )
plane inside cylinder. R=_{_ :' A,
'I
.
S :
Z:"r—‘ ll
Formulae: /7| —
S o A
1 1 1 2 \\;f— !
F =1- - - - !
2= 1 [Ztun 28 -5 In(1+4A )]
A
1 Asx (A=-x)+1
- x| 2(A2-x2) In — + (14 AZ-x2) In ——— [1- 2 -1z- ]
A [ ) - ( Vel M (1-A24x2) cos™Z-x|+

2 92 2_p272
+V[1+R2(1+Zz)+x2]2—4R2(R222+x2)[cos“‘(L(R Z+xA)A+x) - R Z“A)-i-

1ZI rVRZZ%, 2 [(A+x)2 +1 ]

292 _ - —pl72_
+ cos—! ( ; (R7Z -xAMNA-x)?-R'Z xA) (R2Z24x2)"1dx
Izl pAREZT 2 [(A-x)2+1]

where:
A=R YN1-22

and, for any argument £:

lim F 1- -1 (Vi+ur2-1)

21 12 2R
lim F12 =1
Z2>-1

Reference: These expressions have been obtained by the compiler af-

ter Leuenberger & Person (1956).
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Z
R -.95 -.9 -.8 -.7 ~.6 -4
A .99682 .99376 .98782 .98206 .97644 .96557
.2 .99364 .98751 .97565 .96u418 .95302 .93150
Lu .98729 .97506 .95150 .92888 .90708 .86571
. 6 .98095 .96268 92771 .B89L453 .B6298 .80uu7
1.0 .96833 .93823 .88172 .82973 .78201 .639826
2.0 .93732 .87975 L77845 .69387 .62351 .51536
4.0 .87856 .77651 .62153 .51432 .43768 .33661
10.0 .73093 .56272 .38272 .29102 .235u42 .170865
20.0 .56279 .38385 .23815 .17484U5 .13815 .097589
100.0 .20u468 .11950 .06730 .0u728 .03649 .02480
Z
R - 0 .2 LU 7 1
.1 .95511 94502 .93531 .92596 ,91274 .90098
.2 .9109u .89127 .B87246 . 85453 .829ub .807Uu?2
LU .82713 .79116 .15771 .72669 .68467 .64922
. b .75168 70414 .66138 .62295 .57263 .53162
1.0 .62812 .56918 .51933 47677 .42369 .38197
2.0 43742 .37895 .33344 .29686 .25330 .21922
4.0 27298 .22893 .1963Uu .,17098 Llu13u 11722
10.0 13350 .10903 .09146 .07803 .06243 .0u4875
20.0 .07507 .06050 .0501H L0227 .03313 .02u469
100.0 01868 L0147y .01196 .00887 .007uk .,00u99
1
h\
\\—\
n \\ \\
8 \ \\\\\ ~\\\\~“‘~‘
\\\\\\ \\\\\\
6 N\ N S~
Fia \ \ .
4 N— ]
\ ™ <
4 \-
2 N N \\\\\\“*-5* I
| ~% —
- \ ,\'\ —
100 T — B
\
0 —]
4 =8 -6 -4 2 0 7 2 A 6 8 1
Fqp as a function of Z, for different values of the di-

mensionless radius R. Calculated by the compiler.
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1.3.4.3. DISC TO INNER SURFACE OF A CCAXIAL CYLINDER
The following view factors may be ontained @
by use of those for two parallel circular discs

with centers along the same normal. ! Az

Disk to the interior surface of a coaxial _L“_

- . \\
’
cylinder of larger or equal radius. The view ‘t:;::i;::;}‘_

factor is given by A3
F1p=Fy3-Fyy @

| A

For F,, and F,, see § 1.3.2.7. I 1

Reference: Siegel & Howell (1972).

Particular cases of the previous configu-
ration are.

Entire inner wall of finite cylinder to

.ends.

Reference: Bien (1966).

Inner surface of cylinder to disc at one

Reference: Leuenberger & Person (1956).
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1.3.4.4, RING TO INNER SURFACE OF A COAXIAL CYLINDER

The following view factors may be obtained
by use of that for a disc viewing the inner sur- _1_
face of a coaxial cylinder of larger or equal

radius.

Ring to the inner surface of a coaxial P

4}- ~
cylinder of larger or equal radius. The view {\\5__;_‘,/}

factor is given by ‘

F12“[1+XI]F(1,3)2'KTF32 <D

A particular case of the previous configu-
ration is
Inner surface of cylinder to annulus on one

end.

Reference: Leuenberger & Person (1956).
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1.3.4.5, FINITE-LENGTH COAXIAL CYLINDER TO ENCLOSED BASE

The following view factors may be obtained from those for
two coaxial cylinders of equal length.

Inner or outer coaxial cylinders of the same length to
annular ring placed at one end of the cylinders. The view fac-

tors are:

1 A

Foy = 5 (1-F,,) As
| |
| |
.

= 1 |
Fay = 5= (1-Fgp-Tyy) I |
I

/’{:_-:}‘\
S
For F32 and F,y see § 1.3.8.1.

References: Leuenberger & Person (1956); Sparrow, Miller &

Jonsson (1962).
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1.3.5. PLANAR TO CONICAL

The following view factors may be obtained

by use of those for two parallel circular discs.

Disc on the base of a right circular cone
to an axisymmetrical portion of the conical sur-

face.

For F and F

13 see § 1.3.2.7.

14

Reference: Buschman & Pittman (1961).

Ring on the base of a right circular cone
to an axisymmetrical portion of the conical sur-

face.

>

A
3 3
= — - — F
Fio [1 * R ]Fu,a)z 32
1 1
Reference: Buschman & Pittman (19861).

the first one.

Inner surface of frustum of cone to

ends.

References: Buschman & Pittman (1961), Bien (1966).
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1.3.6. SPHERICAL TO PLANAR

1.3.6.1. SPHERE TO SECTOR OF A COAXIAL DI1SC

Sphere to sector of discj normal to center of disc passes

through center of sphere.

T
Re= 5
h
h >, ‘
Formulae:
Fyp= 1- 1
b Y1+Rg
For a =27
1 1
F = 1-
12
2 ¢1+R§

Comments:

In the first of these two expressions o is measured in radi-
ans, although it is given in degrees in table and figure of the

next page.

References: Feingold & Gupta (1970), Siegel & Howell (1972).
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R~2°| 30 60 90 120 150 180
.5 | 00LKLO 00880 .01320 . 01760 .02199 .02639
1.0 {.01220 .02441 .03661 .0u88?2 .06102 .07322
1.5 | .01855 .03711 .05566 .07422 .09277 .11132
2.0 | .02303 .0u607 .06910 .09213 .11516 .13820
3.0 | .02849 .05698 .085u7 .11396 .14245 .17094
5.0 | .03350 .06699 .10049 .13398 .167u8 .20097
8.0 | .03650 .07300 .10950 .14599 .182u9 .21899
10.0 | .03752 .07504 .11256 .15008 .18760 .22512
50.0 | .04083 .08167 .12250 .16333 .20u417 .24500
100.0 | .04125 .08250 .12375 .16500 .20625 .24750
R’ 210 240 270 300 330 360
.S | .03079 .03519 .03959 .04 399 .0u839 .05279
1.0 | .085u3 .09763 .10983 .12204 .13424 .14645
1.5 |.12988 .14843 .16699 .18554 .20410 .22265
2.0 |.16123 .18426 .20729 .23033 .25336 .27639
3.0 |.19943 .22792 .25641 .28491 .313u0 .34189
5.0 | .23447 .26796 .301U6 .33495 .36845 L40194
8.0 |.25549 .29199 .32849 .36499 .401u8 .43798
10.0 | .26264 .30017 .33769 .37521 L41273 L45025
50.0 | .28583 . 32667 + 36750 .40833 Lu4917 .49000
100.0 | .28875 .33000 .37125 .41250 .45375 .49500
ST T 17 I T T 11 P
00 /
L ” 36 /____—___—
330 r””*’——‘ —

12

210. |
180

\\\\
|

\\
\
\

(e

\\I\

/ — L — T 1 il
-/ /é?/ z
T 50

/

\
il

0

(83
-
N

3 5 g, 10 20 30 S0
2

Fig 1-3u4. Fqo as a function of Ry for different values of the sec-

tor central angle o. Calculated by the compiler.
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1.3.6.2. SPHERE TO SEGMENT OF A COAXIAL DISC

Sphere to segment of disc; normal to center of disc passes

through center of sphere.

Formula:
1 cos 2 1 1- R%Zz- 272
F12 = - - — + sin
8 2n/1+R§ _ b 1 + R2z2

References: Feingold & Gupta (1970), Siegel & Howell (1972).
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R
7 2| .5 1 1.5 2 3 5 8
T 510528 | .146% |.2226 |.2764 |.3419 | .4019 | .u380
2'8 | osou |.1w13 |.2167 |.2707 |.3372 |.3988 |.u359
"¢ | ouss |.1305 |.2032 |.2568 | .3251 |.3902 | .u302
'u |loso1i |.11%9 |.1811 |.2320 |.300u |.3709 |.u168
~'5 |lo33k |.0953 |.1ua7 |.1920 |.2520 | .3229 |.3781
‘5 | o26u |.0732 |.1113 |.1382 |.1709 |.2010 | .2190
‘> 1 0193 | .0512 |.0730 |.o08uu |.0898 | .0781 |.0599
W | 0127 |.0315 |.ou16 |.ouuu |.oniu |.0310 |.0212
‘& |- 0069 |.0160 |.0195 |.0196 |.0168 |.0118 |.0078
‘s |lo0o2u |.0052 |.0059 |.0057 |.00u7 |.0032 |.0021
2R21 10 15 20 30 50 80 100
0 1 5502 |.4667 |.4750 |.4833 | .4900 | .4938 | .u950
Z's |luuse |.u656 |.u742 |.4828 | .4897 | .4935 | u3L8
‘e |i4ys3o |.ue25 |.u4748 |.u812 | .uBB7 | .4929 | Lok
' | w320 |.uysuo |.ue61 | .4774 |.usB4 | . 4915 | 4932
', | 3997 |.u311 |.su27 |.us49 | .4788 | . 4867 | .LBOY
‘o |l 2251 |.2334 |.2375 |.2417 | .2450 | .2469 | .2875
"5 | 0505 |.0356 |.0273 |.0185 | .0112 | .0070 | .0056
‘W | 0173 |.o0118 |.0083 |.0060 |.0036 | .0023 | .0018
"¢ | 0063 |.0o043 |.0032 |.0021 | .0013 | .0008 | .0006
‘s | 0017 |.0011 |.0008 |.0006 | .0003 | .0002 | .0002
5 1 f T I [
—— =
A
o _
~N
.3
P T2
Lﬁ-
2‘( —1§
_\1\‘ )
3
L .5 A
0 | | _ﬂEEE;EEEEnL-___
T8 w6 <4 2 072 4 6 8 1

Fig 1-35. Fqp as a function of Z for different values of Rj.
Calculated by the compiler.
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1.3.6.3. SPHERE TO NON-COAXIAL DISC

Sphere to a noncoaxial disc.

ra
h

b
Z= 4

Formula:

a) When 221

1+Z
o1 -1] x2+22-1 2 2.94=3/2
Fio = =57 i cos —557 | *R (1+R“x%) dx
Z2-1
b) When Z <1
1+2
o1 -1 x2+422-1 ’ 9. 2y=3/2
F12 = T f coOSs ""—T;(—z——— xR (1+R X ) dx +
1-2
RS L)
Y14R2(1-2)2

Reference: Feingold § Gupta (1970).
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R Z 0 2 m .6 .8 .9 1.
5 1.0528 | .0523 | .0507 | .0u82 | .0450 |.0432 [.0413
1.0 | .1ueu | .1436 | .1360 | .1235 | .1074 | .098u | .0893
1.5 | .2226 | .2186 | .2063 | .1850 | .1551 | .1379 | .1202
2.0 | .2764 | .2720 | .2581 | .2323 | .1920 |.1671 | .1407
3.0 |.3419 | .3379 | .3248 | .2976 | .2u465 | .2089 | .1661
5.0 | .u019 | .3991 | .3894 | .3675 | .3152 | .2637 |.191u
8.0 | .4380 | .u361 | .4296 | .u1u1 | .3717 |.3165 |.2087
10.0 | .4502 | .4487 | .4434 | .4307 | .3942 | .3414 |.2152
50.0 | .4900 | .4897 | .u4886 | .48u9 | .4775 | .u4615 |.2351
100.0 | .4950 | .u948 | .4943 | .4929 | .u888 | .4806 | .1843

R 2 1.1 1.2 1.4 1.6 1.8 2. 3.
£ 1 .0390G | .0374 | .0333 | .0294 | .0258 | .0225 | .0111
1.0 | .0803 | .0716 | .0560 | .0u32 | .0334 |.0259 | .0087
1.5 | .1030 | .0871 | .0609 | .0426 | .0304 | .0222 | .0064
2.0 | .1153 | .0927 | .0591 | .0385 | .0261 | .0185 | .0050
3.0 | .1250 | .0917 | .0505 | .0302 | .0195 | .0134 | .0034
5.0 | .1222 | .0770 | .0358 | .0199 | .0124 | .0084 | .0021
8.0 | .1054 | .0572 | .0239 | .0129 | .0080 | .0053 | .0013
10.0 | .0941 | .0u480 | .0194 | .010u4 | .0064 | .0043 | .0011
50.0 | .0245 | .0106 | .0040 { .0021 | .0013 | .0009 | .0002
100.0 | .o124 | .0053 | .0020 | .0011 | .0007 | .0004 | .0001

.5
_[ll] ] I T 171 /]ll/’%
///,7/

AR

'\ -
:\\
5 1 2 3 5 10 20 30 50

Fig 1-36. Values of F4, as a function of Z and R . Calcu-
lated by the compiler.
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1.3.6.4, SPHERE TO ARBITRARY

POLYGON

The following view
be obtained from those for a
either a segment or a sector

disc.

Sphere to general triangle with
one vertex at the projection of the center

of sphere on the plane of triangle. View

factors is:

1

F12:'5[F1(2,3,u,5,6)+F15-F1(5,6)_F1(3,5ﬂ

factors may
sphere viewing

of a coaxial

Reference: Feingold & Gupta (1970).

The view factor between a sphere

and an arbitrary polygon may

from the previous result.

Faca, ) *© Fica,u,5) F103,6,7)7

- PP P67 g

be obtained

Reference: Feingold & Gupta (13870).



C 1-78 ESA PSS-03-108 Issue 1 (November 1989)

INTENTIONALLY BLANK PAGE



ESA PSS-03-108 Issue 1 (November 1989) C 1-79

DIFFUSE SURFACES

Finite to Finite Surfaces

1.3.6.5. AXISYMMETRICAL CONFIGURATIONS

The following view factors may be ob-
tained by use of those for two parallel
circular discs.

Disc on the base of a hemisphere to an
axisymmetrical portion of the spherical sur-

face.

Fio=F13 - Fyqy

Reference: Buschman & Pittman (1961).

Ring on base of a hemisphere to an
axisymmetrical portion of the spherical

surface.

A Ag

_ 3
Fro=|tra | P22 "8 Fa2

Reference: Buschman & Pittman (1961).

The following particular view factor
can be obtained from the first one.

Axisymmetrical section of hemisphere'
to the base.

_ 1
Fi0° 7

Reference: Buschman & Pittman (1961).
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1.3.7. CYLINDRICAL TO CYLINDRICAL. TWO-DIMENSIONAL CONFIGURATIONS

1.3.7.1. CONCENTRIC CIRCULAR CYLINDERS A2
Two-dimensional concentric circular r,
cylinders.
A1

Formulae:
Fip =1
Poe 1
21 r2
r
1
F = 1 -
22 r2

References: Hamilton & Morgan (1952), Siegel €& Howell (1972).



C 1-82 ESA PSS-03-108 Issue 1 (November 1989)

INTENTIONALLY BLANK PARGE



ESA PSS-03-108 Issue 1 (November 1989) C 183

DIFFUSE SURFACES

Finite to Finite Surfaces

1.3.7.2. PARALLEL CYLINDERS OF THE SAME DIAMETER

Infinitely long parallel cylinders having the same

diameter.

x=1+ l

e D

Formula:

12

F = le = %[}xz- 1+ sin_l(l/x)-%}

Reference : Siegel & Howell (1972).
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Fig 1-37. Fqp as a function of x in the case of two infi-
nitely long parallel cylinders of the same diam-

eter. Calculated by the compiler.
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1.3.8. CYLINDRICAL TO CYLINDRICAL. AXISYMMETRICAL CONFICGURATIOIS

1.3.8.1. CONCENTRIC CIRCULAR L | R = 2
- _-ﬁ_
CYLINDERS OF THE \
SAME LENGTH ;SoSoymm—— A, 1
{f N A
2
T tri lin- 1 T A I
wo concentric cylin \ '1; é
. . \-1—4--_-— rz
ders of same finite length. /I

Formulae:

- , - . - A
Foy = % - L dcos 1(%)— L /(8+2)2-(2R) 2cos 1(%)+B31n 1(%)- L

TR 2L 2
4
SRPPUE DA BNNCE Y T/ LR
220 "*"R T IR e L
oL J/ur2+L2 . 1|4 (R2-1)4(L2/R(RZ-2) |
27R L ' L2+4(RZ-1)

- sin"1(RE;2) , I (/ARZ+LT 7+ )
* R2 2 L

where for any argument £ :

- .Ti(sin_ig(.lr_
2 - -2
OSCOS_IESH
with )
A =12 + R -1
B = L% - R® + 1
. 1 1
lim F = = 3 lim F =1 - =
L—>°°21 R L e 22 R

References: Hamilton & Morgan (1952), Leuenberger & Person .1856),

Siegel & Howell (1972).
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. Rl 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 2.0 2.5
+2 |+579 | .365 | .250 | .183 | .141 | .113 | .092 | .077 | .057 | .031
-4 |.726 | .538 | .409 | .318 | .256 | .209 | .174 | .148 | .110 | .061
-6 1.783 | .623 | .501 | .408 | .339 | .284 | .2u41 | .207 | .157 | .090
-8 |.814 | .671 | .558 | .469 | .398 | .341 | .294 | .256 | .198 | .116

1.0 [.833 | .702 | .596 | .510 | .uu41 | .383 | .335 | .295 | .232 | .1u0
1.2 }.845 | .723 | .623 | .541 | .473 | .415 | .367 | .326 | .261 | .161
1.4 |.854 | .738 | .643 | .563 | .497 | .uu1 | .393 | .351 | .285 | .180
1.6 |.861 | .750 | .658 | .581 | .516 | .u461 | .u413 | .372 | .305 | .197
1.8 |.866 | .759 | .670 | .595 | .532 | .477 | .u30 | .390 | .322 | .212
2.0 [.871 | .766 | .680 | .606 | .5u4 | .491 | .uuy | .uou | .337 | .225
3.0 /.883 | .788 | .709 | .641 | .584 | .534 | .490 | .u51 | .386 | .272
4.0 |.890 | .800 | .724 | .659 | .604 | .556 | .513 | .u476 | .413 | .301
6.0 |.896 | .811 | .739 | .678 | .625 | .578 | .538 | .502 | .uuo0 | .331
8.0 |.899 [ .816 | .7u7 | .687 635 | .590 | .550 | .515 | .455 | .3u8

10.0 |.901 | .820 | .751 | .692 | .641 | .597 | .558 | .523 | .ues | .358
© |.909 | .833 | .769 | .714 | .667 | .625 | .588 | .556 | .500 | .u00

L RV 3.0 s.0 5.0 6.0 7.0 8.0 | 10.0 | 20.0 | 30.0 | 40.0
.2 |.020 | .010 | .006 | .004 | .003 | .002 | .001 | .0 .0 .0
.4 ]1.0389 | .020 | .012 | .008 | .006 | .00ou | .003 | .001 | .0 .0
.6 [.058 | .030 | .018 | .012 | .009 | .007 | .004 | .001 | .0 .0
.8 |.076 | .039 | .024 | .016 | .012 | .009 | .006 | .001 | .001 | .0

1.0 |.092 | .049 | .030 | .020 | .015 | .011{ .007 | .002 | .001 ] .0

1.2 |.108 | .058 | .036 | .02% | .017 | .013 | .008 | .002 | .001 | .0

1.4 1.123 ) .066 | .041 | .028 | .020 | .015 | .010 | .002 | .001 | .001
1.6 1.136 | .075 | .047 | .032 | .023 | .017 | .011 | .003 | .001 | .001
1.8 |.148 | .082 | .052 | .035 | .026 | .020 { .012 | .003 | .001 | .001
2.0 |.159 | .090 | .057 | .039 | .028 | .022 | .014 | .003 | .001 | .001
3.0 [.201 | .121 | .079 | .056 | .041 | .031 | .020 | .005 | .002 | .001
4.0 |.228 | .143 | .097 | .070 | .052 | .0u0 | .026 | .007 | .003 | .002
6.0 |.260 | .172 | .122 | .091 | .070 | .055| .037 | .010 | .00u | .002
8.0 |.277 | .190 | .139 | .106 | .083 | .067 | .0u6 | .013 | .006 | .003

10.0 |.288 | .201 | .150 | .116 | .092 | .075 | .053 | .015 | .007 | .o0u
w .333 | .250 | .200 | .167 | .143 | .125 | .100 | .050 | .033 | . 025

These values are plotted in Fig 1-38.
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Fig 1-38. Plot of Foy Vs L for different values of R.

From Hamilton &§ Morgan (1952).
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R
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 2.0 2.5
.2 y.021 | .028 ! .031 |.033 | .03u .034 .034 | .033 § .032 | .028
.4 | .036 | .050 { .057 | .0861 ] .063 .064 | 064 | .063 .062 | .056
.6 | .047 | .067 | .079 | .085 .089 .091 .091 .091 { .089 | .082
.8 | .054 | .081 | .096 | .106 | .111 <114 | .116 .116 .114 | .106
1.0 |.060 | .091 | .111 | .123 .131 .135 .138 | .139 .138 | .129
1.2 .064 | .,101 | .124 | .,138 | .148 .154 .157 | .159 .159 | .150
1.4 | .067 | .108 | .134 | .151 .163 .170 | . 175 .178 § .179 | .170
1.6 | .070 { .114 | .143 ! .163 | .176 .185 .191 | .194 | .197 | .188
1.8 {.072 ] .118 { .150 | .172 | .188 .198 .205 | .210 | .213 | .207
2.0 {.074 | .123 | .157 | .181 | .198 .210 .218 | .223 .228 | .224
3.0 | .079 | .136 | .178 |.210 | .234 | .252 .266 | .276 .288 | .293
L,0 |.082 | .143 | .190 | .227 .256 .279 .296 .310 | .329 | .3u4
6.0 [ .085 | .151 | .203 | .2u45 .281 .308 .331 | .349 | .377 | .411
8.0 |.086 | .155 | .210 | .255 .293 .324 .350 .372 .406 | 452
10.0 | .087 | .157 § .214 | .261 .302 . 334 .362 .386 | .423 | .479
o .091 | .167 | .231 | .296 | .333 .375 412 Lu4gu 1,500 | .600
R

L 3.0 4.0 5.0 6.0 7.0 8.0 | 10.0 | 20.0 | 30.0 |40.0 !
.2 1.026 [.021 | .017 {.015 | .013 .011 .008 .005 .003 | .002
.4 ) .050 | .041 | .034 |].029 | .026 .023 .019 .010 .007 | .005
.6 {.073 [.061 | .051 |.043 | .038 .034 | .028 | .014 | .010 | .007
.8 |.096 | .079 | .067 | .057 | .050 .o45 | .037 .019 .013 | .010
1.0 |{.1127 | .097 | .082 |.071 | .062 .056 .0u6 | .02 | .016 | .012
1.2 |.138 | .115 | .098 | .084 | .074 | .066 .054% | .028 .020 | .015
1.4 | .157 | .132 | .112 |.098 .086 .077 .063 .033 .023 | .017
1.6 | .175 | .148 § .127 |.110 | .087 .087 .072 .038 .026 | .018
1.8 .193 | .164 | .11 |.123 | .108 | .097 .080 .0u43 .029 | .022
2.0 |.210 | .280 | .155 |.135 .120 .107 .0889 .ou7 .032 | .02
3.0 .282 | .249 | .219 |.193 | .172 .155 .129 | .070 | .0u48 | .036
4.0 |.338 | .307 | .274 | .245 | .220 .200 .168 .092 | .063 | .0u8
6.0 | .417 [ .397 | .365 |.333 | .304 .278 | .237 134 ) .093 | .071
8.0 | .468 | .460 | .433 | .402 | .372 .345 | .299 | .174 | .122 | .093
10.0 .502 | .506 | .485 | .458 | .u429 401 .352 | .211 | .149 | .115
o .667 | .750 | .800 |.833 | .857 .874 | .3800 .950 .967 | .975

These values are plotted in Fig 1-39.
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Fig 1-39. Plot of F22 , Vvs. R for different values o

From Hamilton & Morgan (1952).
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1.3.8.2. CONCENTRIC CIRCULAR CYLINDERS OF UNEQUAL LENGTH

The following view factors can be deduced by use of the
results for two concentric cylinders of the same finite length.
Concentric cylinders of different fi-
nite length. The view factors are given by
the following expressions: '/ [

= - |

AyFo (1, ar,3m) - ParFer(a,2,3) RPN

- 4 - - | o
) 2E(1,2)2+K(2,3)2 Kq2 Ks{\ Pl N

——

Reference: Leuenberger ¢ Person (1956).
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1.3.8.3. FINITE AREAS IN THE SAME CIRCULAR CYLINDER

The following view factor may be obtained from those for

two parallel circular discs.

Finite ring area on interior of right

circular cylinder to separate similar area

Reference: Buschman & Pittman (1961).

The following view factor can be deduced as a particular

case of the previous one.

Portion of inner surface of cylinder

to remainder of inner surface.

—p—

References: Leuenberger & Person (1956), Buschman & Pittman (1961).
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1.3.9. SPHERICAL TO CYLINDRICAL

Sphere to the inner surface of a coaxial cylinder having

equal or larger radius.

r

R =3

Z-_:_'.'_.
r

Formula:

F _ 1 1+RZ 1
12 = 5 -
2 J(RZ+1)2+R2 Y1+R2

Reference : Féingold& Gupta (1970).
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R 21 os 1 15 .2 .3 .5 .8
5022 | .0042 | .0061 | .0080 | .0113 | .0170 | .0237
170 | .o08s | .oi64 | .0237 | .0306 | .0428 | .0625 | .0835
1.5 | .0139 | .0269 | .0389 | .0501 | .0702 | .1023 | .1358
5 0 | 0174 | .0336 | .ous9 | .0631 | .0887 | .1299 | .1727
1.0 | 0209 | .os07 | .os9s | .0772 | .1094 | .1620 | .2168
s o | 0232 | .ou56 | .0671 | .0876 | .1255 | .1887 | .2555
6.0 | .oou2 | .ou77 | .0706 | .0925 | .1336 | .2030 | .2775
10.0 | .o2uu | .ous3 | .0715 | .0939 | .1359 | .2075 | .2847
c0.0 | 0249 | .os9e | .0738 | .097u | .is2u | .2207 | .3070
100.0 | .o2vs | .ou97 | .o7u0 | .0978 | .1430 | .2222 | .3097

R Z 1 1.5 2 3 5 8 10
> 5371 [ 0335 | L0379 | .0431 | .0478 | .0503 | .0511
1.0 | .0937 | .1107 | .1208 | .1315 | .1396 | .1u34 | .1luun
1.5 | 1514 | .1766 | .1908 | .2050 | .2150 | .2194 | .2205
50 | 1924 | .2236 | .2406 | .2572 | .2683 | .2730 | .27u1
5.0 | .2419 | .2808 | .3015 | .3208 | .3333 | .3383 | .3396
s o | .2861 | .3329 | .3571 | .3792 | .3929 | .3983 | .3996
8.0 | .3117 | .3638 | .3904 | .uiu2 | .u287 | .43u2 | .4356
10.0 | .3202 | .3742 | .sw017 | .s261 | .4u09 | .u4u65 | .4u78
50.0 | .3470 | .u4077 | .u381 | .u6u7 | .4804 | .4862 | 4875
100.0 | .3503 | .u119 | .uwu27 | .ue695 | .u853 | .u911 | .4925

5 T T i | [ T T | | ]

i

" y o

N\
N\
A\
|\
||

A /

0 1 1 L 111 | z !
5 1 2 3 5 10 20 30 50

Fig 1—40.}F12 as a function of R for different values of Z. Cal-

\
N\
\
|
|

culated by the compiler.
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1.3.10. CONICAL TO CONICAL

C 1-95

The following view factor may be obtained from those corre-

|

sponding to two parallel circular discs.

View factor between axisymmetrical

sections of right circular cone

AG
A A
_ 4 3 A
Fyp = —— (Fys =Fug) - 5 (Fa5 - Tag) 5
For F35, F36’ Fus and Fu6 see Az

§ 1.3.2.7.

Reference: Buschman & Pittman (1961).
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1,3.11. CONICAL TO SPHERICAL

Cone to sphere; axis of cone passes through center of

sphere.
A
1
d
——
3
S=——
r
d
D=<
All results presented in the literature are obtained
numerically.

Reference: Campbell & McConnell (1968).
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Fig 1-41. Values of F12 as a function of § and D, for § = 15°.
From Campbell & McConnell (1968).



ESA PSS-03-108 Issue 1 (November 1989) C 199
DIFFUSE SURFACES

Finite to Finite Surfaces

10~! T T T | x

Tl

1

10'2§ /
} % 5-30° -
10-‘0/ l /2 | A R b A L ! 1

rig 1-42. Values of F,, as a function of § and D, for § = 30°.
From Campbell & McConnell (1968).
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1072
Fia |
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Fig 1-uu. Values of F12 as a function of § and D, for & = 60°.

From Campbell & McConnell (1968).
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1.3.12. SPHERICAL TO SPHERICAL

1.3.12.1. CONCENTRIC SPHERES

Concentric spheres; inner to outer spherej outer to inner

sphere; outer sphere to itself.

Formulae:
F12 = 1
2
T
1
Foq © ( r, )
2
T
_ 1.
F22 =1 - ( r, )
where ry and r, are the radii of spheres Aq and A,,

respectively.

References: Hamilton & Morgan (1952), Kreith (1962), Siegel 3
Howell (1972).
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.3.12.2. FINITE AREAS IN THE SAME SPHERICAL SURFACE

1

Finite areas on interior of spherical cavity.

Formula:

References: Jakob (1957), Siegelt Howell (1972).

View factors between axisymmetrical sections of hemisphere

can be deduced as a particular case of the previous ome.

./

Reference: Buschman & Pittman (1961).
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Finite to Finite Surfaces

1,3.12.3. SPHERE TO OUTER SPHERE

Sphere to sphere.

S = ——
M
!

R = 3

All results presented in the literature are obtained

numerically.

References: Jones (1965), Campbell & McConnell (1968).
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Fig 1-45. Values of T as a function of S and R. From
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Jones (1965).
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Finite to Finite Surfaces

1,3.12.4%. SPHERE TO CAP ON ANOTHER SPHERE OF EQUAL RADIUS

Sphere to cap on another sphere having equal radius and placed

in an axisymmetrical fashion.

All results presented in the literature have been obtained

numerically.

Reference: Campbell & McConnell (1968).
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Fig 1-46. Values of Fy, as a function of S and 6. From
Campbell & McConnell (1968).
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Additional Sources of Data

1.4. ADDITIONAL SOURCES OF DATA

This Section contains information on view factors of sever-
al diffuse surface configurations not explicitly included in the pre-
vious data sheets,

The reader is referred to the previouély listed references.
whenever possible, only when a new source is required the reference
is given with some detail the first time it appears on each page.

The tables presented below have been borrowed from Siegel
& Howell (1972). No attempt has been made to include information
which has been published subsequently.

Data enclosed in pp 1-113 to 1-124 concern view factors
from infinitesimal to finite diffuse surfaces. Those in pp 1-125 to

1-130 are for view factors from finite to finite diffuse surfaces.
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Data

Sources

Elemental area to
infinitely long
strip of differen-
tial width lying
on parallel gen-
erating line

Jakob (1957),
Siegel & Howell (1972).

Infinitely long
strip of differen-
tial width to sim-
ilar strip on par-
allel genz2rating
line

Jakob (1957),
Siegel & Howell (1972).

Strip of finite
length and differ-
ential width to
strip of same
length on parallel
generating line

Siegel & Howell (1972).

Corner element of
end of square
channel to sec-
tional wall ele-
ment on channel

Siegel & Howell (1972).

Ring element on
fin to ring ele-
ment on adjacent
fin

Miller &
Jonsson (1962).

Sparrow,

Reference: Siegel

& Howell (1972).
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Definition

Sketch

Sources

Band of differential
length on inside of
cylinder to differen-
tial ring on cylinder
base

Sparrow, Albers & Eckert

(1962).

Journal of Heat Transfef
vol. B84c, No. 1, 1962,
pp. 73-81.

Two ring elements
on interior of right
circular cylinder

Siegel & Howell (1972).

Exterior element on
tube surface to exte-
rior element on adja-
cent parallel tube of
isame diameter

Sparrow § Jonsson
(1963 a).

Journal of Heat Transfer
vol. 85, No. 4, 1963,
pp. 382-384,

Exterior element on
partitioned tube to
similar element on
adjacent parallel
tube of same diameter

Sparrow & Jonsson
(1963 a).

Two elements on inte-
rior of right circu-
lar cone

Sparrow & Jonsson
(1963 b).

Journal of the Optical
Society of America,
vol. 53, No. 7, 1963,
pp. 816-821.

Reference:

Siegel & Howell (1972).
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Definition

Sources

Band on outside of
sphere to band on
another sphere

m
Ny
Syt

(Rq1=R2), Campbell &
McConnell (1868);
(Ry#Rg), Grier (1969).

NASA SP-3050, 19689.

Two differential ele-
ments on exterior of
toroid l

Grier & Sommers (1969).
NASA TN D-5006, 1969.

Element on exterior of
toroid to ring element
on exterior of toroid

Element on exterior of
toroid to hoop element
on exterior of toroid

Grier & Sommers (1969).

Grier & Sommers (1969).

Reference: Siegel & Howell (197

2).
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Definition

Sketch

Sources

Plane strip element of
any length to plane of
finite width and infi-
nite length

Siegel & Howell (1972).

Strip element of finite
length to plane rectan-
gle that intercepts
plane of strip at angle
® and with one edge
parallel to strip

Hamilton & Morgan (1952),
Kreith (1962).

Area element to any
parallel rectangle

Jakob (1957).

Plane element to plane
rectangle; planes con-
taining two surfaces
intersect at angle ¢

Hamilton & Morgan (1952),
Kreith (1962).

Plane element to right
triangle in plane paral-
lel to plane of element;
normal to element passes
through vertex of trian-
gle

Reference:

Siegel & Howell (1872).

Siegel & Howell (1972).
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Definition

Plane element to
plane area with added
triangular area; ele-
ment is on corner of
rectangle with one
side in common with
plane at angle ¢

Sketch

Sources

Same geometry as pre-
ceding with triangle
reversed relative to
plane element

Hamilton & Morgan
(1952),
Kreith (1962).

Hamilton & Morgan
(1952),
Kreith (1962).

|
|
1
|Plane element to seg-
‘ment of disc in plane

;parallel to element

I

Sparrow & Cess (1966).

"Radiation Heat Trans-
fer", Brooks/Cole Pub-
lishing Company, Bel-

mont, California, 1966.

1

i

|
—
|

|

|

1 .
!Plane element to cir-
icular disc on plane

'parallel to that of
ielement

Hamilton & Morgan
(1952), Jakob (1957),
Kreith (1962), Siegel §
Howell (1972).

iPlane element to cir-
lcular discj; planes
jcontaining element and
‘disc intersect at 909,
and centers of element
and disc lie in plane
perpendicular to those
containing areas

Hamilton & Morgan
(1952), Leuenberger §&
Person (1956), Kreith
(1962), Siegel & Howell
(1972).

Reference: Siegel & Howell (1972).
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Definition Sketch Sources

o o e e e e e e e e e e

Plane element to ring
area in plane perpendicu-
lar to element

Siegel & Howell (1972).

Strip element of finite
length to perpendicular Leuenberger & Person
circular disc located at (1956).

one end of strip

Area element to parallel | Moon (1961),

elliptical plate @22%2%%2%9 Siegel & Howell (1972).

[Radial and wedge elements

. . . Ei Leuenberger & Person
on circular disc to disc W (1956).

|
|
!
!
|
i
|
|
}
|
|

in parallel plane

1
L
|
\
i
i

'Infinite cylinder to par- Feingold & Gupta
lallel infinitely long (13870),
L

lstrip element Siegel & Howell (1972).

| ‘ 1

Reference: Siegel & Howell (1972).
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Definition Sketch Sources
:Plane of infinite //"\\
. \ .. {
width and %nf%n%te v Hamilton § Morgan (1952),
length to infinitely \N,// Kreith (1962)
long strip on the T ?

' i H 11 (1972).
;surface of a parallel 1 Siegel & Howe (

cylinder

|Strip or element on
'plane parallel to cyl-
!inder axis to cylinder
'of finite length

|

Leuenberger & Person
(1956).

'Plane element to right
‘circular cylinder of
finite length; normal
'to element passes
‘through center of one |
‘end of cylinder and is !

perpendicular to cyl- ¢k>
cinder axis

Hamilton & Morgan (1952),
Kreith (1962),
Siegel & Howell (1972).

[

Elemental strip of fi-
nite length to paral-
lel cylinder of same
length; normals at
ends of strip pass
through cylinder axis

‘Hamilton & Morgan (1952),

iLeuenberger & Person
1(1956), Kreith (1962).

|

|

i

|

t
; |
Infinitely long strip | Sparrow & Eckert (1962).
of differential width | :
to parallel semi- ‘
cylinder

i‘Journal of Heat Transfer,l
vol. 84, No., 1, 1968, pp.
112-18.

Reference: Siegel § Howell (1972).
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Definition Sources

o s e =

Holcomb & Lynch
(13867).

Report ORNL-TM-1613,
Oak Ridge National
Laboratory, 1967.

Infinite strip on any
side of any of three
fins to tube or
environment, and
infinite strip on tube
to fin or environment

Ring element on inte-
rior of right circu-
lar cylinder to end
of cylinder

Siegel & Howell
(1972).

Element and strip
element on interior

of finite cylinder Leuenberger & Person

to interior of (1956).
cylindrical surface H
l
| Area element on in-
terior of cylinder
to base of second Leuenberger & Person
concentric cylinder; (1956).

cylinders are one
atop other

Sparrow, Miller &

to tube Jonsson (1962).

i
!
iRing element on fin
!
I

Lﬁeference: Siegel & Howell (19872).




