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T H E C O N V E C T I O N A N D C O N D U C T I O N O F H E A T 
I N G A S E S 

BY IRVING LANGMUIR 

I n a p r e v i o u s * paper t h e a u t h o r h a s s h o w n t h a t t h e " c o n v e c 
t i o n " of h e a t f r o m h o t w ires i n a g a s c o n s i s t s e s s e n t i a l l y of 
conduction through a fi lm of r e l a t i v e l y s t a t i o n a r y g a s a r o u n d t h e 
wire . F r o m t h i s t h e o r y t h e fo l lowing m e t h o d w a s d e r i v e d for 
c a l c u l a t i n g t h e p o w e r n e c e s s a r y t o m a i n t a i n a w ire a t a n y g i v e a 
t e m p e r a t u r e . 

T h e loss of e n e r g y f rom a wire i s m a d e u p of t w o p a r t s , rad ia 
t i o n a n d c o n v e c t i o n . L e t u s cal l t h i s c o n v e c t i o n W, e x p r e s s e d 
in w a t t s per c m . of l e n g t h of t h e wire . T h e n W i s e q u a l t o t h e 
p r o d u c t of t w o fac tors , t h u s 

W = s (φ2 - ψι) (1) 

T h e first factor , s, is ca l l ed t h e " s h a p e fac tor " a n d d e p e n d s 
o n l y o n t h e ra t io of t h e d i a m e t e r of t h e wire , a, t o t h e d i a m e t e r , 
è, of t h e c o n d u c t i n g f i lm a r o u n d t h e wire . T h i s re la t ion is 

2TT 

In — 
a 

B u t s c a n b e c a l c u l a t e d d i r e c t l y w i t h o u t a k n o w l e d g e of t h e 
fi lm d i a m e t e r b b y s o l v i n g t h e fo l l owing e q u a t i o n 

a s ΛΛ 

B~ = ¥ e * (3) 

^Physical Review, May, 1912. 
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H e r e a i s t h e d i a m e t e r of t h e wire a n d Β i s t h e t h i c k n e s s of t h e 
c o n d u c t i n g f i lm for t h e case of c o n v e c t i o n f r o m a p l a n e surface . 

T h e s e c o n d fac tor i n (1) i s φι — ψ\ w h e r e φ d e p e n d s o n l y o n 
t h e h e a t c o n d u c t i v i t y of t h e air, k, ( in w a t t s per c m . ) a n d t h e 
t e m p e r a t u r e of t h e wire a n d of t h e a t m o s p h e r e . T h u s 

H e r e T\ i s t h e t e m p e r a t u r e of t h e a t m o s p h e r e a n d T2 t h e 
t e m p e r a t u r e of t h e w ire . 

B o t h of t h e o p e r a t i o n s i n v o l v e d in (3) a n d (4) are m a d e v e r y 
e a s y b y p l o t t i n g t w o c u r v e s , o n e g i v i n g t h e r e l a t i o n of s t o 

Ń a n d t h e o t h e r re la t ion of φ t o T. D a t a for t h e p l o t t i n g of 

t h e s e c u r v e s i s g i v e n in t h e p a p e r referred t o a b o v e . 
T h u s t h e o n l y d a t a n e c e s s a r y for a c a l c u l a t i o n of t h e free 

c o n v e c t i o n f r o m a h o r i z o n t a l wire (of g i v e n d i a m e t e r a n d t e m 
perature) , i n a g a s of k n o w n t e m p e r a t u r e is 

1. T h e h e a t c o n d u c t i v i t y of t h e g a s a s a f u n c t i o n of t h e 
t e m p e r a t u r e . 

2 . T h e v a l u e of B. 
I t w a s s h o w n e x p e r i m e n t a l l y t h a t for air a t r o o m t e m p e r a t u r e 

a n d a t m o s p h e r i c pressure , Β is e q u a l t o 0 . 4 3 c m . a n d i s i n d e p e n 
d e n t of t h e t e m p e r a t u r e , Γ 2 , of t h e wire , e v e n w h e n t h i s v a r i e s 
f rom s l i g h t l y a b o v e r o o m t e m p e r a t u r e u p t o t h e m e l t i n g - p o i n t 
of p l a t i n u m . 

I t w a s s h o w n t h a t w i t h f ive different s izes of wire r a n g i n g f r o m 
a = 0 . 0 0 3 8 c m . u p t o α = 0 . 0 5 0 0 c m . , t h e e n e r g y W c a l c u l a t e d 
from (1) a n d (3) a g r e e d e x c e l l e n t l y w i t h e x p e r i m e n t s . T h i s i s 
e q u i v a l e n t t o s a y i n g t h a t t h e e x p e r i m e n t a l l y d e t e r m i n e d v a l u e s 
of Β w e r e f o u n d t o b e i n d e p e n d e n t of t h e d i a m e t e r of t h e wire 
u s e d i n t h e e x p e r i m e n t . 

T h e t h e o r y w o u l d i n d i c a t e t h a t Β s h o u l d v a r y w i t h 

1. T h e n a t u r e of t h e g a s . 
2 . T h e pressure of t h e g a s . 
3 . T h e t e m p e r a t u r e of t h e g � s . 
4 . I n t h e case of forced c o n v e c t i o n , Β s h o u l d v a r y w i t h t h e 

w i n d v e l o c i t y . 
T h e p r e s e n t p a p e r wi l l dea l w i t h t h e effect of t h e s e c o n d a n d 

ο ο 
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f o u r t h of t h e a b o v e fac tors o n t h e t h i c k n e s s of t h e c o n d u c t i n g 
film. 

K e n n e l l y in h i s exce l l en t p a p e r o n t h e " C o n v e c t i o n of H e a t 
f rom S m a l l C o p p e r W i r e s "* h a s i n v e s t i g a t e d t h e effect of t h e 
fo l l owing fac tors 

1. Diameter of wire. Varied from 0.011 to 0 .069 cm. 
2. Temperature of wire. With the free convection tests this varied 

from 40 deg. cent, to 200 deg. cent., but with the forced convection tem
peratures as high as 325 deg. cent, were used. 

3. Pressure of air. Varied from 12 up to 190 cm. of mercury. 
4. Wind velocity. Varied from 0 up to 2000 cm. per second. 

H e d id n o t i n v e s t i g a t e o t h e r g a s e s t h a n air, n o r t r y air a t 
o t h e r t h a n r o o m t e m p e r a t u r e . 

K e n n e l l y d e r i v e s certa in p u r e l y empir i ca l f o r m u l a s t o e x p r e s s 
h i s resu l t s . C o m b i n i n g t h e m , h e g i v e s for W, t h e w a t t s l o s t b y 
free c o n v e c t i o n per c m . of l e n g t h , 

W = ( 0 . 0 0 0 0 3 + 0 . 0 0 5 8 0 α ) ( Γ 2 - Γ ι ) Vv + 2 5 (6) 

w h e r e ν i s t h e w i n d v e l o c i t y in c m . per sec . 
T h u s t o express h i s re su l t s o n free c o n v e c t i o n h e n e e d s t o u s e 

four empir i ca l c o n s t a n t s a n d t o e x p r e s s t h e r e s u l t s o n forced 
c o n v e c t i o n t h r e e m o r e are n e e d e d . B u t e v e n w i t h al l t h e s e 
empir i ca l c o n s t a n t s , t h e c a l c u l a t e d v a l u e s d o n o t a g r e e v e r y w e l l 
w i t h t h e e x p e r i m e n t s . T h e a v e r a g e di f ference b e t w e e n t h e cal 
c u l a t e d a n d o b s e r v e d v a l u e s of W for e x p e r i m e n t s o n free c o n 
v e c t i o n is a p p r o x i m a t e l y 12 per c e n t , w h i l e i n o n e e x p e r i m e n t 
t h e di f ferences are a s h i g h as 3 0 per c e n t . 

L e t u s n o w a n a l y z e K e n n e l l y ' s d a t a m o r e c l o s e l y a n d a p p l y t o 
i t t h e t h e o r y of t h e c o n d u c t i n g f i lm, t h u s d e r i v i n g t h e r e l a t i o n 
b e t w e e n t h e f i lm t h i c k n e s s Β a n d t h e pressure a n d w i n d v e l o c i t y 
of t h e air. 

K E N N E L L Y ' s D A T A ON F R E E CONVECTION 

T h e e x p e r i m e n t a l re su l t s o n free c o n v e c t i o n are g i v e n b y 

K e n n e l l y in t e n l o g a r i t h m i c p l o t s , t h e c o o r d i n a t e s b e i n g 

W = ( 0 . 0 0 0 4 + 0 . 0 0 6 4 α ) ( Γ 2 - TX)P 
0.9«ξ/α (5) 

w h e r e a is t h e d i a m e t e r of t h e wire 
Ρ is t h e pressure of air i n a t m o s p h e r e s . 
F o r forced c o n v e c t i o n h e finds 

* TRANSACTIONS Α. I. Ε. E. Vol. X X V I I I , 1909, p. 363. 
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pressures a n d current t h r o u g h t h e wire . H e d o e s n o t g i v e t h e 
re s i s tances of t h e wires a t t h e t e m p e r a t u r e of t h e e x p e r i m e n t , 
b u t d o e s g i v e t h e r e s i s t a n c e of e a c h of t h e wires a t 0 d e g . c e n t , a n d 
g i v e s t h e e l e v a t i o n of t e m p e r a t u r e a b o v e r o o m t e m p e r a t u r e , 
c a l c u l a t e d f rom t h e res i s tance . H e u s e d for t h i s c a l c u l a t i o n t h e 
formula 

RT = R0(l + 0 . 0 0 4 2 Te) 

w h e r e RT i s t h e re s i s tance a t t h e t e m p e r a t u r e Tc ( in d e g . c e n t . ) 
a n d Ro i s t h e re s i s tance a t 0 d e g . c e n t . H e d i d n o t m e a s u r e t h e 
t e m p e r a t u r e coeff icient of t h e wire u s e d , b u t a s s u m e d t h a t t h e 
wires w e r e of pure c o p p e r a n d t h a t t h e t e m p e r a t u r e coeff icient 
w a s t h a t g i v e n a b o v e . H e d o e s n o t s t a t e t h e r o o m t e m p e r a t u r e 
dur ing t h e e x p e r i m e n t s , s o I h a v e a s s u m e d i t t o b e 2 0 d e g . c e n t . , 
a n d h a v e t h u s c a l c u l a t e d t h e r e s i s t a n c e of t h e w i r e s f r o m h i s 
d a t a o n t h e t e m p e r a t u r e e l e v a t i o n a b o v e r o o m t e m p e r a t u r e 
a n d f rom t h e g i v e n t e m p e r a t u r e coeff icient. B y t a k i n g t h e 
p r o d u c t of t h e r e s i s t a n c e per c m . a n d t h e s q u a r e of t h e current , 
I h a v e t h e n c a l c u l a t e d W t h e w a t t s per c m . s u p p l i e d t o t h e wire . 
T h i s is g i v e n in t h e fo l l owing t a b l e s a s " W o b s . " 

K e n n e l l y i s v e r y u n c e r t a i n a s t o h o w large t h e correc t ion for 
rad ia t ion s h o u l d b e , a n d f inal ly a s s u m e s t h a t t h e c o p p e r w ire s 
rad ia te 9 4 per c e n t a s m u c h a s a b l a c k b o d y a t t h e s a m e t e m p e r 
a ture . T h i s correc t ion a m o u n t s t o a b o u t 2 per c e n t for t h e 
s m a l l e s t wire a n d b e c o m e s a b o u t 8 per c e n t of t h e t o t a l e n e r g y 
for t h e larges t wire . B u t t h e r e is a m p l e d a t a i n t h e l i t e ra ture 
t o s h o w t h a t r a d i a t i o n f r o m a br igh t m e t a l l i c surface i s v e r y 
m u c h less t h a n 9 4 per c e n t of t h a t f r o m a b l a c k b o d y . A grea t 
dea l of r e c e n t w o r k h a s s h o w n c o n c l u s i v e l y t h a t t h e re f l ec t iv i ty , 
r, of a n y m e t a l for h e a t r a y s of w a v e l e n g t h longer t h a n λ = 6 μ is 
a c c u r a t e l y g i v e n b y H a g e n a n d R u b e n ' s f o r m u l a * 

1 - r = 0 . 3 6 5 

w h e r e σ = specif ic e lectr ica l re s i s tance of t h e m e t a l 
λ = w a v e l e n g t h of t h e l i ght . 

B y W i e n ' s d i s p l a c e m e n t l a w t h e w a v e l e n g t h λ Μ of t h e l i g h t of 
g r e a t e s t i n t e n s i t y i n t h e s p e c t r u m from a b l a c k b o d y a t t e m p e r 
a t u r e Γ i s 

. 0 . 2 9 
λ Μ = Φ c m . 

*Ann Phys. 8. 1, 1902. 
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There fore for r a d i a t i o n of h e a t a t r o o m t e m p e r a t u r e , a b o u t 3 0 0 
d e g . K.* t h e w a v e l e n g t h w o u l d b e a b o u t 0 . 0 0 0 9 c m . or 9 μ 
N o w for c o p p e r σ = 1 . 7 X 1 0 ~ 6 

a n d for p l a t i n u m σ = 1 1 . 0 X 1 0 ~ 6 

W h e n c e a p p r o x i m a t e l y 
for c o p p e r 1 — r = 0 . 0 1 5 8 

a n d for p l a t i n u m 1 — r = 0 . 0 4 0 . 

T h a t i s , a t r o o m t e m p e r a t u r e c o p p e r w o u l d r a d i a t e 1 . 6 per 
c e n t a n d p l a t i n u m abotft 4 .0 per c e n t , a s m u c h a s a b l a c k b o d y . 
T h i s resu l t for p l a t i n u m is i n fa ir ly g o o d a g r e e m e n t w i t h L u m m e r 
a n d K u r l b a u m ' s f m e a s u r e m e n t s o n t h e r a d i a t i o n f r o m p l a t i n u m . 
I n a n y case , i t i s a v e r y safe c o n c l u s i o n t h a t t h e r a d i a t i o n f rom 
b r i g h t c o p p e r surfaces i s m u c h l e s s t h a n 5 0 per c e n t a n d there 
fore t h a t i t w o u l d h a v e b e e n b e t t e r if K e n n e l l y h a d n e g l e c t e d 
rad ia t ion , i n s t e a d of correct ing for i t . 

There fore , i n u s i n g K e n n e l l y ' s d a t a , w e sha l l u s e t h e t o t a l 
w a t t s a s o b s e r v e d , ra ther t h a n t h e v a l u e s h e g i v e s for c o n v e c t i o n . 
A t t h e r e l a t i v e l y l o w t e m p e r a t u r e s a t w h i c h h i s e x p e r i m e n t s w e r e 
carr ied o n , r a d i a t i o n p r o b a b l y d o e s n o t e x c e e d 1 per c e n t of t h e 
t o t a l lo s ses . 

I n t h e a b o v e t a b l e t h e first c o l u m n g i v e s t h e d i a m e t e r of t h e 
wire in c m . T h e s e c o n d c o l u m n g i v e s the: t e m p e r a t u r e e l e v a 
t i o n a b o v e r o o m t e m p e r a t u r e g i v e n b y K e n n e l l y a n d c a l c u l a t e d 
b y h i m f r o m t h e res i s tance . I n t h e s e c o n d c o l u m n t h e r e i s a l so 
g i v e n ψ2 — φι, t a k e n f rom a v e r y large sca le c u r v e prepared 
f rom t h e d a t a g i v e n i n t h e p r e v i o u s paper . T\ i s a s s u m e d t o b e 
2 9 3 d e g . K . T h e th i rd c o l u m n g i v e s t h e r e s i s t a n c e per c m . of 
l e n g t h of t h e wire , c a l c u l a t e d f r o m t h e re s i s tance a t 0 d e g . c e n t , 
g i v e n b y K e n n e l l y a n d f rom t h e t e m p e r a t u r e coeff ic ient 0 . 0 0 4 2 
u s e d b y h i m i n c a l c u l a t i n g Ί\ — T\. H e n c e a n y error i n a s s u m 
i n g a w r o n g v a l u e for t h i s t e m p e r a t u r e coeff ic ient i s e l i m i n a t e d . 

I n t h e f o u r t h a n d fifth c o l u m n s is t h e d a t a o b t a i n e d d i r e c t l y 
f r o m t h e p l o t s g i v e n b y K e n n e l l y . S m o o t h c u r v e s w e r e d r a w n 
t h r o u g h t h e p o i n t s g i v e n b y K e n n e l l y w i t h o u t a n y reference 
t o t h e s t r a i g h t l ines t h a t h e u s e s t o expres s h i s resu l t s . T h e 
p r d i n a t e s of t h e s e c u r v e s a t t h r e e or four w e l l - d i s t r i b u t e d pres 
sures w e r e read off a n d are g i v e n in c o l u m n V . T h e pres 
sures are g i v e n i n m e g a b a r s {i.e., 0 . 9 8 7 a t m o s p h e r i c pres sure ) . 
I n c o l u m n V I is g i v e n t h e w a t t s per c m . o b t a i n e d s i m p l y b y 
m u l t i p l y i n g t h e figures in c o l u m n s I I I b y t h e s q u a r e of t h e 

*Degrees Kelvin (Absolute temperature). 
\Verh. Phys. Ges.y Berlin, 17, 106, 1898. 
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T A B L E I 

K E N N E L L Y ' S E X P E R I M E N T S O N F R E E C O N V E C T I O N 

I II I I I IV V VI V I I V I I I I X X 

Pres
D i a m . Resis t  sure 

of and ance Ρ Amps . W o b s . W calc. Β obs. Βχ calc. η 
Wire Φ\—Φ2 Ohms mega- cm. cm. 
cm. cm. bars 

0 . 0 1 1 4 1 6 5 . 0 0 . 0 2 7 3 0 325 1 72 0 0810 0 0811 1 04 0 . 4 6 - 0 . 7 3 
1 00 1 89 0 0978 0 0980 0 44 
1 70 1 98 0 1072 0 1017 0 31 

0 . 0 4 9 7 2 25 2 02 0 1114 0 1142 0 27 

0 . 0 1 1 4 9 5 . 9 0 . 0 2 2 8 0 35 1 47 0 0494 0 0439 0 54 0 . 4 9 - 0 . 9 4 ? 
1 00 1 50 0 0513 0 0524 0 49 
1 50 1 56 0 0556 0 0569 0 35 

0 . 0 2 6 6 2 25 1 65 0 0621 0 0612 0 23 

0 . 0 1 1 4 5 9 . 6 0 . 0 2 0 5 0 33 1 13 0 0261 0 0260 0 95 0 . 4 6 - 0 . 8 0 
1 0 0 1 21 0 0300 0 0312 0 50 
1 50 1 27 0 0330 0 0337 0 35 

0 . 0 1 5 8 2 25 1 36 0 0379 0 0364 0 21 

0 . 0 2 6 2 5 8 . 8 0 . 0 0 3 9 2 0 40 2 80 0 0308 0 0320 0 99 0 . 4 5 - 0 . 8 4 
1 00 3 11 0 0380 0 0381 0 44 

0 . 0 1 5 6 2 00 3 41 0 0455 0 0446 0 24 

0 . 0 2 6 2 4 6 . 4 0 . 0 0 3 7 7 0 30 2 34 0 0206 0 0235 1 92 0 . 5 9 - 0 . 9 5 
0 60 2 55 0 0245 0 0268 0 91 
1 00 2 70 0 0275 0 0296 0 56 

0 . 0 1 2 1 2 00 2 95 0 0328 0 0346 0 31 

0 . 0 2 6 2 3 7 . 8 0 . 0 0 3 6 7 0 70 2 18 0 0175 0 0220 1 47 0 . 9 6 ? - 1 . 2 8 ? 
1 25 2 38 0 0208 0 0249 0 73 

0 . 0 0 9 7 2 00 2 59 0 0246 0 0277 0 39 

0 . 0 2 6 2 1 5 . 1 0 . 0 0 3 2 6 0 30 1 53 0 0076 0 0074 0 92 0 . 3 5 - 0 . 8 6 
0 60 1 65 0 0089 0 0084 0 51 
1 00 1 73 0 0098 0 0093 0 36 

0 . 0 0 3 8 2 00 1 95 0 0124 0 0109 0 17 

0 . 0 6 9 1 1 7 9 . 8 0 . 0 0 0 7 7 0 0 33 14 3 0 1575 0 139 0 68 0 . 3 2 - 0 . 7 7 
1 00 16 5 0 2100 0 181 0 34 
1 50 17 5 0 236 0 204 0 22 

0 . 0 5 5 0 2 25 18 4 0 261 0 227 0 17 

0 . 0 6 9 1 7 7 . 2 0 . 0 0 0 5 9 1 0 37 10 0 0 0591 0 0545 0 71 0 . 3 4 - 0 . 7 5 
1 00 11 4 0 0770 0 0693 0 33 
1 50 12 2 0 0880 0 0777 0 23 

0 . 0 2 1 0 2 25 12 9 0 0984 0 0868 0 17 

0 . 0 6 9 1 1 8 . 3 0 . 0 0 0 4 8 9 0 50 5 3 0 0138 0 0128 0 57 0 . 3 8 - 0 . 6 6 
1 00 5 7 0 0159 0 0152 0 38 

0 . 0 0 4 6 2 00 6 25 0 0192 0 0185 0 23 
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figures i n c o l u m n V . F o r t h e r e a s o n s a l r e a d y g i v e n , n o cor
r e c t i o n for r a d i a t i o n w a s m a d e . „ 

I n c o l u m n V I I I i s g i v e n t h e of v a l u e Β c a l c u l a t e d a s f o l l o w s : 
T h e v a l u e of s i s f o u n d ( e q u a t i o n 1) b y d i v i d i n g W ( c o l u m n 

V I b y (<p2 — (pi) ( c o l u m n I I ) . F r o m a c u r v e of e q u a t i o n (3) 

d r a w n f r o m d a t a i n t h e p r e v i o u s paper , t h e v a l u e of 

c o r r e s p o n d i n g t o t h e g i v e n v a l u e of s w a s f o u n d . T h i s q u a n t i t y 
d i v i d e d i n t o , a, t h e d i a m e t e r of t h e wire ( c o l u m n I) g i v e s Β 
( c o l u m n V I I I ) . 

I t w a s t h o u g h t t h a t Β w o u l d b e f o u n d t o v a r y i n v e r s e l y pro
por t iona l to t h e pressure . I n t h e p r e v i o u s p a p e r t h e h y p o t h e s i s 
w a s a d v a n c e d t h a t Β w o u l d v a r y p r o p o r t i o n a l l y t o t h e v i s c o s i t y 
a n d i n v e r s e l y propor t iona l t o t h e d e n s i t y of t h e gas-. T h i s , 
h o w e v e r , w a s n o t v e r y we l l b o r n e o u t b y e x p e r i m e n t s i n h y d r o g e n 
a n d m e r c u r y v a p o r . A c c o r d i n g t o t h i s h y p o t h e s i s , Β s h o u l d 
v a r y i n v e r s e l y w i t h t h e first p o w e r of t h e pressure , for t h e 
v i s c o s i t y i s i n d e p e n d e n t of t h e pressure . 

I t wi l l b e o b s e r v e d , h o w e v e r , t h a t t h e p r o d u c t o b t a i n e d b y 
m u l t i p l y i n g t o g e t h e r t h e v a l u e s i n c o l u m n s I V a n d V I I I s h o w s 
a v e r y d i s t i n c t t e n d e n c y t o increase w i t h t h e pressure . T h e 
q u a n t i t y Β w a s therefore p l o t t e d o n l o g a r i t h m i c paper , a s a 
f u n c t i o n of P , w i t h t h e resu l t t h a t t h e p o i n t s w e r e f o u n d i n 
n e a r l y e v e r y case t o l ie i n s t r a i g h t l ines . F o r e a c h of t h e exper i 
m e n t s w i t h a wire a t a n y g i v e n t e m p e r a t u r e , a s t r a i g h t l ine w a s 
d r a w n i n t h i s w a y . T h e o r d i n a t e of t h e s e l ines for a pressure 
of 1 m e g a b a r w a s read off a n d is g i v e n i n t h e a b o v e t a b l e , i n 
c o l u m n I X . T h e s lope of t h e s t r a i g h t l ine , n, i s g i v e n i n c o l u m n 
X . T h e fac t t h a t t h e l o g a r i t h m i c p l o t s g a v e p r a c t i c a l l y s t r a i g h t 
l ines m e a n s t h a t Β v a r i e s w i t h t h e nth p o w e r of t h e pressure . 
T h e v a l u e s of η i n t h e dif ferent e x p e r i m e n t s d o n o t s h o w a n y 
d i s t i n c t t e n d e n c y t o v a r y e i ther w i t h a or w i t h t h e t e m p e r a t u r e . 
B y a careful s t u d y of t h e c u r v e s , t h e m o s t p r o b a b l e v a l u e of η 
w a s t h o u g h t t o b e a b o u t - 0 . 7 5 . I t i s t r u e t h a t t h e a v e r a g e of 
t h e v a l u e s of η i s n u m e r i c a l l y larger t h a n 0 . 7 5 , b u t t h e s e t s of e x 
p e r i m e n t s w h i c h s e e m t o b e m o s t free f r o m e x p e r i m e n t a l error 
g i v e v a l u e s c lose t o t h i s . 

T o t e s t the a c c u r a c y of t h i s c o n c l u s i o n , t h e figures i n c o l u m n 
V I I w e r e c a l c u l a t e d , b a s e d o n t h e f o l l o w i n g a s s u m p t i o n s 

1. The thickness of the plane film, B, for air at room temperature and 
760 mm. pressure, is 0 .43 cm. This is the value found from the experi
ments on platinum wires described in the previous paper. 



1018 LANGMUIR: HEAT [June 25 

2. That Β varies inversely as the 0 .75th power of the pressure (P) . 
At a pressure of 1 megabar Β would be 0 .436 cm. 

B y a i d of t h e a b o v e a s s u m p t i o n s , t h e v a l u e s of Β w e r e 

ca l cu la ted , a n d from t h e s e t h e ra t ios °L ; t h e n s w a s f o u n d b y 

t h e p lo t of (3), a n d t h i s w a s m u l t i p l i e d b y (φ2 — φι) ( c o l u m n 
I I ) , t o o b t a i n " W ca lc . " i n c o l u m n V I I . 

T h e a g r e e m e n t b e t w e e n t h e c a l c u l a t e d c o n v e c t i o n a n d t h a t 
o b s e r v e d b y K e n n e l l y i s s t r ik ing ly g o o d . T h e o n l y ser ious 
d i s c r e p a n c y b e t w e e n t h e t w o o c c u r s w i t h t h e larges t wire a t t h e 
h i g h e s t t e m p e r a t u r e . T h i s d i s c r e p a n c y m a y p e r h a p s l a r g e l y b e 
a c c o u n t e d for b y r a d i a t i o n . A " b l a c k " wire of 0 . 0 6 9 c m . 
d i a m e t e r a t a t e m p e r a t u r e of 179 deg . a b o v e r o o m t e m 
perature w o u l d r a d i a t e a b o u t 0 . 0 5 0 w a t t s per c m . A p o l i s h e d 
c o p p e r wire w o u l d r a d i a t e o n l y a b o u t 0 . 0 0 1 w a t t , b u t if t h e 
surface is s l i g h t l y o x i d i z e d or t a r n i s h e d , i t m i g h t e a s i l y r a d i a t e 
m u c h m o r e . T h e difference b e t w e e n t h e c a l c u l a t e d a n d o b s e r v e d 
w a t t s i s o n l y a b o u t 0 . 0 2 5 , so t h a t if t h e wire shou ld r a d i a t e 5 0 
per c e n t a s m u c h a s a b l a c k b o d y th i s dif ference w o u l d b e 
a c c o u n t e d for. 

I t i s i n t e r e s t i n g t o n o t e t h a t w i t h o n l y t w o e m p i r i c a l l y de ter 
m i n e d c o n s t a n t s , t h e e q u a t i o n (1) a l l o w s a m u c h c loser ca l cu la 
t i o n of W t h a n d id K e n n e l l y ' s e q u a t i o n w i t h i t s four empir i ca l 
c o n s t a n t s . 

K E N N E L L Y ' S D A T A ON FORCED CONVECTION 

B y forced c o n v e c t i o n K e n n e l l y m e a n s t h e c o n v e c t i o n of h e a t 
from a wire w h i c h i s m o v i n g r a p i d l y r e l a t i v e l y t o t h e s u r r o u n d i n g 
air. 

K e n n e l l y ' s resu l t s o n forced c o n v e c t i o n are g i v e n in t w o l o g a 
rithmic p l o t s . I n o n e t h e a m p e r e s are p l o t t e d a g a i n s t t h e w i n d 
v e l o c i t y a n d in t h e o t h e r t h e w a t t s per c m . of l e n g t h are p l o t t e d 
a g a i n s t w i n d v e l o c i t y . H e h a s correc ted t h e w a t t s a s be fore for 
rad ia t ion , b u t in t h i s case t h e loss b y c o n v e c t i o n i s s o grea t t h a t 
t h e r a d i a t i o n correc t ion is s m a l l e n o u g h t o b e q u i t e neg l i g ib l e . 
There fore I h a v e t a k e n K e n n e l l y ' s re su l t s for t h e w a t t s d i r e c t l y 
a n d h a v e n o t c a l c u l a t e d t h e m f r o m t h e a m p e r e s , a s in t h e c a s e 
of free c o n v e c t i o n . T h e f o l l o w i n g t a b l e g i v e s a s u m m a r y of 
K e n n e l l y ' s e x p e r i m e n t a l d a t a 

T h e th i rd a n d f o u r t h c o l u m n s w e r e o b t a i n e d , a s before , b y 
d r a w i n g s m o o t h c u r v e s a s n e a r l y a s poss ib le t h r o u g h t h e p o i n t s 
g i v e n b y K e n n e l l y , w i t h o u t a n y reference t o t h e s t r a i g h t l ines 
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T A B L E II 

K E N N E L L Y ' S E X P E R I M E N T S O N F O R C E D C O N V E C T I O N 

I I I I I I IV V V I V I I V I I I 

Diameter 
of T2-Ti 

Wind 
veloc i ty W o b s . W calc. Β Β 900 Ł900 

wire and 
φ2—φι 

cm. wat ts . wat t s . X 1 0 * obs. 
ΧΙΟ» 

calc. 
X 10» cm. 

and 
φ2—φι sec. cm. cm. cm. 

obs. 
ΧΙΟ» 

calc. 
X 10» 

0 . 0 1 0 1 106 520 0 . 2 2 0 0 . 222 1 0 . 0 6 . 5 5 6 . 5 6 
900 0 . 2 8 0 0 . 2 8 1 6 . 5 5 

0 . 0 2 9 8 1800 0 . 3 8 8 0 . 390 3 . 9 0 

0 . 0 1 0 1 179 400 0 . 3 2 0 0 350 1 6 . 0 8 . 1 7 . 2 9 
900 0 . 4 6 6 0 485 7 . 8 

0 . 0 5 5 0 1800 0 . 6 5 0 0 671 4 . 6 5 

0 . 0 1 0 1 252 400 0 . 4 8 6 0 502 1 5 . 9 8 . 4 8 . 0 2 
900 0 . 6 9 0 0 693 8 . 1 3 

0 . 0 8 3 0 1800 0 . 9 6 0 0 950 4 . 7 5 

0 . 0 1 5 9 117 330 
900 

0 . 2 5 0 
0 . 4 0 8 

0 
0 

262 
415 

1 5 . 5 
6 . 8 9 

7 1 6 . 6 8 

0 . 0 3 3 5 1800 0 . 5 9 0 0 596 4 . 0 5 

0 . 0 1 5 9 211 330 
900 

0 . 4 9 0 
0 . 7 6 0 

0 
0 

487 
757 

1 6 . 2 
7 . 6 8 

7 6 7 . 6 0 

0 . 0 6 7 0 1800 1 .100 1 079 4 . 4 5 

0 . 0 1 5 9 305 330 
900 

0 . 7 2 0 
1 .130 

0 
1 

735 
122 

1 8 . 5 
8 . 4 6 

8 5 8 . 5 5 

0 . 1 0 6 0 1800 1 .600 1 590 4 . 9 9 

0 . 0 2 0 4 51 800 0 . 2 1 7 0 . 2 0 0 5 . 8 1 5 9 6 . 0 0 
1300 0 . 2 5 2 0 260 4 . 7 5 

0 . 0 1 3 4 1800 0 . 3 1 4 0 315 3 . 6 0 

0 . 0 2 0 4 128 210 0 . 2 9 7 0 274 1 7 . 6 6 . 3 6 . 7 8 
400 0 . 3 8 0 0 . 3 6 2 1 1 . 4 5 
900 0 . 5 7 0 0 . 5 3 6 6 . 2 5 

0 . 0 3 7 0 1800 0 . 8 1 0 0 788 3 . 8 9 

0 . 0 2 0 4 206 210 
400 

0 . 4 7 5 
0 . 6 2 0 

0 . 4 5 3 
0 . 5 9 6 

2 0 . 8 
1 3 . 0 

7 2 7 . 5 6 

900 0 . 9 1 0 0 .896 7 . 1 6 
0 . 0 6 5 0 1800 1 .280 1 .280 4 . 4 8 

0 . 0 2 0 4 283 210 0 . 6 6 0 0 . 6 4 2 2 3 . 4 7 9 8 . 3 3 
400 0 . 8 8 0 0 835 1 4 . 0 
900 1 . 2 6 0 1 215 7 . 9 6 

0 . 0 9 6 5 1800 1 . 7 8 0 1 758 4 . 8 7 



1020 LANGMUIR: HEAT [June 25 

p l o t t e d b y h i m . T h e f igures i n c o l u m n s I I I a n d I V of t h e t a b l e 
represent s i m p l y t h r e e or four we l l d i s t r i b u t e d p o i n t s t a k e n f rom 
t h e s e c u r v e s . 

T h e t h i c k n e s s , B, of t h e p l a n e film ( c o l u m n V I ) w a s c a l c u l a t e d 
s imi lar ly t o Β i n T a b l e I . 

I t i s s e e n t h a t Β d e c r e a s e s a s t h e w i n d v e l o c i t y i n c r e a s e s . 
T o s t u d y t h e l a w w i t h w h i c h t h i s var ie s , Β w a s p l o t t e d a g a i n s t 
F o n l o g a r i t h m i c p a p e r a n d a ser ies of paral le l s t r a i g h t l ines w a s 
o b t a i n e d . T h e s lope of t h e s e l ines w a s - 0 . 7 5 . I n o t h e r w o r d s , 
Β var ies i n v e r s e l y a s t h e 0 . 7 5 p o w e r of t h e w i n d v e l o c i t y . 

T h e o r d i n a t e s of t h e s e s t r a i g h t l ines correspond ing t o t h e 
absc i s sa V = 9 0 0 are g i v e n i n c o l u m n V I I . 

I t i s s e e n t h a t Β900 i ncreases d i s t i n c t l y a s the t e m p e r a t u r e 
difference T2 — Τι i ncreases . B u t i t a p p a r e n t l y d o e s n o t per
c e p t i b l y d e p e n d o n t h e d i a m e t e r of t h e wire . B y p l o t t i n g Β900 

a g a i n s t T2 — Ti i t w a s f o u n d t h a t t h e fo l l owing e q u a t i o n g i v e s 
a fair ly g o o d a p p r o x i m a t i o n of B90o 

B9oo = 0 . 0 0 5 5 + 0 . 0 0 0 0 1 0 ( Γ 2 - 7 \ ) (7) 

C o l u m n V I I I g i v e s t h e v a l u e s of £ 9 oo c a l c u l a t e d f r o m t h i s 
formula . · 

I n t h e case of free c o n v e c t i o n , i t wi l l b e r e m e m b e r e d t h a t Β 
w a s f o u n d t o b e i n d e p e n d e n t of t h e t e m p e r a t u r e T2 of t h e wire , 
e v e n u p t o t h e m e l t i n g - p o i n t of p l a t i n u m . T h e r e a s o n t h a t t h e 
t e m p e r a t u r e e n t e r s here i s p r o b a b l y t h a t w i t h forced c o n v e c t i o n 
t h e v i s c o s i t y of t h e inner a n d h o t t e r p o r t i o n s of t h e g a s f i lm 
i s a fac tor d e t e r m i n i n g t h e t h i c k n e s s of t h e fi lm, w h e r e a s i n t h e 
case of free c o n v e c t i o n o n l y t h e v i s c o s i t y of t h e o u t e r p o r t i o n s 
is of i m p o r t a n c e . B e t w e e n t h e t e m p e r a t u r e s 3 0 0 d e g . a n d 
6 0 0 deg . K , t h e t e m p e r a t u r e coeff icient of t h e v i s c o s i t y , h, 
i s 0 . 0 0 2 1 9 , w h e r e a s t h e t e m p e r a t u r e coeff icient of J3 9 0 ois 0 . 0 0 0 0 1 
-r- 0 . 0 0 5 5 = 0 . 0 0 1 8 0 , or a b o u t 8 3 per c e n t of t h a t of t h e v i s c o 
s i ty . I n o t h e r w o r d s , for forced c o n v e c t i o n Β i s a p p r o x i m a t e l y 
proport iona l t o t h e v i s c o s i t y of t h e gas a t a p o i n t f of t h e w a y 
from t h e surface of t h e wire t o t h e o u t e r e d g e of t h e f i lm. 

T h e v a l u e s of W g i v e n i n c o l u m n V w e r e c a l c u l a t e d b y first 
d e t e r m i n i n g Β for t h e w i n d v e l o c i t y g i v e n i n c o l u m n I I I b y 
m e a n s of t h e re la t ion 

Β = / 9 0 0 \ ° · 7 δ 

Ł 9 0 0 \ V ) (8) 

F r o m t h i s v a l u e of B, W w a s c a l c u l a t e d in t h e u s u a l w a y . 
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If w e a s s u m e t h a t e q u a t i o n (8) h o l d s d o w n t o v e r y l o w v e l o 
c i t i e s a n d s u b s t i t u t e for Β t h e v a l u e 0 . 4 3 c m . f o u n d for free 
c o n v e c t i o n a n d for £ 9 o o t h e v a l u e f r o m (7), w e f ind for t h e v e l o 
c i t y Vq w h i c h ex i s t s i n free c o n v e c t i o n 

Vo = 2 . 7 [1 + 0 . 0 0 2 4 (T2 - Γ ι ) ] c m . per sec . 

K e n n e l l y h a d c o n c l u d e d f r o m h i s o b s e r v a t i o n s t h a t t h e e n e r g y 
lo s s f r o m t h e wires v a r i e d d i rec t ly a s t h e square r o o t o f t h e w i n d 
v e l o c i t y . A c c o r d i n g t o t h e p r e s e n t t h e o r y t h i s c o u l d o n l y o c c u r 
for w ires of a c e r t a i n s ize . 

I n c a s e t h e d i a m e t e r of t h e wire is large c o m p a r e d t o t h e fi lm 
t h i c k n e s s B, w e s h o u l d e x p e c t t h e e n e r g y t o b e i n v e r s e l y pro
por t iona l t o B\ t h a t i s , d i rec t ly p r o p o r t i o n a l t o t h e 0 . 7 5 p o w e r 
of t h e w i n d v e l o c i t y . F o r wires of smal l er s ize t h e e n e r g y w o u l d 
v a r y less r a p i d l y w i t h t h e w i n d v e l o c i t y , so t h a t for w ires of a 
c e r t a i n s i ze i t w o u l d v a r y a p p r o x i m a t e l y w i t h t h e square roo t 
of t h e w i n d v e l o c i t y . 

K e n n e l l y ' s e x p e r i m e n t s c o v e r o n l y s u c h a n a r r o w r a n g e of 
s izes of wire t h a t h i s d a t a furnish n o w a y of t e s t i n g t h i s d e d u c t i o n 
f r o m t h e t h e o r y . · B u t i t s h o u l d b e p o i n t e d o u t t h a t m a n y o t h e r 
o b s e r v e r s h a v e c o n c l u d e d i n e x p e r i m e n t s o n t h e r a t e of s o l u 
t i o n s of so l ids in l iqu ids a n d o t h e r s imi lar p h e n o m e n a , t h a t t h e 
t h i c k n e s s of t h e dif fusion f i lm v a r i e s i n v e r s e l y a s t h e 0 . 7 0 or 
0 . 7 5 p o w e r of t h e ra te of s t irr ing. A s far a s I k n o w h o w e v e r , t h e 
case w h e r e t h e s i ze of t h e wire i s s m a l l c o m p a r e d t o t h i c k n e s s of 
t h e f i lm h a s n o t b e e n h a n d l e d . 

SUMMARY 

K e a n e l l y ' s d a t a o n t h e " C o n v e c t i o n of H e a t f r o m S m a l l 
C o p p e r W i r e s " afford s t r o n g proof of t h e re l i ab i l i t y a n d usefu l 
n e s s of t h e a u t h o r s t h e o r y of c o n v e c t i o n . A c c o r d i n g t o t h i s 
t h e o r y , " c o n v e c t i o n " c o n s i s t s e s s e n t i a l l y i n c o n d u c t i o n of 
h e a t t h r o u g h a f i lm of g a s of def in i te t h i c k n e s s , i n w h i c h t h e 
h e a t carried b y m o t i o n of t h e g a s i s n e g l i g i b l e c o m p a r e d t o t h a t 
c a r r i e d b y c o n d u c t i o n , a n d o u t s i d e of w h i c h t h e t e m p e r a t u r e i s 
m a i n t a i n e d u n i f o r m b e c a u s e of c o n v e c t i o n current s . T h e t h i c k 
n e s s of t h e f i lm of g a s i s r e l a t e d i n a s a m p l e w a y t o t h e d i a m e t e r 
of t h e wire , so t h a t f r o m t h e e x p e r i m e n t s t h e t h i c k n e s s B, w h i c h 
t h e f i lm w o u l d h a v e i n case of a p l a n e surface , c a n b e r e a d i l y 
c a l c u l a t e d . 

P r e v i o u s r e s u l t s of t h e a u t h o r h a v e s h o w n t h a t 
1. The quantity 5 , for quiet air at room temperature and one at

mosphere pressure, is equal to 0 .43 cm. 
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2. Β is independent of the temperature of the wire from room tempera
ture up to the melting-point of platinum, 1750 deg. cent. 

3. The values of Β obtained from experiments on wires of different 
sizes are found to be the same. 

I n t h e p r e s e n t p a p e r i t is s h o w n t h a t K e n n e l l y ' s r e s u l t s conf irm 
t h e a b o v e c o n c l u s i o n s a n d fur thermore l e a d t o t h e f o l l o w i n g n e w 
c o n c l u s i o n s : 

4. The film thickness (for plane surface) Β varies inversely as the 
0 .75th power of the pressure of.the gas. 

5. The value of Β varies inversely as the 0 .75th power of the wind 
velocity. 

6. Although for free convection, Β was found independent of the tem
perature of the wire, it is found that for forced convection Β increases 
slightly with the temperature. See equation (7). 

7. For forced convection, however, the value of Β is found independent 
of the diameter of the wire, just as in the case of free convection. 

8. Radiation from small metallic wires is practically negligible compared 
to convection, up to temperatures of several hundred degrees. 

I n a series of s u b s e q u e n t p a p e r s i t wi l l b e s h o w n t h a t 

1. The value of Β increases approximately proportional to the abso
lute temperature of the atmosphere surrounding the wire, even when 
the latter varies from —190 deg. to 300 deg. cent. 

2. The value of Β found from actual experiments on the convection 
from plane surfaces agrees excellently with the value found from small 
wires. In the case of plane surfaces, however, the radiation loss is usually 
much greater than that by convection, so that a careful study of the 
radiating properties of the surface has to be made. It will be shown that 
the convection losses from cylinders of any size, as well as from plane 
surfaces, can be accurately calculated from the formulas given in this 
paper. 

3. In the case of convection between two surfaces (for example, between 
two concentric cylinders or two boxes one in the other), the theory of the 
conducting film proves extremely useful and makes it possible to cal
culate nearly all simple cases of heat convection with reasonable accuracy. 

T h e s e p a p e r s wi l l a l so c o n t a i n e v i d e n c e of m a n y k i n d s w h i c h 
c lear ly i n d i c a t e t h e s igni f icance of t h e c o n d u c t i n g f i lm. 


