
[  3 7 3  ]

X I I .  O n  th e  C o n v e c tio n  o f  H e a t  f r o m  S m a l l  C y l in d e r s  a  S t r e a m

D e t e r m in a t i o n  o f  th e  C o n v e c tio n  C o n s ta n ts  o f  S m a l l  P l a t i n u m  

W i r e s  w i t h  A p p l i c a t i o n s  to  H o t -  W i r e  A n e m o m e t r y .

B y  L o u is  Y e s s o t  K i n g , B . A .  { C a n ta b .) ,  A s s i s t a n t  P r o fe s s o r  o f  P h y s ic s

M c G i l l  U n iv e r s i t y , M o n tr e a l .

C o m m u n ic a te d  b y  Prof.Ho w a r d  T . B a r n e s , F .R .S .

R ece iv ed  M ay 5 ,— R ea d  M a y  28 , 19 14 .

[ P l a t e  8 .]

P a g e

3 7 4

C o n t e n t s .

P A R T  I.

M a t h e m a t i c a l  T h e o r y  o f  t h e  C o n v e c t i o n  o f  H e a t  f r o m  a  C y l i n d e r  o f  a n y  F o r m  o f

C r o s s - S e c t i o n  i n  a  S t r e a m  o f  F l u i d .

S ec tio n  1. I n tr o d u c t io n ..............................................................................................................................

„ 2. B o u s s i n e s q ’s  t r a n s f o r m a t io n ............................................................................................. 3 7 4

„ 3. S o lu tio n  of B o u s s i n e s q ’s  tr an sform ed  p r o b l e m ............................................................ 37 6

„ 4. C alcu lation  of h ea t lo ss  u n d er th e  h y p o th e s is  of co n sta n t flu x  o v er  th e  b ou n d a ry  . . 3 7 8

„ 5 . N u m er ica l ev a lu a tio n  of th e  fu n ctio n s em p lo y ed  in  th e  p reced in g  sec tio n  . . . . 37 9

„ 6. A p p ro xim ate form ulae for th e h ea t l o s s ............................................................................. 3 8 0

„ 7. N o te  on th e  in terp re ta tio n  an d ap p lica tio n  of th e  p reced in g  t h e o r y ...................... 38 2

P A R T  II .

E x p e r i m e n t a l  D e t e r m i n a t i o n  o f  t h e  C o n v e c t i o n  C o n s t a n t s  o f  S m a l l  P l a t i n u m  W i r e s .

S ec tio n  8. I n t r o d u c t i o n ......................

,, 9. E xp er im en ta l arran g em en ts

3 8 3

38 4

„ 10. O n th e  co n sta n ts  of th e  p la tin u m  w ires u n d er t e s t .   39 0

„ 11. O n th e  ca lcu la tio n  of te m p e r a tu r e s .............................................................................................392

„ 12. O n p ossib le  sou rces of error in  th e ca lcu latio n  of te m p era tu re s ........................................... 39 3

„ 13. O n th e  red u ctio n  an d  in terp re ta tio n  of th e o b s e r v a t io n s .......................................................39 8

,, 14. O n th e  variation  of th e con vec tion  co n sta n ts  w ith  in c lin a tio n  to  th e  d irec tio n  of

th e  s t r e a m ................................................................................................................................. 40 2

,, 15. N o te  on th e ca lcu latio n  of th e free co n v ec tio n  of h ea t from  sm all p la tin u m  w ires . 40 2

P A R T  III .

O n  t h e  D e s i g n  o f  P o r t a b l e  H o t - W i r e  A n e m o m e t e r s .

S ec tio n  16. I n t r o d u c t i o n .................................................................................................................................. 4 0 4

„ 17. G en eral con sid eratio n s on th e d es ig n  of h o t-w ire a n e m o m e t e r s ...................................... 40 5

„ 18. N o te  on th e ap p lication s of th e h ot-w ire a n em o m eter ............................................................ 407

(520 ) Published separately, November 12, 1914.

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

5
 A

u
g
u
st

 2
0
2
2
 



3 7 4 PR O F. LOUTS Y E SSO T  K IN G  O N T H E  C O N V E C T IO N  OF

P A E T  I.

M a t h e m a t i c a l  T h e o r y  o f  t h e  C o n v e c t i o n  o f  H e a t  f r o m  a  C y l i n d e r  o f  a n y  

F o r m  o f  C r o s s -s e c t io n  i n  a  S t r e a m  o f  F l u i d .

S e c t io n  1. I n tr o d u c t io n .

T h e  general problem of the convection of heat from bodies immersed in moving 

media has recently received considerable a tten tio n  both from the  theoretical and 

experim ental point of view. The equation of th e  conduction of heat in a moving 

fluid was s ta ted  by F o u r i e r  as long ago as 1820,(1) and a few years la ter was 

expressed by P o is s o n  (2) and O s t r o g r a d s k y  (3) in th e  fam iliar form

T>t b x  \ 

where 6 is the  tem perature  of th e  fluid a t any point (x , , z) , c the  hea t capacity of

the fluid per un it volume, k its therm al conductivity, and D /D  the  “ mobile 

o p era to r” D /D t  =  b / b t  + u b / b x  + v  b /b y  + w  b/bzof the liydrodynam

In  1901 the  problem was taken  up by B o u s s i n e s q , ( 4) whose memoir on the subject 

in 1905 contains a g reat num ber of successful calculations of hea t losses from bodies 

of various shapes immersed in a stream  of fluid.

A full account of the theoretical development of the  subject is given by B u s s e l l ,(5) 

and extensive references are given to papers and memoirs rela ting  to the  convection 

of heat.

Section 2. B o u s s i n e s q ’s  T r a n s fo r m a t io n .

Under certain assumptions B o u s s in e s q , by an extrem ely elegant transform ation, 

was able to reduce ( l )  to a differential equation capable of solution. Assuming a 

frictionless, incompressible fluid, the  flow of liquid past an obstacle maps out the  field 

in the  neighbourhood of an obstacle by stream  lines and equipotential surfaces which 

in some cases may constitute a set of orthogonal co-ordinates. I f  in such cases the  

general equation of heat conduction ( l)  be expressed in these co-ordinates, it takes a

(x) F o u r i e r , ‘ M ^m oires d e l ’A c a d e m ie / t. 12, p. 5 0 7 , 1820.

(2) P o i s s o n , ‘ T h r o n e  M ath em atiq u e d e la C h aleu r,’ 1835.

(8) O s t r o g r a d s k y , ‘ S t. P e t. A c. Sc. B ll.,’ t. 1, p. 25, 1836.

(4) B o u s s i n e s q , ‘ C om p tes K en d u s,’ vo l. 133, p. 257  ; also  ‘ J o u rn a l d e M ath em atiq u es,’ vo l. 1, 

pp. 2 8 5 -3 3 2 , 1905 .

(5)  R u s s e l l , ‘ P h il. M a g.,’ vo l. 20 , pp. 5 9 1 -6 1 0 , O ctober, 1910 .
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H E A T  FR O M  S M A L L  C Y L IN D E R S  I N  A  S T R E A M  O F F L U ID . 3 7 5

g rea tly  simplified form, reducing  in m any cases to  one or o ther of th e  known p artia l 

differential equations of m athem atica l physics. The case of two-dim ensional flow 

lends itse lf  especially well to  such an investigation  as well as to  a comparison 

w ith  th e  resu lts  of experim ent. I f  a  =  c o n s ta n t  repres

/? — c o n s ta n t  th e  equipotentials obtained from th e  solution of th e  hydrodynam ical 

problem  of flow past a cylinder of any  form of cross-section (fig. l) , B o u s s i n e s q  first 

showed th a t  th e  general equation  could be transform ed to  th e  linear form

d20 , 02O _  0 

d a 2 +  d f f
( 2 )

w here 6 is th e  tem pera tu re  a t  any point of th e  liquid, k its h ea t conductivity  supposed 

to  be independent of th e  tem p era tu re  and therefore constant th roughou t th e  liquid,

F ig . 1. B o u s s i n e s q ’s  tran sform ation .

c is th e  specific h ea t per un it volume, and Y  the  velocity of th e  stream  a t  a g rea t 

distance from th e  cylinder. The constant n  is defined by th e  relation

2 w  =  c V/k =  S<t \ / k , .... ( 3 )

where s is th e  specific hea t per u n it mass of the  fluid and <r its density.

The complete solution of (2 ) requires a knowledge of the  conditions of heat-transfer 

over th e  interface betw een solid and liquid, a point which can only be se ttled  by 

referring  to  th e  results of experim ent. I f  the  surface of the  cylinder be th e  particular

stream -line a =  0 , and the  critical equipotentials be the curves 0 and yd =  /30, the  

heat-flux per u n it length  of th e  cylinder is given by

H  =  — [ k ( .( 4 )
Jo

w here the in tegral is taken  to  include both branches of the stream -line a  =  0 .

I t  will be noticed th a t  B o u s s in e s q ’s  transform ation reduces th e  problem to the 

simple case of calculating the tem perature  distribution in a uniform stream  flowing 

parallel to  the  axis of x ,(a =  0), when the distribution of tem perature  or he

prescribed over th e  in terval x  =  0 to x  =  
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3 7 6 PR O F. L O U IS V E SSO T K IN G  O N T H E  C O N V E C T IO N  OF

p r o b le m  leads im m ediately to  the  corresponding solution in th e  case of a cylinder for 

which the hydrodynam ical stream -lines can be calculated. (6)

S e c t io n  3. S o lu t io n  o f  B o u s s i n e s q ’s  T r a n s fo r m e d  P ro b le m .

The complete sta tem en t of th e  problem ju s t form ulated m ay be made in term s of 

an in te g r a l  e q u a tio n , and, although th e  general solution is not ye t forthcom ing, an 

expression for the  heat-loss per u n it leng th  m ay be obtained under special assum ptions 

justified by a good agreem ent w ith  th e  results of observation. The solution of the 

transform ed problem requires us to solve the equation

a2_e = 0 „

dx* d y 2
( 5 )

subject to the condition th a t  over the  portion of th e  cr-axis between x  and 

the  boundary conditions are specified. Since equation (5) is linear, we m ay build up 

a solution by the  integration of a linear d istribution of line sources. W ritin g  

<p =  0e~nx, (5) takes the  more sym m etrical form

< « >

(6) B o u s s i n e s q , loc. cit.(‘ J . d e M ath .’), p. 2 9 5 . T h e ap p ro x im a te so lu tio n  g iv en  b y  

p roceed s as fo l lo w s : assu m in g th e h ea t co n d u c tiv ity  k  sm all th e  tem p eratu re varies v er y  s lo w ly  w ith  

w h ile  i t  varies rap id ly  w ith  a. If, in  ad d itio n , th e v e lo c ity  is  g re a t enou gh  so th a t th e coefficien t is 

sm all, w e m ay  n eg lec t th e term  c 26/dft'2 in  th e d ifferen tia l eq u a tio n  (2) , w hich

sim p le F ou rier form

c ‘26/da2 

of w h ich  th e ap propriate so lu tio n  is

0 — | 0 f  (fi ~ not? f t 2) e-............ ............

w h ich p rescribes th e tem p eratu re over th e b ou n d ary  a  =  0  b y  th e relation  6 f  (ft). W r it in g  w =

w e h av e (d6/doc)o — -2 J(2n /ir)  / '  (ft -  co2) dw, from  w h ich w e d erive from  (4) 

H  ■= 4 k  sj(2n/7r) [f(fto- w2) -  / (  -  w2)] do>..

M ak in g  th e fu rth er assu m ption  th a t ap p roxim ate ly  6 =  0 from  =  -  oo to  0, from  0

to  f t  =  fto, and  6 =  0 from  f t =  ft0to  ft =  oo, (iii.) becom es

H  =  4 k  J(2n/w) /?,M )... (iv .)

A p p ly in g  th e resu lts  to  th e case of a circular cy lin d er, th e h y d r od y n a m ica l so lu tio n  g iv es  fto =  4a, 

w h ere a is  th e radius of th e cylin d er. A lso  w r it in g  c =  so-, w here is th e  specific h ea t (a t co n sta n t 

volu m e if th e fluid is a gas) per u n it  m ass an d o- is th e d en sity , w e ob ta in  fin a lly

H  =  8 (so-kY a /ir f  60, ................................................................ (v .)

w h ich w ill be referred to  as B o u s s i n e s q ’s  form ula. H ere 60 is  th e tem p eratu re of th e fluid cy lin d er ab ove 

th a t of th e su rrou n d in g  fluid at a great d istance. I t  m u st be k ep t in  m in d  th a t th e above form u la  cann ot 

be ex p ec ted  to  represen t rea lity  u n less k  is  sm all an d  th e term  2 large.
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H E A T  FR O M  S M A L L  C Y L IN D E R S  IN  A  S T R E A M  O F F L U ID . 377

of which a pa rticu la r solution appropria te  to  a line source a t  th e  origin is seen, on 

transform ing  (6 ) to  cylindrical co-ordinates, to  b e (7)

<f> =  A K 0 ( n r ) ,  w here r  =  | \ / ( x 2+ y 2) | , cos sin 6, . (7 )

A  is a constan t of in teg ra tio n  and K 0(z) th a t  solution of B e s s e l 's  equation m ost 

conveniently defined by th e  definite in teg ra l

K 0( z ) =  f e-*C08h*cfy............................................ (8)
Jo

W e w rite  down for fu tu re  reference th e  expansions

K 0 (z) = V W 22)1 _ 1 _+ l 2- 3"
8z  . 2 ! ”

w hen z  is large. W hen  z  is small we m ay m ake use of the  expansions

(9)

z2 . z 4,/„ . 1\ . z6
K .(*) =  - I » « [ y + l o g ( * / 2 ) ] + |5 + ^ Ta( l + i )  + 2a 42 ga(1 + 4 '+ 4 ) +  --'> (10)

where
f’T ^2

I 0 (z ) =  7r-1 cosh (z  COS =  1 +  —  +
Jo

2 +
22. 42 ‘ 22 . 42 . 62

+ ..., . . ( l l )

and y is E u l e r ’s  constant, y =  0‘57721.

I f  we denote by Q the  ra te  a t  which hea t is being supplied to the  line source per 

u n it leng th , Q should also be equal to  th e  to ta l flux calculated by in teg ra tin g  around 

any closed circuit enclosing th e  so u rce ; th a t  is,

Q =  J [ — k (dO/dv) + c Y  cos e . 0] d s , ( 1 2 )

where th e  in teg ral is taken  around any closed circuit c enclosing the  source, and 

Y  cos e is th e  component of velocity along the  outw ard draw n normal v. This 

rem arkable property  of th e  solution 6 =  Ae”*K0 (n r) is easily verified by carrying out 

the  in tegration  around a circle of radius r, the  result serving to determ ine the  

constant A. Rem em bering th a t

d K '; M  =  K .(z ) and =  .......................... (13)
d z  d z

we have d O /d r  =  A n e nrcoa6[Kj (n r) + cos 6 K 0 (nr)], and th u s from (12)

Q =  2r j ff[2 h kOco s  e — k (d O /d r)]  de =  2 A*nr - K x(n r)£ enr008* K 0(n r)£ co s e e"r

(7) G r a y  an d  M a t t h e w s , ‘ T rea tise  on B esse l F u n c t io n s / 1895, pp. 77 an d 90. T h e n o ta tio n  em p lo y ed  

th ro u g h o u t is  th a t o f th e  ab ove treatise ,

V O L . C C X IV .---- A . 3  G
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378 PE O F. L O U IS  Y E SSO T  K IN G  O N  T H E  C O N V E C T IO N  O F

I t  is not difficult to  prove from ( l l )  and (13) th a t

j  e zcos' d e  = xlo(z) and J cos =  x lx ......... (14)

M aking use of the  relation (8) I n+1K „—I nK „+1 =  (l/z ) cos n ir  for 0 , we obtain 

finally Q =  2A k x , and thus for the  tem peratu re  a t any point th e  expression

0 =  (Q /2x/c) e^Ko ( n r ) , ..........................................(15)

which is H . A. W i l s o n ’s (9) solution for a line source.

L et u ( i )  d£represent th e  to ta l flux of heat from an elem entary portion d g  of the

x-axis betw een x  =  0 and x  =  /30. The contribution of th is elem ent to  the  tem perature  

a t any point is given by (15) in th e  form

d d  =  ( 1/2 Tnc)u(g)d£ en(l_f)K 0 |n v/ | y j+(:c—£)2] | .

Since equation (5) is linear the tem peratu re  due to  a d istribution of line-sources 

along the  a?-axis betw een x  =  0 and x  =  

y )  =  ( 1/ 2 ™ ) ^  u ( i ) e nix- ( )K 0 \ n  \ Z W + ( x - £ Y ]

The boundary condition over y  — 0 is expressed by th e  relatio

2t t k6( x ) = [  u (£) en(x-t)k o | £ )  | d g .

I f  the  tem perature  is prescribed over the  boundary, equation (17) constitu tes an 

in te g r a l  e q u a tio n  for th e  determ ination of u  (g if  the  flux

over the  boundary from x  =  0 to x  =  /30the  sam

the  stream  in contact w ith the boundary. In  e ither case the  to ta l heat-loss of the  

cylinder per un it length  is given by

H  =  f u(£)d£,... (18)
Jo

and the tem perature a t any point by (16).

S e c tio n  4. C a lc u la t io n  o f  H e a t -L o s s  u n d e r  th e  H y p o th e s is  o f  C o n s ta n t

F l u x  o v er  th e  B o u n d a r y .

The solution of the  problem in hand which gives results in best agreem ent w ith  

experim ent for the  case of convection of heat from small cylinders is th a t  obtained by

(8) G r a y  an d  M a t t h e w s , loc. cit., p. 68.

(9) H . A . W i l s o n , “ O n C on vection  of H e a t,” ‘ Proc. Cam b. P h il. S o c.,’ 12, p. 41 3 , 1904 .
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H E A T  FR O M  S M A L L  C Y L IN D E R S  IN  A  S T R E A M  O F F L U ID . 3 7 9

assum ing th e  flux u ( g )  to  be constan t over th e  boundary. From  (18) we have, 

w riting  u  (£) =  u 0,

H  =  w0/30.........................................................(19)

As a resu lt of th e  h igh  heat-conductiv ity  of th e  cylinder in th e  experim ents carried 

ou t th e  tem p era tu re  60 o f th e  cylinder m ay be considered constan t over its  en tire  

boundary, an assum ption justified  by a calculation carried ou t in Section 13. There 

will therefore be a d iscontinu ity  in th e  tem pera tu re  over th e  b o u n d a ry ; we assume 

th a t  th e  tem p era tu re  of th e  stream  in contact w ith  th e  cylinder becomes finally equal 

to  th a t  of th e  cylinder a t  th e  poin t /30 w here i t  leaves th e  boundary. The in teg ra l in 

(17) m ust be divided in to  tw o p a rts  in order to  m ake th e  a rgum ent in the

function K 0 |n (cc—£)| positive; we th en  obtain

2 t t k6 (x ) = j  en{x~()K 0 { w ( c c — £ ) }  en^~ x) K 0 { n ( £ — a s)}  <&*J.

M aking th e  su b stitu tio n  u  =  n ( x — g )  in th e  first in teg ra l and in 

second, we m ay w rite  th e  above equation in th e  form

P Cnx rn(Po-x) ~1

2 t tkB (x ) =  ( u j n )  j eMK 0 (u )  d u  +  J K 0 J

W ritin g  6 =  60when x  =  /30in th e  above equatio

th e  heat-loss of th e  cylinder per u n it leng th  th e  expression

H 27T/C0(J7l/3l'on f o j  j o e“K ( 2 1 )

w here 0O denotes th e  tem pera tu re  of th e  cylinder above th a t  of th e  stream  a t a g rea t 

distance. The discontinuity  of tem peratu re  occurring over th e  boundary m ay easily 

be calculated a t any  point from (20 ) ;  the  m axim um  discontinuity occurring a t =  0 

is easily seen to  be given by

o J e 0 £  e~uK 0 (u )d u j j  ettK 0(u)<&/j............................. (22 )

S e c t io n  5. N u m e r i c a l  E v a lu a t io n  o f  th e  F u n c t io n s  E m p lo y e d  in  th e

P r e c e d in g  S e c tio n .

Before we can proceed to evaluate the  functions occurring in the preceding section 

we proceed to  derive the  convergent and asym ptotic expansions of the  function

F  ( x )  =  [ eMK 0 (u )  d u . E xpanding eu in powers of u , and m aking use of th e  expansion 
Jo

( 10), we obtain on in teg rating  term  by term  the  convergent series applicable for 

small values of the  variable x ,

( l /x ) j  euK  0( u ) d u  =  (1 + ix + £ # 2+T1frg^3+ •••)—(y + lo g i^ H l  + i x + i # a+ifs-#3+ •

3 c 2
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3 8 0 PK O F. L O U IS  V ESSO T K IN G  O N T H E  C O N V E C T IO N  OF

In teg ra tin g  term  by term  the  asym ptotic expansion (9), we obtain

[ euK 0 (u  )d u  + l  =  \ / ( 2 t t x) 
Jo

1 JL__ l 2 .3  l 2 , 3 a

8 x  (8# ) 2 . 2 ! (8#)3
. . . ] .  . . ( 2 4 )

The term  1 on the  left-hand side represents a term  of in tegration  arising from the  

lower lim it of the  in tegral, which is proved by actual numerical calculation to 

be unity .

In  order to evaluate F  (sc) num erically over the  in terval where neither (23) or (24) 

are convergent, use is m ade of E u l e r ’s  form ula for th e  quadra tu re  of th e  function

y  = / ( * ) ( “)

|  y  d x  =  h  ( l l / o + 2/i +  2/2 +  • • - h /n )  ~ ~ Y zh 2 [ .  ( x n) ~ ~ f  ( ^ 0) ]

+ T iu ^4 (^o)]- ■•••> • • • (25)

where h  is the  in terval betw een th e  successive values of x ,  th a t  is, h  ( x n—x 0) /n . 

From  a table (u) of th e  B e s s e l ’s  functions K 0 ( x )  and K a (#), th e  values of exK 0 (#) 

and exKj ( x )  were tabu la ted  over various ranges of equid istan t intervals from =  O'l 

to  x  =  6 *0. Num erical values of F  ( x )  for values of # < 0*1 were easily calculated 

from the  convergent formula (23). Beyond th is point the  in teg ra l betw een the  

lim its x  =  0*1 and x  =  x nwas calculated by th e  use of E u l e r ’s  formul

use of a calculating machine for th e  purpose in such a way th a t  the  various entries 

were recorded as successive values of a single series of operations. Beyond x  6*0 

the  function was evaluated from (24), the  constant of in tegration  proving to be unity .

The functions e*K0 (#), exKj (#), j  exK 0 (#) d x  and j  exK 0 ( x )  d x are tabu la ted  in

Table I. together w ith a more detailed description of th e  m ethod of com putation ; 

a graph of the  last function is also given.

S e c t io n  6 . A p p r o x im a te  F o rm u la e  f o r  th e  H e a t-L o s s .  

W hen the variable x  is small, equation (23) enables us to w rite

y z j  |  exK 0 ( x )  J in the  form y  =  l / [ ( l — y )—log^#]. (26)

Hence when the variable n/30 is so small th a t it m ay be neglected in comparison w ith  

log (l/n/30) the  expression (21) for the heat-loss m ay be w ritten  in th e  form

H  =  27nc0o/[log (46//30) ] , .....................................(27)
where

c =  scr and b =  el~y/(2 ,n) =  Kel~yl( s ( r V ) .............................. (28)

( 10) E u l e r , ‘ Com m . A cad . S ci. Im p. P etro p .,’ v i. (1 7 3 2 -3 3 ) .

(u ) J a h n k e  an d E m d e , ‘ F u n k tio n en ta fe ln  ’ (T eu b n er’s, 19 09), p. 135 . T h e fu n ctio n s (« ' /2 )  Ho1 

and -  (Tr/2)Hil (ix) of th e ab ov e tab les are here d en oted  b y  Ko (x) and K i (x) resp e ctiv ely , and  th eir  

com p u tation  is d u e to  W . S. A l d t s  ( ‘ K oy. Soc. P r o c ./  vo l. 64, p. 219 , 1898).
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W hen th e  variable x  is large , equation  (24) enables us to  w rite  approxim ately

y  =  1 / (2 t t ) + \ /  x /(2t t).............................................
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Thus when th e  te rm  nf.30is sufficiently large and th e  term  l / ( S n /3 0

comparison w ith  u n ity , equation  (21 ) takes th e  form

H  =  k60 + k00\/2 t tW/30 =  a t tkSct^ q V*0o.(3 0 )

E xpressions (27) and (30) hold for cylinders of any shape for which th e  constan t /30 

can be calculated from th e  hydrodynam ical problem. I t  is easily proved in th e  case 

of an elliptic cylinder of sem i-axes (a , b) th a t

I30 =  2 ( a + b ) ..................................................... (31)

This resu lt holds good independently  of th e  direction of th e  axes of th e  cross-section 

w ith  th a t  of th e  s tream  and m ay be u tilized in th e  special cases of calculating the  

heat-loss from a circular cylinder or a s trip  of b read th  2 The case of a circular 

cylinder of radius a  represen ts th e  conditions of th e  experim ents described in P

of th e  p resen t paper ; w riting  /30 =  4 

for th e  heat-loss

S m a l l  v e lo c itie s  . . . H  =  2x/c00/[log (6/ a ) ] , ..................... (32)

L a r g e  v e lo c itie s  . . . H  =  V*0O..................... (33)

The lim its w ith in  which these approxim ate formulae represent th e  values of the  hea t- 

loss given by th e  exact expression (21 ) is exam ined in th e  description of D iagram  I.

(12) I t  is in te r e s t in g  to  com pare (3 2 ) w ith  L a n g m u i r ’s  form u la  for free co n v ec tio n ,

H  =  2rr (<fe -  4»i)/[log b/a],

w h ere 4> d en otes  a fu n ctio n  of th e  th erm a l c o n d u c tiv ity  an d  th e  tem p era tu re g iv e n  b y  th e relation

< p =  K dd.  T h is  re su lt has b een  sh ow n  b y  L a n g m u i r  to  rep r esen t w ith  fair accu racy  th e  resu lts  o f h is

Jo
ex p er im en ts  on th e  free co n v ec tio n  from  sm all p la tin u m  w ires ( ‘ P h y s . R e v .,’ 34, p. 40 1 , 191 2). 

In te rp rete d  in  th e  l ig h t  of eq u a tio n  (3 2 ) th e term  b of L a n g m u i r ’s  eq u a tio n  rep resen ts a term  d ep en d in g  

on  th e  “ effec tive  ” v e lo c ity  Y  of th e free co n v ec tio n  cu rren t se t u p  b y  th e h ea ted  wire.

E q u atio n  (3 3 ) m ay b e com pared  w ith  th a t d er iv ed  b y  K e n n e l l y  ( ‘ T rans. A .I .E .E .,’ 26, p. 969 , 1907 , 

an d  ‘ T ran s. A .I .E .E .,’ 28, p. 36 8 , 19 0 9 ) as a re su lt of h is ex p er im en ts  on th e forced  co n v ec tio n  of h ea t 

from  sm all cop per w ires. In  th e n o ta tio n  of th e p resen t p aper K e n n e l l y ’s  form u la  m a y  be w r itten  

in  th e form

H  =  (C +  B t f ) < W V  +  %

w h ere C an d  B  are co n sta n ts  g iv en  b y  C =  300  x 10~7, B  =  5 ‘8 x 1 0 -8 , th e h eat-loss H  b e in g  m easu red  

in  w a tts  p er u n it  len g th , th e  tem p eratu re d ifference 00 b ein g  exp ressed  in  d egrees C. and th e v e lo c ity  V  in  

cm ./sec. t>0 78 a co n sta n t w h ose va lu e is v0 =  25 cm ./sec., an d  d  is  th e  d iam eter of th e w ire in  cm. I t  

m u st be n o ticed  th a t in  d er iv in g  th e ab ov e form u la  n o  correction  w as m ade in th e ex p er im en ts  for 

th e  “ sw irl ” o f th e  ro ta tin g  arm  in  th e  d e te rm in a tio n  of th e v e lo c ity .
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382 PR O F. L O U IS  V E SSO T  K IN G  O N T H E  C O N V E C T IO N  OF

I t  is shown th a t  when th e  cooling stream  is air a t  ordinary pressure, there  exists 

a value of the  product Yd (V expressed in cm./sec. and th e  diam eter d  in 

by Y d  =  0*0187 which discrim inates betw een the  two formulae: when 0*0187 (32)

is appropriate to  th e  problem, while for 0*0187 (33) m ust be employed. In

practically all cases except for very small wires and extrem ely low velocities the  

condition Vc£>0*0187 is satisfied and equation (33) expresses w ith  sufficient 

accuracy nearly all applications of th e  formula.

S e c tio n  7. N o te  o n  th e  I n t e r p r e ta t io n  a n d  A p p l i c a t io n  o f  th e  P r e c e d in g  T h e o ry .

T hat the expression for th e  heat-loss from a cylinder cooled by a stream  of fluid 

derived in the  preceding sections and leading to equation (21 ) m ay be identified w ith 

rea lity  involves m any delicate considerations as to  th e  na tu re  of the boundary 

condition over the  surface of th e  cylinder. A comparison w ith  th e  results of 

experim ent described in Section 13 gives strong support to  the  valid ity  of th is form ula 

and seems to justify  th e  boundary condition of constant flux by means of which it  was 

derived. Looking a t the  m a tte r  from the point of view of the kinetic theory  of gases, 

tem perature conditions cannot s tric tly  be defined in the imm ediate neighbourhood of 

the heated cylinder, and it is only a t a distance of several free paths when equipartition 

is nearly complete th a t  we may define tem perature  and th a t  normal therm al conduction 

takes place. The boundary condition of constant flux is one which m ust look for its 

explanation in the  ligh t of the kinetic theory, m aking use of th e  precise knowledge 

which is now coming to hand regarding the nature  of molecular impacts on solid 

boundaries from recent investigations on the properties of ultra-rarefied gases. (13). 

This aspect of the  question m ust, however, be left over for fu tu re  discussion. T hat 

there  should exist a discontinuity of tem perature  between the  stream  and the  cylinder 

a t  ordinary pressures is not su rp ris in g ; th is discontinuity was considered possible by 

P o is s o n  and is now known to exist in the  case of rarefied gases. (14)

The solution of the present problem on the conduction of heat in moving media is 

only a particu lar case which m ay be applied to m any o ther problems for which the  

same formal expression of the physical conditions holds ; for instance, the  results apply 

m u ta t i s  m u ta n d i s  to the  problem of diffusion or evaporation from liquid surfaces into 

stream s of gases flowing over them. I t  m ust be kep t in mind, however, th a t  in each 

type of problem to  which th is analysis m ay be applied, the  nature  of the boundary 

condition m ust in each case be referred to a comparison w ith the  results of 

experiment.

(13) A  su m m ary of recen t w ork  on th e su b ject is  g iv en  b y  K n u d s e n  ( ‘ La Th^orie du R a y o n n em en t e t  

les Q uan ta ,’ G autb ier-V illars, P aris, 19 12 , p. 133), and m ore recen tly  b y  D u n o y e r  ( ‘ L es Id ees  M odernes 

sur la C on stitu tio n  d e la M a tu r e ,’ G auth ier-V illars, Paris, 1913 , p. 21 5  et seq.).

(u ) K u n d t  an d W a r b u r g , ‘ P o g g . A n n .,’ vo l. 156, 1875, p. 1 7 7 ;  a lso  S m o l u c h o w s k i , ‘ W ied . A n n .,’ 

64, 1898, p. 101.
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P A R T  II.

E x p e r im e n t a l  D e t e r m i n a t i o n  o f  t h e  C o n v e c t i o n  C o n s t a n t s  o f  Sm a l l

P l a t i n u m  W i r e s .

S e c t io n  8 . I n t r o d u c t io n .

The experim ental s tu d y  of therm al losses from heated  bodies under various 

conditions dates back to  th e  classical researches of D u l o n g  and P e t i t (15) in 1817. 

Since th a t  da te  num erous experim ents have been carried out on th e  radiation  and 

convection of heat, m ost of which fall under tw o categories :—

(i.) The stu d y  of th e  to ta l h ea t losses from a heated  body to  an enclosure 

m ain tained  a t  constan t tem p era tu re  and containing different gases under various 

conditions of pressure. In  so far as these experim ents refer to  th e  h ea t losses from 

wires, we m ay cite th e  classical work of A y r t o n  and K i l g o u r (16) and th a t  of 

P e t a v e l .(17) More recently  we m ay quote th e  experim ents of K e n n e l l y ( 18) on the  

forced convection of h ea t from small copper wires, and to  a series of detailed papers 

recently  published by L a n g m u i r (19), w here exhaustive references to  experim ents on 

convection problems are to be found.

(ii.) The stu d y  of rad ia tion  losses from heated  solids to  enclosures m aintained a t 

constan t tem perature , in which connection th e  earliest m easurem ents carried out by 

an electrical m ethod appear to  have been due to  B o t t o m l e y .(20) In  high vacua th is  

subject has in recent years been m ade th e  field of much research, especially in 

connection w ith  the  developm ent of th e  m etallic filam ent lamp. In  the  present work 

th e  heat-loss by radiation  plays a very  subordinate p a rt and was not made th e  subject 

of special investigation.

The m easurem ent of therm al losses in s tag n an t media, while simpler to carry out 

experim entally , and perhaps more im portan t in practical applications, has th u s far 

defied m athem atical investigation on a rational physical basis. On the other hand, 

the  m athem atical in te rp re ta tion  of heat convection as a problem of heat conduction in 

moving media adm its of fewer restrictions and leads to  the  results of B o u s s in e s q (21)

( 15) D u l o n g  e t  P e t i t , * A n n . d e C h im ie e t  d e P h y s iq u e ,’ t. 7, 18 17 .

(16) A y r t o n  and  K i l g o u r , “ T h e T herm al E m iss iv ity  o f T h in  W ires  in  A ir ,” ‘ P h il. T ra n s.,’ vo l. 183, 

P art I .,  p. 371 , 1892 .

(U ) P e t a v e l , ‘ P h il. T ra n s.,’ vo l. 191, p. 50 1 , 1 8 9 8 ;  a lso  ‘ P h il. T ra n s.,’ vo l. 197, p. 2 2 9 , 1901 .

(18) K e n n e l l y , W r i g h t , an d  V a n  B y l e v e l t , ‘ T rans. A .I .E .E .,’ vol. 26, p. 969 , 1 9 0 7 ;  also  ‘ T rans. 

A .I .E .E .,’ vo l. 28 , pp. 3 6 3 -3 9 6 , 1909 .

(19) L a n g m u i r , ‘ P h y s . R e v .,’ vo l. 34, p. 40 1 , 1 9 1 2 ;  a lso  ‘ Proc. A .I .E .E .,’ Ju n e , 1912 , p. 1 0 1 1 ;  ‘ Proc. 

A .I .E .E .,’ A p ril, 19 13 .

(2«) B o t t o m l e y , ‘ P h il. T ra n s.,’ A , vol. 178 , p. 42 9 , 1 8 8 8 ;  ‘ R o y . Soc. P ro c .,’ vo l. 66, p. 269 , 19 00 .

(n ) B o u s s i n e s q , loc. cit., p. 2 9 7 .
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3 8 4 PR O F. L O U IS  Y E SSO T  K IN G  O N T H E  C O N V E C T IO N  O F

and to  th e  more general formulae developed in the  preceding sections. I t  is not 

difficult to  understand  from a physical point of view th a t  th e  results of experim ents 

on forced convection should be simpler in th e ir in terpretation  in th a t  th e  disturbance 

due to  the  free convection set up by th e  heated  wire m ay be neglected in comparison 

w ith  th e  impressed velocity provided th e  la tte r  be sufficiently large. The first 

experim enter to have shown th a t  th e  convection loss in a curren t o f air is proportional 

to the  tem perature  difference and to  th e  square root of th e  velocity seems to have been 

S e r ( 22) ,  whose m easurem ents on th e  variation of heat-loss w ith  ex ten t of surface 

indicate approxim ations to  the  theoretical formulae. K e n n e l l y ’s (23) observations led 

to an empirical formula closely resembling th a t  finally derived in Section 6.

The experim ents of C o m p a n (24) on the  cooling of spheres in a ir curren ts have 

verified B o u s s i n e s q ’s  approxim ate equation betw een com paratively narrow  lim its of 

tem perature  and air-velocity. W hile th e  present investigation was in progress, the  

work of M o r r i s (25) was published, verifying the application of a formula of the  type  

obtained by B o u s s i n e s q  to the cooling of fine wires heated  by an electric cu rren t to 

tem peratures of about 70° C. above the  surrounding air and for air-velocities as h igh  

as 40 miles an hour.

The present investigation was undertaken w ith  two purposes in view :—

(i.) To study  th e  laws of convection of heat from small p latinum  wires heated  by an 

electric current over as wide a range as possible of tem perature, air-velocity, and 

diam eter in the  lig h t of the formulae developed in the  preceding sections and to obtain 

in absolute measure the  convection constants of such wires.

(ii.) To m ake use of the  constants thus obtained in the  design of accurate and 

portable wind-m easuring apparatus to form the basis of a s tandard  system  of 

anemometry, as well as to serve for use in a g rea t variety  of engineering and 

aerotechnical problems.

S e c tio n  9. E x p e r im e n ta l  A r r a n g e m e n ts .

(i.) G e n er a l.

The general arrangem ent of apparatus necessary to carry out the  requisite 

m easurements of heat losses from a series of platinum  wires, of diam eters 1 to 6 mils, 

consisted of a ro ta ting  arm capable of adjustm ent to any speed as calculated from a

(22) S e r , ‘ T ra its  d e P h y siq u e  in d u str ie lle ,’ t. I ., pp. 1 4 2 -1 6 2 , 18 8 8 . T h e paper is b riefly  a b stra cted  b y  

B o u s s i n e s q , loc. cit., p. 290 .

(28) K e n n e l l y , ‘ T rans. A .I .E .E .,’ 28, pp. 3 6 3 -3 9 7 , Ju n e , 1909. T h e form u la  referred  to  is (2 8) , 

p. 388 .

(24) C o m p a n , ‘ A n n. de C h im ie e t  d e P h y s iq u e ,’ 26 , p. 48 8 , 1902 .

(25) M o r r i s , “ T h e E lectrica l M easu rem en t of W in d  V e lo c ity ,” ‘ E lec tr ic ia n ,’ O ctob er 4, 1912 , p. 105 6 . 

P ap er read a t th e B ritish  A ssociation  M eetin g , D u n d ee, S ep tem ber, 1912 . S ee also ‘ E lec tr ic ia n ,’ 

O ctober 4, 1912, p. 1 0 5 6 ;  ‘ E n g in ee r,’ S ep tem b er 27 , 1 91 2 .
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chronograph record. A t various leng ths along th is  arm  could be clam ped a lig h t fork 

designed to  hold th e  specimens of wire under test. The la t te r  form ed p a rt of a K elvin 

double bridge, electrical connection being obtained th ro u g h  a cen tral m ercury 

connecting sw itch and overhead wires to  th e  rem ainder o f th e  bridge. By means of 

a rh eo sta t i t  was possible a t each speed to  ad ju s t a m easured cu rren t th ro u g h  th e  wire 

so as to  b ring  its  resistance to  a value corresponding to a predeterm ined tem perature . 

In  th is w ay it  was possible in th e  case of each wire to  vary  in any chosen w ay the 

various factors of tem pera tu re , air-velocity  and heat-loss. The general arrangem ent 

of ap p ara tu s  and details are d raw n in D iagram  II. and shown photographically  in 

P la te  8 .

(ii.) D e ta i l s  o f  R e s is ta n c e  B r id g e .

n o  v o lta R h e o sta t
V/'MMAAM

Resistance
standard

s  4

In  order to  m easure th e  tem pera tu re  of a leng th  of platinum  wire heated  by an 

electric cu rren t under given conditions of wind-Yelocity, i t  is necessary to  design a 

form of resistance-bridge su itab le  for 

an  accurate  determ ination  under these 

conditions. The well-know n connections 

of th e  K elvin double bridge a t once 

recom m end them selves for the  purpose 

and are shown diagram m atically  in fig. 2 .

A represents the  p latinum  wire whose 

resistance it  is required  to measure. B is 

a ten-m etre  bridge wire of No. 23 S. W .G . 

m anganin wire. Connecting A and B 

is a resistance S including th a t  of th e  

am m eter and leads to  the  fork on the  

ro ta tin g  arm. The ratio-resistances a , 

b, a , fi  were in the  neighbourhood of 

105ohms, so th a t  th e  curren t in th e  wire

A is to  a very close approxim ation th a t  indicated by the  ammeter. A and B were 

connected th rough  an adjustable rheostat to the 110-volt mains, lh e  following 

formulae are given for fu tu re  reference. W hen the  galvanom eter is balanced it is 

not difficult to prove th a t

S _

Ammeter

— Kelvin -V&rley potenbiom etei---------

F ig . 2. K e lv in  b rid ge  con n ection s .

A

B
« , §  _ 
b B a + j6  + S \ b

(34)

Also if  I be the cu rren t in the  platinum  wire, th a t  in the  am m eter, th a t th rough  

the  coils ( a , b), a n d j  th a t  th rough  (a, /3), we have

I  =  k [ l + S / ( a .  +  P)'], j  -  k.8/(a + $ ) , I [ A /a  + a /a .  fi  + S)]. (35)

W e notice from (34 ) th a t  when the  ratio  coils are so adjusted th a t a jb  then,

3 DV O L . C C X IV .----A.
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A /B =  a jb  =  a/fiindependently of any connecting- or contact-resistance in the  br

I t  is th is characteristic property  of the  Kelvin bridge which makes it  especially 

applicable to  the  present series of m easurements.

In  th e  actual apparatus the  wire A to  be tested  is m ounted in a specially 

constructed fork which is ro ta ted  a t th e  ex trem ity  of a long revolving arm. The 

main circuit and the po tential term inals P iP 2 are carried th rough  four m ercury- 

contact slip-rings to th e  overhead wires and thence to the  bridge.

In  the actual apparatus the  ratio  coils had nearly equal resistances of th e  value 

105 ohms ; when compared by means of a Kelvin-V arley slide they  were found to  have 

the following ratios :—

a. /3. a . b.

24,984 24,986 25,020 25,010

m aking the  correction factor ( a / b  — 

The connecting resistance $ was found to be about O'55 o h m ; the  resistance B was 

never less th an  0'50 ohm, so th a t  the  correction in equation (34) due to small 

departures from equality  in the  ratio-coils is given by

A /B  =  ct/b +  S/B. 3/2500..... (36)

I t  will be seen th a t  A = B  to less th an  one-tenth  of 1 per cent., which, as will be 

seen later, is well w ithin the possible accuracy of the present experim ent. W e also 

notice from (35) th a t  I does not differ from th e  am m eter curren t by an appreciable 

amount.

The galvanom eter employed was a Broca instrum ent of resistance 97 ohms and 

adjusted to a sensitivity such th a t  8*5 x 10-10 amperes gave a deflection of 1 mm. on 

a scale a t a m etre distance— a shun t was used w ith the  galvanom eter so th a t  the  

sensitivity  could be reduced to any required fraction of th is amount.

The am m eter was a direct-reading W eston instrum ent, consisting of m illi-voltm eter 

and shunt, by means of which ranges 0*2 , 2 *0 , 20 amperes were available ; these ranges 

could be further subdivided by the  insertion of a suitable resistance in series in the  

milli-voltmeter circuit. The instrum ent was calibrated against a W eston laboratory 

standard  and was found to read correctly to w ithin \  of 1 per cent., which represents 

the order of accuracy aimed a t through the  experiment.

The procedure carried out in order to obtain a set of readings was as follow s: the  

wire under te s t was placed in the  fork and potential term inals of fine platinum  wire 

(about 1 mil diam eter) fused on the  wire a t a measured distance apart. A 2 -volt 

cell was inserted a t T j T 2 and a K elvin-Varley slide placed in parallel w ith the  circuit 

S P 1P 2B1B2» S being a standard  resistance connected in series w ith th e  circuit A, B so 

th a t  the  resistance of the wire in ohms m ight be obtained. By using a very small 

m easuring current (about 0'05 amperes) and the  galvanom eter a t full sensitivity  the  

resistance of the wire between potential term inals a t standard  room tem perature
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(17° C.) was obtained, care being tak en  to  te s t  for th e  absence of any appreciable 

h ea tin g  effect of th e  m easuring cu rren t since th is  m ay become quite  noticeable in th e  

case of th e  very fine wires. P o in ts  were th en  determ ined on th e  bridge-w ire corre

sponding to  a series of p redeterm ined  ratios I i /R 17, each of these represen ting  when 

balanced ag a in st th e  h ea ted  p latinum  wire a certain  tem p era tu re  as calculated from 

th e  constan ts of th e  wire. The series of tem pera tu res employed was as far as possible 

k ep t th e  same for all th e  wires. In  order to  m easure th e  heat-loss, th e  s tan d ard  

resistance and th e  K elv in-V arley  slide were cu t out of th e  circuit, and th e  term inals 

T j T 2 connected to  th e  110-volt m ains th ro u g h  rheosta ts allowing of th e  continuous 

ad ju stm en t of cu rren t from zero to  about 5 amperes. The ro ta tin g  arm  was th en  

ad justed  to  a fixed speed, and th e  cu rren t set to  such a value th a t  a balance was 

obtained on th e  galvanom eter (shun ted  to  xoVo of its  sensitiv ity) when th e  adjustable  

contact B2 was se t on each of th e  points of th e  bridge-w ire previously determ ined to 

rep resen t certain  tem peratu res. R eadings were also taken  w ith  th e  appara tu s a t a 

standstill, and  th e  w ire in th ree  positions, horizontal, vertical, and inclined a t an angle 

of 45 degrees to  th e  vertical. A t each point th e  cu rren t was read off on the  am m eter, and 

from th e  resistance of th e  wire th e  heat-loss in w a tts  per u n it leng th  could be calcu

lated. This series of readings was repeated  for various velocities as high as 25 miles 

an hour. In  order to  elim inate th e  end correction th e  wires tes ted  were for th e  most 

p a rt  of considerable len g th  (about 23 c m .) ; it was found impossible to  go to  h igher 

speeds owing to  th e  sagging and vibration of the  wires under w ind-pressure and 

centrifugal force w ith  consequent risk  of breaking  a t h igh tem peratu res and the  loss 

of a se t of observations.

(iii.) O n  th e  M e a s u r e m e n t  o f  W in d -v e lo c ity .

The sim plest laboratory  m ethod of obtaining a stream -line wind-velocity, whose 

value is known directly  w ithout reference to th e  calibration of P ito t-tubes or anem o

m eters, is realized by th e  use of a w hirling table to which is a ttached  a ligh t arm  a t 

th e  ex trem ity  of which th e  object to  be experim ented upon is attached. The advan

tage  of th is  m ethod is, however, more apparen t th an  real. I t  is well-known th a t  in 

such a disposition of apparatus a vortex  is created in the  neighbourhood of the  

ro ta tin g  arm , so th a t  th e  velocity of a point a t  any radius relative to  the  room does not 

represent its  velocity relative to the  air. In  addition to  the difficulty m entioned 

results obtained from air-velocities m easured from motion in a circle cannot in some 

classes of work be applied w ith  safety  to linear motion. In  fact so serious have these 

objections proved them selves to be th a t the m ethod of obtaining velocity by means of 

a ro ta tin g  arm  has been abandoned in meteorological work and in aeronautical 

problems. (2H)

(26) T h ese d ifficu lties are d escrib ed in  d eta il b y  F r y  and  T y n d a l l  in  a paper “ On th e V a lu e of th e  

P ito t  C o n sta n t,” ‘ P h il. M ag.,’ 21, p. 35 2 , 1911 ; a lso  in  th e  ‘ R ep ort of th e A d v iso ry  C om m ittee  for 

A ero n au tic s ,’ 1 9 0 9 -1 0 , p. 1 5 ;  1 9 1 0 -1 1 , ‘ R ep o r t,’ N o . 34, p. 50, b y  M essrs. B r a m w e l l  an d  S i l l i c k .

3 D 2V O L. C C X IV .— A .
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For most purposes a specially constructed w ind-tunnel is employed in the production 

of wind-velocity. In  order to  elim inate the  effect of the walls and to  produce a uni

form velocity over a considerable cross-section, a large size of tunnel is necessary, 

requiring a t high velocities a very large delivery of air obtainable only from massive 

and expensive equipm ent. Moreover, it  is necessary for the actual m easurem ent of 

wind-velocity to depend on a P ito t-tu b e  or o ther form of anem om eter ; in addition it  

is difficult to secure stream -line motion a t high velocities.

(iv.) O n  th e  D e te r m in a t io n  o f  th e  C o rr ec tio n  F a c to r  i n  th e  M e a s u r e m e n t

o f  V e lo c ity .

For th e  purposes of the  present experim ent the  m easurem ent of velocity by means 

of a ro ta tin g  arm  recommends itself as the  sim plest and the  m ost direct. W ith  the  

wire held parallel to th e  axis of ro tation, the  objection to circular motion does not 

hold, while th e  tru e  velocity a t any point on the  arm  relative to th e  air can be d e te r

mined as follows :—

W e denote by V r the  velocity of a point a t radius r  on the  ro ta tin g  arm  relative to 

the room (apparent velocity), by V th e  tru e  velocity relative to the  air, and by v  the  

velocity of the  vortex a t radius r  relative to the room. Observation then  shows th a t  

a t  the  same radius the tru e  velocity is proportional to the apparen t velocity consistently 

w ith an expression of the  form

V  =  V r- v  =  ( l - s ) V r............................. .....  (37)

The constant s m ay conveniently be called the and expressed in percentages

of the apparent velocity. The qu an tity  v  =  s V r repre

th e  vortex set up by the  ro ta ting  arm. In  order to m easure th is velocity one of the 

wires is placed in the  fork of the  ro ta ting  arm , and a series of currents required to  

heat up the  wire to a determ inate resistance for various velocities measured. The 

relation between the  curren t and the  apparen t velocity is found to  be of th e  form

? = i *  + KrV r\ ............................................... (38)

and the constants i 2 and kt were determ ined by observation. The s a m e  wire w

m ounted in another fork fixed relatively to the room and placed in such a position 

th a t the ro ta tin g  fork passed w ithin a centim etre or less from th e  fixed wire. The 

whirling table was then  set into motion and th e  current required to bring the  

resistance to the  same value for each of a series of velocities measured. In  th is way 

the  apparent velocity of the vortex v r was calculated from (38). I t  was found th a t  

the apparent velocity of the arm  Y r was connected w ith  by a linear relation v r =  s rV r, 

sr now denoting the a p p a r e n t  s w ir l . M aking use of (37) we have the  relations 

v r — v / ( l  —s)  =  s V r/ ( l — s)  =  s rX rgiving sr =  s / ( l —

th a t
v  =  V ,/ ( l  +  8 , ) , ( 3 9 )
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expressing th e  tru e  velocity  in term s of th e  ap p aren t velocity and th e  ap p aren t swirl, 

bo th  easily m easurable quan tities. D etails of m easurem ents by m eans of which the  

sw irl was obtained for th e  th ree  positions on th e  ro ta tin g  arm  em ployed in th e  presen t 

experim ent are given briefly under th e  description of D iagram  II. W e note in passing 

th a t  th e  value of th e  sw irl will depend on th e  construction and disposition of the  

app ara tu s as well as on th e  dimensions and  shape of th e  room in which th e  ro ta tin g  

arm  is set up ; in th e  present case th e  sw irl am ounted to about 5 per cent, and could 

be determ ined to  w ith in  5 per cent., so th a t  th e  tru e  velocity of th e  wires rela tively  to  

th e  a ir of th e  room could be obtained to  an accuracy well w ith in  J  of a per cent. In  

th is  m anner the  sim plicity and ease of w orking of th e  ro ta tin g  arm  can be employed 

w ithou t loss of accuracy.(27)

(v.) N o te  o n  th e  C o n s tr u c t io n  o f  a  C o n s ta n t  L o w  R e s is ta n c e  S e t  o f  M e r c u r y

C o n ta c t  S l i p - r in g s .

In  order th a t  th e  resistance of th e  w ire betw een poten tial term inals m ay be m easured 

w ith  accuracy a t th e  ex trem ity  of th e  ro ta tin g  arm , it is necessary to  provide some 

form of s lip -r in g ; since th e  contacts en ter in to  th e  connections of th e  bridge, it is 

im portan t th a t  th e  contact resistances be as sm all as possible and rem ain constant 

while th e  appara tu s is in rotation. A  specially designed set of four slip-rings which 

fulfils these requirem ents is show n in (h )Diagram II ., 

given under th e  accom panying description. The insertion of th is  set of slip-rings in 

th e  circuit P ^ o B ^  of fig. 2 , increased th e  resistance by the  am ount 0 ’0077 ohm. 

only and was found to  rem ain extrem ely  constant. No change in th e  balance of the  

bridge w hen connected to  m easure th e  resistance of th e  wire a t  room tem perature  

could be detected  when th e  ro ta tin g  arm  was set into m otion a t various speeds. •'

(vi.) N o te  o n  th e  F o r k  C a r r y in g  th e  W ir e  to  he T e s te d  a n d  o n  th e  W h ir l in g  T a b le .

The ro ta tin g  arm  consisted of a lig h t s trip  of pine (6'3  x 1'3 cm.) about 2'6  m. 

long fastened to a w hirling tab le in the  m anner shown in D iagram  II. and illustra ted  

by P la te  8 . A t th ree  determ inate  positions on th is  arm  could be clamped the  fork 

for carrying the  wires. This fork was designed to  d istu rb  as little  as possible the flow 

of air past the  wire, and is illu stra ted  in deta il in (c) D iagram  II. In  order to 

elim inate th e  cooling effect of th e  term inals and th e ir disturbance on th e  flow of air 

past th e  ends of th e  wires, po ten tial leads of extrem ely fine platinum  wire ( l  mil 

diam eter) were fastened a t th e  points P iP 2 a t distances of about 2 cm. from the ends 

0 ^ 2. These potential leads were most easily fixed in position by heating th e  wire to

(27) T h e resu lts  h ere d escrib ed  an d  th e  m e th o d  of correction  for th e sw irl agree w ith  th e  ob servation s of 

B r a m w e l l  an d  S i l l i c k  (fo o tn o te  (12)), w h o  fo u n d  n early  th e sam e va lu e for th e ratio s =  v / V r . T h e  

correction is n ow  regu la rly  m ad e in  te s ts  carried ou t on  a ro ta tin g  arm .
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a, b righ t red when th e  fine platinum  wires could be easily fused in their proper places ; 

th is prelim inary heating  also served to anneal the  wire before its resistance was 

determ ined. A small weight, a ttached  by means of a silk th read  to  th e  lower curren t 

term inal C2, served to keep the wire under slight tension while th e  distance between 

th e  potential term inals was accurately measured.

The whirling table was operated th rough  suitable reducing gear by means of a 

^  h.p., 1200 r.p.m., 110-volt D.C. motor, w ith speed varied by means of an adjustable 

resistance in series with the  arm ature , controlled by a rheostat conveniently situated  

near the  bridge. The field of the  m otor was separately  excited : in order to  obtain 

constant speed it was found necessary to  excite th e  field some tim e before commencing 

a series of observations in order th a t  a steady  tem perature  and therefore steady 

resistance in the  field-coils shall have been attained. A nother advantage is the  

elimination of disturbing effects on th e  galvanom eter as th e  m otor is stopped and 

started . A tim ing device a ttached  to th e  driving shaft of th e  w hirling table caused 

a contact to be made every ten th  revolution of the ro ta tin g  arm  and to  be registered 

on a chronograph sim ultaneously w ith the  beats of a seconds pendulum. An exam ina 

tion of the chronograph sheet showed th a t w ith the  above precautions th e  speed 

remained constant to about one-tenth  of 1 per cent., well w ithin  the  range of accuracy 

of the present observations.

S e c tio n  10 .

(i.) O n  th e  C o n s ta n ts  o f  th e  P la tin u m . W ir e s  u n d e r  T es t.

The most difficult m easurement in the present study of hea t convection and th a t  

which imposes a lim it to the accuracy attainab le  is the calculation of the tem perature  

of the  wire from the  change of resistance. In  fact th is point confines the  present 

experim ent to  the use of platinum  wires whose constants in the m easurem ent of high 

tem peratures are well known. I t  m ust be kep t in mind, however, th a t  th e  constants 

of a platinum  wire which has been kep t for some tim e a t a high tem peratu re  for 

a considerable time as in the  present experim ents are liable to change. This source of 

uncertain ty  is aggravated  in the case of very fine wires where the  additional difficulty 

of a sensible change of resistance due to “ e v a p o r a t io n  from th e  wire is to be m et 

w ith.(28) Evidence on both these points will be noticed from an inspection of Table II., 

and the lim it of accuracy due to these and other difficulties may be roughly set a t  

ij: of 1 per cent.

The wires employed in the  present experim ent were draw n through diamond dies(29) 

from a length  of G mil pure platinum  wire whose constants when used in platinum

(28) S ee B u r g e s s  an d L e  C h a t e l i e r , ‘ T h e M easu rem en t of H ig h  T em p eratu res ’ (W ile y  and S on s, 

N e w  Y ork, 191 2), p. 2 3 2 ;  a lso  p. 196.

(•29) T he w rjter is in d eb ted  to  th e Im p erial W ire  and  Cable Co., o f M on treal, for th e u se of d ia m on d  

d ies em p loyed  in  d ra w in g  d ow n  th e w ires.
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therm om etry  were given (in th e  usual no tation) as a  =  0 '00388 ,8 = 1  ’54. I t  was hoped 

th a t  these constan ts would rem ain unchanged by draw ing  down th e  wire, so th a t  by 

keeping th e  series of ratios in th e  bridge ad ju stm en t th e  same for all th e  specimens, th e  

corresponding tem p era tu res would only have to  be calculated once. On tes tin g  some 

of th e  wires a fte r  th ey  had  been heated  to  high tem peratures, it was found th a t  the  

tem pera tu re  coefficients varied appreciably w ith  th e  size of the  wires and th a t  th ey  

differed m ateria lly  from th e  ra ted  value. The tem p era tu re  coefficient was therefore 

separa tely  determ ined  for each w ire by com paring its  resistance a t th e  ice- and steam - 

points w ith  th a t  of a m anganin  standard , m aking use of a potentiom eter m ethod for 

which th e  K elv in-Y arley  slide was employed. In  th is w ay the  resistance betw een 

po ten tia l term inals could be expressed in ohms, and th e  resistance a t any  tem pera tu re  

calculated. The resu lts are given in Table II . and are explained in fu rth er detail in 

the  accom panying description. I t  will be shown la te r  th a t  a considerable change in 

th e  value of 8 does no t affect the  calculation of tem p era tu re  beyond th e  lim it of o the

experim ental e r ro rs ; th e  value of 8 was therefore no t re-det

given above was taken . A leng th  of 3 mil w ire draw n down from th e  original 

specimen was sen t to  a firm to  be draw n down to  2 ’0, 1 ’5, and l ’O mil. I t  will be 

noticed from Table II . th a t  th e  tem perature-coefficients of these extrem ely fine 

wires are so sm all th a t  it is improbable th a t  th ey  are draw ings from th e  specimen sent 

out. These fine w ires were found extrem ely  difficult to  work w ith  and could only be 

tes ted  in com paratively short leng ths of 3 to  4 cm. ; th ey  often broke while being 

heated  to  a dull redness for annealing so th a t  it was not possible to  m easure the  

convection losses over as g rea t a range of tem pera tu re  as in th e  case of th e  larger wires. 

The friab ility  of th e  wires under heating  was probably due to  th e ir being draw n from 

a specimen of im pure platinum .

(ii.) O n  th e  M e a s u r e m e n t  o f  D ia m e te r s  a n d  L e n g th s .

The m easurem ent of th e  diam eters of the  wires to a fraction of a per cent, requires 

an estim ation of leng th  to  about 10-5 cm. The direct m easurem ent of the  diam eter 

by means of a high-pow er microscope was u ltim ately  found to be the  most satisfactory 

m ethod.(a*) The wires were m ounted on a microscope slide and the  diam eters measured 

a t  centim etre intervals by means of a micrometer screw in the eye-piece. The 

readings of the m icrom eter screw were afterw ards calibrated in centim etres by means 

of a Bausch and Lomb stage m icrometer, care being taken to calibrate th e  eye-piece 

m icrom eter screw over the  various portions of the  field employed in m easuring the

(30) T h e m icroscop e em p lo y ed  w as a Z eiss IE , w ith  an 8 mm. ap och rom atic  o b jec tiv e fitted  w ith  a screw  

m icrom eter an d  x  6 co m p en sa tin g  ocular ; th e to ta l m a g n ify in g  p ow er w as 18 7. i h e  w riter w as in d eb ted  

to  Prof. J . C. S i m p s o n , of th e D ep a r tm en t of H is to lo g y  of M cG ill U n iv e r s ity , for th e loan of th is  

m icroscope.
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wire in order to  avoid errors due to optical distortion. I t  was found possible to reset 

the  cross-hairs consistently to each division of the micrometer head, i.e ., to  about 

10“6 cm. The results are tabu lated  in Table II. and fu rth er details are given in th e  

accompanying description.

The m easurem ent of the lengths of wire between potential term inals offered no 

difficulties. In  order to calculate the  heat-loss per un it length  a t any tem perature  it  

was necessary to  correct for expansion w ith tem peratu re  by means of th e  form ula 

l e =  l0 (1 + aS  + /302),where l e is the  length  a t 0° th a t  a t 0° C., and a  and th

coefficients of linear expansion given by H o l b o r n  and D a y  (31) as 0 ’08868 x 10-4, 

/3 =  0 '001324  x 10~6.

S e c t io n  11. O n  th e  C a lc u la t io n  o f  T e m p e r a tu r e s .

From the  mean temperature-coefficient of resistance c of platinum  betw een 0° C. 

and 100° C. given by c =  (R 100—R 0)/lOOR0, th e  tem perature  of the  wires were ca

from the formula 6p =  (R /R 0 — l)/c , R  being the  resistance a t the  tem perat

the  platinum  scale and R 0 th a t a t 0° C. In  the  present instance the  resistances of the 

platinum  wires were referred to th e  tem perature  17° C., so th a t  the  ratio  R /R n 

are those from which the  tem peratures are to  be calculated. W e m ay take  very 

approxim ately R t =  R 0 ( l  + c t )  for t =  17° C., in which case it  is no t difficult to prove 

th a t  0p — t =  (R /R t—l) ( l / c  + t) by means of which tem peratures on the platinum  scale 

were calculated. The tem peratures of the wires were then  obtained in term s of the 

true  therm odynam ic scale by means of C a l l e n d a r ’s  formula,

0° G. =  0P+ S ( t / 1 0 0 - I ) . t

A ctual calculation of tem peratures was avoided by the use of the conversion tables 

given by B u r g e s s  and L e  C h a t e l i e r  (32) calculated for $ =  1’50. From  an auxiliary  

table the  tem perature  correction for a value of o ther th an  th is value is given ; it  is 

seen th a t the correction A0 for A S  =  O 'O l is A =  0‘9° C. a t

th a t the value of § can vary considerably w ithout altering  the value of 0 to an ex ten t 

g reater than the  lim it of accuracy of the  other measurements.

No a ttem p t was made to work w ith the  wires a t  a h igher tem perature  than  1200° C. 

owing to the fact th a t  the use of C a l l e n d a r ’s  formula beyond this point is subject to 

uncertain ty  (33) ; also a t high tem peratures the wires soften and are liable to break 

when driven through the  air a t  the high velocities.

(31) 4 S m ith so n ia n  P h y sica l T a b les,’ 5 th  ed ition , 1910 , p. 222 .

(8-) B u r g e s s  an d L e  C h a t e l i e r , 4 T he M easu rem ent of H ig h  T em p eratu re,’ T able V ., p. 4 9 3 ;  also  

T ab le V II ., p. 495 .

(33) S ee L a n g m u i r , ‘ Jou rn al A m er. Chem . S o c.,’ vo l. 28, p. 1357 , 1906.
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S e c t io n  12 . O n  P o s s ib le  S o u r c e s  o f  E r r o r  th e  C a lc u la t io n  o f

(i.) C a lc u la t io n  o f  th e  R a d i a l  T e m p e r a tu r e  G r a d ie n t .

The question arises as to  w hether under conditions of rap id  ra te  of cooling th ere  

m ay not ex ist a tem p era tu re  g rad ien t in th e  wire of sufficient m agnitude to  cause th e  

tem p era tu re  as calculated from  th e  ap p aren t resistance of the  wire to  differ appreciably 

from th e  surface-tem perature. (34) This point can be se ttled  by the  following 

analysis :—

L et p be th e  specific resistance of th e  wire a t  th e  tem pera tu re  under consideration, 

e th e  voltage drop per u n it leng th , constan t a t  all points of th e  cross-section. The 

heat generated  per u n it volume is e2/p  and th e  equation for 

h ea t is
i a ( v  a e \_  e2 ,

r  d ? \ K r  S r )  -  P + CS t ’

w here K  is th e  heat-conductiv ity  and c th e  specific heat per u n it volume. I f  H  is the  

heat-loss per u n it len g th  a t the  boundary  r  =  , we have

H  =  - 2 x « K ( ^ ) ............................................... (41)

Also, if  I t  is th e  apparen t resistance of th e  wire a t  tem peratu re  0 we have

l /R  =  I (27r r/p).dr, g iving from (40) arid (41) when =  0 , th e  result H  =  —
Jo

which holds independently  of rad ial tem pera tu re  g rad ien ts or variations of specific 

resistance and heat-conductiv ity  w ith  tem perature . The radial tem peratu re  g rad ien t 

m ay be calculated to a first approxim ation by assum ing th a t  th e  g rad ien t is so small 

th a t  K  and p m ay be considered constant th roughou t the  wire. W e then  have 

l /R  =  7r a 2/pand therefore H  =  ira2 . e2/p . The iu teg ra l of (40) consistent w ith (41) is 

K  (d0 / d r )  =  — H r / 27r a 2,which in teg ra tes fu rth er to

0—0O =  H /47J-K. ( l —r 2/ a 2 .........(42)

0a being th e  surface tem pera tu re  a t  r  =  a.  The maximum tem perature  difference is 

th a t  betw een th e  centre of the  wire and the  surface and is given by 0 — 0a =  H /47rK. 

For p latinum  the heat-conductivity  is K  =  0'1664 calories per cm .2 per sec., or K  =  0 698 

w a tts  cm .2 sec. a t 0° C. ; in the  case of the  largest wire H  does not exceed 5 w atts  

per cm. a t 1000° C., so th a t  we have 0 — 

note th a t  th is small tem perature  g rad ien t justifies the simplifying assum ption regarding  

the  constancy of K  and p over the cross-section of the wire, and conclude, finally, th a t  

the  error in the  calculation of the  surface tem perature  introduced by a radial tem pe

ra tu re  g rad ien t is w ithin  the  lim its of accuracy of the  other m easurements.

(34) A  sim ilar p rob lem  is d ea lt  w ith  b y  K e l v i n , ‘ R o y . Soc P ro c .,’ J u n e  10, 1 8 7 5 ;  a lso  ‘ C ollected  

W o rk s,’ vo l. 3, p. 245.

VOL. CCXIV.— A. 3 E
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(ii.) O n the  E r r o r  I n t r o d u c e d  b y  th e  C o o lin g  E f

T e r m in a ls .

I t  is of importance in the  practical design of anem ometers to  determ ine the  lim its 

of error introduced by the  leads and potential term inals. P ractically  all cases are

covered by th a t  illustra ted  in fig. 3, where the  end- 

leads CjC2 m ay be considered so heavy th a t  th e  heated 

wire is m aintained a t its extrem ities very  nearly a t 

a ir- tem p era tu re ; in addition it  is necessary to allow 

for th e  heat conducted aw ay by the  poten tial leads 

fused to the  anem om eter-wire a t P jP 2. The problem 

presents itself in the  following w a y :— A wire whose constants have been determ ined 

from a very long specimen in which end-corrections are negligible is placed betw een 

two heavy term inals C^Ca a t a distance 2 (/ + /„) a p a r t ; a current i  is passed th rough  

the  wire un til the  resistance of length  2/ betw een potential term inals P XP 2 is 2BZ; 

it is required to determ ine to w hat an ex ten t the determ ination of air-velocity from 

the  m easurem ent of curren t and resistance is affected by the  cooling effect of the  

leads and potential terminals. L et <*> represent the  cross-section of the  anem ometer- 

wire, w' th a t  of the  potential leads, and let K  be th e  heat-conductivity  of p latinum  ; 

fu rther, let W  and W ' represent the  heat-losses per un it length  of th e  two wires 

respectively when the  air-velocity is V. The tem perature  0 a t any point of the

anemometer-wire is determ ined from the  equation

- i ( K D + w = f f i >................................... (43>

where W  and I t  are known functions of th e  tem perature  0.

The complete expression for W  is shown by the  present experim ent to be of the 

form
w  =  [/3V +y0 {1+C (e-e .)}] (e-e„)............................... (44)

In  the  case of platinum  the  variation of resistance w ith tem perature  can be 

represented by a formula of the  type

I t =  R 0 [T + a (0—00) ~̂ ~b (0—0O)2]........

I t  will be noticed th a t, according to the  experim ental results -expressed in (44) and 

(45), a solution of (43) can be completely determ ined in term s of elliptic integrals if 

we neglect the  variation of the  heat conductivity K  w ith the tem perature. (35) For

(35) L itt le  seem s to  be k n o w n  w ith  regard to  th e variatio n  of the h ea t c o n d u c tiv ity  o f m eta ls  a t h ig h  

tem p eratures. T he ex iste n ce  of d efin ite  ex p er im en ta l re lation s of th e form  (4 4 ) and (4 5 ) seem s to  

in d icate th e p o ssib ility  th rou gh  an ex act so lu tio n  of (43 ) of ca rry in g  ou t an exp er im en t for th e d e ter

m in ation  of K  a t h ig h  tem p eratu res a lo n g  th e lin es of S t r a n e o ’s  m eth od  (CARSLAW, ‘ F ou rier S eries and  

In te g ra ls ,’ M acm illan an d Co., 1906, p. 28 2).

C, P, Pa C*

\-W z l-

F ig . 3. C oolin g  effect o f lead s 

and  p o te n tia l term in als.
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th e  purpose of de term in ing  th e  sm all end-corrections it is sufficient to  employ 

approxim ate expressions of th e  form

W  =  A (0 -ff i)  and R  =  R 0 [ l  + 3  (0 - 0o)], . . . .  (46)

w here A =  /3V g +  y, and  a  and y are average values of the  coefficients over the  range 

of tem p era tu re  considered.

U n d er these conditions (43) becomes

K W| | - A ( 0 -< O  =  - i X [ l + s ( f l - 0„)].

or, w r i t in g ^)2 =  ( A —72R 0a)/Kft,, th e  above equation takes the  form

^ - P a( e - e 0) =  i ^ l K  a,.... (47)

Since we m ay neglect th e  cu rren t in th e  po ten tial term inals (see equation (35)), the  

tem p era tu re  0' a t  a d istance x f from th e  junction  is determ ined from the  equation

Kio' ^ 5  — A ' =  0 , .....................................(48)

w here th e  accented symbols refer to  th e  poten tial wire. The solution of (48), which 

m akes 0' — 00a t x '  =  o° and 6' =  0'0 a t the  junction  ' =  0 , m ay be w ritten

e'o- 0 '  =  (O'o-Oo)e-*V(A7K<0')..... (49)

The q u an tity  of h ea t carried aw ay by th e  poten tial lead from the  point of junction 

is given by

H ' =  K u d e ' / d x '  =  (0'o- 0o)A/(K a )/A/) a t  0 ......... (50)

T aking the  origin a t the  centre of the  anem om eter-wire, the  solution of (47), which 

makes 6 =  6f0a t x  =  lis given by ^

0 - 6 ,  =  i 2H jK c o p 2 — [72R 0/K<op2—H '/  (Kft)'A')] . cosh 

The flow of heat IR  tow ards the  junction  a t =  / is given by

H , =  —K(« d O /d x  =  K  cop [72R

For the  determ ination of th e  tem peratu re  in the portion of the  anemometer-wire

betw een the po tential term inal P x and the term inal Cj, take the origin a t th e

junction. The solution of (47), which makes 6 =  a t =  0 and =  a t =  , is

given by
a  a  _  f R 0 J i  sinhyxrl  f H r 72R 0 \  sinh (Z0-a ;)  / 53\

Kwp2 l s in h ^ /J  [^ (K w 'A ') K «p2j s in h p i ,

The flow of heat aw ay from the junction =  0 is given by

H 2 =  -K ft, d O / d x  =  ( i2l i , / p ) . cosech p l 0 +  [H7/ y / (K(*/A')—72R 0/Kft,p2] . K

3 E 2
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A t th e  junction we have

H j  =  H 2+ H ' , (55)

assum ing perfect therm al contact betw een th e  anem om eter-wire and the potential 

lead. From (55) we are now able to calculate H7 and therefore from (51) th e  

tem perature  of the anem om eter-wire a t any p o in t; we find th a t

0— 0O =  ( l  —Q cosh . ^ R q/K  ............................... (56 )

where, w riting P  =  ^ / ( K a / A ' J / K Q  is given by the  equation

Q
________ 1 + P  sinh y?Z0_______

cosh p  (l + Q  +  P  sinh p l 0 cosh p i  ’
(57)

L et 0 and R  represent th e  tem perature  and resistance per un it length  of an 

infinitely long wire under the  same conditions of w ind velocity and heating  by 

electric current. W e th en  find the  relations

0 - 0o =  i m 0/K cop2 ; p2 =  i 2H 0/K» (0 -

The resistance RZ measured between potential leads is given by

RZ =  [ R 0 [ l  + d  (0—0O)] d x  =  R 0Z+R0-d (0—0O) f  ( l  + Q cosh p x )  d x ,
Jo Jo

giving on in tegration and m aking use of the relation R  =  R 0 [ l  + a  (0—0O)] the  final 

result
R /R  =  [ l  —( l —R 0/R ) Q (sinh p i )  / p f \ .............................(59)

This result enables us to estim ate th e  effect of the  potential leads and term inals on 

the  measure of resistance. In  th e  experim ents under consideration the  q u an tity  

m easured is R ; it is necessary in the determ ination of the  convection constants to 

employ wires of such a length  th a t  R  may not differ from E  by more th an  a fraction 

of 1 per cent.

Since A '/A  =  (/3'W-f y')/(/3W + y) we may w rite  as a rough approxim ation since 

from the experim ental results the term s y  and are small in comparison w ith  the  

first term s of the expressions in_ which they  occur, A '/A  =  ft '/fi. I t  also follows 

from the  experim ental results th a t /3'//3 =  ( a ' / a f  so th a t  since oo'/co =  a '2f a 2 we m ay 

w rite for purposes of rough calculation

P  =  (E /R 0)1/2 (« '/a )5/4............................................. (60)

W riting  from (46) A =  W /(0—0O) we have for purposes of calculation

p  =  [R 0W /R K o> (0- 0O)]1/2......................................... (61)

The quantities P  and p  are easily determ ined from the constants given in Table II. 

In  the description of D iagram  III . are set out the values of these quantities for
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various d iam eters in cases w here the  end corrections are liable to be large, 

6 — 6 0 =  1165 C., V  =  81 cm./sec. for R 0/R  =  l/4 . I t  will be noticed th a t  is 

alw ays fairly  large, and  since in all th e  experim ental a rrangem ents we had >  10 

and_p/0> 2 , th e  expression (57) m ay be w ritte n  approxim ately  in th e  form

Q sinh p i  =  ( 1 + P  sinh P  sinh p Q

=  (P  + cosech + 1  + coth

W e have, finally, from  (59) th e  convenient form ula

I t  =  I t  ( l  —e),
where

e =  ( l  —Ro/It) (P  + %e~pl°)/ {pi(P  + 2 ) }.(62)

The values of e are tab u la ted  under th e  description of D iagram  IV ., from which it  

will be seen th a t  th e  calculation of tem pera tu re  from th e  resistance betw een the  

po ten tia l leads m ay be taken  to refer to  an infinitely long wire to  an accuracy 

represen ted  by these values of e ; in th e  case of th e  larger wires the  experim ent was 

carried ou t so th a t  l> 10 cm. and l0>  2 c

wire. In  th is  case th e  error in troduced by th e  term inal conditions is well w ithin  the  

lim its of accuracy imposed by th e  o ther m easurem ents. In  th e  case of the  finest 

wires i t  was necessary to  employ short specimens so th a t  th e  possible error in the  

calculation of tem p era tu re  due to  term inal conditions is of the  order of 2 or 3 

per cent.

The preceding calculations are im portan t in th e  design of hot-w ire anem om eters 

when th e  constant of the  instrum ent is determ ined from the  convection constants of 

p latinum  wire as determ ined in th e  present paper. Term inal errors do not need to 

be calculated if th e  anem om eter is d irectly  calibrated as long as the  conditions of air 

velocity in th e  neighbourhood of the  term inals are th e  same during actual service as 

during  calibration.

(iii.) O n th e  E r r o r  d u e  to  th e  V ib r a t io n  o f  the  A n e m o m e te r  W ir e .

A wire placed in a strong cu rren t of air tends to vibrate a t  rig h t angles to the 

direction of the  stream  w ith  a frequency depending both on the tension of th e  wire 

and the  velocity of the air current. (“ ) A lthough the  am plitude of vibration of the  

wire m ay be small, th e  high frequency may lead to an appreciable source of error the  

m agnitude of which we now propose to  investigate. W e suppose the  wire to  perform 

simple harm onic vibrations of am plitude a  and period T a t rig h t angles to the  stream  

of velocity V. .Representing the displacement from the  equilibrium position by 

x  =  a  sin cot, th e  velocity a t  rig h t angles to the  stream  is =  cos cot. The velocity

(3<3) S ee R a y l e i g h , ‘ S o u n d ,’ vo l. II .,  p. 41 2  (1 8 9 6 ).
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3 9 8 PR O F. L O U IS  V E SSO T  K IN G  O N T H E  C O N V E C T IO N  OF

of the wire relative to  th e  stream  a t any in stan t is given by U  =  ^ / f ^ - t - v 2). The 

heat-loss a t any in stan t is given by the  experim ental relation W  =  0o) \ / U  + y,

so th a t  the  average heat-loss, W  =  H r , is given by

W  =  l /T  C w c fc  =  0  ( e - $ 0)T - 1 f  
. Jo Jo

W ritin g  w  (oci =  27r«/T and </> =  2?r//T, we find

__ fw/2
W  =  /3 ( e - e „ )  V s 2-t t ' 1 [ l  + (t«2/V 2) eos2^ ]5 d<p + y ..................... (63)

Jo

I f  V be the  apparen t velocity corresponding to the observed heat-loss W  we have, 

w riting  co =  0 ,

W  =  /3 ( e - e 0) v /V  +  y .............................................(64)

Comparing (63) and (64) we obtain finally

( Y / V f  =  1 I f f f  + (re2/V 2) cos2*]* d f \  =  , / / / / { 2 p d r r ’ («, i )  <fc}, (65)

where K is the  complete elliptic in teg ral of th e  first kind w ith  modulus 

Jc =  w 2/ ( w 2 + Y 2). W hen w / Y  is small we have approxim ately,

{ Y / V y  =  1 w 2/ Y 2+  ... or 

As an illustration, take  the  am plitude a  0'01 cm., T =  l/lOO sec., so th a t  

w  — 6'2  cm./sec. rfhe error due to  vibration will rem ain less than  ^  of a per cent, 

as long as Y is less th an  60 cm./sec. An increase of am plitude to 0*1 cm. will 

introduce an appreciable error for velocities less th an  600 cm./sec. I t  is thus 

im portant in the design of practical anemometers to  construct the  apparatus in such 

a way as to elim inate vibration or reduce it to  so small an am plitude th a t  th e  error 

contributed is negligible. In  the present series of experim ents the  m ethod adopted 

of keeping th e  wire under tension by means of a small w eight in the m anner shown 

in Diagram  II. ( c )proved to be effective in preventing the  vibrations over th e  ra

of velocities employed. A t very high velocities vibrations of considerable am plitude 

were a t tim es set up in spite of the  frictional constraint a t  the  lower end of 

the wire.

S e c tio n  13. O n  th e  R e d u c t io n  a n d  I n t e r p r e ta t io n  o f  th e  O b s

Sample series of observations are given in Tables III. and IV . showing the m ethod of 

entering the  observations in the  case of each wire. For each velocity (corrected for 

s w i r l )the current required to heat the  wire to a predeterm ined series of resistances 

(from which the tem peratures were calculated) were measured. The corresponding 

heat-loss in w atts  per un it length  was then  calculated and entered as the second en try
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in each com partm ent of th e  table. The theo ry  of P a r t  I. suggests th a t  these results 

be exam ined in th e  lig h t of th e  form ula

W  =  B V/Y  + C , .......................................... . (67)

w here B and C are functions of th e  tem p era tu re  and of th e  dim ensions of th e  wire. 

I f  W  is p lo tted  against Y  for each tem pera tu re , we should, according to  (67), obtain 

a fam ily of s tra ig h t lines, and figs. 4 and 5 show th is  conclusion to  be justified  w ith in  

th e  lim its of experim ental error. By determ in ing  the  line of closest fit th rough  th e  

observed points, we are enabled to  calculate th e  constants B and C. The position of 

th is  line can be found by calculating  for each system  of observed points the  position 

of th e  m ajor axis of inertia  of th e  corresponding system  of m ateria l points of equal 

w eight. (37) I t  was, however, found to  be ex trem ely  tedious to m ake use of th is 

m ethod and it  was deem ed sufficiently accurate to  adopt the sim pler m ethod of 

d ividing th e  observations into tw o groups, finding th e  centre of g rav ity  of each and 

tak in g  th e  position of th e  line joining these tw o points as an approxim ation to the  

line of closest fit. The constants B and C were found in th is w ay d irectly  from th e  

tab u la ted  values of W  and ^ / Y .  The accuracy of th e  observations was tes ted  by 

p lo tting  for each wire th e  fam ily of approxim ately  s tra ig h t lines corresponding to the  

various tem peratures, and in th is  way a check was obtained on th e  determ ination of 

th e  constants B and C.

The constants B and C obtained in th is m anner are set out w ith the tem perature  

and d iam eter of the  wire in Tables Y. and Y I., and will now be discussed separately.

(i.) A n a l y s i s  o f  th e  C o n v e c tio n  C o n s ta n t

The theoretical investigations of Sections 4, 5, and 6 suggest th a t  the  constant B 

be exam ined in the  ligh t of th e  form ula B =  f i ( 9 —0O). The th ird  en try  in each 

com partm ent of Table Y. gives the  value of 8  =  B / (0 ~ 9 „ ) for =  17° C., from which 

it is seen in fact th a t  j8 is very  nearly independent of the  te m p e ra tu re ; the slight 

increase in its value w ith  increasing tem perature  may be represented by a small 

tem pera tu re  coefficient b such th a t  /3 =  $ ,[1  + 6 (0 —0O)] and which may be

as due to th e  combined variation w ith  tem peratu re  of the  diam eter of the  wire, and 

the  specific heat, density, and heat conductivity of air. The variation of f i  w ith 

tem peratu re  is very little  g rea ter th an  th a t due to the errors of experim ent, and the  

coefficient b was roughly determ ined by p lo tting  /3 against the tem perature, draw ing

in th e  line of closest fit and hence determ ining and b, giving a mean value 

h =  0*000080.

Theory fu rth er requires th a t  /30 be given by the  expression /30 =  2 v7 t where

th e  suffix o refers to the tem peratu re  17° C. T hat the  ratio  /30/ \ / a 0 is constant is

(37) Form ulae for th e d e term in a tio n  of th is  s tr a ig h t lin e are g iv en  b y  K a r l  P e a r s o n  ( ‘ P h il. M ag .,’ 2, 

N ov em b e r, 190 1 , p. 5 5 9 ), and a lso  b y  S n o w , E. C. ( ‘ P h il. M ag .,’ 21, M arch, 1911, p. 367).
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4 0 0 PR O F. L O U IS  V E SSO T  K IN G  O N T H E  C O N V E C T IO N  OF

shown very satisfactorily in the  last column of Table YT. and in fig. 7 where no 

system atic variation w ith the  radius can be detected. The mean value of the  ratio  

Bo/x/cioas the  final result of the  entire  series of observations is given by

( 3 j \ / a 0 — 1*432 x 10-3, .... .....  

heat units being m easured in w atts.

In  the  numerical calculation of the theoretical factor 2 a/  7rs0<r0/c0 we tak e  <r0 =  0*001293, 

K{) =  5*66 x lO " 5 calories(38) and s0 =  0*171 calories(39), the  spec

volume being th a t  appropriate to  the  problem since no external work is done by the  

expansion of the  heated air. W e find 2 a/ 7r$0(x0/c0 =  3*96 x 10~4 expressed in calories ; 

on m ultiplying by 4*18 to reduce to w a tts  we have finally

2 a/ 7!\90<t 0/co =  1*66 x 10~3.............................................. (69)

The agreem ent w ith  the  experim ental factor in equation (68) m ust be considered 

fair in view of the uncerta in ty  a ttached  to the value of the heat conductivity, and also 

in th a t the  theoretical investigation does not take  into account th e  variation of th is 

and the  o ther factors Avith th e  tem perature  g rad ien t in the  neighbourhood of the  

wire.

(ii.) A n a ly s i s  o f  th e  C o n v ec tio n  C o n s ta n t  C.

The rational in terpretation  of the  convection constant C in the  light of th e  theory  

of Section 6 requires us to separate out the energy losses due to radiation. The 

characteristic form of the  equation giving the to ta l radiation from m etallic surfaces is

e =  <rGfi, ......................................................... (70)

where 0  represents th e  absolute tem perature  and <r and (3 are constants depending on 

the  na tu re  of the m etal forming the  surface. From the  observations of L u m m e r  and 

K u r l b a u m  (40) it can be shown th a t the radiation loss for polished platinum  is given 

in w atts  per cm.3 by the relation

e =  0 * 5 1 4 (0 /1 0 0 0 )52.....................................................(71)

Assuming the to ta l radiation loss of a small wire to be proportional to its 

circumference, the loss per unit length  is calculated for a wire of diam eter 0*010 cm.,

(3S) R e cen t d eterm in atio n s of th e th erm al co n d u ctiv ity  o f air are—

4 '7 6  x 1 0 -5 a t 24° C. (O. J . S t a f f o r d , * Z tsclir. f. P h y sik . C h em ie ,’ 77, p. 67, 19 1 1 .)

5 ’ 22 x 1 0 -5 at 0° C. M ean of five ob servers ( K a y e  an d  L a b y , ‘ T a b les,’ p. 52).

5 - 6 6  x 1 0 - 5 at 0° C. ( E u c k e n , A ., ‘ P h y sik . Z e it. ,’ 12, 1101 , 1911 .)

5 ’ 69 x 1 0 -5 . M ean va lu e  ad op ted  b y  C h a p m a n , ‘ P h il. T ra n s.,’ A , vol. 211 , p. 4 6 5 ,1 9 1 2 , w h ere  

fu rth er referen ces to  recen t d eterm in a tio n s  are g iv en .

(so) T here is l it t le  variation  in  th e exp er im en ta l d eterm in ation s of th e specific h eat a t co n sta n t vo lu m e. 

T h e ab ove va lu e is tak en  from  K a y e  and L a b y ’s  * T ab les,’ p. 58.

(40) L u m m e r  and K u r l b a u m , * V erh. P h y s . G es .,’ B erlin , 17, p. 106, 1898 .
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and  is found to  agree w ith  th e  determ inations of L a n g m u i r  (41) obtained by a 

som ew hat d ifferent calculation. I he value of th e  rad ia tion  loss E  =  27 per un it 

leng th  is p lo tted  against the  tem pera tu re , and from th is curve th e  radiation  loss for 

any  w ire m ay be easily determ ined  a t any  tem perature . The values of th e  rad iation  

losses th u s obtained are set down in Table V I. under th e  constants C and th e  tru e  

convection loss C0 =  C —E  obtained by subtraction. For each w ire th e  ra tio  

Q> /  ( 0 - 0 o) is determ ined over th e  range of tem pera tu res and is p lo tted  against 0 ~ e o. 

The resu lt shows very  approx im ate ly  a s tra ig h t line whose constants are  determ ined 

from th e  position of th e  line of closest fit in th e  m anner a lready described. In  th is 

w ay th e  constan ts in th e  form ula

C0 =  yo ( 0 — 60) [1 (0—0O)]......................................... (72)

were obtained for each wire. The constan t y 0 is very  nearly  independent of the  

d iam eter of th e  w ire as we should expect from the  theoretical discussion of P a r t  I. 

By p lo ttin g  its  value against th e  radius we find approxim ately

y0 =  2 ’50 x lCT4 ( l + 7 0 a ) ..................................... (73)

expressed in w atts . According to  th e  theoretical developm ent we should expect the  

rela tion  C0 =  ko (0 — 6o). T aking k0 =  5 '6 6 x 10-5 calories =  2 ‘37 x 10~4 w atts , th is 

resu lt is in surprisingly  good agreem ent w ith  th e  value of y 0 given in (73), when the  

u n certa in ty  of th e  exact correction for rad iation  is taken  into account.(42) The slight 

dependence of y 0 on th e  radius of th e  wire is probably due to th e  effect of viscosity. 

The coefficient c is seen to vary  rem arkably  little  from th e  mean value c =  0'00114, 

and m ay be considered to represent in large m easure the  variation of the  heat- 

conductiv ity  w ith  the  tem perature. (43)

(41) L a n g m u i r , “ C on vection  a n d  C o n d u ctio n  of H ea t in  G a ses ,” ‘ P h y s . R e v .,’ 34, p. 4 1 5 , 1912 .

(42) T h e su ccess  o f th e  th eo retica l form u la  (33),

H  =  k 6() +  2 

in  rep resen tin g  ex p er im en ta l re su lts  lead s to a p o ss ib ility  w orth fu tu re in v e s tig a tio n  as to  w h eth er th e  

co n v ec tio n  m eth o d  m ay  n o t be u sed  in  th e d eterm in ation  of th e  h ea t-co n d u ctiv ity  an d  specific h ea t of 

g ases as a  m eth od  of co n tin u o u s flow . B y  m a k in g  th e tem p eratu re d ifference 0 in  (i.) sm all an d  in tr o 

d u c in g  refin em en ts in  th e m eth o d s of m easu rem en t, th e p rocedu re of th e  p resen t ex p er im en t is esp ec ia lly  

w ell ad a p ted  to  th e s tu d y  of th e  va ria tio n  of th e co n d u c tiv ity  an d specific h eat of g ases o ver  an ex trem e ly  

w id e ran ge of tem p era tu re an d  pressure. A  s lig h t m od ification of th e d isp o sit io n  of th e apparatus w ou ld  

en ab le th e  v isc o s ity  o f th e  sam e sp ecim en  of gas to  be m easu red u n d er th e sam e con d itio n s, an ex p er i

m en ta l p roced ure of th e  g re a te st im p ortan ce in  th e  in terp re ta tio n  of th ese  results accord in g  to  th e k in e tic  

th eo r y  of gases (see C h a p m a n , “ T h e K in e tic  T h eory  of a G as C o n stitu te d  of S p h er ica lly  S ym m etr ica l 

M olec u les ,” ‘ P h il. T ra n s.,’ A  4 82 , vo l. 21 1 , pp. 4 6 2 -4 7 6 ) .

(43) I t  is in tere s tin g  to  n o te  th a t W i n k l e m a n n  g iv es  a tem p era tu re  coefficien t O '0 0 1 9 0  for th e variation  

of th erm al co n d u c tiv ity  w ith  tem p eratu re (see th e * S m ith so n ia n  P h y sic a l T a b les,’ 1910 , p. 20 0).

3 FV O L . C C X IV .— A .
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S e c t io n  14. O n th e  V a r ia t io n  o f  th e  C o n v ec tio n  C o n s ta n ts  w ith , I n c l in a t io n  to

th e  D ir e c t io n  o f  th e  S tr e a m .

In  order to  study  the  effect of the  inclination of the  wire on the  convection 

constants, a series of observations was taken  on W ire No. 1 (diam eter 0 ’0153 cm.), 

m ounted in th e  fork of the  ro ta tin g  arm  and set a t  various angles to  the  vertical. 

The wire was arranged  in such a m aim er as to  elim inate the  d isturb ing  effect of the 

fork when set horizontally. For each inclination th e  relation W  =  B ^ /V  + C was 

found to hold good, and the  values of the  constants B and C were determ ined in th e  

m anner already described. I t  was fu rth er found th a t  th e  relation B =  held

good, and th a t  ft  increased slightly  w ith th e  tem peratu re  according to  the form

ft  =  /30 [ l  + h ( 6 — 0O)], h having a value very nearly the  same for each inclination an

agreeing roughly w ith th e  value already given. The constant C was also determ ined 

and was found to vary very little  w ith  the inclination. These variations were very 

little  g rea ter th an  errors arising from uncertain ties of determ ination, so th a t  th e  term  

C was not studied in fu rth er detail. In  Table V II. are given the  variations of B and 

ft  w ith the  inclination of the  wire to the  vertical. I t  will be noticed th a t  the  current 

required to m aintain the wire a t  a given tem perature  is m arkedly grea ter when the  

wire is perpendicular to, th an  when its  direction coincides w ith  th a t  of, the  stream , 

a point which is utilized in the  design of practical hot-w ire anemometers. Since the  

study  of the effect of inclination on convection is much more easily carried out in a 

w ind-tunnel, experim ents were not carried fu rth er th an  those described under 

Table V II.

S e c t io n  15. N o te  o n  th e  C a lc u la t io n  o f  th e  F r e e  C o n v ec tio n  o f  H e a t  f r o m

S m a l l  P l a t i n u m  W ir e s .

A lthough the  complete investigation of the  problem of free convection from a 

heated cylinder is one which a t present transcends m athem atical representation, it  is 

not w ithout in terest to examine to w hat an ex ten t the  problem may be dealt w ith by 

supposing th a t  the  wire is cooled by a curren t of “ effective ” velocity V imposed on 

the  wire by the  ascent of heated air from the surface of the  cylinder. Since the  

velocity will be small, we may employ formula (32) on the  supposition th a t  k is the  

value of the  conductivity appropriate to the tem perature  difference From  th e

exam ination of the  experim ental results of forced convection, described in Section 13, 

it would appear th a t the  variation of th e  therm al conductivity w ith the tem perature  

could be expressed by the relation

* =  «ro [ l + c ( 0 - 0 o) ] ............................................. (74)

with c =  0 '00114  and k0 =  5'66 x 10~5 calories per cm .2 per sec. =  2'37 x 10~4 w atts.
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I t  follows from  (32) th a t  th e  heat-loss by convection can be obtained from a form ula 

of th e  form

H  =  2 tr/c0 (0 - 0o) [1 + c  (0—0„)]/[log ..................... . (75 )

to  which m ust be added th e  radiation  loss given by

E  =  2 t t« x  0*514 (0/ 1OOO)5’2, ..................................... (76)

E  being expressed in w a tts  per cm .2 Form ula (75) is tes ted  in th e  lig h t of L a n g m u i r ’s  

observations on free convection(44) which were carried out over a m uch w ider range 

of tem p era tu re  th an  those of th e  w riter. The analysis of these observations is 

discussed under Table V III .,  from which it  appears th a t  to  a fair degree of accuracy 

th e  denom inator log b /a  is independent of th e  tem peratu re , b u t depends on th e  radius 

of th e  w ire in th e  m anner shown in fig. 9, th e  use of which affords a simple m ethod 

of calculating th e  actual convection loss in any actual case.

I t  is in te resting  from th e  rela tion  (28), b =  «re1- 7/(,s*crV) to  determ ine the  effective 

velocity V  of th e  convection cu rren t by means of which th e  wire is cooled. The 

varia tion  of th e  term  \ / kSo- w ith  th e  tem pera tu re  is small, and from th e  results of 

Section 13 m ay be expressed by means of th e  relation

s / kso- = \//c0s0<r0 [1 + 6 (0— 0O) ] , ................................(77)

w here b =  0'000080. Thus m aking use of (74) and w riting

V 0 =  K̂Ksôb)........ (78)

we have

V =  V o [ l + c ( 0 - 0o)]2/ [ l + 6 (0 - 0o)]2..................... ..... . (79)

Values of th e  effective velocities V0 and V are given in Table V III. I t  is probable 

th a t  th e  values of V present velocities of the same order as the actual average 

velocity of th e  convection curren t generated by the  heated  wire, estim ates of which 

are useful in determ ining th e  lim its of tem perature  and velocity w ith in  which a h o t

wire anem om eter can be employed w ith  accuracy.

(44) L a n g m u i r , ‘ P h y s. R e v .,’ 34, p. 415, 1912.
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PA K T III .

O n  t h e  D e s i g n  o f  P o r t a b l e  H o t -W i r e  A n e m o m e t e r s .

S e c t io n  16. I n tr o d u c t io n .

T hat the  m easurem ent of th e  current required to  keep a wire a t a given tempera* 

tu re  (measured by its resistance) m ight be employed as a m ethod of m easuring air- 

velocity seems to  have first been suggested by K e n n e l l y (45) in 1909. This m ethod 

was developed independently both by B o r d i n i ,(46) and by M o r r i s (47) about the  

same time, and actual m easurem ents were carried out by these investigators. In  the  

la tte r  case a platinum  wire was inserted in one arm  of a W heatstone bridge, the  

rem aining resistances being constructed of m anganin and unaffected by variation in 

tem perature due to  the  heating  of th e  m easuring c u r re n t ; under these circumstances 

it  was found th a t  the  square of the  curren t required to  keep a wire a t a constant 

tem perature of about 70° C. above the  surrounding air was very nearly proportional 

to the  square root of the  air velocity for as high values as 40 miles per h o u r ; it  was 

found necessary to m ake a small correction corresponding to th e  term  C of the  

formula W  =  B ^ / Y  + G.

A form of in teg ra ting  anemometer, suitable for m easuring the to ta l flow across a 

given cross-section, has recently been described by G e r d i e n .(48) All of th e  in s tru 

m ents described are more especially suited to th e  m easurem ent of average velocities 

over a considerable area.(49)

The aim of the experim ents described in P a r t II . of the  present paper was to  

determ ine the convection constants of platinum  wire in absolute measure, in order 

th a t  it m ight be possible to construct from the easily determ ined electrical constants

(45) S ee fo otn o te  (23).

(46) B o r d i n i , U . ,  “ U i i  p rocedim ento ' per la m isura d ella  v e lo c ita  d ei g a s ,” read before th e  S o cieta  

Ita lian a  per il P ro gresso  d elle  S c ien ze, O ctober 13, 1 9 1 1 ;  p u b lish ed  in  th e ‘ N u o v o  C im en to ,’ S eries V I ., 

vol. II I .,  pp. 2 4 1 -2 8 3 , A pril, 1 9 1 2 ; see also th e ‘ E lec tr ic ia n ,’ 70, p. 2 7 8 , N o v em b e r 22, 1912.

(47) M o r r i s , J. T ., “ T h e E lectrica l M easu rem en t of W in d  V e lo c ity ,” read at th e  B ritish  A sso cia tio n , 

D u n d ee, S eptem b er, 1 9 1 2 ;  p u b lish ed  in  th e ‘ E n g in eer ,’ S ep tem b er 27, 1 9 1 2 ;  th e ‘ E lec tr ic ia n ,’ O ctober 4 , 

1912 , p. 1 0 5 6 ;  see also th e  ‘ E lec tr ic ia n ,’ 70, p. 278 , N o v em b e r 22, 1912 .

(48) G e r d i e n , H ., “ D er L u ftg esch w in d ig k e itsm esser  der S iem en s u n d  H a lsk e ,” ‘ B er. der D eu tsch en  

P h y s. G ell.,’ H e ft  20 , 1913.

(49) A n  in terestin g  ap plication  of e lectric  h ea tin g  to th e m easu rem en t of gas flow  is  to  be found in  th e  

T hom as G as M eter ( T h o m a s , C. C., ‘ Jou r, of th e F ran k lin  I n s t .,’ N ov em b er, 1911, pp. 4 1 1 - 4 6 0 ;  also  

‘ Proc. o f th e A m erican  G as I n s t .,’ 7, p. 339 , O ctober, 1 9 1 2 ;  an d ‘ T rans. A m er. Soc. M ech. E n g .,’ 31, 

p. 655 , 1909). In  th is  form  of in stru m en t, h ow ever, th e  en tire cross-section  of gas is h ea ted  b y  m eans of 

a special h ea tin g  grid , an d th e electric power required to  m ain ta in  a con sta n t d ifferen ce of tem p eratu re, 

as m easured b y  m eans of a pair of d ifferen tia l e lectric  th erm om eters on each sid e of th e  h eater, is 

recorded.
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of th e  w ire an  anem om eter capable of giving an accurate  m easure of air-velocity 

w ith o u t reference to  a calibration in term s of some o ther form of w ind-m easuring 

instrum ent. The problem is analogous to  th e  determ ination  of th e  constants of 

p latinum  w ire for th e  purposes of therm om etry  ; in fact s tan d ard  therm om eter w ire 

is th e  m ost suitable for th e  purpose of hot-w ire anem om etry in th a t  its  electrical 

constants are usually  determ ined w ith  g rea t accuracy.

The specifications described in th e  n ex t section were carried out independently  of 

any  previous w ork, and  as th ey  offer several d istinct advantages w ith  regard  to  the 

construction of a practical s tan d ard  of anem om etry, it  has been th o u g h t by the  w riter 

w orth  while to  describe them  in some detail. The special type  of in stru m en t developed 

m ay be called a l in e a r  a n e m o m e te r  consisting only of a single wire, and is especially 

su ited  for th e  s tu d y  of tu rb u len t flow and th e  analysis of sharp grad ien ts of velocity 

such as are to  be found in th e  neighbourhood of obstacles in stream s, in je ts , &c. The 

advan tage  to  be derived from th e  use of a single w ire lies in th e  fact th a t  it is 

possible to  m easure w ith  considerable accuracy th e  velocity in th e  neighbourhood of 

th e  w ire w ith  no appreciable d isturbance of th e  flow a t a distance of a few diam eters 

aw ay. This s ta tem en t is easily verified from th e  classical solution of the  flow of a 

stream  past a cylindrical obstacle. In  th e  case of a circular cylinder of rad ius a  in a 

stream  of a perfect fluid of undistu rbed  velocity V, th e  velocity potential of the  

point (r, 0) is given by (p =  V  ( r  +  a 2J r)  cos 0, 0 being m easured from

stream  direction of th e  stream . I t  is easily proved th a t  the maximum velocity a t a 

d istance r ,  ( r> a), occurs for 0 =  7r/2 and is given by =  V ( l  Thus a t a

distance r  =  10c«, th e  velocity of th e  stream  is d isturbed by only 1 per cent, of its 

value ; hence, in th e  case of a 3 mil anem om eter wire, the  theoretical resolving power 

in m easuring a sharp g rad ien t m ay roughly be set a t 15 mils (about 0'04 cm.), the  

accuracy of velocity m easurem ent being set a t 1 per cent.

S e c t io n  17. G e n e r a l  C o n s id e r a t io n s  o n  th e  D e s ig n  o f  H o t - W i r e  .

The Kelvin bridge connections employed in th e  determ ination of the  convection 

constants, as described in P a r t  II ., offered so m any advantages th a t  th is system  of 

connections was a t once taken  as the s ta rtin g  point in th e  design of an instrum ent for 

th e  m easurem ent of wind-velocity.

The experim ents showed th a t  over the  entire  range of diam eters employed, the 

power required to  m aintain the  wire a t the same resistance, corresponding to a tem pe

ra tu re  0° C., is given by the  form ula

W  = Bv/V + C, where B = / 3 ( e - 6 0)t = f t  [ l  + 0*00008 (0-0„)],

and f t  =  1*432 x H U S /a  ; furtherm ore, C =  C0 + E  where the radiation is given 

by E  =  2?rax 0*514 (0/1OOO)5'2, C0 =  y0 (0—0„) [1 + 0*00114 (0—0O)], and finally
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y0 =  2 ‘50x 10“4( l  + 70a). From  th is series of formulae and constants i t  is possible to 

calibrate in absolute m easure an anem om eter wire provided its therm om etric constants 

and its diam eter are accurately known. I t  is simpler, however, to make use of a wire 

whose constants have been directly  determ ined by calibration either by reference to a 

standard  instrum ent or preferably in absolute measure by means of a ro ta tin g  arm. 

The advantage of the  Kelvin bridge connections enables a num ber of wires w ith 

potential term inals fused in place to be independently calibrated and inserted a t  will 

in a suitable anem om eter fork, the  readings of the instrum ent when balanced being 

independent of the  connecting or contact resistances. I t  will be noticed from the  

above formulae th a t  by m aintaining the  anem om eter wire a t  a sufficiently high tem pe

ra tu re , the  variations of the factor 0 — 0O w ith  changes of

made small enough to be neglected. This result is im portan t from th e  point of view 

of a practical instrum ent in th a t  the calculation of wind velocity from the  cu rren t 

required to balance the  resistance of the  anem om eter wire against a fixed resistance is 

independent of the  room tem perature for such variations as m ay be m et w ith under 

ordinary conditions of use ; in any case, a small correction for the  variation  of room 

tem perature  may be applied if  necessary. The most suitable tem perature  was found 

to be in the neighbourhood of 1000° C. The m ost convenient m ethod of obtaining 

this ad justm ent is to ad just the m anganin resistance B (fig. 2) so th a t  its resistance 

is four tim es th a t of th e  platinum  wire between potential term inals a t  room tem pe

rature . A t th is tem perature variations of as much as 5° C. in room tem perature  only 

affect the velocity determ ination by about 1 per cent.— about the  lim it of accuracy in 

most m easurem ents of tu rbu len t flow. A t the high tem peratures employed the  wires 

were found to rem ain in a very constant sta te , and no variations of electrical constants 

sufficient to affect the calibration constants for velocity m easurem ents could be detected 

after extended use. I t  was found of g rea t convenience in practice to  be able to make 

rough adjustm ents of curren t necessary to balance th e  resistances by judg ing  the  

degree of brightness of the anem om eter wire which is dull red a t a tem perature  for 

which the  resistance is four tim es the  resistance a t room tem perature. I t  will be 

noticed from Table V III. th a t  the effective velocity of the  free convection current- 

increases comparatively slowly w ith increased tem perature  to  1000° C., and in most 

applications does not interfere seriously w ith the  measurement; of velocity.

A lthough it is desirable to operate the  instrum ent w ith as small an expenditure of 

power as possible by m aking use of a very fine anem ometer wire, it was found by 

experience to be impracticable to employ wires of diam eter smaller th an  3 mils ; for a 

wire of th is diam eter, m aintained in the neighbourhood of 1000° C., velocities from zero 

to 25 miles per hour are represented by currents between 1 and 2 amperes. For wires 

smaller th an  3 mils, the  electrical constants are subject to change on draw ing down 

the wire, and errors due to the cooling effect of the potential leads become relatively 

larger, although by special calibration an instrum ent w ith a wire as small as 1 mil, or 

less, could be successfully constructed to m eet special requirem ents,
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F or th e  sam e w ire th e  cu rren t irequired  to  b ring  th e  wire to  

is given by a rela tion  of th e  form

*  =  % t+ ky /V t .................................. ......  ( 80 )

w here i 02and h  are th e  constan ts of th e  in stru m en t determ ined  e ither by calculation 

or by d irec t calibration ; in practice th ere  is some advan tage  in m aking use of a 

dynam om eter form of am m eter in which th e  scale reading  is proportional to i \  provided 

i t  is sufficiently accurate  ; the  range of readings can be much increased by a rrang ing  

th e  in stru m en t so th a t  th e  scale has a suppressed zero.

A nother point connected w ith  hot-w ire anem om etry m ay be m entioned here. The 

constants of th e  in stru m en t or its  calibration-curve determ ined by means of a ro ta tin g  

arm  represen t determ inations of velocity appropriate  to  stream -line m otion ; when 

em ployed to  m easure tu rb u le n t flow th e  velocity m easured by th e  hot-w ire in strum en t 

m ay be referred  to  as the  e ffe c t iv e  v e lo c ity . The question th en  arises as to w hether th is 

m easure is a consistent one and is independent of the  diam eter of th e  wire. This 

point was se ttled  in th e  course of experim ents carried  ou t by Prof. A. M. G r a y (50) and 

th e  w rite r on th e  d istribu tion  of air-velocities in th e  neighbourhood of rapidly  ro ta tin g  

cylinders. The velocity g rad ien t in th e  neighbourhood of a rapid ly  revolving wooden 

pulley was m easured by th e  use of an anem om eter fitted  w ith  a 3-mil wire and also 

under th e  same conditions w ith  a 5-mil wire. I t  was found th a t  the  velocity 

g rad ien ts agreed w ith in  th e  lim its of experim ental error. I t  would th u s seem possible 

to obtain  a consistent m easure of tu rb u len t flow under conditions where o ther m ethods 

of m easurem ent would be inadequate.

S e c t io n  18. N o te  o n  th e  A p p l i c a t io n s  o f  th e  H o t - W i r e  A n e m o m e te r .

The advantages of th e  anem om eter designs and connections described under 

D iagram  III . in th e  establishm ent of a standard  system  of aTiemometry m ay be briefly 

s ta ted  as follows :—

(i.) The use of th e  Kelvin bridge connections makes it possible to standardize and 

calibrate anem om eter wires a t  a central laboratory  independently of the rem ainder of 

the  apparatus w ith  which the  wire is to  be employed.

(ii.) These connections also enable the  wire to  be heated  to a high tem perature  and 

so m akes th e  determ inations of velocity practically independent of ordinary variations 

of room tem peratures.

(iii.) The use of the  linear anem om eter makes it possible to establish a consistent 

m easure of tu rb u len t flow.

(iv.) The linear anem om eter makes it possible to analyse sharp gradients of velocities 

w ithou t d isturb ing  the flow a t th e  point of m easurem ent.

(50) Of th e  D ep a rtm en t of E lectrica l E n g in ee rin g , M cG ill U n iv ers ity .
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(v.) The properties of the Kelvin bridge connections m ake it possible to  connect 

an anem om eter through  low resistance slip-rings and provide a means of a ttack ing  

such problems as the analysis of velocities in the  neighbourhood of rapidly  revolving 

areoplane propeller blades, or between the  blades of centrifugal fans.

In  addition to the applications already m entioned incidentally, it will be noticed 

th a t  the use of the linear anem om eter makes it easily possible to analyse the 

distribution of air-velocities in the neighbourhood of obstacles of various dimensions 

and shapes. An im portant application of th is m ethod is to be found in aerotechnical 

problems, such as the  analysis of propeller wakes, d istribution of velocities over planes 

of various dimensions and camber, &c. A compilation of such d a ta  would prove to be 

of the  g rea test service in developing a rational theory  of tu rb u len t flow. An 

instrum ent of the type under consideration could easily be constructed to  give a 

continuous graphical record, thereby  g rea tly  extending  its usefulness in analyses of 

complicated velocity distributions.

The application of the theoretical p a rt of the present paper to the  m easurem ent of 

the therm al conductivity of gases has already been m entioned ; in the case of liquids 

the chief application of the m ethod lies in the investigation of a possible instrum ent 

for the convenient and rapid m easurem ent of therm al conductivity. Experim ents by 

R o g o v s k i j (51) seem to indicate the  existence of a law of heat-loss of the  form already 

studied.

In  a somewhat different field of application, the  laws of heat-loss already studied 

probably determ ine the tem perature which a small solid object is able to acquire in 

a current of highly heated gas such as a Bunsen or blow-pipe flame. In  fact the 

hot-w ire m ethod seems capable of affording a convenient means of analysing the 

velocities and tru e  tem peratures of flames or of heated gases in boiler-flues, &c.

I t  is hoped a t a la tte r  date  to undertake in detail the  study  of some of the problems 

suggested in the  present section.

Before closing the w riter wishes to express his sincere thanks to Prof. H. T. B a r n e s , 

F .R .S , D irector of the Macdonald Physics Laboratory, for the  kind way in which he 

has facilitated the present work by every means in his power.

(51) R o g o v s k i j , E. A ., ‘ C om p tes R en d u s A cad. S ci., P a r is ,’ vol. 136, pp. 1 3 9 1 -1 3 9 3 , 1 9 0 3 ;  a lso  vol. 1 41 , 

pp. 622-624, 1905.

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

5
 A

u
g
u
st

 2
0
2
2
 



HEAT  FR O M  S M A L L  C Y L IN D E R S  IN  A  S T R E A M  O F F L U ID . 4 0 9

N u m e r i c a l  T a b l e s  a n d  D i a g r a m s  : C o m p a r i s o n  o f  T h e o r y  w i t h  O b s e r v a t i o n .

D is c u s s io n  o f  R e s u l ts .

T ab le  I .— T a b le  o f th e  fu n c tio n s  e^Ko (x), ê Ki (x), j* ex K () ( x )  an d x  j  | ex K  > ( x )  d x

„  I I .— E lectr ica l co n sta n ts  o f p la tin u m  w ires  te s te d  . - . ............................................

T ab le s  I I I .  an d  I Y .— S p ecim en  o b serv at io n  s h e e t s : w ires N o s . 1 an d  1 0 ......................

„ Y . an d  V I .— A n a ly s is  of th e  co n v ec tio n  co n sta n ts  B  an d  C . . . . . .

T ab le  V I I .— E ffect o f in c lin a tio n  on  th e  co n v ec tio n  co n sta n ts  o f sm a ll w ires . . . .  

„ V I I I .— A n a ly s is  of o b serv a tio n s on  free c o n v e c t i o n .................................................

D iag ra m  I .— G rap h  of th e  fu n ctio n  y /[(: exK 0 (x) dx

I I .— D e ta ils  o f ap p aratus em p lo y ed  in  th e d eterm in atio n  of th e  co n v ec tio n  co n sta n ts  

of sm a ll p la tin u m  w i r e s ...........................  .......................................................

I I I .— D e ta ils  an d  sp ecification s in  th e  co n stru c tio n  of h ot-w ire  a n em o m eters  . . .

P a g es .

410-413

414

416-418

440-422

424-425

424-425

426-427

428-429

430-432

P la te  8 .— P h o to g ra p h s of rev o lv in g  arm  an d  of h ot-w ire  an em om eters.

3 GVOL. CCXIV.---A.
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Table oj the Functions e*K0 (as), exK i (x), o(x)dx , [ V k 0 (x)dx

T h e fu n ctio n s tab u la ted  in  th e first tw o  colu m ns of th e ta b le  op p o site  are b ased  on J a h n k e  an d E m d e ’s  

ta b le s ^ )  of th e fu n ctio n s K 0 (a:) an d K i (x)for v a lu es of x b etw een  x =  0-1  and  x  =  1 2

m u ltip lica tio n  b y  th e factor ex w as ea sily  carried o u t b y  m eans of a “ B ru n sviga  ” ca lcu la tin

F or v a lu es  of th e arg u m en t aj <  0 * 1 th e fu n ctio n s w ere ca lcu lated  d ir ec tly  from  th e  co n v er g en t 

exp a n sio n s

K o (z ) =  - i o ( z ) [ y + i ° g i * ] +  +  2 ^ 4 5 ( 1  +  t > +  j r f r ( j i (1 +  £ + j )  + ............  . . . .  (1.)

-  Ki (x) = I . W b  + h g W + i . ^ D ’ - i - l

F or  large va lu es of th e arg u m en t n um erical va lu es

n  , 1 + 1  + y * \ 2, 1 + 4 + 1 + i + H ^ ) 2 ,
U  +  TT7 2 T I 2 / + ' 2 ! .3! ( 2) +  -  j

w ere o b ta in ed  from  th e  a sy m p to tic  ex p a n sion s

(ii.)

ex K 0 (x)

-  ex K]

t t VI* 

2 x j

' 7r y/«
2x)

y  1 12. 32

8a: 2 ! (8a:)2

1 +
3 .5

2T (8^)2
+

F or va lu es  of x < 0 * 1 ,  th e fu n ctio n  i exKo (x) is  m ost ea sily
J 0

ob ta in ed  b y  in teg ra tin g  (i.) term  b y term  a fter  m u ltip ly in g  b y  th e

(iii.)

3 . 5 . 7  

3 ! ( 8a;)3
(iv .)

ca lcu la ted  from  th e co n v er g en t series 

factor ex :

ar1 |%*K0(a)ato = 1+£o; + 4s2 + tYa:c3+ - (y + ̂ g^) (*+ia + i»2 + A«3+ ••■)• • • (v-)

F rom  th e p o in t x — 0  • 1 on w ard s it  is co n v en ien t to  m ak e u se of E u l e r ’s  (3) form u la  for q uadratu res

th e form

2/iT1 I y d x  =  [(yo 4- y \) +  («q +  y%) +  . . .  +  ( y n ~ 1 +  yw)] -  [ f  (xn) - . /  (%)] +  [ /  (*«) (xo ) ] -  • (v
J*«

In  th e case u n d er con sid eratio n  w e h ave

f  (x) =  ex [K 0 (x) +  K i (x)], f"(x) =  ( 4 -  

T h e first term  on th e righ t-h an d  sid e of (v i.) in  square b rack ets [ ] is  esp ec ia lly  w ell su ited  for 

com p u tation  on an a d d in g  m a ch in e; th e  tota ls (yo +  y i), (yo + y i)  +  (yi +  Ih), &c., are ob ta in ed  as su ccessiv e  

resu lts of a sin g le  series of op eration s an d are th u s ea sily  tab u lated . O pp osite  th ese en tr ie s are w r itten  

d ow n  th e va lu es  o f \hf(xn), ob ta in ed  b y  u sin g  eq u a tion  (v ii.) from  th e first tw o  colu m n s of T ab le I. T h e

th ird  order correction  term  in  (v i.) can be ea s ily  sh ow n  to  be to o  sm all to  affect th e v a lu e of th e series to

An
1 p art in  1000, as seen  from  th e num erical exam p le  g iv en  b elow . S ta r tin g  w ith  yclx  =  O’ 35 72

calcu lated  from  th e co n v erg en t series, an d  ta k in g  h =  0 *1, th e w ork is tab u lated  as fo llo w s :—

X . y> W  (+>• :S 0 0 h'\t (X)-

fo i
2/ r 1 ydx  +  S n. C'„.

r \ n t  
O  n , |" y  dx.

0 ’ 1 2 -6 8 2 4 - 0 - 1 3 6 8 - 0 - 0 0 5 2 — — — 0 -3 5 7 2

0-2 2 -1 4 0 7 - 0 - 0 6 1 5 - 0 - 0 0 0 6 1 1 -9 6 8 1 0 -0 7 5 3 0 -0 0 4 6 0 -5 9 4 6

(') See footnote ( n).

(2) For a description of this instrument see d ’O c a g n e , ‘ Le Calcul Siniplifie’ (Gauthier Yillars, Paris, 1905), pp. 62-65.

(3) See footnote ( 1(l)
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w h er e

s n =  0/o +  y i )  +  ( y i  +  y2) + {y-i + + ... + + y»),

C 'n =  [ f (xn) -f(an,)], an d  C"'„ =  ^  [ / " '  (a*)].

B y  ca rry in g  o u t  th is  p ro cess  th e  fu n ctio n  |% * K 0 (x)  clx w as ta b u la ted  as far as =  6 - 0 ,  b ey o n d  w h ich

p o in t th e ca lcu la tio n  b y  m ea n s  of th e  a sy m p to tic  series in v o lv e s  less  labour. W e  ob ta in ed , in  eq u a tio n  (2 4 ), 

an ex p a n sio n  of th e  form

|* exKo  (x) d x  + G J ( 2 t x )
Is.3 12.32.5

2 ! (8 x )*  + 3 ! (8a:)3
(v iii .)

T h a t th e  co n sta n t C is u n ity  is v e r y  p ro b a b ly  tru e  a lth o u g h  an a n a ly tica l p roof of th e  re su lt w o u ld  be 

v e r y  la b o r io u s ; for th e  p u rp oses  of th e  p resen t w o rk  th e  case is su ffic ien tly  ju stified  b y  th e  fo llo w in g  

n u m er ica l ca lcu la tio n s of th e  su m  of th e  ser ie s on th e  righ t-h an d  sid e of (v iii .) . T h ese ca lcu lation s, a t th e  

sam e tim e , fu rn ish  a ch eck  on th e  r e su lts  o b ta in ed  b y  q u ad ratu res f—

1. x =  2. x  =  3. x — 6.

S er ie s  (v .) ......................  1 -7 7 9 — — —

S er ies  (v iii .)  ,......................  [ 2 - 7 7 8 ]  (4) 3 -7 5 1 9 4 -5 1 6 5 6 - 2 6 4 3

Q u ad ratu res ......................  1 -7 8 0 4 2 -7 4 9 9 3 -5 1 2 7 5 - 2 6 4 0

C . . . ......................  [ 1 -002 ] 1-0020 1 -0 0 3 8 1 -0 0 0 3

T h e v a lu es  of th e fu n ctio n  xj | e*Ko ( ) aree a s ily  ob ta in ed from  th e fu n ctio n s  p r ev io u sly

ta b u la ted . T h is  fu n ctio n  w h en  p lo tte d  a g a in st asi sh ow n  in  D ia g ra m  I., g iv es  v er y  a p p ro x im a te ly  a

str a ig h t- lin e  re la tio n  o ver  th e ran ge d ea lt w ith  in  th e p resen t ex p er im en ts . S im p le ap p ro x im a te formulae 

for th e  fu n c tio n  in q u estio n  are d er iv ed  an d  te s te d  in  th e  d escrip tio n  of D iag ram  I.

(q  The series (viii.) fails to give accurate values for so small a value of the argument as =  1. The sum of four terms is 

2 -798, and of live 2 '758, the value given above being the mean of these two determinations.

3 G 2
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T a b l e  I.

X. e^Ko (x). -  exK i (x). j exKo dx. x j
r5

_1

o*>
,8

 
o

 
1 ___

1

s j % .

•0001 9 -3 2 7 2 10001-000 •0 0 1 0 3 3 •0 9 6 8 3 •01

•0 0 0 4 7 -9 4 1 2 2 5 0 0 -9 9 8 •0 0 3 5 7 6 •1 1 1 9 •02

•0 00 9 7 -1 3 5 5 1 1 1 2 -1 0 8 •0 0 7 3 1 9 •1 2 3 0 •0 3

•0 0 1 6 6 -5 6 4 2 6 2 5 -9 9 4 •0 1 2 0 9 5 •1 3 2 3 •04

•0 0 2 5 6 -1 2 2 7 4 0 0 -9 9 2 •0 1 7 7 8 8 •1 4 0 5 •0 5

•0 03 6 5 -7 6 3 0 2 7 8 -7 6 7 •0 2 4 3 1 3 •148 1 •06

•0 0 4 9 5 -4 6 1 1 2 0 5 -0 6 8 •0 3 1 6 0 1 •1 551 •07

•0 0 6 4 5 -2 0 0 5 1 5 7 -2 3 3 •0 3 9 5 7 8 •1 6 1 7 •08

•0 081 4 -9 7 1 8 1 2 4 -4 3 5 •0 4 8 2 2 4 •1 6 8 0 •09

•0100 4 -7 6 3 8 1 0 0 -9 7 4 •0 5 7 4 7 2 •1 7 4 0 •10

•0200 4 -1 1 3 9 5 0 -9 6 6 •1 0 1 5 r 1971 •1 4 1 4

•0 3 0 0 3 -7 3 3 8 3 4 -2 8 2 •1 4 0 6 •2 1 3 4 •1 7 3 2

•0 4 0 0 3 -4 7 2 6 2 5 -9 4 0 •1 7 6 5 •2 2 6 6 •2000
•0 5 0 0 3 -2 9 4 9 2 0 -9 3 1 •2102 •2 3 7 8 •2 2 3 6

•0 6 0 0 3 -1 1 4 2 1 7 -5 8 8 •24 2 1 •2 4 7 8 •2 4 4 9

•0 7 0 0 2 -9 8 1 4 1 5 -1 9 9 •2 7 2 6 •2 5 6 8 •2 6 4 6

•0 8 0 0 2 -8 6 8 0 1 3 -4 0 6 •3 0 1 8 •2 6 5 0 •2 8 2 8

•0 9 0 0 2 -7 6 9 3 1 2 -0 0 9 •3 3 0 0 •27 2 7 •3 0 0 0

•1000 2 -6 8 2 3 1 0 -8 9 1 •3 5 7 2 •2 7 9 9 •3 1 6 2

•200 2 -1 4 0 7 5 -8 3 3 4 •5 9 4 6 •3 3 6 3 •4 4 7 2

•30 0 1 -8 5 2 7 4 -1 2 5 3 •7 9 3 6 •3 7 8 0 •5 4 7 7

•4 0 0 1 -6 6 2 6 3 -2 5 8 7 •9 6 8 3 •4 131 •6 3 2 5

•5 0 0 1 -5 2 4 1 2 -7 3 0 9 1 -1 2 7 3 •4 4 3 5 •7 071
•6 0 0 1 -4 1 6 7 2 -3 7 3 8 1 -2 7 4 2 •4 7 0 9 •7 7 4 6
•70 0 1 -3 3 0 1 2 -1 1 5 1 1 -4 0 6 4 •49 7 7 •83 6 7
•8 0 0 1 -2 5 8 1 1 -9 1 7 9 1 -5 4 0 7 •5 1 9 2 •8 9 4 4

•9 0 0 1 -1 9 7 1 1 -7 6 2 3 1 -6 6 3 4 •541 1 •9 4 8 7
1-000 1 -1 4 4 4 1 -6 3 6 1 1 -7 8 0 4 •5 6 1 6 1-0000

1-10 1 -0 9 8 3 1 -5 3 1 5 1 -8 9 2 5 •5 8 1 2 1 -0 4 9
1-20 1 -0 5 7 4 1 -4 4 2 9 2•0002 •6 0 0 0 1 -0 9 5
1 -3 0 1 -0 2 0 8 1 -3 6 6 8 2 -1 0 4 1 •6 1 7 8 1 -1 4 0
1 -4 0 •9 8 8 3 1 -3 0 0 9 2 -2 0 4 5 •635 1 1 -1 8 3
1 -5 0 • 95 82 1 -2 4 3 2 2 -3 0 1 8 •6 5 1 6 1 -2 2 5
1 -6 0 •9 311 1 -1 9 1 7 2 -3 9 6 3 •667 7 1 -2 6 5
1 -7 0 •9 05 9 1 -1 4 6 2 2 -4 8 8 1 •68 3 2 1 -3 0 4
1 -8 0 •8 82 6 1 -1 0 4 6 2 -5 7 7 5 •6 9 8 3 1 -3 4 2
1*9 0 •8611 1 -0 6 7 7 2 -6 6 4 6 •7 121 1 -3 7 8
2-00 •8 41 6 1 -0 3 3 7 2 -7 4 9 8 •7 2 7 3 1 -4 1 4

2-1 •8 2 3 2 1-0020 2 -8 3 3 0 •7 4 1 2 1 -4 4 9
2-2 •80 57 •9 7 3 8 2 -9 1 4 5 •7 5 4 8 1 -4 8 3
2 - 3 •7 8 9 3 •9 4 7 5 2 -9 9 4 2 •7 681 1 -5 1 7
2 - 4 •7 7 4 0 •9 22 9 3 -0 7 2 4 •7811 1 -5 4 9
2 -5 •7 5 9 6 • 9002 3 -1 4 9 0 •7 9 3 8 1 -5 8 1
2-6 •7 4 5 9 •8 78 9 3 -2 2 4 3 •8 0 6 4 1 -6 1 2
2 -7 •7 3 2 8 •8 59 2 3 -2 9 8 2 •8 1 8 6 1 -6 4 3
2-8 •7 20 6 •8 40 5 3 -3 7 0 9 •8 3 0 6 1 -6 7 3
2 - 9 •7 0 9 0 •8231 3 -4 4 2 4 •8 4 2 4 1 -7 0 3
3 - 0 •6 9 7 8 •8 0 6 6 3 -5 1 2 7 •8 5 4 0 1 -7 3 2
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HEAT  FR O M  S M A L L  C Y L IN D E R S  IN  A  S T R E A M  O F F L U ID . 4 1 3

T a b l e  I . (co n tin u ed ).

X. e*K 0 -  e^Ki (x). e*K 0 dx.
x l

1----

4

o
i 

«

,8
 

<=>

1_
_

_
_

_
1

J x .

3 - 2 •6 7 6 8 •7 7 6 2 3 - 6 4 9 9 •8 7 6 8 1 -7 8 9

3 - 4 •6 5 8 0 •7 4 9 1 3 - 7 8 3 6 •8 9 8 6 1 -8 4 4

3 - 6 •6 4 0 5 •7 2 4 3 3 -9 1 3 5 •9 2 0 0 1 -8 9 7

3 - 8 •6 2 4 5 •7 0 2 3 4 -0 3 9 9 •9 4 0 6 1 -9 4 9

4 - 0 •6 0 9 3 •6 8 1 4 4 - 1 6 3 2 •9 6 0 7 2-000

4 - 2 •5 9 5 3 •6 6 2 7 4 -2 8 3 7 •9 8 0 4 2 - 0 4 9

4 - 4 •5 8 2 3 •6 4 5 3 4 - 4 0 1 4 •9 9 9 7 2 - 0 9 8

4 - 6 •5 7 0 0 •6 2 9 2 4 -5 1 6 9 1 -0 1 8 4 2 -1 4 5

4 - 8 •5 5 8 6 •6 1 4 2 4 - 6 3 0 0 1 -0 3 6 7 2 -1 9 1

5 - 0 •5 4 7 8 •6 0 0 3 4 -7 4 0 6 1 -0 5 4 7 2 -2 3 6

5 - 2 •5 3 7 7 •5 8 7 1 4 -8 4 9 1 1 -0 7 2 4 2 - 2 8 0

5 - 4 •5 2 8 1 •5 7 5 0 4 - 9 5 5 7 1 -0 8 9 7 2 * 3 2 4

5 - 6 •5 1 8 7 •5 6 3 3 5 - 0 6 0 4 1 -1 0 6 6 2 -3 6 6

5 - 8 •5 1 0 0 •5 5 2 6 5 - 1 6 3 3 1 -1 2 3 3 2 -4 0 8

6 -0 •5 0 1 9 •5 4 2 2 5 * 2 6 4 0 1 -1 3 9 8 2 -4 4 9

6 - 5 •4 8 2 8 •5 1 8 7 5 - 5 1 1 4 1 -1 7 9 4 2 - 5 5 0

7 - 0 •4 6 5 8 •4 9 8 1 5 - 7 4 8 2 1 -2 1 7 8 2 - 6 4 6

7 - 5 •4 5 0 6 •4 7 9 7 5 -9 7 7 5 1 -2 5 4 7 2 -7 3 9

8*0 •4 3 6 7 •4 6 3 2 6 -1 9 7 2 1 -2 9 0 9 2 - 8 2 8

8 - 5 •4 2 4 0 •4 4 8 2 6 - 4 1 2 0 1 -3 2 5 5 2 - 9 1 5

9 - 0 •4 1 2 3 •4 3 4 7 6 -6 2 2 1 1 -3 5 9 1 3 - 0 0 0

9 - 5 •4 0 1 6 •4 2 2 2 6 * 8 3 2 8 1 -3 9 0 3 3 -0 8 2

10-0 •3 9 1 6 •4 1 0 8 7 * 0 2 3 4 1 -4 2 3 9 3 -1 6 2

11-0 •3 7 3 8 •3 9 0 4 7 -4 0 7 6 1 -4 8 5 0 3 -3 1 7

12-0 •3 5 8 2 •3 7 2 9 7 - 7 7 2 3 1 -5 4 3 1 3 -4 6 4

1 3 -0 •3 4 4 2 •3 5 7 4 8 - 1 2 4 8 1 •6 0 0 0 3 -6 0 6

1 4 -0 •3 3 2 1 •3 4 3 9 8 - 4 5 8 3 1 -6 5 5 1 3 -7 4 2

1 5 -0 •3 2 1 0 •3 3 1 7 8 -7 8 8 7 1 -7 0 6 7 3 -8 7 3

1 6 - 0 •3 1 1 0 •3 2 0 7 9 -1 0 3 6 1 -7 5 7 5 4 - 0 0 0

1 7 - 0 •3 0 1 6 •3 1 0 5 9 -4 1 0 2 1 -8 0 6 6 4 -1 2 3

1 8 -0 •2 9 3 4 •3 0 1 4 9 - 7 0 9 0 1 -8 5 4 0 4 -2 4 3

1 9 -0 •2 8 5 7 • 2 9 3 2 ' 9 -9 9 7 4 1 -9 0 0 5 4 -3 5 9

20-0 •2 7 8 7 •2 8 5 6 1 0 -2 7 9 0 1 -9 4 5 7 4 -4 7 2

2 5 - 0 •2 4 9 2 •2 5 4 4 1 1 -5 9 6 2 -1 5 5 9 5 -0 0 0

3 6 - 0 •2 0 8 2 •2111 1 4 -0 9 0 2 -5 5 5 0 6-000

4 9 * 0 •1 7 8 6 •1 8 0 4 1 6 -5 9 1 2 •9 5 3 5 7 -0 0 0

6 4 - 0 •1 5 6 4 •1 5 7 6 1 9 -0 9 2 3 -3 5 2 2 8-000

8 1 - 0 •1 3 9 0 •1 3 9 9 2 1 -5 9 4 3 -7 5 0 9 9 -0 0 0

i o o - o 12 52 •1 2 5 8 2 4 -0 9 7 4 -1 5 0 0 10-000

Table of the Functions e*K0 (x), e*K r (x), j V K 0 (x) x j  f V K 0 (x)dx  , and
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414 PR O F. L O U IS  V E SSO T  K IN G  ON T H E  C O N V E C T IO N  OF

T a b l e  II.

Constants of Wires Used in the Determination of Convection Constants.

S pecim en.

;

?*17. r'o- a. d  cm. Po x 10 °.

1 •0 58 2 •0 54 7 •0 5 4 6 (1) •0 0 3 7 5 5(4) •0 1 5 3 0 10-02
2 •0 7 0 6 [•0 6 6 2 ] — [•0 0 3 7 5 ] [ * 0 1 3 8 7 ](7) [ 1 0 -00]

3 •0881 •0 8 2 8 •0 8 3 4 (2) •0 0 3 7 4 5(5) •0 1 2 3 0 9 - 9 8

4 •1 0 3 0 •0 9 6 8 •0 9 5 3 •00 3 7 4 s •0 1 1 6 5 1 0 -1 9

5 •1 3 4 0 •1 2 6 2 •1 2 2 5 •0 0 3 7 1 0 •0 1 0 1 3 9 -9 1

6 •1 6 7 2 •1 57 7 •1 5 3 4 •0 0 3 7 0 2 •0 0 9 3 0 1 0 -3 8

7 •2220 •2 0 9 2 • 2 1 9 2 (3) • 00370,,(«) •0 0 7 7 5 1 0 -3 8

8 1 -5 7 0 ! 1 -5 1 9 1 -5 9 0 •0 0 1 8 8 5 •0 0 3 8 3 1 8 -3

9 1 -5 9 9 1 -55 0 1 -6 0 6 •00183 ,, •0 0 3 9 0 1 9 -1 5

10 1 -8 5 2 1 -7 9 5 1 -8 4 7 •0 0 3 3 2 5 •0 0 2 8 3 1 1 -6 0

10, 1 -8 6 5 1 -7 6 5 — •0 0 3 2 8 •0 0 2 7 8 1 0 -7 0

10 x 1 -7 7 1 1 -6 9 2 — •0 0 3 41 •0 0 2 7 8 1 0 -2 5

(') Mean of two determinations, 0 '0545 and 0 '0547.

(2) Mean of two determinations eacli, 0 ‘0834.

(3) Mean of two determinations, O’2193 and 0 ‘2191.

(4) Mean of three determinations, 0 '003701, 0 003752, and 0 •003752.

(5) Mean of 0 003746 and 0 ’003745.

(6) Mean of 0 003703 and 0 -003715.

(') Wire No. 2 burned out during the experiment and the constants given in square brackets are the means of those of 

wires No. 1 and No. 2.
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H EAT  FR O M  S M A L L  C Y L IN D E R S  IN  A ST R E A M  O F F L U ID . 4 1 5

Description o f Table I I .— Constants of W ires Used in the Determination of Convection Constants.

T h e  re s is ta n ce  p er u n it  le n g th  a t 17 C ., d en o ted  in  T ab le I I . b y  w as  o b ta in ed  b y  th e  m eth od  

d escr ib ed  in  S ec tio n  9 w ith  th e  w ire p laced  in  th e  fork  and a n n ea led  for sev era l m in u tes  b efore th e  

co n v ec tio n  m ea su rem en ts  w e re  m a d e ; care w as  ta k en  to  u se a v er y  sm all m ea su r in g  cu rren t to  a v o id  

h e a tin g . T h ese v a lu e s  o f re sis ta n ce  w ere red u ced  to  0 ° C., m a k in g  u se of th e  tem p era tu re  coeffic ien ts 

g iv e n  in  th e  fifth  co lu m n . A fte r  th e  t e s t  h ad  b een  carried  o u t th e tem p era tu re  coeffic ien t w as d e te rm in ed  

fo r each  w ire b y  c o ilin g  i t  lo o se ly  in  th e  g ro o v e s  o f a d o u b le  screw  th read  cu t in  an eb o n ite  cy lin d er. 

P o te n t ia l te rm in a ls  w ere fu sed  to  th e  w ire a t  a  m easu red  d ista n ce ap art a n d  th ese  w ere w ith  th e cu rren t 

te rm in a ls  b ro u g h t o u t to  th e  b rid g e co n n ectio n s  b y  m ea n s of fine cop p er lead s from  th e  g la ss  te st-tu b e  in  

w h ich  th e  eb o n ite  cy lin d e r  w as in ser te d . T h e re s is ta n ce  b e tw e en  p o ten tia l term in als w as com p ared w ith  

th a t  o f a  m a n ga n in  sta n d ard  a t  th e  ice  an d  ste a m  p oin ts. In  th is  w a y  b oth  th e  resista n ce per u n it  

le n g th  r'o a n d  th e  tem p era tu re  coeffic ien t a  w ere d e te rm in ed . I t  w ill b e n o ticed  th a t in  th e case of th e  

la rge  w ires th e  p ro lo n g ed  a n n e a lin g  is  m ore effec tiv e in  d im in ish in g  th e resistan ce th a n  th e red u ction  of 

d ia m ete r  b y  “ ev ap o ra tio n  ” in  in crea s in g  it , w h ile  th e co n tra ry  m a y  be n oticed  in  th e finer w ires. W ires  

N o . 1 to  N o . 7 sh ow  a m ar k e d  d im in u tio n  in  th e  te m p eratu re  coefficien t w ith  d iam eter, a  fa c t w e ll w orth  

a sp ecia l in v e s t ig a tio n . W ires  N o . 8 to  N o . 10 w ere p rob ab ly  d raw n  from  a sp ecim en  of im p ure p la tin u m .

A s d escrib ed  in S e c t io n  10, th e d ia m eters  o f th e  w ires  w ere m easu red  d ir ec t ly  b y  m ean s of a m icro

sco p e^ 8) I t  w a s fo u n d  th a t  th e  d ia m eters  o f va rio u s  p o rtio n s of each w ire v a ried  ab ou t 1 per cent. 

T h e m ean  d ia m ete r  w as  fo u n d  from  ten  to  fifteen  ob serva tio n s . A  ty p ica l se t  of read in gs for th e fin est 

w ire (1 m il) is g iv e n  b elo w .

W ire N o. 10. R ea d in g s of m icrom eter h ead  a t  in terv a ls  o f 3 m m .:—

0 * 4 0 5  0 * 3 9 5  0*41*2 0 * 4 1 3  0 * 3 9 5  0 * 3 9 5  0 * 4 0 0  0 * 4 0 0  0 * 3 9 5  0 * 0 4 1  M ean 0 * 4 0 1  #

C alibration  of m icrom eter r e a d in g s ; m icrom eter read in gs co rresp o n d in g  to  0 * 0 3 0  cm. on stage  

m icrom eter s itu a ted  in  th e  sam e p art of th e fie ld  :—

0 * 4 3 2  0 * 4 3 4  0 * 4 3 1  M ean 0 * 4 3 2

M ean  d iam eter of w ire N o . 1 0 ......................d =  0 * 0 0 2 7 8  cm .

(8) A.U attempt was made to measure the diameter of the wire by rolling it  between tw o narrow plates of smooth ground 

glass and counting the number of revolutions of the wire for a given displacement of the plates as measured by a micrometer 

screw -accordin g  to the method described by H o r t o n  (‘ Phil. T rans./ A, vol. 204, p. 407, 1905) in the measurement of the 

diameter of quartz fibres. In the present instance the platinum wire proved to be too soft for the employment of this 

m ethod; the surface of the wire proved on microscopic examination to be badly roughened and the diameter sensibly 

changed by the action of the ground glass. The use of smooth glass plates was found to be unsuitable owing to the danger 

of slip.
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4 1 6 PR O F. L O U IS  V F S SO T  K IN O  O N T H E  C O N V EC TIO N  OF

T a b l e  III .

Specimen Observation Sheet, September , 1912.

A ir tem p eratu re, 1 6 ° '8  C. R e la tiv e  h u m id ity , 62 per cent.

W ire N o . 1. D ia m eter , 0 -0 1 5 3 0  cm. L en g th  b etw een  p o ten tia l term in als, 2 3 -2  cm. 

T o tal len g th , 2 7 ‘ 2 cm. R esista n ce  per u n it  len g th  a t 17° C., 0 - 0 5 8 2  ohm s.

R /R ir 1 -7 2 7

i

2 -3 7 2 -9 6 5 3 -5 1 4 -0 0

T em peratu re, d egrees C. 2 2 7 ° 5 2 6 ° 627° 817° io o 4 a

r /r n 1 -7 3 0 2 - 4 0 2 - 9 8 3 -5 4 4 -0 5

r  oh m s •1008 •1897 •1733 •2025 •2360

T =  1 7 -6 3  sec. V,. =  1 9 -1 1 1 -4 0 1 -7 6 2-02 2-22 2 - 4 4

2 t t L  =  337  cm . V  =  17*4

( 1 - s )  =  -9 1 2  J Y  =  4 -1 7 •198 •485 •703 1 - 0 0 0 1 -4 0 5

T  =  6 - 84  sec. Y r =  49*3 1 -6 1 5 2-02 2 -2 9 2 -5 2 2 -7 2

27rL =  337  cm. V  =  4 5 - 0

r ( l - « )  =  '9 1 2  J Y  6 - 7 0 •268 •572 •908 1 -2 8 5 1 -7 4 5

T  =  9 -7 7  sec. V,. =  86-4 1 -8 1 2 -2 7 2 - 5 0 2 - 7 4 2 -9 2

2~L  =  84 4  cm. V  =  8 2 - 4

( 1 - s )  =  -9 5 6  J Y  9 -0 7 •881 •721 1 -0 81 1 -5 2 1 2 -0 1 5

T  =  9 - 5 0  sec. V r =  1 7 4 -8 2 -0 5 2 - 5 4 2 -8 2 3* 08 3 -2 8

2?rL =  16 60  cm. V  =  1 6 5 -0

( 1 - s )  =  -9 4 7  J Y  =  1 2 -8 3 - m •905 1 -8 7 5 1 -9 2 5 2 -5 4

T  =  5* 5 5  sec. =  299 2 -3 3 2 - 8 4 3 -1 7 3 -4 2 3 -6 4

27t L  =  166 0  cm. V  =  283

( 1 - s )  =  -9 4 7  J Y  =  1 6 -8 •5^9 1 -1 2 7 1 -7 4 0 2 -8 7 0 8 - 1 4 0

T  =  3 -4 2 5  sec. V r =  485 2 -5 7 3 -0 8 3 -4 3 3 -7 0 3 - 9 0
2-7t L  =  16 60  cm. V  =  45 9

( 1 - s )  =  -9 47  J Y  =  2 1 -4 •667 1 -8 2 8 2 -0 3 0 2 -7 7 8 -6 0

T  =  2 - 6 0  sec. V r =  638 2-66 3 -2 5 3 -6 1 3 -8 9 4 - 1 0
2t t L  =  1660  cm. V  =  603

(1 - s )  =  -9 4 7  J Y  =  2 4 -5 5 ■712 1 ‘4 8 0 2 -2 6 0 3 -0 7 3 -9 7  ;

T  =  1 • 95 4  sec. V r =  8 5 0 2-86 3 -4 4 3 -8 1 4 - 1 0 4 -3 2
2t t L  =  1660  cm. V  =  80 3

( 1 - s )  =  -947  2 8 -3 ■825 1 -6 6 0 2 -5 2 5 8 - 4 2 4 -4 1

C on stants B  and C B =  0 2 64 •050 8 •07 7 2 •10 1 2 •12 7 2
in  th e form ula

W  =  B  J Y  C o II o 00 C
D •241 •388 •602 •8 8 4

d eterm in ed  from  th e lin e of c losest fit.
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H EAT  FR O M  S M A L L  C Y L IN D E R S  IN  A  S T R E A M  O F F L U ID . 4 1 7

Description of Tables I I I . and I V .— Specimen Observation Sheets.

In  T ab les I I I .  an d  IV . are s e t  o u t th e  o b serv a tio n s an d  ca lcu la tio n s of th e h eat- losses in th e case of th e  

sp ec im en s N o s . 1 an d  10 of th e  w ires te s te d  a t  d ifferen t v e lo c it ie s . A lth o u g h  o b serva tio n s of r e la tiv e  

h u m id ity  an d  of b arom etric  p ressu res w ere  m ad e a t  th e  tim e of th e  ex p er im en t, n o effect d u e to  th e  

v a riat io n  of th e se  fa ctors  cou ld  b e d e te c te d  in  th e  fin al re su lts . T h e ratio  R /R 17 refers to  th e en tire  len g th  

of w ire b e tw e en  th e  p o ten tia l term in als , w h ile  th e  ra tio  r /rn  refers to  u n it  len g th  at th e  tem p era tu re  

u n d er co n sid era tio n  a n d  is corrected  for th erm a l ex p a n sio n  b y  th e form u la  of S ec tio n  10. T h e tim e of 

a s in g le  re v o lu tio n  of th e  ro ta tin g  arm , d e n o te d  b y  T , w as  ob ta in ed  from  th e  m ea su r em en t of 

a ch ron ograp h  sh eet. T h e fo rk  co n ta in in g  th e w ire w as clam p ed  in  o n e of th re e p o s it io n s  so  th a t th e  

rad iu s L  w as on e of th e v a lu e s  5 3 * 7  cm ., 1 3 4 '0  cm ., a n d  2 6 4 ’ 3 c m .;  th e ap p aren t v e lo c ity  o f th e w ire  

th ro u gh  th e  a ir  w as g iv e n  b y  V r =  2t tL/T .O w in g  to  th e “ sw irl ” se t up b y  th e ro

v e lo c ity  o f th e  w ire th ro u g h  th e air w as o b ta in ed  from  th e  form u la  V  =  (1 V r, th e correction  factor  

(1 -  s) h a v in g  b een  d ete rm in ed  for each v a lu e  of th e  rad iu s in  th e  m an ner d escrib ed  u n d er D iag ram  II . 

T h e v a lu es  p r in ted  in  ita lic s  in  th e  T ab le s I II . an d  IV . are th e h eat-losses ex p re ssed  in  w a tts  per u n it  

le n g th , as ca lcu la ted  from  th e  cu rren t requ ired  to  in crease th e  resista n ce of th e  w ire to  th e va lu e R , an d  

en tered  in  th e sam e com p artm en t. T h e se v a lu es  w h en  p lo tte d  a g a in st th e sq uare root o f the v e lo c ity  g iv e  

rise to  a fa m ily  of s tr a ig h t lin es, th e  tem p eratu re b e in g  th e  variab le  param eter. T h ese are illu str a te d  in  

figs. 4 an d  5, an d  in d icate h ow  clo sely  th ese  cu rves corresp on d  to  th e th eo retica l cu rve sh ow n  in  D iagram  I. 

I t  w a s fo u n d  im p o ssib le  to  w ork  a t v er y  lo w  v e lo c itie s  o w in g  to  th e  d is tu rb in g  effect o f th e free co n vec tio n  

cu rren t se t up b y  th e h ea te d  w ire. I t  w as th u s  im p o ssib le  to  fo llo w  o u t th e ex p er im en ta l cu rves to  sm all 

v e lo c it ie s  w ith  a v iew  to  com parison w ith  th eo ry . I t  w ill be seen  from  th e  grap h  of th e th eoretica l cu rve 

th a t  th e s tr a ig h t- lin e a sy m p to te  lie s  ex trem e ly  close to  th e cu rve o ver  th e in terv a l covered  b y  ex p erim en t. 

In  th e re d u ctio n  of th e o b serva tio n s th e  lin e  of c lo ses t fit th ro u g h  th e  ex p er im en ta lly  d eterm in ed  p oin ts  

w as ta k en  to  rep resen t th e  eq u a tio n  of th e a sy m p to te  g iv e n  b y  form u la  (33) .

Y O L . C C X IV .---- A . 3  H
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4 1 8 PR O F. L O U IS Y E SSO T  K IN G  O N T H E  C O N V E C T IO N  OF

T a b l e  IV .

Specimen Observation Sheet, October 28, 1912.

A ir  tem p eratu re, 15° • 3 C. R e la tiv e  h u m id ity , 55  per cen t.

W ire  N o . 10 . D ia m eter , 0 -0 0 2 8 3  cm . L en g th  b etw een  p o te n tia l term in als, 3 * 6 4  cm. 

T o ta l len g th , 4 ‘ 6 cm. R e sista n ce  per u n it  len g th  a t 17° C., 1 *852 ohm s.

R /R l7 1 -3 9 8 1 -7 2 7 2-00  ' 2 -3 7 2 - 6 0 2 -9 6 5

T em peratu re, d egrees C. 162° 272° 36 6 ° 499° 584° 724°
rh'n 1 -4 0 0 1 -7 3 0 2-010 2 -3 9 2 -6 3 2 -9 8

r  ohm s 2 -5 9 3 -2 0 3 -7 2 4 -4 S 4 -8 7 5 -5 2

T  =  1 8 -0 0  sec. V ,  = 1 8 -7 2 _ _ •200 •2 2 6 •2 6 0 •2 8 0 •2 9 6

27rL =  337  cm. V  = 1 7 -1

(1 - s )  =  -9 1 2 J V  - 4 -1 3 — •128 ■190 •300 •382 • 4 8 6

T  =  6 - 6 4  sec. V r = 5 0 - 8 __ •2 2 8 •2 5 6 •2 8 8 •3 0 6 •3 2 8

2t t L  =  337  cm. V  = 4 6 -3

(1 - s )  =  -9 1 2 J V  = 6 - 8 0 — •166 •2 4 4 •394 •456 •597

T  =  9 -0 9 7  sec. V r= 1 8 2 -7 •171 •2 8 4 •3 1 4 •3 4 9 •3 7 0 •3 9 2

2t t L  =  1660  cm . V  = 1 7 3 0

(1 - s )  =  -94 7 J V  = 1 3 1 3 •0751 ■258 •367 •5 4 0 •6 6 8 •851

T  =  4 - 8 3  sec. V r 342 •1 9 0 •3 1 4 •348 •3 8 8 •4 1 0 •432

2t t L  =  1660  cm. V 32 4

(1 - s )  =  -94 7 J V  = 1 8 -0 •0989 •316 •451 •6 6 8 •819 1 -0 3 5

T  =  3 - 7 7 sec. V r = 441 •201 •3 2 8 •3 6 2 •4 0 8 •427 •451

2-irh =  1660  cm. V  = 417

(1 - s )  =  -9 47 J V  = 2 0 -4 . • 1 •345 '4 8 8 •740 •890 1 -1 2 6

T  =  2 -4 1  sec. V,. = 688 •222 •3 5 8 •3 9 6 •4 4 0 •4 6 0 •48 5

27t L  =  1660  cm. V  = 65 0

(1 — s) =  -9 47 J V 2 5 -4 7 •128 • m •583 •859 1 -0 3 0 1 -3 0 5

T  =  1 -8 0  sec. V r  = 922 ( - 2 3 4 ) 0 •3 8 0 •4 2 0 •4 6 2 •4 8 9 •515

2t t L  =  166 0  cm. v  - 871

(1 -  s) =  • 947 J V  = 2 9 -5 ( - 1 4 2 2 ) •463 •657 ■944 1 -1 6 3 1 -4 7 0

C o n stan ts B  and  C B =  00 4 2 5 01 2 9 2 0 1 81 •025 6 •03 0 8 •0 3 8 4

in th e form ula

W  =  B  +  C C =  -0 1 82 081 123 •205 •2 5 7 •338

d eterm in ed  from  th e lin e  of c losest fit.

1

(') Owing to an interruption in the series of readings the velocity corresponding to this observation was Y  =  856 cm./sec.
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H EAT  FR O M  S M A L L  C Y L IN D E R S  IN  A S T R E A M  O F F L U ID . 4 1 9

Heat loSv 
w a tts  pe 
Wire i 5 -3 > 5bm.

/l004°C.

F i g J i.

-<8170

a /
''62?°

/ >

'<426°

----O'

(Ve

■̂2 2 2 °

rlocity)^

o 5 io 15 20 25(cm./sec$fo

F ig . 4. Heat-Loss Velocity Curves. 

W ire No. 3

Wire 2 -8 3 xio'3cm diam.

F ig . 5 . Heat-Loss Velocity Curves. 

Wire No. 10.

3 h  2
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4 2 0 PR O F. L O U IS V E S SO T  K IN G  ON T H E  C O N V EC TIO N  OF

T a b l e  V.

W ire  N o. 1 6 — On 210° 409° 610° 800° 987° >  =  -0 8 7 5

d =  -0 1 5 3 0 B = 0 2 6 4 0 50 8 07 72 1012 •12 7 2 £o =  l -2 5 7  x  10-4

a =  -0 0 7 6 5 B  1(0-017) 1 -2 5 5 1 - 2 4 1 1 -2 6 5 1 -2 6 5 1-290x 1 0~4 £ 0 / > = l - 4 3 7  x 10~3
b =  4 - 3 x l 0 ~5

W ire N o. 2 6 — 210° 410° 609° 801° 990° 1161° f a  =  •0 8 3 2

d =  -0 1 3 8 7 B = 0 25 5 05 15 0 72 8 •0 9 8 5 •1 2 3 3 •148 1 £ 0=  1 '2 0 7  x  1 0 '4

a =  -0 0 6 9 3 B / ( 0 - 0 i 7 ) 1 -2 3 0 1 -2 5 5 1 -1 9 2 1 -2 3 0 l - 2 f 8 1 -2 7 5 x 1 0 - * £ 0 / > = U 4 4 8 x  1 0"3
b =  3 -7  x l 0 “5

W ire  N o. 3 0 - 210° 411° 608° 803° 993° 1165° >  =  -0 7 8 4

d =  -0 1 2 3 0 B = 02 38 04 6 8 0 71 8 •096 1 •11 9 0 •14 2 2 £0 =  1 ’ 130 x 1 0~4
a =  -0 0 6 1 5 1 -1 3 3 l ’llf.2 1 -1 8 0 1 -1 9 6 1 -1 9 8 1 -2 2 2 x 1 0 - 1 £ 0 / > = 1 - 4 4 1  x IO- 3

b =  8 - 2  x l O "5

W ire N o . 4 0 - 0  ir 210° 411° 608° 803° 993° 1165° ,Ja — - 0 7 6 3

d =  -0 1 1 6 5 B = 0 2 2 4 04 58 06 96 •09 3 2 •11 6 8 •1 4 1 0 £ o = l  '0 7 8  x 1 0 -4
a =  -0 0 5 8 2 B / ( » - » ! , ) 1 -0 6 7 1 -1 1 6 1 -1 4 5 1-1 6 1 1 -1 7 5 1 -2 0 8 x 1 0 - 1 £0 /  >  =  1 ‘ 412  x 1 0 -3

6 =  1 1 - 4 x 1 0 “5

W ire  N o. 5 e - e l7 213° 413° 613° 807° 1001° >  =  -0 7 1 0

d =  -0 1 0 1 3 B = 02 28 0422 06 55 •08 8 0 •11 0 2 £ o = l - 0 2 0 x 10"4
a = - 0 0 5 0 6 B / ( d - e 17) 1 -0 7 0 1 -0 2 3 1 -0 7 0 1 -0 9 0 l - 1 0 2 x  10~4 £0 /  >  =  1 ’ 438  x J 0 ~3

6 =  8-1  x 10-5

W ire  N o . 6 0 - 0  i7 213° 416° 616° 812° 10010 1179° >  =  -0 6 8 2

d =  -0 0 9 3 0 B = 0221 04 17 0632 •0 8 3 4 •1 0 9 4 1291 £ 0=  -9 8 8  x l O - 4
a =  -0 0 4 6 5 B /(0 - 0 ir) 1 -0 3 8 1 -0 0 2 1 -0 2 7 1 -0 2 7 1 -0 9 2 1 -0 9 2 x 1 0 - 1 £ 0 / > = 1 - 4 4 8  x IO- 3

b =  8 - 3 x  1 0 - 5

W ire N o. 7 e - e u 213° 413° 612° 805° 997° > =  -0 6 2 2

d =  -0 0 7 7 5 B = 01 93 0377 0 5 7 7 •077 1 •0 9 8 4 £ 0=  *872 x l O - 4
a =  -0 0 3 8 7 B /( 0 - 0 ir) ■907 -913 ■927 •958 -9 8 5 x  10~4 B0 /  >  =  1 '4 0 5  x 10 -3

& =  12*0 x 10-5

W ire  N o. 8 6 — 230° 434° 613° 877° J a  — - 04 3 8

cl=  -0 0 3 8 3 B = 01 40 02 72 0372 •0 5 4 0 £ 0=  ’ 64 0  x 1 0 -4
a =  * 0 0 1 92 B / ( 0 - 0 ir) -657 •652 •625 •6 2 8 x  10~4 £ 0 /  >  =  1 '4 6 0  x  10~3

W ire N o. 9 e - e 17 439° 885° > =  -0441

d =  -0 0 3 9 0 B = 0261 •05 4 2 £ 0=  • 630  x 1 0 -4
a =  -0 0 1 9 5 b / ( 0 - 017) •63If • 6 2 5 x 10~4 £ o / > = l - 4 3 0 x  1 0 - 3

W ire N o. 10 6 — d77 145° 255° 349° 482° 567° 707° > =  -0 3 8 0

d =  -0 0 2 8 3 B = 00 4 2 5 01 292 0181 •02 56 03 08 •0 3 8 4 £ 0=  -531  x l O - 4
a =  -0 0 1 4 4 B /(0  — @i7) •332 - 5 U •5If 5 ■551 •561 -5 5 7 x 1 0 -1 £ 0 / > = 1 - 3 9 6  x IO- 3

b =  8-1  x  10~5

W  =  B  J V  +  C, B=  £ ( 0 - 0 1 7 ) A fp a n mhip* ; £0 /  >  =  1 ’ 432  x 1 0 -3
— A) [1 +  b (6 --017)] ..................... 1 b =  8 - 0 x 1 0 - 5

A n a l y s i s  o f  th e  C o n vec tio n  C o n s ta n t B
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H EAT  FR O M  S M A L L  C Y L IN D E R S  IN  A  S T R E A M  O F F L U ID . 4 2 1

i

Description of Tables V. and V I.— A nalysis o f the Convection Constants B  and  C.

In  T ab les Y . a u d  Y I . are su m m arised  th e  re su lts  of th e  en tire  series o f o b serv a tio n s on  th e  te n  

sp ec im en s of p la t in u m  w ire. T h e m ea su r em en t of th e  d ia m ete rs  an d  th e ca lcu la tio n  of th e  tem p era tu re  of 

th e  w ires h a v e  a lrea d y b een  d escr ib ed  in  S ec tio n s  10 an d  11. In  th e case of each w ire th e  co n sta n ts  

B  an d  C of th e  form u la  W  =  B  J Y  +  C w ere d e te rm in ed  from  th e  p o s it io n  of th e  lin

ob serv ed  p o in ts  illu s tr a ted  in  figs. 4 an d  5.

In  T ab le Y . th e  co n sta n t B  is p r in ted  in  h ea v y-fa ced  ty p e  a n d  b en ea th  i t  in  ita lics  th e  ra tio  

ft =  B  1(6- 60). T h e  v a r ia tio n  of B  w ith  te m p era tu re  is  illu str a ted  for each w ire b y  th e g rap h s of fig. 6 . 

T h e  co n sta n t ft in creases  s l ig h t ly  w ith  th e  tem p era tu re  in  th e m an n er in d ica ted  b y  th e form u la  

ft =  fto[1 +  b (9  - d0)]. T h e co n sta n ts  ft0 an d  b w ere d e te rm in ed  g ra p h ica lly  b y  p lo tt in g  ft a g a in st ( -  90). 

F in a lly  th e  ratio  ft0/ J a  w as fo u n d  to  b e v er y  n ea rly  co n sta n t in  th e  case of each w ire as sh ow n  in  th e  

grap h  of fig. 7, an d  its  m ean va lu e is seen  to  b e in  fa ir  a g re em en t w ith  th a t ca lcu lated  from  th e  th eoretica l 

in v e s t ig a tio n  of P a r t I.

T ab le Y I . co n ta in s th e  a n a ly s is  of th e  co n sta n t C. T h e p art of th is  term  d u e  to  rad iation  is ca lcu lated  

in  th e  m an n er d escr ib ed  in  S e c t io n  13, m a k in g  u se of th e  o b serv a tio n s of L u m m e r  an d  K u r l b a u m . In  

h eav y-fa ced  ty p e  are g iv e n  th e  v a lu es  of Co =  C -  E  an d  b en ea th  it , in  ita lics , th e  ratios y  — CoftO -  90), 

w h ich  it  w ill b e seen  v a ry  co m p a ra tiv e ly  s lo w ly  w ith  tem p era tu re an d  radius. F o r  each w ire th e  

co n sta n ts  y 0 an d  c of th e form u la  y  =  y 0[1 +  

varies s lig h tly  w ith  th e  radius an d  its  v a lu e is n o t far rem o ved  from  th a t req u ired  b y  th e  th eo r y  of 

S ectio n  6 . T h e  v a lu e of y 0 for W ire  N o . 2 sh o w s a d iscrep an cy  w h ich  w as exp la in ed , on m icroscop ic 

o b serva tio n , as d u e  to  th e  fa c t th a t o w in g  to  th e  u se of an im p erfect d ie  th e  w ire w as b a d ly  scored  a lo n g  

it s  len g th .
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4 2 2  PR O F. L O U IS  V E SSO T  K IN G  ON T H E  C O N V EC TIO N  OF

T a b l e  V I.

W ire  N o . 1 # — #i7 210° 409° 610° 800° 987°

c -089 -2 4 1 •388 •602 •8 8 4 yo =  3 -8 5  x 1 0 - “

a =  -0 0 7 6 5 E •002 •0 05 •0 14 •0 4 0 •087

C0 =  C -  E  = 087 •2 37 •3 7 4 •562 •7 9 7

C 0/ ( # - # 17) 4 -1 5 5 -7 9 6 -1 8 7 -0 3 8 -0 7  x 10~4 -0 0 1 0 7 5

W ire  N o. 2 # - # 1 7 210° 410° 609* 801° 990° 1161°

C -085 •188 •392 •601 •850 1 - 2 2 0 y0 =  3 -0 6  x 1 0 -4

a --0 0 6 9 3 E •001 •0 0 4 •012 •036 •0 7 9 •1 5 4

C0 =  C  -  E  = •0 8 4 179 •3 80 •565 •771 1 0 6 6

C o /(#  -  #17) 4 - 0 0 4 -8 7 6 -2 3 7 -0 5 7 -7 8 9 -1 7  x 1 0 "4 (0 =  -0 0 1 6 4 9 )

W ire N o. 3 # -  #17 210° 411° 608° 803° 993° 1165°

C -228 -857 •574 -8 1 4 1 -1 0 6 7o =  3 - 6 2  x 1 0~4

a =  -0 0 6 1 5 E •001 •0 03 •010 •0 3 0 •069 •1 29

C0 =  C  -  E = 091 •22 5 •347 •5 4 4 •745 •977

C 0/ ( #  — #17) 4 - 8 4 5 -4 8 5 -6 2 6 -6 5 7-51 8 - 3 8 x 10~4 c =  -0 0 1 0 4 5

W ire  N o. 4 # “  $17 210° 411° 608° 803° 993° 1165°

c -096 -217 -382 •567 -823 1 -0 8 5 70 =  3 -4 9  x 1 0“4
a — -0 0 5 8 2 E •001 •0 0 4 •011 •032 •071 •1 3 8

C0 =  C  -  E  = 095 •21 3 •371 •535 •752 •947

C o /(#  — #17) 4 -5 3 5 -1 8 6-1 1 6 -6 6 7 -5 8 8 -1 8 x \0 ~ * c =  -0 0 1 1 5 9

W ire N o. 5 # -  #17 213° 413° 613° 807° 1001°

c -070 -209 •869 -561 •800 7o =  3 -3 9  x 1 0 -4
a =  -0 0 5 0 6 E •001 •0 03 •0 09 •0 2 6 •0 6 3

C0 =  C  -  E  = 06 9 •206 •3 60 •535 •737

C0/(#  — #17) S -°24 5 -0 0 5 -8 7 6 -6 3 7 -8 6 x 1 0 - * c =  -0 0 11 81

W ire  N o. 6 # “  #17 213° 416° 616° 812* 1001° 1179°

c -088 •211 -854 -586 -764 1 -0 5 7 70 =  3 -3 1  x  lO " 4
a — -0 0 4 6 5 E •001 •0 03 •00 8 •0 2 5 •0 5 6 •110

C0 =  C  -  E  = 087 •20 8 •346 •511 •708 •947

C0/(# -# l7 ) 4 -0 8 5 -0 0 5 -6 2 6 - 2 8 7 -0 7 8 - 0 8 x l0 ~ * c =  -0 0 1 1 5 5

W ire N o. 7 #-#17 213° 413° 612° 805° 997°
C -081 •213 •358 -546 • 728 70 =  3 -2 9  x 1 0 ~4

a = - 0 0 3 8 7 E •001 •002 •00 7 •020 •0 4 6
C0 =  C  -  E  = 0 8 0 •211 •351 •526 •682

C0/(# -# i7 ) 8 -7 6 5 -1 0 5 -7 4 6 -5 8 6 -8 8 x 1 0 - * c =  -0 0 1 1 6 4

W ire N o. 8 # -  #17 230° 434° 613° 877°

c -096 -2 0 4 •849 -584 70 =  3 -2 1  x lO "4
a =  -0 0 1 9 2 E •000 •001 •0 04 •0 0 9

C0 =  C  -  E  = 096 •20 3 •345 •575

C o /(#  — #17) 4 -1 7 4 -6 8 5 -6 4 6 - 5 6 x  1 0 "4 . c = -0 0 1 1 9 1

W ire  N o. 9 # -  #17 439° 885°

a = - 0 0 1 9 5 — —

W ire N o. 10 #-#17 145° 2 5 5 tf 349° 482° 567° 707°

c •0182 -081 •128 •205 •257 •838 7o =  2 -2 6  x 10-4
a =  -0 0 1 4 4 E •000 •000 •001 •001 •002 •0 0 5

C0 =  C  -  E  = 01 82 081 M 2 2 •2 0 4 •2 5 5 •3 3 3

C o / ( # - # l 7) — 8 -1 8 3 -5 0 4 -2 3 4 -5 0 4 - 7 2 x 1 0 - * (« =  -0 0 1 6 8 1 )

W  =  B  J Y  + C, Co =  C -  E , E  =  * 51 4  ( 6̂ /1000) r > Mean value o f c

C0 =  y o ( 0 - 6 ir) [ l + c ( 6  -  #17)], y 0 =  2 ' 5 0 x  10~4(1 c =  -0 0 1 1 4

A n a l y s i s  o f  th e  C o n vec tio n  C o n s ta n t C.
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HEAT  FR O M  S M A L L  C Y L IN D E R S  IN  A  S T R E A M  O F F L U ID . 4 2 3

F ig . 6 . Variation of B  with

Temperature.

F ig . 7. Variation of /i,> the 

Radius of the Wires.
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4 2 4 PR O F. L O U IS  V E SSO T  K IN G  O N  T H E  C O N V E C T IO N  OF

T a b l e  V II .

W ire N o. 1. D iam eter , 0 - 0 1 5 3  cm. In clin ed  a t  an gle  </> w ith  th e v e r t ic a l : d irection  of stream  h orizon ta l.

0 - 0 1 7 210° 409° 610° 800° 987°

</> =  0 ° c  = •0 89 •241 •3 8 8 •602 •8 8 4 h l - 5 x  1 0 '5

B = 0 2 6 4 0 5 0 8 0 7 7 2 1012 1272

1 -2 5 5 1 - 2 4 1 1 -2 6 5 1 -2 6 5 1 -2 9 0  x 10~4 /30 =  l - 2 6 x  1 0 "4

■e
- ii C

O h—
i O

O II •1 09 •2 59 •362 •5 2 0 •8 6 0 b -  8 -O x  1 0 - 5

B = 0 2 2 7 0 4 6 0 0 7 2 5 0 9 8 5 1213

B /( 0 - 0 ir ) 1 -0 8 1 1 -1 2 2 1 -1 8 8 1 -231 1 ' 2 3 0 x 1 0 -4 P0 =  1 •1 5  x  1 0 -4

</> =  45° C = •0 8 4 •2 06 •413 •6 3 9 1-000 b =  5 - O x  1 0 "5

B = 0 2 1 6 •0 4 5 2 0 6 4 4 0843 1 0 3 4

B / ( 0 - 0 i r ) 1 -0 8 0 1 -1 0 8 1 -0 5 6 1 -0 5 4 1 -0 4 9  x  10“4 Po =  l - 0 2 x 10"4

</> =  63° C = •0 9 0 •2 24 •3 9 6 •562 •8 4 6 b =  9-0  x 10"5
B = 01 7 2 0 3 4 6 0 5 2 2 0 7 0 4 0 8 8 5

B /( 0 - 0 ir ) -818 -845 -856 •880 -8 9 7 x 1 0 “4 p 0 =  '8 1  x 10“4

<f> =  90° C = •077 •17 7 •3 1 8 •551 •8 2 3 b =  4 - 0  x 1 0 -5
B = 01 3 8 02 8 5 •04 3 0 0 5 4 9 •0 6 9 4

l ■658 -696 •704 •687 -7 0 3 x  1 0 - * p o =  *67 x 1 0 -4

Effect of Inclination on the Convection Constants B  and C.

T a b l e  V I I I .

0 - 0o 200° 400° 600° 800° 1000° 1200° 1400° 1600° c =  -0 0 1 1 4 .

M 2 4 6 582 1 0 0 0 1530 2 1 4 0 2 8 4 0 3640 4520 ft =  -0 0 0 0 8 0 .

N 1 -4 6 1 -9 8 2 -5 6 3 *2 3 3 -9 3 4 -6 7 5 - 4 3 6 - 3 0 k 0 =  2 -3 7  x 10-4 w atts .

W ire N o. I. 11 •24 •40 •60 •81 1 0 9 1 - 4 4 1 - 9 6 e? =  *004 04  cm.

lo g  b/a 8 ’33 3 -6 0 3 -7 3 3 -8 0 3 -9 3 3 -8 8 3 -7 7 3 -4 3

_  Vo 6 - 9 5 - 3 4 - 6 4* 3 3 - 8 4 - 0 4 - 5 6-2 ifm w  lo g  b/a =  3 • 68
V  cm ./sec. 1 0 - 0 1 0 -5 1 1 - 8 1 3 -9 1 5 -0 1 8 -7 2 4 - 4 3 9 -0

W ire  N o. II . 12 •29 •47 •70 •95 1 - 2 4 1 -6 2 2 19 =  *00691 cm.

lo g  b/a 3 -0 5 2 -9 8 3 -1 7 3 -2 6 3 -3 5 8 - 4 1 3 -3 5 3 -0 7

Vo 5 - 3 5 -7 4 .7 4 - 3 3 - 9 3 -7 4 - 0 5 - 2 ilfeaw lo g  6/a  =  3 - 20 .

V  cm ./sec. 7 -7 1 1 -3 1 2 - 0 1 3 -9 1 5 -3 1 7 -2 2 1 -7 3 2 -8

W ire N o. III . 13 •31 •52 •75 1 0 3 1 -2 9 1 - 6 4 2 1 8 r/ =  *01262 cm.

lo g  b/a 2 -8 1 2 -7 9 2 -8 7 3 -0 4 3 -0 9 3 -2 8 3 -3 1 8 -0 8

V 0' 3 -7 3 - 8 3 5 3 - 0 2-8 2 - 3 2 - 3 2-8 Mean lo g  b/a =  3 • 03.

V  cm ./sec. 5 -4 7 -5 9 -0 9 -7 1 1 - 0 1 0 -7 1 2 -5 1 7 -6

W ire N o. IV . 17 •38 •66 •95 1 -2 9 1 -6 7 2 0 6 2 - 4 9 (7 =  -0 2 5 0 8  cm .

lo g  b/a 2 -1 5 2 -2 8 2 -2 6 2 - 4 0 2 - 4 6 2 -5 3 2 -6 3 2 -7 0

Vo 3 -6 3 - 2 3 -2 2-8 2 -7 2 5 2-2 2-1 il/eaw lo g  6/a  =  2 • 43 .

V  cm ./sec. 5 -2 6 -3 8 - 2 9 -0 1 0 - 6 1 1 -7 1 1 -9 1 3 -2

W ire N o. V . •22 •51 •85 1 -2 8 1 -7 1 2 2 2 2 8 5 3 - 5 0 d =  -0 5 1 0  cm .

lo g  b/a 1 - 6 6 1 -7 0 1 -7 5 1 - 78 1 - 8 6 1 -9 1 1 -9 1 1 -9 2

Vo 2-8 2-8 2-6 2-6 2 - 4 2 3 2 - 3 2-2 Mean lo g  6/a  =  1*81.

V  cm ./sec. A ' l 5 -5 6 -7 8 -4 9 -4 1 0 -7 1 2 -5 1 3 -9

H  =  2™ 0 (0  -  0O) [1 +  c (0 -6>0)] /[ lo g  b/a], M =  ( 0 -  0O) [1 +  c 60)].

N  =  [1 +  c (0 -  0O)]2/[1 + b ( 6 -  0O)]2, V  =  N V 0, V 0 =  K0ei-y l(s0<r0b).

A n a ly s is  o f  L a n g m u i r ’s  Observations on Free S m a ll P la tin u m  W ires.
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f Table FIT.—  Effect o f Inclination on the Convection Constants

In  T a b le  V II . is s e t  o u t th e  a n a ly s is  o f o b serv a tio n s  on  th e  effect o f in c lin a tio n  on  th e co n v ec tio n  

co n sta n ts  o f o n e  o f th e  w ires. T h e  w ire w as m o u n te d  in  th e  fork  in such  a m an n er th a t  th e  en d  

co n n ectio n s  offered n o  o b stru ctio n  to  th e  flow  o f air, illu s tr a te d  in  D ia g ra m  II . A s  d escr ib ed  in  

S ec tio n  14, th e  p r e v io u s ly  d e term in ed  la w s of co n v ec tio n  w e re  fo u n d  to  h old  g o o d ;  th e  v a lu es  o f th e  

co n sta n ts  h an d  /30 w ere d e te rm in ed  in  th e  m an n er a lrea d y  d escr ib ed , an d  th e  v a r ia tio n  of th e  la tte r  w ith  

th e  in c lin a tio n  is sh o w n  g r a p h ic a lly  in  fig. 8 .

Description of lab le  V III .— A nalysis o f Observations on Free Convection.

In  th e  a cco m p a n y in g  ta b le  are se t  o u t L a n g m u i r 's  ( j) o b serva tio n s on th e free co n v ec tio n  of h ea t from  

sm all p la tin u m  w ires, d iscu ssed  in  term s of th e  th eo ry  of P a r t I. o f th e  p resen t p aper. F o r th e  sm all 

■velocities o f th e free co n v ec tio n  cu rr en t s e t  u p  b y  th e  h ea ted  w ire th is  th eo r y  affords a ration al in terp re 

ta t io n  of th e  em p irica l form u la  o b ta in ed  b y  L a n g m u i r . In  h ea v y -fa ced  ty p e  are g iv e n  th e  va lu es o f th e  

h eat-losses  corrected  for r a d ia t io n ; th e  d en o m in a to r  lo g  of form u la  ( 75) is se t  o u t in  ita lics  in  th e  

fo llo w in g  lin e  an d  is see n  to  b e n e a r ly  in d ep en d en t of th e  tem p eratu re , esp ec ia lly  for th e  la rger w ir e s ; th e  

•v a riatio n  of th is  term  w ith  th e  ra d iu s is  sh o w n  g ra p h ic a lly  in  fig. 9 . T h e u se  of th is  d iagram , com b in ed  

w ith  form ulae (7 5 ) an d  (7 6 ) , offers a 'c o n v e n ie n t  m eth o d  of ro u g h ly  e s t im a tin g  th e  free co n v ec tio n  lo sses  

from  sm all p la tin u m  w ires. T h e v e lo c ity  o f th e  air-flow , w h ich  w o u ld  g iv e  rise to  th e  ob served  h eat-loss  

(ca lled  th e  “  effec tiv e ” free co n v ec tio n  cu rren t), is ca lcu la ted  an d  is se t  o u t in  ita lic  ch aracters in  th e  la st 

lin e o f th e ac co m p a n y in g  tab le .

(*) L a n g m u i r , ‘ Phya. Rev.,’ 34, p. 415, Table V II I ., 1912.

1-6 z o  2 -4 *io"2cm.

F ig . 8 . Effect of indination on the 

convection constant /?<>.

3 I

F ig . 9. Variation of lo g  b/a with 

diameter of the wire.

V O L . C C X IV .---- A .
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Diagram I .— Graph of the Function x ^  J”  f

T h e va lu es  o f th e fu n ction  y / L f : e*K0 ( dx are requ ired  for th e  p urpose of m a k in g  a com parison

b etw een  th eo ry  an d  ex p er im en t in  th e co n v ec tio n  losses  of a cy lin d r ica l w ire cooled  b y  a stream  of air. 

T h ese va lu es  m ay  b e ea sily  ob ta in ed  from  T ab le I. or from  th e  grap h  of th e  fu n ctio n  g iv en  in  D ia gra m  I. 

W e n o tice th at, for sm all v a lu e s of th e  variab le  x, eq u a tio n  (2 3 ) en ab les us to  w r ite  a p p rox im ately

v  = !/[(! -  r )  -  log (x / 2 ) ]  VC1 ‘11593 + log .................................. (*•)

(Error <  1 per cent, if x <  0 ‘02 .)

W h en  x is su ffic ien tly  large (2 4 ) g iv es  a p p r o x im a te ly

y  =  1/ ( 2t t ) +  J x

(Error <  1 per cen t, if x >  0 * 3 .)

I t  is o f im p ortan ce in  th e  ap p lica tion  of th ese ap p roxim ate eq u ation s to  k n o w  for w h a t va lu es o f x th ey  

m ay be em p loyed  w ith  sufficien t accuracy . T h e fo llo w in g  tab le  se ts  forw ard  th is  com parison :—

X. J x y •
Form ula

(i.)

P er

cent.

error.

F orm u la

(ii.)

P er

cent.

error.

X . J x y •
F orm u la

(ii.)

P er

cent.

error.

•01 •1 •1 7 4 0 •1 7 4 8 +  0 - 5 •1 9 9 0 +  1 5 -0 4 2 •96 0 7 •9 571 - 0 - 4

•04 •2 •2 26 6 •2 3 0 7 +  2-0 •2 3 8 9 +  5 - 0 9 3 1 -3 5 9 1 1 -3 5 6 1 - 0 -2
•09 •3 •27 27 •2 8 0 9 +  3 - 0 •2 7 8 8 +  2-2 16 4 1 -7 5 7 5 1 -7 5 5 1 - o - i

1-0 1-0 •5 6 1 6 — —  i •5581 -  0-6 100 10 4 -1 5 0 0 4 -1 4 9 0 - 0 '0 2

From  th is  tab le  w e n otice  th a t to  an accuracy of 1 per cent, w e m u st h av e x <  0*02  in  (i.)  an d >  0 " 3 

in  (ii.). T h e va lu es  g iv en  b y  form ulee (i.) an d  (ii.)  b ecom e equ al a t ab ou t x =  0 - 0 8 ,  a t w h ich p o in t th e  

error is  som ew h at less  th an  2 • 5 per cent. T h is p o in t m a y in p ractice  en able u s to  d efin e a lim itin g  air- 

v e lo c ity , a ffording  a criterion  as to  w h ich  of th e  a p p roxim ate  formulae (3 2 ) or (3 3 ) sh ould  be u sed . 

R em em b erin g  th at in  th e case of a circular cy lin d e r of rad ius 2 w e  h av e x =  d/x, and  in ser tin g  th e  

valu es s — 0 -1 7 1 , a- =  l * 3 x  1 0 -3 , k  — 5* 2  x  10 ~5, w e  find th e lim itin g  v a lu e of g iv en  b y

Y d  =  l- 8 7 x l 0 - 2..............................

In  th e case of a 3-m il w ire th is  lim itin g  v e lo c ity  is ab ou t 2 - 4  cm ./sec. re p r esen tin g  an accuracy of 

2 • 5 per cent. T o  an accuracy  of 1 per cent, th e m easu rem en t of v e lo c ity  b y  a 3-m il w ire can be ob ta in ed  

for ve lo citie s  greater than  9 cm ./sec., p rovid ed  th e  free con vection  curren t d u e  to  th e h ea tin g  curren t is 

le ss  th an  th is am ou nt.
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O-l 02  0-3 0 4  0-5 0 6  0 7  0-8 0 9  1-0 I-I 1*2 1*3 1-4 1-5 1-6 1-7 1-8 1-9 2-0

D ia gra m  I. G rap h of th e  F u n c tio n  ^ K q (x) dx

3 I 2
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Description of Diagram

In fig. (a ) o f D iag ram  II. is sh ow n  th e g en era l arran g em en t of th e ro ta tin g  arm  and of th e  elec trica l 

co n n ection s b y  m eans of w h ich  th e  a ir-v elocitie s in  th e d e term in a tio n  of th e con vectio n  co n sta n ts of th e  

sm all p la tin u m  w ires in  ab so lu te m easu re w ere d eterm in ed . In  order to  m ake th e correction  for th e  

“ sw irl ” d escrib ed  in S ectio n  9, a w ire w as in ser te d  in  th e fork  w h ich  w as th en  clam p ed  to  th e ro ta tin g  

arm  at th e  variou s rad ii em p lo y ed  d u r in g  th e  te sts . R ep resen tin g  b y  V r th e v e lo c ity  of th e  w ire re la tiv e  

to  th e  room , and  b y  ith e curren t requ ired  to  b rin g  th e w ire to  a g iv en  resistan ce, th e  co n sta n ts  i f  an

of th e form u la

i 2 = i f  +  ..........................................

w ere d eterm in ed . T h e  w ire w as th en  rem ov ed  an d p laced  in  a sta tio n a ry  fork  as c lose to  th e o rig in a l 

p osition  C iC 2 as p ossib le . T he arm  w as th en  se t in to  m o tio n  an d  th e  v e lo c ity  vr a t radius r  of th e v o r tex  

se t u p b y  th e  rotation  m easu red  in  term s of th e  curren t requ ired  to  b rin g  th e  w ire to  th e  sam e resista n ce  

b y th e u se of form u la  (i.). In  fig. 10 are sh ow n  th e v elo c itie s  p lo tted  a g a in st th e ap p aren t v elo c itie s  V r 

for th e radius r  =  26 4  • 3 cm. I t  is  seen  th a t th e p oin ts  lie  fa ir ly  w e ll on a s tr a ig h t lin e th ro u g h  th e  

orig in  so th a t w e m a y w r ite  vr — srY r,w h ere sr is  a con sta n t 

sy ste m  of p o in ts. T h e tru e v e lo c ity  o f th e w ires re la tiv e tp th e  a ir  is g iv en  b y  th e re la tio n  V  =  1 -  V  

w h ere s is  ca lled  th e “ sw irl ” an d  has b een p roved to  b e con n ected  w ith  b y  th e form u la  1 -  =  1/(1

Fig. 10. Velocity o f  “ swirl” set up by rotating arm.

T h e fo llow in g  va lu es of th e factors sr an d (1 - s )were d eterm in ed  for th e radii em

ob ta in in g  th e tru e v e lo c itie s  o f th e w ir e s :—

radius. 5 3 ‘ 7 cm. 134 * 0 cm. 2 6 4 '3  cm .

sr ’ 103 (1 2  ob servation s) • 0 4 6 2  (12  o b serva tio n s) '0 5 6 5  (16  ob serva tio n s)

1 - s  -9 1 2  -9 5 6  -9 4 7 .

T h e m ercu ry-contact slip-rings b y  m eans of w h ich  con n ection s w ere m ade to  th e  ro ta tin g  arm  are d raw n  

in  fig. ( b) . I n th e  u pp er b lock  of eb on ite  are fasten ed  four con cen tric  r in gs of copper strip  O’0 3 6  cm 

th ick  con n ected  to  th e fou r term in als C iC 2P iP 2 b y  m eans of h ea v y  brass screw s, th ree to  each rin g . T h ese  

four rin gs fit in to  fou r con cen tric  trou g h s cu t in to  th e  low er b lock  an d filled  w ith  m ercu ry . C oiled  in  th e  

b otto m  of each trou gh  are h ea v y  copper w ires of d iam eter O ' 23 cm . p assin g  o u t th rou gh  th e eb on ite  to  

four term in als fasten ed  to  th e low er block. T h e tw o  b locks w ere k ep t in  p o sition  b y  a ste e l p in  th rou gh  

th e cen tre of each. T h e resistance of th e tw o ou ter rin gs in  series w as fou n d  to  b e O '00 7 7  ohm s and  

rem ained ex trem ely  co n sta n t w h ile  th e ro ta tin g  arm  to  w h ich  th e y  w ere attach ed  w as se t in  m otion . T h e  

tw o ou ter rin gs w ere fou n d  to  be cap ab le o f ca rry in g  as m uch as 50  am p eres and th is  cap acity  cou ld  ea sily  

be in creased  to  100 am p eres b y  s lig h t  ch an ges of d eta il.

F ig . (c) sh ow s in greater d eta il th e con stru ction  of th e fork  for h o ld in g  th e w ires u n d er te s t  and  

illu strates th e m anner in  w h ich  th e p o ten tia l term in als w ere atta ch ed  to  avo id  en d corrections and  th e w ay  

th a t th e w ire w as k ep t u nd er su itab le  ten sion  w ith  a friction al resistan ce to  d am p  th e v ib ration s of th e  

w ires.

F ig . (d)illustrates th e m ann er of arran gin g  th e end -con n ection s in  th e m easu rem en t of th e  effect o f 

in clin a tio n  on th e co n v ectio n  con stan ts.

In  P la te  8 are reprodu ced p h otograp hs of th e ap paratus illu strated  in  figs, (a), ( ), and  (c).
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rr-'-'-'-Y }

To clock fc 
chronograph

D ia gra m  II . R o ta t in g  arm  an d  d iagram  of con n ectio n s.

800 cm/sec.

F ig . 10, V e lo c ity  "’of “ sw irl ” se tm p  b y  ro tatin g  arm .
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Description of Diagram I I I .— Details and Specifications in the Construction of Hot-IFire Anemometers.

T h e m ost su itab le  w ire for u se in  h o t w ire an em om etry  w as fou n d  to  be p la tin u m  th erm o m eter w ire 

d raw n  d o w n  to  a d iam eter of a b ou t 3 m ils. I t  is a d v isa b le  to  age th e w ire before m o u n tin g  b y  h ea tin g  it  

to a  red h ea t for som e h ours b y  m ean s of an elec trica l cu rrent. T h e w ire sh o u ld  th en  be carefu lly  

ex am in ed  u n d er a h igh-p ow er m icroscop e, and  a p ortion  of su ffic ient len g th  selec ted  free from  flaw s an d  

p it tin g s  an d  of as uniform  a d ia m eter as p ossib le . T h e w ire m a y  a t on ce be m o u n ted  in p o sit io n  in  th e  

fork  d escrib ed b elow , h ea te d  to a b rig h t red h eat, an d  th e p o ten tia l term in als o f 1-m il w ire fu sed  in  place. 

Care sh ou ld  b e tak en  to  avo id  a llo w in g  th e  h ea ted  w ire to  com e in to  co n ta c t w ith  ea sily  fu sib le  m eta ls  or 

organ ic m atter. N o  con n ectio n s sh ou ld  be fu sed  in  a b low -p ip e flam e, an d n o so ld er sh ou ld  b e em p lo y ed  

ex cep t in  th ose co n n ection s w h ich  rem ain cool. T h e  K elv in -b r id g e co n n ec tio n s o b ta in  th e  con d itio n  th a t 

th e read in g  of th e in stru m en t is in d ep en d en t of th e con tact resistan ces a t C i an d  C 2, w h ich  n eed  o n ly  be 

to lerab ly  good . T h e  p o te n tia l lead s m ay  b e fu sed  to  th e an em om eter a t a n y  co n v en ien t d istan ce apart, and  

th e  in stru m en t w ill g iv e  correct readin gs of a ir -v e lo city  if  th e co n sta n ts  are d e term in ed  ex p er im en ta lly  in  

such a m an n er th a t th e p o ten tia l term in als  are in  th e  sam e p o sit io n  re la t iv e ly  to th e  flow  of air as in  th e  

d istrib u tio n  of flow  to  b e m easured. If, h ow ever, th e ca lib ration  cu rve of th e in stru m en t is  to  be 

d eterm in ed  from  th e  d im en sion s and electrica l co n sta n ts of th e  w ire, m a k in g  u se of th e  co n vec tio n  

con stan ts ob ta in ed  in  P a rt II . of th e p resen t paper, th e p o sition  of th e p o te n tia l term in als  is su b ject to  

th e  lim ita tio n s im p osed  b y  k eep in g  w ith in  n arrow  lim its  th e errors in trod u ced  b y  th e  co olin g  effect of 

th e en d -con n ection s and  p o ten tia l w ires. T h e m ax im u m  va lu es o f th ese errors are in v e s t ig a te d  in 

S ectio n  12 ( i i . ) ; th e va lu es of P  an d  p  occu rrin g in  formulae (6 0 ) an d  (6 1 ) are ca lcu lated  for an em om eter- 

w ires o f 6, 3, and  1 m ils d iam eter, fitted  w ith  p o ten tia l term in als o f 1-m il w ire. T h e th erm al co n d u c tiv ity  

of p latin u m  is tak en  to  be K  =  0 * 7 w a tts  per sq. cm. per sec. per d egree C. T h e tem p eratu re of th e  

w ire is th a t corresp on d in g  to  th e  ratio  R /R 0 =  4, ad op ted  as th e  m ost su itab le  for h ot-w ire an em o m etry  

an d re p resen tin g  a va lu e 6 - 6 0 =  1165° C. T h e h eat-loss W  em p lo yed  in th e  tab le  g iv en  b elow  

ob ta in ed  from  exp er im en t a t th e  lo w est v e lo c ity  Y =  81 c m ./s e c .:—

T a b l e  (i .).—  Values of p  and P.

AVire. 6-m il. 3-m il. 1-m il.

D ia m eter  
C ross-section  
K(o (6 -  $0)

H eat-lo ss  W  w a tts  a t 1165° C., "1 
for V  =  81 cm ./sec. J

p  =  V W E ) .  V [W /K o ,(0 - 0o)] 
P  =  V ( l / R 0 ) . ( a /a y u

’0 1 5 3  cm .

1 • 84  x 1 0 ~4 sq. cm. 
•15 0

2-00

1 - 8 3

•213

1

•0 0 7 7 5  cm.

472  x 1 0 -4 sq. cm. 
•0 3 8 5

1 - 6 0

3 - 2 2

•51

•0 0 2 8 3  cm . 
•0 6 2 8  x 10-4 sq. cm. 

•0 0 5 1 3

(1 • 10) (ca lcu la ted )

7 - 3 1

2-0

W e n ow  ta k e th e case of an an em om eter-w ire of len g th  2 T h e resistan ce b e tw een  p o ten tia l

term in als a t a tem p eratu re 6° C. is d en oted  b y  2R /, l b ein g  th e len g th  b e tw een  p oten tia l term in als. If 

ca lcu lated  from  th e resista n ce per u n it  len g th  for th e sam e tem p eratu re th e resu lt w ou ld  be 2R7. I t  is 

sh ow n  th a t, o w in g  to  th e coo lin g  effect of th e lead s and p o ten tia l term in als, th ese  differ b y  a sm all 

correction-factor g iv en  b y  R  =  R (1 - e ) ,  e b e in g  g iv en  b y  form u la  (62). In  d esig n in g  an an em o m eter for 

w h ich  th e co n stan ts are to  be d eterm in ed  b y  calcu lation  th e  len g th  and d iam eter of th e  w ire and th e  

p osition  of th e p oten tia l term in als m u st be so d isp osed  th a t th e q u a n tity  e rem ain  sm all. In  th e fo llo w in g  

table, b ased  on th e p reced in g  T able (i.), valu es of e are g iv en  for variou s d iam eters and p osition s of th e  

p o ten tia l term in als an d  rep resen t o verestim a tes of th is  correction :—
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T a b l e  ( i i . ) .—  Values o f the Correction Factor e.

W ire . 6-m il. 3-m il. 1-m il.

cm .

1 =  10*0 
/o =  2*0

'0 0 5 0 '0 0 4 7 •00 5 1

l =  2*0 
Iq ~  0 * 5

•0 9 2 ■041

'

•0 2 6

A  c o n v e n ie n t  form  of fork  su ita b le  for h o ld in g  in  p o s it io n  th e  a n em o m eter  w ires, an d  offerin g  a 

m in im u m  of d istu rb a n ce  to  th e  flow  of air in  its  n eig h b o u rh o o d , is  i llu s tr a ted  in  fig. (a) o f D ia g ra m  I I I .  

F a sten ed  to  a b lock  of eb o n ite  are th e  tw o  arm s of th e fork, c o n s is t in g  of s te e l s tr ip s  a b o u t 5 m m . in  

w id th . A t  th e  en d  of each is  so ld ered  a sm a ll brass b lock , d r ille d  to  re ce iv e tw o  fine n eed les  fa ste n e d  

a b o u t 1 cm . ap art. T h r ea d ed  th ro u g h  th e  e y e s  o f th ese  tw o  n eed les  is a 3 -m il p la tin u m  w ire, h a v in g  its  

e x tr e m it ie s  firm ly  clam p ed  in  th e  b rass b lo ck  ju s t  m en tio n ed . T h e  a n em o m eter-w ire is h eld  b y  th ese  

tw o  loo p s  as in d ica ted  in  th e  figu re an d  b y  th is  m ea n s is  k e p t u n d er te n s io n  b y  th e  e la stic  su p p ort, and  is 

p ro te c te d  from  a cc id en ta l d a m a ge  b y  th e tw o  n eed les  on eith er  sid e of each end . T h e  te n s io n  is a d ju sted  

b y  a fin e th re ad  carried  d o w n  from  each of th e  b rass b lock s to  an  a d ju sta b le  screw  in  th e  cen tre of th e  

eb o n ite  b lo c k ; th is  th re a d  is  a lso  effec tiv e in  p rev e n tin g  la tera l v ib r a tio n s of th e  fork. C arried  u p from  

each  en d  of th e  eb o n ite  b lo ck  are tw o  th in  ste e l str ip s  cr o ssin g  each o th er to  th e  op p o site  arm  of th e  fork , 

in su la ted  fro m  each o th er  an d  a lso  from  th e  fork  b y  m ean s of th in  m ica  strip . T h e se str ip s  serve to  brace  

th e  fork  an d  a t th e  sam e tim e  serv e  as p o te n tia l lead s. A t  each e x tr e m ity  is so ld ered  a sm all b rass b lock  

d r ille d  to  h o ld  a fine n eed le , a t  th e  e x tr e m ity  of w h ich  is  so ld ered  a th in  cop per w ire. T h e 1-m il p la tin u m  

p o ten tia l te rm in a ls  fu sed  to  th e  a n em om eter-w ire are carried to  th ese  cop p er w ires to  w h ich  th e y  are ea s ily  

so ld ered . T h e  co m p lete  ap p aratu s is illu s tr a ted  p h o to g ra p h ica lly  in  P la te  8 (c), m o u n ted  on a  m icrom eter  

screw  for m easu r in g  rap id  g ra d ien ts  o f tu rb u le n t flow . In  th e ex p er im en ts  p rev io u sly  referred  to  in 

S ectio n  17 i t  w as fou n d  p o ssib le  to  reso lve a g ra d ien t in  w h ich  th e v e lo c ity  ch an ged  b y  5 cm ./sec. over a 

d istan ce of 1/10  m m .

In  fig. ( b) of D iag ram  III . are d raw n  th e co n n ectio n s w h ich  w ere fou n d  co n v en ien t in p ractice . T h e  

re sista n c es  a an d  b w ere m ad e eq u al and  ab ou t 5 0 0  oh m s w h ile  a  an d  /3 w ere a d ju sted  to  eq u a lity  a t  a b ou t 

2 5 0  oh m s. In  ord er to  p ro tect th e an em om eter-w ire from  a cc id en tly  b u rn in g  ou t, a k ey  K i w as in serted  

b y  m ea n s of w h ich  it  w as a u to m a tica lly  sh o r t-c ir c u ite d ; a d ou b le-co n tact k ey  K 2 w as in serted  in  th e  

g a lv a n o m eter circu it in  su ch  a w a y  th a t co n ta ct w as first m ade th rou gh  a h ig h  resistan ce for p relim in a ry  

a d ju s tm e n ts ; i t  w as a lso  fo u n d  co n v en ien t to  co n n ec t th e g a lv a n o m eter to  an a d ju stab le  sh u n t. T h e  

re sista n ce B  w as co n stru c ted  of N o. 23 B. an d  S. m an gan in  w ire w ou n d  n o n -in d u c tiv e ly  on an asb estos  

fram e in  such  a m an ner as to  d iss ip ate a m a x im u m  a m ou n t of h e a t;  its  resistan ce m easu red  b etw een  

p o ten tia l term in a ls so ld ered  to  th e w ire w as a d ju sted  to  fou r tim es th a t of th e anem om eter-w ire at room  

tem p era tu re . B y  m eans of a fin e-a d ju stm en t rh eosta t R  th e cu rren t in th e an em om eter-w ire cou ld  be 

a d ju sted  u n til  a b a lan ce w as ob ta in ed  on th e g a lv an om eter. I t  is im p ortan t th a t th e  rh eo sta t b e a lw a y s  

re-ad ju sted  to  th e p osition  of m in im u m  curren t to  a vo id  o v er-h eatin g  th e w ire sh ould  th e v e lo c ity  of th e  

air-flow  su d d en ly  d im in is h ; th is  m ay  be ea sily  accom p lish ed  b y  m ean s of a sp rin g  con trol.

In  ta k in g  a m easu rem en t of v e lo c ity , th e k e y  K x is p ressed  d ow n  and  th e curren t as read b y  th e  

am m eter s lo w ly  in creased  u n til on p ressin g  d ow n  th e k e y  K 2 a b alan ce is ob ta ined  on th e ga lva n om eter. 

F rom  th e read in g  of th e cu rren t th e v e lo c ity  m a y rea d ily  be ob ta in ed  from  a ca lib ration  cu rve 

corresp on d in g  to  th e form u la  (80 ), i2 =  i02 +  kJV. I t  has a lread y been m

form  of in stru m en t w ill, if a t th e sam e tim e su ffic ien tly  accurate, p rove to be m ore su itab le  for th e  

m easu rem en t of curren t in  th a t th e sca le-read in gs w ill be m ore op en  at h ig h  v e lo c it ie s ; th e sam e resu lt  

cou ld  a lso  be ach iev ed  b y  su itab ly  sh a p in g  th e  p ole-p ieces of th e p erm an en t m a g n et o f a d irect-cu rren t
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in stru m en t an d  in  th e ev e n t of b e in g  ab le  to  em p lo y  sta n d a rd ized  an em om eter-w ires, th e scale of th e  

am m eter cou ld  b e grad u ated  to  read v elo c itie s  d ir ec tly .

T h e ga lv a n o m eter em p lo yed  w as a W esto n  p ortab le  in stru m en t w ith  je w e l b earin gs an d  cap ab le of 

d ete c tin g  a cu rren t of ab ou t 1 0 ~ c am p eres. T h is d eg ree of s e n s it iv ity  is  m ore th a n  n ecessa ry ; in  fa ct  

a m illiv o ltm ete r  w as fou n d  to  be su ffic ien tly  sen s itiv e  for m ost pu rp oses. T h e co n sta n ts o f d a m p in g  are 

v er y  im p ortan t in  d eterm in in g  th e ra p id ity  w ith  w h ich  o b serva tio n s  can b e m ade, an d  it  w as fo u n d  th a t  

eq u a lly  sen sitiv e  ga lv a n o m eters  v aried  w ith in  w id e lim its  in  th is  resp ect. B y  em p lo y in g  an a lte rn a tin g  

curren t and  a te lep h on e receiver  in stea d  of a ga lv an o m eter it  w as fo u n d  th a t  th e sam e calibration cu rve 

w as ob ta in ed  as in  th e case of d irect curren t m easu rem en ts.

I t  was fou n d  p o ssib le  to  te s t  for a n y  su sp ected  chan ge in th e co n sta n ts  o f th e anem om eter-w ire b y  

m easu rin g  th e cu rren t required to  b rin g  th e w ire to  th e  stan d ard  tem p era tu re in  a s ta g n a n t atm osp h ere, 

care b ein g  tak en  to  p rotect th e in stru m en t from  d ra u g h ts .

In  an a ly sin g  a com p licated  d istrib u tio n  of air-flow , th e  d irec tio n  of th e  curren t of air m ay  be d eterm in ed  

from  th e effect d iscu ssed  in  S ectio n  1 4 ;  if th e  an em om eter is ro ta te d  a b o u t an a x is  p erp en d icu lar  to  th e  

w ire, it  w ill be a t  r igh t-a n g les  to  th e stream  w h en  th e  cu rren t requ ired  to  b rin g  it  to  th e stan d ard

D ia gra m  III . D e ta ils  of h ot-w ire an em om eters and  con n ection s.

tem p eratu re is a m axim u m . T h is effect is su ffic ien tly  m arked  to  en ab le th e  d irec tio n  of a stream  to  be 

fixed w ith  a fair d eg ree of accuracy . • ,

In  figs, (c) and  (d) of D ia gra m  III . are illu str a ted  sim p le m eth od s of m ak in g  th e con n ectio n s to  

an em om eter-w ire so as to  d isp en se w ith  a  ga lva n om eter. In  fig. ( ) a lo w  resistan ce storage-cell is  

con n ected  b y  m ean s of a th ree-w ay  k e y  in  such a w ay  th a t th e an em om eter-w ire an d  a m an gan in  

resistan ce of fou r tim es th e  resistance m ay  b e su ccessive ly  in clu d ed  in  th e  circu it; if  th e  curren t be 

ad ju sted  so th a t th e am m eter rea d in g  is u n ch an ged  on su ccessiv e ly  in c lu d in g  th ese  tw o  resistan ces, th e y  

m u st h ave th e sam e resistan ce. F ig . (d)illustrates an ad ap tation  of K e l v i n ’s  m eth

galvan om eter resistan ce. T he am m eter a is in  one of th e  arm s in series w ith  a m an ga n in  resistan ce so th a t 

the to ta l resistance is fou r tim es  th a t of th e an em om eter-w ire in  th e ad jacen t arm. T h e ratio  resistan ces  

R  are ad ju sted  to  eq u a lity  an d h av e a p p rox im ate ly  th e sam e va lu e as th a t  o f th e rem ain in g  arm s. 

A  con tact k e y  K  replaces th e ga lv an om eter. I f  th e cu rren t in  th e b rid ge b e ad ju sted  so th a t on  

d ep ressin g  th e k e y  th ere is no ch an ge in th e am m eter readin g, it  is ea sily  seen  th a t th e co n d ition  

of balance of th e  W h eatsto n e-b rid ge  is satisfied  and th e resistances A  and B  are equal.

T he tw o  m eth od s ju st d escrib ed  suffer th e d isad v a n ta ge  th a t th e co n ta ct resistan ces o f th e an em om eter- 

w ire are in c lu d ed  in th e resistan ce of th e w ire itse lf,  and is lik e ly  to  b e u ncerta in  if th e w ire is to be 

em p loyed  a t h ig h  tem p eratu res. T h e p o ten tia l term in als and th e K elv in -b r id ge  co n n ectio n s are recom 

m en d ed  for u se as the m ost satisfa ctory  an d sh ou ld  be em p loy ed  if p ossib le.
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