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A method is described for studying convective heat t r ans fe r  in t r ansve r se  flow over  a wire, 
from the tempera ture  dependence of the heat t r ans fe r  coefficients.  A formula has been ob- 
tained for calculating convective heat t r ans fe r  in gas flow over a wire,  for tempera ture  
differences up to 1000~ and Re values from 0.14 to 2. 

The work described here was performed because of the requirements  of the e l ec t ro - the rmograph  
method of investigating the kinetics of heterogeneous-catalyt ic  reactions.  The method and the resul ts  of 
chemical  reactions have been descr ibed in detail in [ i-3] ,  and we shall mention the essent ia l  features only 
br ief ly  here.  

The method is based on measurement  of the tempera ture  of a wire of catalytic mater ia l  washed t r ans -  
ve rse ly  by a s t r eam of reagents of given composition and speed. If we have information on heat t r ans fe r  
for the flow over the wire we can calculate the s ta t ionary rate of heat re lease  or  absorption in the reaction 
(depending on the sign of the heat reaction proceeding at the wire surface),  and hence the reaction rate 
in the test  conditions. The required tempera ture  conditions for the surface reaction to proceed are  set up 
by varying the electr ic  cur ren t  through the wire,  thus simulating variat ion in gas s t r eam tempera ture  
while keeping it unchanged in the tes ts .  In the tes ts  one measures  and records  the e lec t r ica l  res is tance R 
{i.e., the tempera ture  T) of the wire, and the e lectr ic  cur rent  I passing through the wire.  All the tes ts  
were done with platinum wire of d iameter  0.1 mm. 

Procedures  have been proposed [3] in the development of the method for calculating the rate of heat 
re lease  or absorption from the known experimental  R, T(I) relations,  knowing only the convective heat 
t ransfer .  

Convective heat t r ans fe r  in t r ansve r se  flow over a cyl inder  has been the subject of a large number 
of papers [4-8]. The corre la t ion  used is 

Nu = C Re '~ Pr ~ (1) 

with C and m varying for different ranges of Re. These data were obtained with small  degrees of overheat 
(e.g., of the order  of 100~ in [4]). For  large tempera ture  heads a factor  of the type (Tw/T~)/  a p p e a r s  
(discussed in [4] and other papers dealing in par t icular  with theory  of the hot wire anemomete r  and other 
sensors  with a hot wire). We should mention that the formulas recommended in the above papers differ 
appreciably,  par t icular ly  in the values of m (from 0.3 to 0.5) in the range of Re that in teres ts  us, i.e., less 
than 10. High accuracy  in calculating the heat t r ans fe r  coefficient is of p r ima ry  importance for the ther-  
mographic method of studying chemical  react ions.  

We undertook investigations of the law of convective heat t r ans fe r  in t r ansver se  flow over a wire,  and 
here  attention was focussed direct ly  on the reacting element of the instrument  in the method that was devel- 
oped (the experimental  equipment and the e lec t r ica l  details were descr ibed in [1, 3]). 

The form of the law in question was established from analysis  of the tempera ture  dependence of the 
coefficients of convective heat t ransfer .  These relations can easi ly be obtained for any gas, as follows. 

Institute of Chemical Physics ,  Academy of Sciences of the USSR, Moscow. Translated from Inzhen- 
e rno-Fiz icheski i  Zhurnal, Vol. 21, No. 1, pp. 78-83, July, 1971. Original ar t ic le  submitted July 8, 1970. 

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced [or any purpose whatsoever without 
permission of the publisher. A copy o[ this article is available [rom the publisher for $15.00. 

866 



6 1213 

5 ,. i,J. !< 
!, 

/ I  / /  Y'~c: 

Y 

a 0,5 ~,0 t,5 2,o 2,5 l 

Fig. 1. E lec t r ica l  res is tance  (or temperature)  of the 
wire as a function of the cur ren t  as obtained for dif- 
ferent  gas s t r eams :  1, 2) in a s t r eam of ammonia at  
speeds of 0.32 and 0.13 m / s e c ,  respectively;  the 
c r o s s e s  indicate calculated values; 3,4) in a s t r eam 
of nitrogen (common grade) at speeds of 0.32 and 0.13 
m / s e c ;  5, 6) in a s t r eam of sulfurous anhydride at 
speeds of 0.15 and 0.075 m / s e c  OR in ohms, t in~ I 
in A). 

The dependence for R and T(I) was determined experimental ly  in s t r eams  of the tes t  gas for any two 
blowing speeds.  The difference in Joule heating at an a r b i t r a r y  tempera ture  (e.g., T =To) is expressed  in 
t e r m s  of the heat t r a n s f e r  coefficients:  

Ro ( 122o - -  I~o) = (a2o - -  alo) AT o S. (2) 

Here c~20 and ~10 are  the coefficients for only the convective component of the heat t rans fe r ,  since, 
by taking the difference,  we automatical ly  eliminate radiative heat t r ans fe r  (subscripts 1 and 2 re fer  to the 
two blowing speeds). If the convective heat t r a n s f e r  is given by Eq. (1), then the difference in the Joule 
heating at the two different t empera tures  can be related to the rat io of the heat t r ans fe r  coefficients at 
these t empera tu res ,  with other conditions being the same,  i.e., 

= - -  (3) (I o-l o) AVo' 
since (ot2-al)/(o~zo-Ollo) - ~l /oQo == a2/oz2o. Express ing the heat t r ans fe r  coefficients in t e rms  of the 
thermophysica l  charac te r i s t i c s ,  we obtain 

12o--flo) ATo ~'o \ Pro ] 

where •, u, P r  are  the thermal  conductivity, the kinematic viscosi ty,  and the Prandt l  number at the mean 
tempera tu re  of the boundary layer  (such averaging is physical ly valid, since the tempera ture  dependence 
of these charac te r i s t i c s  is a lmost  linear; in addition, the corre la t ion  of the results  obtained, given below, 
confi rms the co r rec tnes s  of the averaging).  The reduction of the tes t  data in accordance  with Eq. (4) 
(calculation of the left side) and compar ison  of the results  with those for the right side, should f i rs t  conf i rm 
that it is possible to descr ibe  convective heating by an express ion of the form of Eq. (1), and secondly, 
allows determinat ion of the value of m (there are  no par t icu lar  d iscrepancies  with regard  to u in the l i ter-  
ature;  moreover ,  it has a very  weak effect in the calculation of heat t r ans f e r  coefficients for gases).  We 
again note that the tes ts  a re  done at a r b i t r a r y  flow speeds,  as can be seen from Eq. (4).* 

*This can be important  from the viewpoint that the experimental  equipment and the method descr ibed for 
t rea t ing Eq. (4) can be the basis  for a thermographic  method of measur ing  the tempera ture  dependence of 
the thermal  conductivity or  the v iscos i ty  of the gas blowing over the wire.  
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Fig. 2. Dependence of the convective heat t r ans fe r  coefficients (differences in the co-  
efficients) in flow over a wire on the wire tempera ture ,  in s t reams  of various gases:  
the points are  the measured  resul ts :  s t r eam of 1) ammonia;  2) sulfurous anhydride; 
3) argon; 4) common grade nitrogen; the full lines show the resul ts  of calculations 
as per  Eq. (4) using the value m = 1/2. 

Fig. 3. Dependence of the factors  C (a) and K {b) in the corre la t ion  Nu = K + C Re t/2 
P r  1/3 on temperature ,  obtained from heat t r ans fe r  studies in a s t r eam of common 
grade nitrogen; 1) flow speed 0.32 m/sec ;  2) 0.13 m/ sec .  

The measurements  and calculations in accordance with Eq. (4) were made for the wire washed by 
s t reams  of sulfurous gas, common grade nitrogen, ammonia,  and argon. The p r imary  experimental  data 
are  shown in Fig. 1 (the argon data are  omitted to avoid complicating the figure). The Re variat ion in all 
the tests  was limited to the range 0.14 to 2, approximately.  It  can be seen from Fig. 2 that the resul ts  of 
calculating the dependence of heat t r ans fe r  coefficient on wire tempera ture  using m = 1/2 and n = 1/3 are  
in very  good agreement  with the measurements  of the dependence as per  Eq. (4), for all the gases  and over 
a wide tempera ture  range (the thermophysica[  proper t ies  of the gases were taken from [10]). 

Thus, we can evidently a s s e r t  with confidence that in the tes t  range of Re one does not need to intro-  
duce a tempera ture  factor  into the correlat ion,  and that the exponent of Re in the convective heat t r ans fe r  
relation is 0.5 (it should be noted that this method is very  sensitive to the value of m). 

The value of C in the convective heat t r ans fe r  corre la t ion and its dependence on tempera ture  can be 
obtained by process ing the experimental  data as per  Eq. (2), i.e.: 

~ - ~  Pr '/3 V~/2 _ _  V~/2 , (5) 
h T S  

d u2 

where  v is the local speed of the incident s t r eam at the wire.  Figure 3a shows the results  of such data 
process ing  for nitrogen. The coefficient C does not depend on tempera ture  up to ll00~ (which cor responds  
to a variation of Re from 0.14 to 1.5), and is 0.55. 

It is c lear  that analogous resul ts  could be obtained, not only when the convective heat t r ans fe r  law is 
written as in Eq. (1), but a l so in  a two- te rm form: Nu =K +0.55 Re 1/2 x pr t /3 ,  where K is a constant. 
Thus, we must  check into the existence of a free t e rm in the corre la t ion.  To do this, we go back to the 
R, T(I) curves ,  calculate K and construct  its tempera ture  dependence: 

K (T)  = d R I  2 Rel/2 
- ~ "  h T S  - -  0.55 Pr '/3. (6) 

The resul ts  of calculating K in the example of heat t r ans fe r  in an argon s t r eam are presented in Fig. 3b. 
It  can be seen that K is constant at the value 0.45 from 100 to 450~ (corresponding to an Re variat ion from 
0.4 to 1.5). With fur ther  increase  of tempera ture  K increases ,  and this is associated with the increas ing 
contribution of radiation to the heat t ransfer .  Evidently, one could easi ly  calculate the radiative heat t r ans -  
fer  coefficient from the data of Fig. 3b, and we have determined that under the tes t  conditions radiation 
made up about 14% of the total heat flux at 1000~ 
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Thus, ana lys i s  of the t e m p e r a t u r e  dependence of the heat t r a n s f e r  coefficient  yields values  in turn 
of all  the constants  in the convect ive heat  t r a n s f e r  law, descr ibed  by the co r re la t ion  Nu = 0.45 + 0.55 Re 1/2 
Pr l /3 .  Using the law obtained and the exper imen ta l  R(I) cu rves  for  ni t rogen we calculated the R(I} curves  
that  would be obtained in a s t r e a m  of " iner t"  ammonia ,  if ammonia  did not decompose  endothermica l ly  on 
plat inum (see Fig. 1). The resu l t s  of the.calculat ion were  a lso  conf i rmed by  a check with Eq. (4). It can 
be seen  that, beginning at  a t e m p e r a t u r e  of N700~ the cu rves  for  " iner t"  and "act ive" ammonia  d iverge ,  
i .e . ,  the heat  absorpt ion  in the reac t ion  becomes  apprec iab le .  This  is re f lec ted  in the slope of the expe r i -  
menta l  t e m p e r a t u r e  dependence of the di f ference in the heat t r a n s f e r  coeff icients  f rom the i r  calculated 
values  (see Fig. 2). These  data were  used to calculate  the kinetic constants  for  the decomposi t ion of a m -  
monia on platinum, and they ag reed  with those given in [3]. 

Finally we comment  on the approximat ion  to the data of Hi lper t  [4] for  a i r  at  smal l  t e m p e r a t u r e  dif- 
f e rences  (~100~ made by Ecke r t  and Soehngen [9]. They showed that in the range 1 < Re < 4000 these 
r e su l t s  could be desc r ibed  v e r y w e l l  by a t w o - t e r m  law Nu =0.43 +0.48 Re 1/2. This  formula  is c lose  to 
that  obtained in the p re sen t  pape r  for  0.14 < Re < 2 at  large t e m p e r a t u r e  d i f ferences  (up to 1000~ This  
a g r e e m e n t  between resu l t s  of invest igat ions conducted under  different  conditions allows us to hypothesize 
that  the above form of the convect ive heat  t r a n s f e r  law is poss ibly  a genera l  law in a ve ry  wide range of 
Re, a t  both sma l l  and large t e m p e r a t u r e  d i f fe rences .  The appearance  of a t e m p e r a t u r e  fac tor  when p r o c e s -  
sing the resu l t s  of invest igat ions of convect ive heat  t r a n s f e r  at  large t e m p e r a t u r e  d i f fe rences ,  using a one- 
t e r m  approximat ion ,  p robably  s t e m s  f rom an a t tempt  to desc r ibe  the observed  more  rapid inc rease  of the 
heat  t r a n s f e r  coeff icient  with t e m p e r a t u r e  assoc ia ted  with the exis tence  of a free t e r m  in the convect ive 
heat  t r a n s f e r  law. Moreover ,  both t e r m s  in the t w o - t e r m  fo rm of the law have physical  meaning (the f i r s t  
re f lec t s  the role of heat  conduction, and the second re f lec t s  the role of convective t r a n s f e r  in a l aminar  
boundary  layer) ,  whereas  one can s c a r c e l y  a sc r ibe  physical  meaning to the t e m p e r a t u r e  fac tor  in the one- 
t e r m  law. Natural ly,  the conclusions drawn he re  requi re  carefu l  checking. 

I t  should be noted that  the annular  location of the wire  in the exper imen ta l  s i tuat ion is respons ib le  
for  some uncer ta in ty  in calculat ing the local flow speed.  T h e r e f o r e  the constants  K and C could be s o m e -  
what ref ined in a more  c o r r e c t  geomet r i ca l  a r r a n g e m e n t .  However,  this fac tor  cannot  affect  the value of 
the exponent m, which is  obtained without using the flow speed.  
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