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An investigation has been made  of special  features of heat t ransfer  f rom horizontal  wires  
under combined forced and free convection. It is shown that in counterflow, in contras t  with 
auxil iary flow, the dependence of NU(Re)Ra =eonst  has a minimum. Near  the minimum in the 
range 0.15 < Re2/Ra~rRe < 1.5 there is a region where the heat t r ans fe r  conditions are  osc i l -  
latory.  

Heat t r ans fe r  in t r ansverse  flow over  a cylinder at low Re, i . e . ,  in the region where the free convec-  
tion effect is appreciable,  is an important  problem, both theoret ical  and pract ical ,  and its solution requi res  
the development of measur ing  devices with sensors  in the form of heated wires [1, 2]. Study of this problem 
is present ly  incomplete,  and is at  the stage of accumulation of individual facts and corre la t ions  [3, 4]. 

The authors have attempted an experimental  investigation of special features  of heat t r ans fe r  under 
mixed convection conditions with t r ansve r se  flow over  a horizontal  cylinder as a function of the direction of 
forced flow. 

A qualitative analysis  of the heat t ransfer  p rocess  under these conditions suggests  that one can iden- 
tify two specific physical  mechsn isms .  The f i rs t  is the addition of free convection to the forced convec-  
tion, and this is independent of the direct ion of the forced motion. The effect is associa ted with reduction 
of the size of the zone in which the total tempera ture  drop is concentrated as Re number increases ,  resu[ t -  
ing in a decrease  in the absolute value of the f ree-convect ive  component in the heat t ransfer .  The second 
mechanism is a change in the heat t ransfer  because of geometr ic  addition of the forced and free velocit ies 
of motion. One would expect the f i rs t  mechanism to show up in the auxil iary flow. It should manifest  i t -  
self in the dependence Nu(Re)Ra =const  in the low Re region being substantially weaker than indicated by 
calculation, obtained by simple summation of the free convection and forced convection components,  with- 
out allowing for interaction.  The action of the second mechanism should be more  pronounced in counter -  
flow: in this c a s e  one would expect a region to appear near  zero  Re in which the values of Nu decrease  
with increase  of Re, i, e., the cor re la t ion  Nu(Re) for fixed Ra should have a charac te r i s t ic  minimum. 
Experimental  studies of these expected features  of heat t r ans fe r  were the objective of the present  invest i -  
gation. 

A study was made of heat t ransfer  f rom a cylindrical  sensor  of length 9.4 cm, made up of platinum 
wire of three d iameters :  0 .5 .10  -2 cm, 1 �9 10 -2 cm, 2 -10  -2 cm. The sensor  was located in a ver t ical  chan- 
nel of rectangular  c ro s s  section with a side rat io of 10/1. It was fixed along the major  axis of the channel 
by means of a special  element which allowed choice of the temperature  deformation of the sensor  and kept 
the wire straight.  

Tests  were ca r r i ed  out in high-puri ty nitrogen at a tmospher ic  p re s su re .  A sys tem of two gas-  
reducing valves in ser ies  and a fine control  valve was used for  smooth variat ion and maintenance of the 
nitrogen flow in the channel. The gas velocity in the channel was measured  by means of a liquid rheometer .  
The flow tempera ture  was held constant and equal to room tempera ture  in all the tests .  The sensor  was 
heated by a dc cur ren t  supplied f rom a stabilized source.  The e lec t r ica l  res is tance  of the sensor  (and this 
means its t empera ture)  and also the Joule heating were measured  and recorded  by a measurement  sys tem 
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Fig. 1. Nu as a function of Re for  fixed value of Ra: a) auxil- 
ia ry  flow Nu+; b) counterflow Nu_; Ra: 1) 4 .3 .10-4;  2) 4.25 
�9 i0-3;  3) 4.52 �9 I0 -2. 

descr ibed in [2]�9 The accuracy  of s e n s o r  tempera ture  measurement  was 0�9176 and that for measurement  
of Joule power was ~0.1%. F r o m  these measurements  one could calculate the coefficient of heat t ransfer  
f rom the sensor  to the gas s t ream.  The channel length was chosen to avoid per turbat ions f rom the inlet 
and exit flow�9 There  were no turbulent fluctuations in the flow: the channel Re number did not exceed 200. 

Figure  la ,  b shows the variat ion of Nu(Re) for fixed value of Ra: a is  the case of ascending motion 
of forced flow (the Nusselt  number is denoted by Nu+), and b is for descending motion Of the forced flow 
(the Nusselt  number is Nu_). Each curve was obtained by varying the velocity of the oncoming s t r eam with 
unchanged sensor  tempera ture  and diameter �9 Figure  la,  b shows data obtained in tests  with sensor  tem-  
pera ture  150~ It can be seen that the heat t ransfer  cor re la t ions  with auxil iary motion and in counterflow 
are  substantially different: in the low Re region the Nu+(Re) dependence is a monotonically increas ing func- 
tion with a charac te r i s t i c  S-shape,  while the Nu_(Re) dependence is a function with a sharply pronounced 
minimum. Thus, the qualitative nature of the dependence obtained cor responds  to the expected influence 
of the above physical  c i r cumstances  on the heat t ransfer �9  

It is c lea r  that for combined forced and free convection the total heat t ransfer  law is given by a func- 
tion which is some combination of the Re and Ra pa ramete r s �9  We obtain the form of this combination f rom 
analysis  of the position of the minima on the curves  of Nu_(Re)Ra =const  (Fig. lb). 

If one a s sumes  that the posit ion of the minimum cor responds  uniquely to a definite value of the com-  
bination of type RemRa n, one can easi ly  determine the rat io m /n  f rom the data of two curves�9 Calculation 
of this rat io for different pa i r s  of curves  (Fig. lb) gave a value close to - 5 / 2 .  

It turned out that all the experimental  data obtained when one uses as an argument  the pa r ame te r  
combination Re2~Re/Ra thus evaluated are  descr ibed very  sat isfactor i ly  by general  laws�9 These laws for  
the auxil iary flow case are:  

Nu 
. . . .  1-:-0.16A ~/~ for 0 , 1 < : A < 2 0 ;  (1) 

Nu o 

Nu_ = 1 -~0.28A 2/3 for 0<A<(0 ,1 .  (2) 
NLI 0 

For  the counterflow ease the heat t r ans fe r  taw can be expressed  as the function (Nu+-Nu_)/Nu0, which has 
the form 

Nu+ - - N u  0.15 
Nu ~ ' "= ~o-57- exp [--0.22 In" A] for 0 ,C A ~ 20, (3) 

where Nu 0 is the value of Nu for  Re = 0; A = Re2,fRe/Ra. 

The validity of the relat ions obtained begins to break  down appreciably for  values of the group 
Re2,/-Re/Ra = A la rge r  than 20, when the effect of f ree  convection is very  small .  Then the heat t r ansmis -  
sion is given by the well-known cor re la t ions  for forced motion [5]. 
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Fig. 2. Typical  s enso r  tern- 
pe r a tu r e  r e c o r d s  (2  = 2 �9 10 .2 
em) for  T = 150~ and different  
blowing veloci t ies  v: a) v = 0; 
b) 1.3; c) 1.7; d) 2.5; e) 3 c m  
/see. 

It was obse rved  during the invest igat ion of heat  t r a n s f e r  in the 
counterflow case  that in the region of the min imum,  approx imate ly  in 
the range 0.15 < A < 1.5, there  is a region where  the heat  t r a n s f e r  
p r o c e s s  is not s teady,  and r egu la r  osci l la t ions of the sensor  t e m p e r a -  
ture occur red .  F igure  lb  gives values  of Nu in this region,  calculated 
f rom the mean heat  t r an s f e r  coeff icients .  The same is t rue of Eq. (3). 
By way of i l lus t ra t ion  Fig.  2 shows typical  t e m p e r a t u r e  r e c o r d s  for  
the sensor ,  obtaineit during invest igat ion of heat t r a n s f e r  on a sensor  
of d i ame te r  2 �9 10 -2 cm,  with a mean t e m p e r a t u r e  of 150~ With no 
forced motion (Fig. 2a) the r eco rd  has a fluctuating nature .  The f luc-  
tuations a r e  i r r e g u l a r  in ampli tude and frequency,  due to the turbulence 
in the f ree  convection motion.  As the velocity of forced flow i n c r e a s e s  
the f ree  convection appea r s  to be "blown away" and the ampli tude of 
fluctuation d e c r e a s e s .  For  a flow speed of ~1 c m / s e c  the fluctuations 
became  quite noticeable (Fig. 2b). F o r  fu r ther  i nc rease  in velocity,  
and when the above-ment ioned  region of osc i l l a tory  conditions was en-  
countered,  the sensor  t e m p e r a t u r e  fluctuations again appeared ,  but 
these f luctuations differed now in that they were  s t r ic t ly  r egu la r  both 
in ampli tude and in f requency (Fig. 2c). The r egu la r  osci l la t ions were  
maintained r ight  up to a speed of ~2.5 c m / s e c ;  thei r  f requency r e -  
mained approx imate ly  unchanged, but the ampli tude and the shape of 
the osci l la t ions showed some var ia t ion  (Fig. 2d). Fu r the r  i nc rea se  in 
the flow veloci ty led to the osc i l l a tory  r eg ime  suddenly vanishing (Fig. 
2e) and osci l la t ions of this kind no longer occur red .  

It should be noted that if one comes  f rom the low speed r e -  
gion to the high speed region (>2.5 c m / s e c ) ,  the above r e g i m e s  a r e  
repea ted .  

The osc i l l a tory  conditions exis t  only in the counterflow case ,  and do not occur  in the auxi l iary  flow 
case ,  for  which one a lways  obtains a r eg i m e  s im i l a r  to Fig. 2b. 

The mechan i sm for  excitat ion of osc i l l a tory  instabi l i ty is a r a t h e r  complex  phenomenon requir ing 
specia l  invest igat ion.  It can obviously be explored by ana lys i s  of the f requency and ampli tude c h a r a c t e r i s -  
t ics  of the t e m p e r a t u r e  r eco rds ,  during study of the role  played by the rma l  and hydrodynamic fac to rs ,  and 
this might  b e  accompl i shed  by tes t s  with automat ic  s tabi l izat ion of s enso r  t empe ra tu r e .  This is  outside 
the scope of the p re sen t  work at  this s tage of the invest igat ion.  We shall  make  only one comment  re levan t  
to this mechan ism:  one can a s s um e  that the osc i l la tory  condition is  exci ted when the typical veloci ty of 
f ree -convec t ion  motion becom es  comparab le  with the counterflow veloci ty  of the forced flow. This  c i r -  
cumstance  can lead to per iodic  breakdown and subsequent r ee s t ab l i shmen t  of the the rma l  boundary l ayer  
around a cyl indr ical  sensor  (it is known that  the outer  p rob l em of heat  conduction for  a cyl inder  does not 
have a s ta t ionary  solution), and this r e su l t s  in the appearance  of the obse rved  t e m p e r a t u r e  osci l la t ions.  

N O T A T I O N  

Re is the Reynolds number;  
Ra is the Rayleigh number ;  
Nu 0 is the Nussel t  number  for  natural  convection heat  t r a n s f e r  mechan i sm;  
Nu+ is the Nussel t  number  for  the auxi l iary  flow case ;  
Nu_ is the Nussel t  number  for the counterflow ca se .  
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