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On the basis of theory  of local modeling we have determined the effect exerted by rotation 
on heat t r ans fe r  in the initial segment  of a tube in the case of turbulent gas flow. We have 
derived approximate working formulas  which are  compared with experimental  data. 

The cooling ducts of numerous con temporary  engineering installations are  subject to  the effect of cen- 
trifugal forces.  

It has now been established both theoret ical ly  and experimental ly that the centrifugal forces  exer t  a 
cer tain effect on the p rocesses  of heat t r ans fe r  and friction in rotating objects,  and that this effect is differ-  
ent for internal and external  problems.  

The theoret ical  investigations devoted to these questions proceed from the usual semiempir ica l  theory 
of turbulence. 

The complexity of hydrodynamic and thermal  p rocesses ,  par t icu lar ly  for the initial segment of a tube, 
in the case of diverse  boundary conditions (tube length, tempera ture  factor,  variat ion of velocity in the flow 
core over  the length of the tube, distribution of heat load, effect of centrifugal forces ,  etc. ) makes it v i r -  
tually impossible to determine the mechanism of the p rocess  so that it can be used to derive the working 
formulas.  The theoret ical  investigations have therefore  been p r imar i ly  qualitative in nature up to this 
point. 

Virtually no mater ia l  has been published on the t rans fe r  of heat in the initial segment of a rotat ing 
tube, and as regards  experimental  research ,  this is always presented in the usual c r i te r ia l  form. The 
basic shor tcoming of such t rea tment  lies in the fact that consideration of all factors  affecting heat t r ans fe r  
is associated with great  difficulties. In cer ta in  cases ,  by choosing the exponents for the s imi lar i ty  c r i te r ia  
it is possible to group the experimental  data about a single curve. However, here we have no assurance  
as to whether or  not the effect of each cr i ter ion separa te ly  has been proper ly  evaluated, nor whether it has 
been possible to avoid having these cr i te r ia  offset one another. 

In addition to the usual c r i t e r ia l  t rea tment  of experimental  data, a new method has been determined 
for the investigation of heat t r ans fe r  in the initial segment  of a tube, and this procedure  is based on the 
theory of local modeling. 

*Deceased. 

Fig. 1. Effect of tube rotation on the 
hea t - t r ans fe r  law applicable to a bound- 
a ry  layer.  The dashed line denotes the 
l inear  approximation of the law. 
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Fig.  2. Resu l t s  f rom the p r o c e s s i n g  of e x p e r i m e n t a l  data for the t r a n s f e r  of heat  in the in i -  
t ia l  segment  of a ro ta t ing  cy l i nd r i ca l  tube: 1) heat  t r a n s f e r  in the turbulent  i s o t h e r m a l  s t r e a m -  
l ining of a plate .  

Fig.  3. Compar i son  of expe r imen t a l  data with t heo re t i c a l  data f rom Eq. (8): A = S t / ( 1 - V ~  
/Va)  ~ B = [Re~176176 

The advantages  of this method a re  d i s cus sed  in [1-4], etc.  With this  method it is  poss ib le  to d e t e r -  
mine the effect  on the t r a n s f e r  of heat  in the ini t ia l  segment  of a tube as exe r t ed  by such boundary condi-  
t ions as the en t ry  of the flow into the tube, the t e m p e r a t u r e  fac tor ,  the d i s t r ibu t ion  law for  the heat  load, 
the p r e s e n c e  of a t r a n s v e r s e  flow of ma t t e r ,  and chemica l  reac t ion .  

The method of local  model ing  has been extended to the region of s t ab i l i zed  flow in a tube, given an 
a r b i t r a r y  d i s t r ibu t ion  of the heat  load and subs tan t i a l  non i so the rmic i ty  [5]. 

Here  we will  a t t empt  to de te rmine  the effect  of cen t r i fuga l  fo rces  on the h e a t - t r a n s f e r  laws appl icab le  
to the in i t ia l  segments  of a ro ta t ing  tube, using the method of e x p e r i m e n t a l  data t r e a t m e n t  that  is based  on 
the theory  of local  modeling.  

The working sect ion of the expe r imen t a l  ins ta l l a t ion  is made up of a c a l o r i m e t e r  tube with an inside 
d i a m e t e r  of 97.6 mm and an ove ra l l  length of 3000 ram; this  tube is mounted on r o l l e r - b e a r i n g  suppor ts  and 
se t  into ro ta t ion (0-1170 rpm).  A i r  is pumped through the working  sect ion at a ra te  of 0.05-0.4 k g / s e c .  To 
achieve a uniform ve loc i ty  prof i le  for the inlet  sec t ion of the tube, a fixed sect ion 100 mm in length is  se t  
up in front  of the tube, and the inlet  of this fixed sect ion is l emin i s ca t e  in form. The working sec t ion  is 
heated by means  of an ex t e rna l  e l e c t r i c  hea te r  made of a constantan s t r i p  that is  wound uniformly about the 
tube. 

To avoid the pos s ib i l i t y  of contact  between the constantan s t r i p  and the tube sur face ,  a r e l i ab l e  l a y e r  
of m i c a a n d f i b e r g l a s s  i n s u l a t i o n i s  in t roduced,  and to reduce  the heat  l o s s e s  to the ambient  medium the 
working sec t ion  is covered  f rom above by a l a y e r  of a sbes to s  insulat ion.  

The expe r imen t a l  data were  de t e rmined  in r e g i m e s  that  were  s teady  with r e s p e c t  to  t ime.  

The following p a r a m e t e r s  were  m e a s u r e d  dur ing  the tes t :  the t e m p e r a t u r e  of the ambient  a i r ;  the t em-  
p e r a t u r e  of the a i r  at the inlet  to the working sec t ion  and at  the outlet  f rom the working sect ion;  the t e m -  
p e r a t u r e  of the inside tube sur face ,  the p a r a m e t e r s  of the heat ing cu r r en t ,  and the a i r  flow ra te .  

The t e m p e r a t u r e  of the tube wall  was m e a s u r e d  by means  of c o p p e r - c o n s t a n t a n t h e r m o c o u p l e s  which 
were  mounted at the following re la t ive  d i s t ances  ( x / d ) f r o m  the inlet :  0.26, 0.77, 1.3, 2.0, 3.1, 4.6, 6.1, 
7.8, 8.8, 8.8, 11.9, 13.9, 15.2, 16.2, 17.3, 19.3, 21.4, 22.6, 25.6, 25.7, 28.8. P a r t i c u l a r  at tent ion was 
devoted to the manner  in which the the rmocoup les  were  imbedded.  The hot junctions of the the rmocouples  
were  so lde red  to the tube wail ,  flush with the inside su r face  of the tube. The thermocouple  wir ing  led f rom 
the junction, f i r s t  in the d i r ec t ion  of the i s o t h e r m s  (about the c i r c l e  formed by the l a t e r a l  c r o s s  sect ion of 
the tube), and then along the tube, to the m e a s u r i n g  in s t rumen t s  through l i p - r i n g  wipe r s :  Af t e r  f a b r i c a -  

tion, a l l  of the t he rmocoup le s  were  c a l i b r a t e d  for  a t e m p e r a t u r e  range of 0-300~ The emf was m e a s u r e d  
by means  of a KP-59 po ten t iomete r .  
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The a i r  t empera tu re  at the inlet to the working section and at the outlet f rom the working section was 
measured  by means of thermocouples  and the rmomete rs .  In most  of the experiments  the measured  flow 
tempera tu re  for the outlet c ross  section differed from the theoret ical  by no more  than 2.5-3%. 

To account for the heat losses  to the ambient medium, we undertook a special  calibration of the in- 
stallation without a supply of air .  The relative magnitude of the heat losses  in the experiments  came to 
3-10~c of the power evolved in the heater .  The uoncoincidence of the power calculated from the e lectr ic  
cur ren t  (with considerat ion of the heat losses  to the ambient medium) and f rom the enthalpy of the a i r  flow 
did not exceed 5-6~c. 

The determinat ion of the local value for the specific flow of heat over  the surface segments of the 
ca lor imete r ,  bearing in mind the variable wall t empera ture  and the corresponding heat losses  to the am-  
bient medium, demonst ra ted  that the magnitude of the specif ic  heat flow var ied over  the surface by no more  
than 2-3~c. In p rocess ing  the experiments  we therefore  assumed the specific flow of heat to be constant. 

Evaluation of the accuracy  of the experimental ly  derived quantities demonstra ted that the maximum 
probable e r r o r  in the determination of the Stanton number was about :~9%. 

The equation of the thermal  boundary layer  for the initial segment  of the tube, considering rotation, 
can be presented in the form 

d.,Pe ~*t __Re~* d(AT) 
dx -t- AT dx = Re~ St~176 T~, (1) 

where ~I,~ = (St/St 0)Ret* �9 is an unknown function by means of which we account for the effect of tube ro ta-  

tion on the relative change in the Stanton number when Ret* * = idem. 

Analysis  of the experimental  data demonstra ted that the effect of tube rotation on the law governing 
heat t r ans fe r  in the boundary layer  can be taken into considerat ion only through introduction of the ratio of 
the c i rcumferent ia l  velocity to the axial velocity, i.e., Vcp/Va. 

Figure 1 shows this relationship; these data are  taken from the ar i thmetic  mean of three c ross  sec-  
tions, i.e., x = 4.6, 15, 28.8. As we can see f rom the figure, over  the entire range of the investigated 
rat ios  Vq~/V a = 0-0.8 we find ve ry  weak nonlineari ty as regards  the solid line showing heat t r ans fe r  as a 
function of this parameter .  It is probable that a fur ther  increase  in the V ~ / V  a r a t iomus t  bring this func- 
tion to the exponential law, i.e., at the limit V ~ / V  a --* ~ the t r ans fe r  of heat in the axial direction of the 
initial tube segment  must  tend toward zero,  i .e . ,  St ~ 0. 

Within the limits of V ~ / V  a = 0-1 this function can be approximated l inearly by 

- -  * * = ~ , = 1 - - 0 . 7 1 5  V_~_~. 
St 0 Re t V a 

The derivation of the final working equations for heat t r ans fe r  will not be adverse ly  affected by further  
ref inement  of (2), as additional experimental  and theoret ical  data are  accumulated. 

Figure 2 shows the hea t - t r ans fe r  law for the initial segment of a rotat ing tube, with consideration 
given to the effect of rotat ion on the basis  of Eq. (2)~ As we can see f rom the figure, the experimental  
points are  grouped about a single curve,  descr ibing the hea t - t r ans fe r  law for the ease of the s t reamlining 
of a i so thermal  plate, with a simultaneous increase  in the thermal  and dynamic boundary layers .  For  the 
reg ionof  variat ion in Ret* * f rom 108 to 104, this law can be given by the formula 

0.0128 (3) 
St o - Ret,0.25pr0.75 �9 

The increase  in the velocity in the flow core  in the case of subsonic flow is taken into considerat ion by 
means of the following formula,  given in [1]: 

Re D = Reo, q- 5.2~ Re~*, (4) 

while nonisometr ic i ty  is accounted for by means of the Kutateladze limiting hea t - t r ans fe r  law, which for the 
region of variat ion in ~ f rom 1 to 5 is approximated with sufficient accu racy  by the simple exponential for-  
mula 

( S t )  =, -0 .~.  (5) 
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We thus have a s y s t e m  consis t ing of the five equations (1), (2), (3), (4), and (5), with the five unknowns 
Ret**, Re D, r  St, ~q). This s y s t e m  ea r  be solved in var ious  ways ,  depending on the formulat ion of the 
problem.  

In many cases ,  we can neglect  the t e m p e r a t u r e  fac tor  and the change in the veloci ty  in the flow core  
(the compa ra t i ve l y  smal l  t e m p e r a t u r e  heads and the low flow ra t e s  for  the subsonic flow). In this ease ,  
f rom Eq. (1) we can der ive  the s imple  fo rmulas  for the de te rmina t ion  of Ret** for  any law governing the 
supply of heat. 

Fo r  example ,  when 
qwall = c o n s t  

Ret,__ StoReD x(1  _ 0.715 V~_,), (6) 

qwall = q0 expa~  

1 ( e x p a : ~ - - l ) ( l _ _ 0 . 7 1 5  V~) ** t - -  - - -  R e  t =S o'ReD," a expax -~a ' 

F r o m  Eqs. (2), (3), (6), or  (7) we der ive  the following approx imate  working formulas :  

qwall = coas t  

(7) 

Vcp '10.8 
0.0306 1 --0.715 ~ a  ] 

St ----- ' (8) 
pr ~ ReOi2xO.2 

qwall = qo expa.x 

0.0306 (1 - -0 .715  V~O.8 
\ V a ]  ( aexpax /~ St (9) 

Pr ~ Re~ . exp a x ~  1 / 

F igure  3 shows a compar i son  of expe r imen ta l  data with the r e su l t s  f rom the calculat ion of the Stanton 
number  by means  of the approx imate  formula  (8). As we can see  f rom the f igure,  the coincidence of the 
expe r imen ta l  data with the theore t ica l  function is quite sa t i s fac to ry .  The sca t t e r ing  of the exper imen ta l  
points l ies  within the e x p e r i m e n t ' s  l imi t s  of accuracy .  

St = c~/epPoVao 
Re ~r* = 0 o V a o ~ * / ~ o  

5t 
5t  = f  (PVa/poVao)[1-  ( T w - T )  

0 

/ (T w -  To)] (1 - y / n ) d y  

5 t 
T 
Va 
V~  
r = T w / T  o 
Pr -~ Uep/X 
~ o  = (St/St0)Re~* 
= x/d 

R and d 

Re D = P0Va0d/p0 

ReDi = p01Va01d/p01 

NOTATION 

is the Stanton number; 
is the characteristic Reynolds number for the thermal boundary layer; 

Is the s ize  of the ene rgy  loss;  
is the th ickness  of the t h e r m a l  boundary layer ;  
is the absolute t e m p e r a t u r e ;  
is the flow veloci ty  in the axial  direct ion;  
ts the rotat ional  veloci ty  for the tube; 
is the t e m p e r a t u r e  factor ;  
is the Prandt l  number ;  

is the re la t ive  change in the Stanton number  in the case  of tube rotation; 

is the re la t ive  dis tance f rom the tube inlet; 
a re ,  r e spec t ive ly ,  the radius  and d i ame te r  of the tube; 
is the Reynolds number ,  on the bas i s  of the p a r a m e t e r s  outside of the 
boundary layer ;  
is the Reynolds number  with r e spec t  to the gas p a r a m e t e r s  at the tube inlet. 
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