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INTENSITY OF HEAT EXCHANGE NEAR A 

STAGNATION POINT IN THE COURSE OF 

PERIODIC VARIATION OF THE SURFACE 

TEMPERATURE 

V. L. Sergeev and A. S. Strogii UDC 536.24.01 

We p re sen t  the solution of the nons ta t ionary  p rob lem of heat  exchange nea r  a stagnation point 
of the flow at  a b a r r i e r ,  r ep re sen t ed  by a spher ica l  su r face ,  when the su r face  t e m p e r a t u r e  of 
the body is per iod ica l ly  var ied .  

In p rac t i ce ,  one often encounters  the case  of heat  exchange between a flow and a b a r r i e r  when the p e r i -  
odic var ia t ion  of the flow p a r a m e t e r s  is c lose  to s tepl ike.  An example  is  the applicat ion of ob tu ra to r  devices  
which per iodica l ly  cut off the flow f r o m  a heated b a r r i e r  [ 1 ]. The burning of an e lec t r ic  a r c  in a l inear  p l a s -  
mot ron  with shor t  e l ec t rodes  r e p r e s e n t s  blowing and ignition at high f requency [2],  which leads to a per iodic  
change of t e m p e r a t u r e  of the genera ted  jet.  The re  a r e  si tuations when heat  is  exchanged in the cour se  of p e r i -  
odic var ia t ion  of the su r f ace  t e m p e r a t u r e .  

The r e su l t s  of invest igat ion of the c h a r a c t e r i s t i c s  of a heat exchange with a b a r r i e r  on a model of the 
p r o c e s s ,  r ep re sen t ed  by a s tepl ike  per iodic  var ia t ion  of the su r face  t e m p e r a t u r e  between a r b i t r a r y  values,  a r e  
given below. The full per iod  is divided into two dif ferent  t ime  in te rva l s  during which the t e m p e r a t u r e  is con-  
stant.  The change of t e m p e r a t u r e  takes  p lace  at the ends of the t ime  in te rva l s .  

In the solution of this p rob lem,  we have made  a p r e l i m i n a r y  study of a nonsta t ionary  heat  exchange at a 
s tagnation point of a sphere  a f t e r  a s tepwise  change of t e m p e r a t u r e  of the su r face  (or  of the flow). As in [3, 4], 
the flow is  a s s u m e d  to be subsonic,  laminar ,  and s ta t ionary ,  and the p r o p e r t i e s  of the liquid a r e  a s sumed  con- 
stant.  
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Using these assumptions,  the sys tem of equations has the following form: 

0 (xu) + O_ (xv) = O, (1) 
Ox ay 

Ou Ou O2u 
u Ox + v = ~ x + v - - ,  (2) 

Oy Oy ~ 

Ot Ot Ot 02t (3) 
OT--7, + U ~ g  47 v - -  = a 

" Oy Og z 

t(x, y, ,~*<~*)= t~, (4) 

t(x, y=o, ~*>/~*)=t  s, (5) 

t(x, g =  o~, ~ * ~ )  t~, (6) 

u(x, 0) -- v(x, 0) = 0, u(x, co) = U{. (7) 

Introducing dimensionless  var iables  and the flow function, and noting that the derivative ~t/0x in the en- 
ergy equation can be neglected [3, 4] (it is zero  at the stagnation point as a resu l t  of symmetry)  we bring the 
problem to a dimensionless  form for the numer ica l  solution: 

Oh+.t,~ = Oh,, ( 1 - -  - -  
\ 

2Aw) ( 1 Prf~h~l) h--!-~ 470k,~.~(147 1 P r f ~ A ~ l ) h ~  i = 1 ,  2, 3, M; (8) 
A~I z , 470h,i_t 1 - -  2 h~l z i - 2 -  A~ 2 . . . .  ' 

k = l ,  0 2 =  1, 0z> 1 = 0 ;  (9)  

where k >  1, 0 i = 1, 0M = 0, (10) 

f, = 0.46385r1~ - -  0.08333 rl a + 0.6442. 107%16 - -  0.4960- I0-~1[ - -  0.1186.10-~n~ (11) 

is the solution of the hydrodynamic par t  of the problem [3]; ~ = y (2/~/u)t/2; the velocity gradient  for a sphere  
is equal to 3U~o/2R; 0 = ( t -  t~o)/(t s - t  J ,  and the dimensionless t ime is T = 2flr*/Pr.  The value of the num- 
ber  2r is est imated in the course  of numer ica l  calculations f rom the absence of an appreciable effect on the 
resul t .  The aim of the solution is to determine the charac te r i s t i c s  of the heat exchange: 

Nu _ 1,/-g- 1 - -  0k,~ (12) 
vrgg An 

The final state of the nonstat ionary p rocess  under study is a s ta t ionary heat-exchange regime.  

It follows f rom (8)-(12) that the c r i te r ion  Nu in the present  ease of heat exchange is a fimetion of the 
numbers  P r  and Re, and of the dimensionless  t ime r. In view of the fact that the heat t r ans fe r  in the body is 
not considered,  and the heat-conduction equation is replaced,  as is often in [3, 4], by a condition at the surface,  
the above eontroliing pa rame te r s  do not contain charac te r i s t i c s  of the body which, in general ,  affect  the inten- 
sity of the nonstat ionary heat exchange [4, 5]. 

The numertea l  experiments  were ca r r i ed  out on the computer  "~Iek t ron ika  $50" and ES 1022, forvalues  
of t ime step Ar f rom 0.0025 to 0.3, coordinate step A~ f rom 0.01 to 0.8, and the number  of coordinate steps 
M f rom 40 to 400. The resul ts  were not affected substantially by the variat ion of pa rame te r s  within the above 
l imits,  which makes it possible to choose the optimum values for the calculation of the functional dependence 
of Nu/~-R-Te on P r  and ~- on the computer .  The number  P r  was varied f rom 0.7 to 20, and the t ime r f rom zero  
to the moment  when the quantity N u / q ~ e  becomes independent of r with e r r o r  1-2 Y0. 

In par t icu lar ,  i t  follows f rom the analysis of the obtained tempera ture  fields that, for P r  = 0.7, the pene- 
t rat ion depth of appreciable  tempera ture  var ia t ion does not exceed ~ = 5 during the course  of the whole non- 
s ta t ionary heat-exchange p rocess .  

The obtained s teady-s ta te  values of heat-exchange intensity depend on the number  P r  (Fig. 1) which the 
functions Nti/Rq~e = f ( r )  approach as the t ime increases .  These values r ep resen t  the heat-exchange cha rac -  
te r i s t ics  in s ta t ionary  conditions, and a re  given, in the interval  of numbers  P r  f rom 0.7 to 20, with the maxi-  
mum e r r o r  of the approximation 3.570 at P r  = 20, by the express ion 

Nust 
lfR-e -- 1"33Pr~ " (13) 

The functional dependence (13) agrees  well with the formula  of M. SibulMn obtained in the solution of a 
heat-exchange problem in the region of stagnation point under s tat ionary conditions [6]:  
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Fig. 1. The combination Null /Re as a function of the dimen- 
sionless t i m e T .  Curve 1. P r =  0.7, 2, P r = 2 ,  3: P r = 4 ,  4: 
P r  = 6, 5: P r  = 10, and 6: P r  = 15. 

kT 
Fig. 2. The quantity z =  [~ (NulY~dx]/T(Nust/~R-~ as a function 

of the dimensionless period T for k = 0.5. Curve 1: Pr  = 0.7, 
2. P r = 2 ,  3: P r = 5 ,  and4 :  P r =  10. 

Nu st = 1.32Pr ~ 4, (14) 

for the values of the number P r  = 0.6-2. The deviation of the values of the combination N U s t / ~  found f rom 
(13), f rom those calculated using formula  (14) does not exceed 2.3% in the interval  of numbers  P r  for  which 
the formula of M. Sibulkin was obtained. 

The resul ts  of calculation of the combination Nu/RV~-~e whose examples a re  given in Fig. 1, can be r e p r e -  
sented in the form of an approximate functional dependence whose e r r o r  does not exceed 1% for (Nu/Rvr~e) 
(N-u(4-~)st, and increases  for 1- ~ 0: 

Nu Nust [1 - -  exp (-- 0.2--  1,7Pr~ (15) 

If one defines the time of the onset of the stationary regime of the heat exchange by the condition (Nu/~ / Re)/ 
(Nust/~/i~e) = 1.05, the duration of the nonstationary part of the process is equal to 

Tn = 1.64Pr -~ (16) 

For  small  values of T at P r  = 0.7, the functional dependence of Nu/Re on ~ can be represented  by the 
expression 

Nu Nust 
# g e -  - d~-~- + ~176 8' (17) 

whose e r r o r  of approximation for  T = 0.05 - 0.5 is 11-22, respectively.  

The obtained charac te r i s t i cs  of the nonstat ionary heat-exchange p rocess  can be used to es t imate  the av-  
erage charac te r i s t i cs  of the heat exchange during a periodic stepwise tempera ture  variation. 

Let us suppose that the tempera ture  of the surface  of a body (or flow) changes at the initial moment  of 
t ime discontinuously to a new constant value which causes the above nonstat ionary heat-exchange p rocess .  
During a t ime interval  equal to a half of the period, the tempera ture  of the body surface  changes to the original  
value equal to the tempera ture  of the flow, and remains  equal to this value during the second half -per iod dur -  
ing which there is not heat-exchange between the body and the flow. 

The per iod-averaged  combination Nu/~R-e which charac te r i zes  the heat-exchange intensity for  the p r e s -  
ent model of the periodic heat-exchange process  depends considerably on the dimensionless half-period,  and 
can exceed the heat-exchange intensity in s tat ionary conditions by a considerable factor  (Fig. 2). The intensity 
increase  or  the relat ive value of the combination ~ u / ~  increases  with decreasing Pr .  

The values of the per iod T for  which the function'Z = f (T/2) in tersects  the s t ra ight  line Z = I in Fig. 2, 
can be called cr i t ical  values, since for T > Tcr  the heat-exchange intensity during the periodic t empera tu re  
variat ion becomes smal le r  than the heat-exchange intensity of the corresponding stat ionary process ;  it tends 
to 0.5 (Nust /Re)  with increasing period. For  T < Tcr ,  as the frequency of the tempera ture  var ia t ion in-  
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creases, the relative average value of the combination Nu/Rv~e considerably increases, and reaches three for 
T = 0.01 and Pr = 0.7. In other words, with increasing frequency of the temperature pulsations, the heat-ex- 
change intensity can exceed substantially this heat-exchange characteristic in the corresponding stationary 

process. 

In the cases when the model of the phenomenon used in the present work is applicable, the critical fre- 
quency of temperature pulsations can be estimated for Pr = 0.7-10 from the formula 

fcr = l'68Pr-~ (18) 

where  Uoo is  the veloci ty  of the incident flow, R is the radius  of the spher i ca l  end of the axial ly  s y m m e t r i c  
body. 

In the e s t ima t e  of f e r  in the case  of b a r r i e r  in the f o r m  of f lat  disk of radius  R, the coeff icient  1.68 in 
fo rmula  (18) should be  rep laced  by 0.71. 

The functional dependence of (~uu/R~f~e)/(NUst/Rg'-~e) on the d imens ion less  per iod  of t e m p e r a t u r e  pu lsa -  
tions and the number  P r  can be r e p r e s e n t e d  by the express ion  

N-u / 1/Re- 0,587 1 - -  exp (-- 0,2 - -  1JPr ~ "35kT) ( 19 ) 
Nus t /~-~-  k q- prO,as------ ~ In 0,181 ' 

where  Nu/~/e~e is  the a v e r a g e  value of the combinat ion during the per iodic  s tepwise  t e m p e r a t u r e  var ia t ion,  and 
kT is  the f rac t ion  of the per iod  during which the hea t -exchange  is observed.  In pa r t i cu la r ,  in obtaining fo rmula  
(18), the coeff ic ient  k should be taken equal to 0.5. As the per iod  i n c r e a s e s ,  Z tends to k. 

It  follows f r o m  the above data that, for  example ,  for  P r  = 1, Uoo = 100 m / s e c ,  R = 1 m, and k = 0.5, the 
c r i t i ca l  f requency  of pulsat ions is 168 Hz. For  the f requency of t e m p e r a t u r e  pulsat ions of 1 kHz, the coefficient  
of hea t -exchange  exceeds  the hea t -exchange  coeff icient  in s ta t ionary  conditions by a fac tor  of 1.5. 
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