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Prob lems  of the ac t ive  action (mechanical ,  acous t ic ,  o r  e l ec t romagne t i c ,  for  a conducting medium) on a 
flow, having the purpose  of the intensif icat ion of heat  exchange [1], have r ecen t l y  el ici ted the in t e re s t  of inves -  
t iga tors .  The mechan ica l  methods of action include the use  of pulsat ing s t r e a m s  of coolants  to i nc rea se  the 
heat r e m o v a l  in the t he rm a l  initial sec t ions  of channels with l amina r  nonsteady flow of a v iscous  i n c o m p r e s -  
s ible  liquid. 

The poss ib i l i ty  of intensifying heat  exchange by  va ry ing  the f requency  and ampli tude of pulsat ions in the 
p r e s s u r e  gradient  in annular  channels is invest igated in the p resen t  r e p o r t ,  s ince the re  a r e  p re sen t ly  conf l ic t -  
ing data on this p rob lem in a number  of r e p o r t s  [2-5]. The choice of an annular  channel is explained by the 
wide distr ibution in engineer ing  of hea t -exchange  devices  f o rmed  by two coaxial  cy l inders ,  as  well  as by the 
absence  of theore t ica l  and exper imenta l  r e p o r t s  on heat t r an s f e r  dur ing pulsat ing flow in channels of such 
shape.  In con t ra s t  to the known repor ts~  the p rob lem is solved in a conjugate formulat ion,  which mos t  ful ly 
r e f l ec t s  the r e a l  nonsteady t he rm a l  p r o c e s s e s  in the flow of a v iscous  liquid in the t h e r m a l  initial sect ion when 
the conditions at the in te r faces  of the media  a re  not known in advance and the t e m p e r a t u r e s  in the walls  and 
the liquid must  be de te rmined  joint ly  [6, 7]. The influence of the d iss ipa t ive  function and the axial  heat conduc- 
tion both in the liquid and in the channel walls  is taken into account.  This  allows one to apply the methods 
developed for  the solution to the calculat ion of conjugate heat t r a n s f e r  through a coolant  with a r b i t r a r y  Prandt l  
numbers .  

The coniugate formula t ion  of the p rob lem makes  it poss ib le  to e s t ima te  the hea t -exchange  in tens i ty  us ing 
t~ 

the heat flux summ ed  over  s e v e r a l  pulsation per iods  ( Q = S q Irdt over  the t ime of es tab l i shment  of the p ro ce s s  
0 

or  Q =.S q Irdt over  equal t ime  in tervals  for  different  f requencies  in the es tab l i shed  mode; q is the speci f ic  

heat  flux) r a t he r  than by compar ing  ave rage  Nussel t  numbers  for different  modes  of flow [2, 3], s ince when 
t he r e  is nonsteady longitudinal non iso thermic i ty  in the channel wal ls ,  e.g.,  the use  of Nussel t  numbers  loses  
physical  meaning  [8]. 

1. Pulsat ing flows c a n  be a r b i t r a r i l y  divided into two types:  1) the imposi t ion of pulsat ions on the main 
flow [Op/0x = 0p/Ox 10 +f(t), with f(t) be ing  a per iodic  function of t ime];  2) "pure" pulsat ions ( ap /Ox  10 = 0). 

r.lO -2, cm 

2,5 

~o \~ 

~ ~ Lcm/sec 
~" 0,1 0,2 ~ J  0,4, 

Fig. 1 

Tomsk.  T rans l a t ed  f r o m  Zhurnal  Prikladnoi  Mekhaniki i Tekhnieheskoi  Fiziki,  No. 5, pp. 115-1.20, Sep- 
t e m b e r - O c t o b e r ,  1978. Original  a r t i c l e  submit ted  October  14, 1977. 

666 0021-8944/78/1905-0666507.50 �9 1979 Plenum Publishing Corpora t ion  



2 ,  

o 

q, cal/cm ~" sec 

, ,~, 

~IY " 

a r ,7 

7"= O, OJ" 
~- = o, fo 

~r-;'O -2,cm 

~ q, cal]cm z. sec 

- 5  

Fig.  2 

r=O, OJ 

"lO-qcm 
7 YO 

~gJ 

~,90 

~,02 
~00 

0 

~, cal/cm z ..._ 

J / 
/ 

20 4,0 

8,17 

7, 77 

7,J7 

e,~7 . . . . . . . . .  

0 4o 

" I 2 Q, cal/cm 

3 
- 

n 

O0 

b' cal/crnZ 

o o,a" o,7 

Fig .  3 Fig .  4 Fig .  5 

The  c o m p a r i s o n  o f  h e a t - e x c h a n g e  i n t e n s i t y  in t he  f i r s t  c a s e  m u s t  be  m a d e  wi th  a l l o w a n c e  fo r  the  equa l  l iqu id  
f low r a t e  fo r  Dp/Ox = c o n s t  and  0 p / 8 x  = F(t);  in the  s e c o n d  e a s e  i t  is  d e s i r a b l e  to c o m p a r e  b o u n d a r y  hea t  f luxes  
for  d i f f e r e n t  p u l s a t i o n  f r e q u e n c i e s .  We i n v e s t i g a t e d  bo th  t y p e s  of  f lows wi th  f r e q u e n c i e s  n =w/27r =2-100  s e c  - i ,  
:since the  c a l c u l a t i o n s  showed  tha t  h i g h e r  f r e q u e n c i e s  do not  have  an a p p r e c i a b l e  e f fec t  on the  hea t  t r a n s f e r  
Iunder  the  c o n d i t i o n s  a n a l y z e d  in the  r e p o r t ) .  

The  p r o c e s s  o f  f low and h e a t  e x c h a n g e  is  d e s c r i b e d  b y  a s e t  of  equa t ions  and b o u n d a r y  cond i t i ons  in the  
f o r m  

a--/-= p a~ k ~r~ ' 7 - E ~ ) '  v - - ~ / p ;  

OTi [ O~T~ anTi i ~T~ '~ 
a t - - a ~ ( ~ + ~ r 2  "t-r-T~r ) + W ~ '  i = 1 , 2 , 3 ;  

= v ( a,~2 aT2 
II; I = W  a - - 0 ,  W 2 ~ - ~ r )  - - v " 0 x  ; 

bT~ 
at x = 0 Ti= T+; 8x x+m = 0, i - -  l ,  2, 3; 

OTx 
at r = 0 ~ = 0; at r = r a T a = T~;  

at r = r  1 v----- 0,  T 1 T2 ' ) aT; = ~ , 2  0T~ 

= ~ aT2__ ~ aT8 
at r = r~ v = 0, T~ = Ts, ~ " ~ - r -  ~-TT-r; 

a t  t = 0  T z = T  2 = T 0 '  T~=Too, v = v 0 ;  

aP = B + Asinmt, A < B, 8x 
B 2 i I(rJrl)'-- r r' ] 

vo= r l - ~  i-~(To./~l)llnri r~ + i  ; 

ap. = A s i n c o t ,  v o 0,  
(9x = 

(1.1) 

(1.2) 

(1.3) 

(1.4) 

(1.5) 

(1.6) 

(1.7) 

(1.8) 
(1.9) 

(1.10) 

w h e r e  v is  the  v e l o c i t y  o f  the  l iqu id ;  T i ,  i =1 ,  2, 3 a r e  t he  t e m p e r a t u r e s  of  the  i nne r  c y l i n d e r ,  t he  l iqu id ,  and 
the  w a l l ,  r e s p e c t i v e l y ;  x ,  r ,  and t a r e  the  c y l i n d r i c a l  c o o r d i n a t e s  and t i m e ;  ~ i, a i, i =1,  2, 3 a r e  t he  c o e f -  
f i c i e n t s  o f  t h e r m a l  c o n d u c t i v i t y  and d i f fus iv i ty ;  p ,  ep ,  and  p a r e  the  d e n s i t y ,  s p e c i f i c  h e a t  c a p a c i t y ,  and c o e f -  
i i c i e n t  of  v i s c o s i t y  of  the  l iqu id ;  T+  is  the  t e m p e r a t u r e  a t  t h e  in le t ;  T co is  t he  t e m p e r a t u r e  o f  the  m e d i u m ;  w 
and A a r e  the  a n g u l a r  f r e q u e n c y  and the  a m p l i t u d e  of  the  p u l s a t i o n s .  
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Equations (1.9) co r respond  to the case  of pulsations with imposition on the main flow and (1.10) c o r r e -  
spond to "pure"  pulsations.  

2. The cons tancy of  the the rmophys ica l  p roper t i e s  of the liquid and the channel walls  makes  it possible 
to solve the hydrodynamic and t h e r m a l  par ts  of the prob lem separa te ly .  

The ve loc i ty  distr ibution was obtained analyt ical ly  by the method of finite integral  t r ans fo rmat ions  with 
r e s p e c t  to~ the r coordinate  [9] in the f o r m  

v (r~ 
v(r, t)---- ~ L _ ~ v i ( ~ n ,  t), 

where v~(~, t) -- exp (-- a~t)  l ~ ( ~ ) + a .  ~ '0~(13~, t) et ; V~(r)=Jo(13~r) ~Vo(~)-.o(13~r); H~ IIg~ll~; 
0 

fin a r e  the roots  of the cha rac t e r i s t i c  equation; J0(flr2)N0(flr l)-J0(flrl)N0(flr 2) = 0; fI(fln) and Qi(r t) a re  known 
functions; J0 and N O a r e  z e r o t h - o r d e r  Besse l  functions of the f i r s t  and second kinds, respec t ive ly .  

The solution of  the t he rma l  problem is cons t ruc ted  f ro m  the value found for  the velocity:  

1. The n u m e r i c a l  solution is based on the scheme of  decomposing Eqs. (1.2) into six one-dimensional  
equations,  the approximat ion of  the la t te r  by  an implicit  two- layer  scheme,  and the solution of the f in i te-di f -  
f e rence  equations using the t r i a l - r un  method [10]. For  a s imple l"ealization of  the t r i a l - run  method it becomes  
n e c e s s a r y  to ass ign ce r ta in  l imi ts  on T i at x = l > d, where  d is the equivalent d iamete r  of the channel,  in place 
of  the second condition of (1.4). In the p roce s s  of  the calculat ion we used the conditions 8 T i / 0 x  =0 or  the 
"soft"  boundary conditions O ~ i / S x ~ = 0 .  

2. A semiana ly t ica l  solution was obtained using a Laplace t r ans fo rma t ion  with r e s p e c t  to the longitudinal 
O~T i i 0 [ ~T~ ~ 

x coordinate  for  Eqs. (1.2) modified with ~i ~ (( ~ r ~ ~r "W-r) in the absence  of  the second of the conditions 

{1.4) and an approximation of the r e su l t ing  equations by an implici t  scheme with the subsequent use of a t r ia l  
run  to solve the f in i t e -d i f fe rence  equations in the t r a n s f o r m  space. The t rans i t ion back to the i n v e r s e - t r a n s -  
f o rm  space is made by the method of [11] by the equation 

q~ (0) ~ ~ cni(r, t) sin (2n ~ t) 0, 0 = arccos e -o~, 
n ~ 0  

and s =(2n +1)o" is the t r a n s f o r m  pa rame te r .  

3. In Figs. 1-5 we presen t  the r e su l t s  of calculat ions for  the following concre te  cases :  the liquid is 
water ,  the inner cyl inder  is s teel ,  ~ = A / B = 0 . 3 - 0 . 7 ,  and Pr  = t , /a  2=12.5; var iant  I. copper wall, T~ o =303~ 
T + = T  0 =273~ Re = ( v 0) d / ~  =0.4, Sh =nd / (v  0) = 0.8-16, Eu =Bd/0  ( v 0) 2 =400, and Br = ~ (v 0) 2 /h  2(T~o - T O  = 
0.0166; var ian t  If: s tee l  wall,  T~o =273~ T+=T0=303~ R e = l . 2 ,  Sh=0.034-1.7 ,  Eu=36.4 ,  and Br  =-0 .612  (Re, 
Pr ,  Sh, Eu, and Br  a r e  the Reynolds ,  Prandt l ,  Strouhal,  Euler ,  and Brinkmaun numbers ,  respec t ive ly) .  

In Fig. 1 we p resen t  ve loc i ty  prof i les  for  the case  of pulsations with imposit ion on the main flow at dif- 
f e ren t  t imes  for di f ferent  f requencies  with B =100 and A =50: 1) t =0; 2 ) t  =0.06, n =20; 3) t =0.09, n =20; 4) t = 
0.06, n =10; 5) t =0.11, n =10 (variant  I). It is seen that ve loc i ty  fluctuations near  the initial prof i le  a re  cha rac -  
t e r i s t i c  when the load d is turbances  a r e  ass igned in the f o r m  of (1.9). Strong r e tu rn  flows develop in the case  
of  pure pulsations (B = 0). 

The heat flux q = - k O T / O r  Ir =r~ a t thewa l l  as a function of the longitudinal x coordinate  at different  t imes  
for  a = 0 . 5  is shown in Fig. 2: 1) n=5~ 2) n =0 (steady flow); 3) n =20; 4) n =2.5; 5) n =20; 6) n =5 (variant I). 

t~ 

The to ta l  heat  flux Q ~ .!" q l . . . .  dt as a function of the f requency  n and ampli tude A of  the pulsations is 
0 

p resen ted  in Figs. 3-5; Fig. 3: x = 0 . 0 1 , a  = 0.5; 1) t .  =0.2; 2) t ,  =0.4 (variant I); Fig. 4: a = 0 . 5 ,  t .  = 0.4; 1 )x=  
0.05, n = 0 ; 2 )  x = 0 . 0 5 ; 3 ) x = 0 . 0 1 ,  n = 0 ; 4 )  x =0.01(var iant11) ;  Fig. 5: n=10 ,  t , = 0 . 1 ;  1) x = 0 . 0 5 ; 2 ) x = 0 . 0 1  
(variant 1I). 

The instantaneous heat  fluxes at different  t imes  can differ  by tens of percent  for  different  f requenc ies ,  
cons iderab ly  exceeding the values  of q for  s teady flow. These  r e su l t s  a r e  in quali tat ive agreement  with the 
exper imenta l  r e su l t s  of [5]. 
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At sma l l  va lues  of  Br  (a weak influence of ene rgy  dissipation) the total  heat  fluxes inc rease  with an in- 
c r e a s e  in f requency,  both for  the imposi t ion of pulsat ions on the main  flow and for  pure  pulsat ions,  with the 
r a t e  of  i nc rea se  in the to ta l  heat  r e m o v a l  s lowing with an inc rease  in f requency.  For  long enough t imes  the 
to ta l  heat  r e m o v a l  a sympto t i ca l l y  approaches  the heat  r e m o v a l  for  s teady  flow with an i nc rea se  in frequency.  
It should be  noted, however ,  that the heat  t r a n s f e r  is s t rengthened insignif icantly (by 5%). 

With an i nc r e a s e  in Br  (var iant  II) the total  heat r e m o v a l  i nc rea se s  by  m o r e  than 10% in compar i son  with 
nonpulsat ing flow and by  m o r e  than 20% with var ia t ion  in A (see Figs. 4 and 5). Under the conditions analyzed 
in the r e p o r t  the m a x i m u m  inc rea se  in heat  t r a n s f e r  is obse rved  in the f requency  in te rva l  of  n =20-30 see  - l .  

Thus ,  in the case  of  negl igibly low energy  diss ipat ion one o b s e r v e s  an insignificant intensif icat ion of heat 
exchange by  pulsat ions  in the p r e s s u r e  gradient .  But pulsat ing flows of coolants should not be cons idered  as 
a r e p l a c e m e n t  for s teady flows with the s a m e  liquid flow ra te .  They a r e  an independent f lexible means  of con-  
t ro l  of  heat  exchange,  in chemica l  technology appara tus  (in dissolution,  drying,  etc.),  e.g.,  where  p r o c e s s e s  
take place  m o r e  in tensely  in the p r e s ence  of pulsat ions.  

When d i ss ipa t ive  effects  a r e  important  there  is a s ignif icant  i nc rease  in heat  r e m o v a l  in compar i son  
with nonpulsat ing flow. This  al lows one to use  pulsat ing s t r e a m s  in the indicated case  for  the intensification of 
the p r o c e s s  of  heat  exchange in channels .  

The authors  thank B. G. Kuznetsov and B. P. Kolobov for a d iscuss ion of this work. 
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