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Solutions a r e  obtained for  the ene rgy  equation for  fluid flow in tubes with un i form inject ion of 
suction and heat  sou rces  in the s t r e a m .  

P r o b l e m s  about the heat  exchange in tubes with inject ion or  suction through p e r m e a b l e  wails  in the ab-  
sence  of heat  l ibera t ion  in the flow have been examined in a number  of pape r s ,  e.g. ,  for  boundary conditions of 
the f i r s t  kind in [1-4] ,  and for  boundary  conditions of the second kind in [3, 5]. In t e re s t  in these p rob l ems  is 
evoked p r inc ipa l ly  by the extens ive  ut i l izat ion of inject ion in the  in t e re s t s  of heat  shielding, and suction for the 
in tensi f icat ion of heat  emiss ion .  

Solutions a r e  obtained in this p a p e r  for  the ene rgy  equation in the p r e s e n c e  of in ternal  heat  sources  d i s -  
t r ibuted un i fo rmly  ove r  the tube length in the case  of boundary  conditions of the f i r s t  and second kinds. It  is 
a s s u m e d  that the flow is  s tabi l ized hydrodynamica l ly  and the coeff ic ient  of effecl2ve heat  conduction y does 
not v a r y  along the tube length, the axial  heat  conduction is negl igibly smal l ,  and the phys ica l  p rope r t i e s  of the 
fluid a r e  constant .  Taking account  of the a s sumpt ions  made,  the ene rgy  equation is  wr i t ten  in the f o r m  

cp0 + r = o r  + ' (1) 

l 

w h e r e  = 2 = f ~ �9 q~,l d~l is the mean  densi ty  of  the heat  sou rces  in a tube section.  
0 

The axial  and rad ia l  ve loci ty  components  for  a hydrodynamica l ly  s tabi l ized  flow can be e x p r e s s e d  in 
t e r m s  of  one function F(~;  Re v) [6, 7] 

= (U. 2~'Vx I F' 01) F (*1) (2) Ux \ - - r o  / (2~)q, , U r = V  r ; 
Y 

where  F sa t i s f i e s  the boundary conditions 

n-01im~ (~)- = 0' .-01ira [ --~) 'F '  01) 0, F(1) = I, F'(1) = 0. 

Taking account  of (2) in the d imens ion les s  va r i ab l e s  

O=  _--:.TL , _ r , Z =  _ __2 In(1 2r , p % _  2roVpcp 
qor2o 11 ro P% roUo k 

we obtain f r o m  (1) 

dO Pe,, &10(3 _ 0 ( a r l  ~a~  n 'v(n  + n=f(n). (3) 

Let  us examine  the solution of (3) under  boundary  conditions of the f i r s t  kind by cons ider ing  the t e m p e r -  
a ture  of the fluid at  the en t rance  to the tube and at  the wails  to be  constant  and equal to T o and Tw, r e s p e c -  
t ively: 
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where  O*O?) 

ToT~ 0-~-/ = 0 ,  O(Z, I ) = 0 ~ =  T,~L 0 (o, n) = 0o = ~ S '  , ~=o q\~i " 

Let  us r e p r e s e n t  the solution of (3) with the boundary  conditions (4) in the f o r m  

o (z, n) = o ,  (n) + o~ (z, n), 

is the solution of the p r o b l e m  in the t h e r m a l  s tabi l izat ion domain for  l a rge  values of Z 

0 [ 00,~ P% ~ 00, 
b~ 

-5~-/~=o= o, o, O) = o~. 

To de te rmine  01 we obtain the equation 

F' (~)~176 p% oo, o___( o%/ 

with the boundary conditions 

/\/(90i~ =0, Oi(Z, 1 ) = 0 .  0t(0, ~) = 0o-- O, (~), 

(4) 

(5) 

(6) 

(7) 

The solution of (7), analogous to the solutions of a p r o b l e m  on heat  exchange in tubes with suction and 
inject ion in the absence  of in terna l  heat  sou rces  cons idered  in [1-4] ,  has the f o r m  

0t = .~ Antp~ 0]) exp (--  ~2nZ), 

n = 0  

where  en and ~o n a r e  the e igenvalues  and eigenfunctions of the following p rob lem:  

~ -  rl~'t ' (n) an / - -  - 2 -  F (n) +e~F' (n) qD~ = 0, cp: (0) = ~ (1) = 0, 

and the constants  An a re  de te rmined  by the exp re s s ion  

(8) 

(9) 

where  

1 1 

o " \ ae /e=~ n k drl ]n=l 

The solution of (6) will be 

1] 

0 

! k 

S i 0 , = 0 ~ +  ~ ( ~ ) ~ ?  �9 

n o 

For  Pe v = 0 we obtain the t e m p e r a t u r e  dis t r ibut ion in a tube with i m p e r m e a b l e  walls  [8] f rom (10). 

2 ( ~ 1 7 6  i , - -  0.,= t' OF'd~l is the ave r age  m a s s  Let  us de t e rmine  the Nusse l t  number  Nu = Or. \ - ~ / n = ~  where  , 
o 

s t r e a m  t e m p e r a t u r e .  Using (10), we obtain the following fo rmula  for  Nu in the s tabi l ized h e a t - t r a n s f e r  do- 
main:  

Nu, = P% + 209 (1) F09 (n) ((2X)~/d~ d-~.] �9 ( i i )  

As an i l lus t ra t ion,  le t  us p r e s e n t  the r e su l t s  of a computat ion using (10) and (11) for  l amina r  flow in the 
case  of a un i fo rm dis t r ibut ion  of in terna l  heat  sou rces  over  the tube sect ion for  fluid flow with high Prandt l  
numbe r s  ( smal l  Re v values ,  r e s pec t i ve l y ) ,  when the flow hydrodynamics  is desc r ibed  by a Poiseui l le  veloci ty  
prof i le .  Then 
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Fig. 1. T e m p e r a t u r e  d is t r ibut ion ove r  a c i r c u l a r  pipe sec t ion  for  
a constant  wall  t empe ra tu r e :  1) Pev  = -  16; 2 ) - 8 ;  3) - 4 ;  4) 0; 
5) 4; 6) 8. 

Fig. 2. Dependence Nu.  (Pew) in the p r e s e n c e  and absence  of in- 
t e rna l  heat  sources .  

_ (2~)= 
-?= 1, f =  1, F(rl) - - - - ~ -  [ (3- -a)  Tl--'q3l, (12) 

T e m p e r a t u r e  p ro f i l e s  in a c i r c u l a r  tube for  d i f ferent  va lues  of the p a r a m e t e r  Pe v cha rac t e r i z ing  the 
in tens i ty  of the inject ion or  suction a r e  p resen ted  in Fig. 1. It is seen f r o m  Fig. 1 that injection (Pc v < 0) 
d imin i shes  for  a given wall  t e m p e r a t u r e ,  while suction (Pe > 0) i n c r e a s e s  the t e m p e r a t u r e  in the flow. The 
dependence of the Nusse l t  num be r  on the p a r a m e t e r  Pe v is  r e p r e s e n t e d  in Fig. 2 fo r  a plane (curve 1) and 
c i r c u l a r  (curve  2) tube. As the suct ion ve loc i ty  i n c r e a s e s  the Nusse l t  numbe r  grows,  and the injection d imin-  
i shes ,  which ag ree s  with the nature  of the behav io r  in the absence  of in te rna l  heat  sources  [1-41. Let  us note 
that  Nu, tends to the l imi t  va lues  

lim Nu, = P%, lim Nu. = 2=+=r,(1 ) 
Per*** Pep~--~ 

as  the suct ion and inject ion in tens i ty  i n c r e a s e .  

The l imi t  dependence fo r  suct ion is  the s a m e  as for  qv = 0, while the analogy is spoiled for  injection 
s ince limNu, ---- O accord ing  to [2-4].  

In the ca se  of boundary conditions of the second kind, we a s s u m e  that  the total  heat  flux through the wall  
qw is known, which cons i s t s  of conductive and convect ive  flows in the p r e s e n c e  of blowing or  suction. Then 
the f i r s t  two boundary  conditions in (4) r e m a i n  valid,  and we use  the one-d lmens iona l  energy  conserva t ion  
equat ion following f r o m  (3): 

__= ~](-~-~ I Q + I  (13) dO,, Pe---z ( 0 = - - 0 ~ ) +  dO + 2 ----~ ___ 2 = 
dZ 2 n=l 

as the th i rd  condition, where  

~ 1 ~ _  1 -- . 
- qoro 

We r e p r e s e n t  the solution of (3) in a f o r m  analogous to (5),  where  we now obtain for  the sect ion of de-  
veloped heat  t r a n s f e r  with (13) taken into account  

The function ~b 

o .  = o,. (z) + ~ (n) = co + (0 + ~) z 
2 = 

is found f r o m  the solution of the equation 

d . (  a l l  d ~ )  P% ~ ~ (Qq- 1)F',TI) 2 = n ~ ~ (11) _ _  - P (n) = 

with the boundary  conditions 

( = 

,~ (n). 

n = f (n) = h (n) 

(14) 

(15) 
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The equation to de t e rmine  0 1 a g r e e s  with (7) but the boundary  conditions will be  

(00~i / = 0, /O0' ] P% O,(Z, 1). (16) 
0t(0, n) =- -r  \ 0~ 1~=0 l-~-n 1~=1- 2 

Taking account  of (16), exp re s s ion  (8), i nwh ichg  n and ~o n a r e  de t e rmined  f r o m  (9) for  the boundary  
conditions q~h (0) = 0, go h (1) = Pev~o n ( 1) /2 ,  and the constants  An a r e  e x p r e s s e d  by the fo rmula  

1 1 

J" (D F" (D ( TI) vp,~d~l Q/ 2" - -  (I) (1) .f vPnf 'cD 01) d~l/ q),~ (1) 
A ~ =  o 2 o 

will be  a solution of (7). 

The solution of (15) has the f o r m  

1 1 ~. 
2 

f fl(i )(B) d~ I -  2I-'Q if_ ez (17) 01) = P%(I) (I---------) Pe~ (1) (~) Z'~V 
0 11 0 

Using (17),  we de t e rmine  the Nusse l t  number  in the domain of developed heat  t r a n s f e r  

N u * =  2r ( Q + I ) F Z _ F  (2~)~fd), - ~ j  (i) 
0 0 

For  Pev  = 0, both (17) and (18) go ove r  into the app rop r i a t e  expres s ions  for  the t e m p e r a t u r e  field and Nu, in 
tubes with i m p e r m e a b l e  walls  for  a given heat  flux and the p r e s e n c e  of in te rna l  heat  sources  [8 ]. In the case  
Q ~ :o, solutions for  heat  t r a n s f e r  with suct ion and injection follow f r o m  (17) and (18) in the absence  of heat 
l ibera t ion  in the s t r e a m  [3, 5]. F o r  Q = -  1, when the a v e r a g e  m a s s  t e m p e r a t u r e  and the wall  t e m p e r a t u r e  do 
not v a r y  along the tube length, (17) and (18) agree  with (10) and (11). 

Asympto t ic  fo rmu la s  for  the t e m p e r a t u r e  field and Nussel t  number  can be obtained fo r  s t rong injection 
and suct ion (I Pev l  >> 1). F o r  inject ion the f i r s t  t e r m s  descr ib ing  heat  t r a n s m i s s i o n  by heat  conduction can be 
omit ted  in (15) with the exception of the domain nea r  the axis.  Without taking this t e r m  and the cor respodning  
boundary  condition r = 0 into account,  we obtain the approx imate  t e m p e r a t u r e  dis tr ibut ion for  s t rong in- 
ject ion which is valid over  the whole tube sec t ion  except  for  a na r row  zone nea r  the axis:  

I 

F -  2 ~  In F -J- f(1). 

Taking account  of F(1)  = 7 (1) = 1, we obtain the following asympto t ic  express ion  

' ~ ( 1 ) - - ~ P 0 1 ) -  l _ e x p [ - ~ ( ~ l - - 1 ) ]  
~p(1) 

for  suct ion f r o m  (17), f r o m  which it is  seen  that  for  s t rong  suction the t e m p e r a t u r e  is p rac t i ca l ly  constant  in 
the whole tube sect ion while a na r row  t h e r m a l  boundary l aye r  (of th ickness  O(1/Pev)  ) in which a sharp  t em-  
p e r a t u r e  va r ia t ion  occurs ,  is fo rmed  at the wall. We have cor responding ly  f r o m  (18) 

Nu. ---- Pe. {l -+- ~ / "  Pe., ( Pe~.~t, ~.n " Q(:I)(1) .}for Per 
- v  (0) , / (0)1 

where  

V = lim F -"01)/~1 i+~. 
~I~0 

The Nusse l t  num be r  de t e rmined  accord ing  to (18) depends on Q exact ly  as for  flows in i m p e r m e a b l e  
tubes [8 ], and consequently,  can take on negat ive values ,  which is  a subs tant ia l  disadvantage.  Hence, it is ex-  
pedient  to de t e rmine  Nu, analogously to [8], in such a way that  there  would be no dependence of Nu on Q, 
which will s ignif icant ly  fac i l i ta te  p e r f o r m a n c e  of p rac t i ca l  computat ions.  To this end, let  us r e p r e s e n t  (17) in 
the f o r m  
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Fig. 3. T e m p e r a t u r e  d is t r ibut ion o v e r  the sec t ion  of a c i r c u l a r  
tube under  adiabat ic  condit ions.  

Fig. 4. Dependence of the adiabat ic  wall  t e m p e r a t u r e  on the 
p a r a m e t e r  Pev :  1) ~ = 0; 2) 1. 

, (~) = 

I I ~. 

P%(9 (I) 2 ~ - -  (9 (,I) dn - -  2~ (9 (~) dg ~- . . (9 (D X~'7 
0 11 0 

I 1 ~. 

2 'F '  "F'  t 
0 "q 0 

(19) 

Here  ~0(~) is the t e m p e r a t u r e  field fo r  Q = 0, when the tube wall  is  adiabatic ,  and r i s  the t e m p e r a t u r e  
in the absence  of in terna l  heat  sources .  The t e m p e r a t u r e  dis t r ibut ion r ove r  the sect ion of a c i r c u l a r  
tube, and the dependence of the adiabat ic  wall  t e m p e r a t u r e  ~b0(1) on the p a r a m e t e r  Pe  v computed under  con-  
dit ions (12) a r e  shown, r e spec t ive ly ,  in Figs.  3 and 4. Injection subs tant ia l ly  reduces ,  while suction i nc rea se s  
the s t r e a m  and wall t e m p e r a t u r e s ,  where  as follows f rom Fig. 3, the m a x i m u m  t e m p e r a t u r e  during injection is 
shif ted f r o m  the wall  to the s t r e a m .  

Taking (19) into account,  we d e t e r m i n e  the Nusse l t  numbe r  in t e r m s  of the function ~107) 

Nu,, = 2r (1)Ap, (I) ---- Pe~ + 2 (20) 
~b (1)--  *0 (1) 

In this case  Nu.  1 is  independent of Q and ag ree s  with the fo rmu la s  obtained in [3, 5] for  qv = 0, and the l ines 
3 and 4 shown in Fig. 2, r e spec t ive ly ,  for  the plane and c i r c u l a r  pipe with a Poiseui l le  ve loci ty  profi le .  To 
compute  the wall  t e m p e r a t u r e  0 .w = 0m + ~b (1) fo r  given values  of Q and Pe  v, i t  is  suff icient  to know the de-  
pendence of Nu, l and ~0(1) on Pe  v as  follows f r o m  (14) and (20). 

N O T A T I O N  

x, r, longitudinal and radial  coordinates; p, density; Cp, specific heat; kT, coefficients of molecular and 
turbulent heat conduction; v, kinematic viscosity; r0, tube radius; U 0, mean velocity at tube entrance; V, 
suction or  injection rate; qv, density of internal heat sources; Pe v = 2r0V/v; y = 1 + XT/k; a = 0, for a 
plane, and ~ = 1 for a c ircular  tube. 
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M E T H O D O L O G I C A L  P E C U L I A R I T I E S  O F  S H O R T  

M E A S U R E M E N T S  A T  T H E  S T A G E  O F  I R R E G U L A R  

T H E R M A L  R E G I M E  

G.  G.  S p i r i n  UDC 536.22.083 

The a r t i c l e  d i s cus se s  the pecu l ia r i t i es  of the rmophys ica l  m e a s u r e m e n t s  when low- iner t i a  heat -  
e r s  a r e  used; it a lso  p r e s en t s  the r e s u l t s  of m e a s u r e m e n t s  of t h e r m a l  act ivi ty.  

The p r e s e n t  technical  s ta te  and the technology of applying thin conducting f i lms open up broad  poss ib i l -  
i t ies  of using them in t he rmophys i ca l  expe r imen t s .  P a r t i c u l a r l y  p romis ing  is the i r  use  as low- iner t i a  e le -  
ments  for  shor t  impulse  m e a s u r e m e n t s  at  the s tage of i r r e g u l a r  t h e r m a l  reg ime.  With the i r  aid it is poss ib le  
to study the t he rmophys i ca l  c h a r a c t e r i s t i c s  of such objects  as liquids, gases ,  o r  sol ids that  ensure  adhesion 
to the l aye r s  that  had been vapor ized  on. Calculat ions show [1] that  when vapor i zed -on  r e s i s t o r  e iements  (RE) 
a r e  used,  the influence of the p r o p e r  heat  capaci ty  of the e lement  on the r e su l t s  of measu r ing  the the rma l  ac-  
t ivi ty of a solid or  liquid is p r ac t i ca l l y  insignif icant  a l r eady  when impulse  m e a s u r e m e n t s  l as t  10 -~- 10 -4 sec. 
When e lements  with e x t r e m e l y  sma l l  thickness  (70-80 ~ a r e  used, this t ime can be reduced to 10 -~ sec. 

In s h o r t - t e r m  the rmophys ica l  expe r imen t s ,  thin meta l  f i laments  can be used  together  with vapor ized-on  
l aye r s .  The technology of making such f i laments  has by now been well  mas t e red .  Evaluations of the influence 
of the p r o p e r  heat  capac i ty  of a f i lament  on the r e su l t s  of the m e a s u r e m e n t  of t he rma l  conductivity show [2] 
that  for  a f i l ament  with radius  10 -~ m the influence of the heat  capaci ty  is smal l  a l ready  whenthe impulses  las t  
so much as 10 -~ sec.  

Since the m e a s u r e m e n t s  a r e  shor t ,  the method is bound to have a number  of advantages.  In par t i cu la r ,  
f avorab le  conditions a r e  c rea ted  for  using t he rma l  m e a s u r e m e n t s  to diagnose dynamic p r o c e s s e s .  Some ex- 
pe r i ence  in using t h e r m a l  diagnost ics  for  studying chemica l  reac t ions ,  phase  t r ans fo rma t ions ,  diffusion and 
other  p r o c e s s e s  has a l ready  found express ion  in var ious  works  [3-8].  

The sma l lnes s  of the spat ia l  region in which the t e m p e r a t u r e  field is non - s t eady - s t a t e  is another  f avo r -  
able fea tu re  of these  m e a s u r e m e n t s :  heat  t r a n s f e r  occur r ing  under  such specif ic  conditions re f lec t s  the mo-  
l ecu la r  heat  t r a n s f e r  that  is only sl ightly d i s to r ted  by  radia t ion  [9, 10]. In consequence,  shor t  m e a s u r e m e n t s  
have an advantage as  a m a t t e r  of pr inc ip le  as compa red  with a number  of other  methods,  in pa r t i cu l a r ,  s t eady-  
s ta te  methods.  

On the other  hand, if  methods of shor t  m e a s u r e m e n t  a r e  to be  applied cor rec t ly ,  we mus t  examine the 
pecu l ia r i t i e s  of this applicat ion occas ioned by the smal l  length of diffusion of the t e m p e r a t u r e  field into the 
inves t iga ted  medium,  by the cons iderab le  t e m p e r a t u r e  gradient ,  etc. 
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