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An app rox ima te  analyt ical  exp res s ion  is  obtained for  the t e m p e r a t u r e  field. The var ia t ions  of 
t h e  d imens ion le s s  m a s s - a v e r a g e  t e m p e r a t u r e  of the fluid and the d imens ion less  i n t e g r a l - a v e r a g e  
hea t  flux at  the tube wall  a r e  de te rmined  for  var ious  values  of the Reynolds  and Prandt l  numbers .  

We cons ider  the p r o b l e m  of de te rmin ing  the nonsteady t e m p e r a t u r e  f ield in v i scous ,  hydrodynamica l ly  
s tabi l ized,  tubulent flow of a fluid in a semiinf ini te  tube of e l l ip t ical  c r o s s  sect ion.  We a s s u m e  that  the flow 
is  quas i s t eady ,  the fluid is  i n c o m p r e s s i b l e ,  i ts  physica l  p r o p e r t i e s  do not depend on the t e m p e r a t u r e ,  and the 
var ia t ion  of the hea t - f lux  densi ty  in the axial  d i rec t ion due to heat  conduction is smal l  in compar i son  with the 
var ia t ion  due to convection. 

The fluid has  a constant  t e m p e r a t u r e  T o a t  the initial t ime v = 0 and at  the tube ent ry  z = 0. Beginning 
at  t ime r = 0 + the inner  su r f ace  of the tubewal l  is  mainta ined at  a constant  t e m p e r a t u r e  Tw = To. 

The p r o b l e m  of de te rmin ing  the t e m p e r a t u r e  field is reducible  to the solution of the nonsteady energy  
equation in d imens ion les s  f o r m  

OFo r ~ T f  = o x  (x  -;. i - - -  ,. - - ' : -  - -  Pr, .  - ~  --7 ~-~ . c)Y [ Prn, (!) 

(Fo>O, Z > O ,  { X [ < I  2--e"-, i Y i < ] / ( 2 - - e ~ - - - X 2 ) : ( l - - e  2) )  

subject  to the boundary and initial  conditions 

0 (X, Y, Z, Fo)IFo=0 = 0, 
O (X, Y, Z, Fo) {z=o = O, (2) 
O(X, Y, Z, Fo) is ~ 1. 

Here  @ = (T - T0)/(T w - To); X = x / R ;  Y = y/R; Z = z /~e  .R;  p e  = u . a / a ;  Fo = av/R2; R 2 = b2c2/(b 2 + C2); U = 

w z / u . ;  T(x, y, z, ~'), unknown t e m p e r a t u r e  field; x, y, z, C a r t e s i a n  coordina tes ;  ~-, t ime;  r ve loc i ty  
prof i le  of the turbulent  fluid flow in the duct; a, t h e r m a l  diffustvi ty of the fluid; Pr ,  P rand t l  n u m b e r ; P r m ,  
turbulent  Prandt l  number  ( 'Prm ~ 1 [1]); ~, turbulent  v i scos i ty  coel t ic ient  in the fluid flow; u. = V~w--~, av e r ag e  
dynamic  veloci ty  of the fluid; T-w, p e r i m e t e r - a v e r a g e  tangential  s t r e s s  on the tube wall;  and S, index r e f e r r i n g  
to the l a t e ra l  sur face  of the tube. Eve rywhere  @, U, ~- r e p r e s e n t  the d imens ion less  ave rage  values  of the t e m -  
p e r a t u r e ,  ve loc i ty ,  and v i scos i ty  of the fluid, r e spec t ive ly ,  and e 2 = 1 - (b/c) 2. 

In de te rmin ing  the prof i le  of the veloci ty  U(X, Y) and turbulent  v i scos i ty  ~ we use the following e x p r e s -  

sion der ived  in [2]: 

1.2 W 7.8 (1--exp - -  ~ -  - -  
U(X, Y) = 2.5 In 1 3 - -  2W/Wma x . 

13 =-5 -  

w h e r e  ~ = 0.423; • = 11; W = Re.R~r R = R H / f ; R e .  = u.R/v is the dynamic  Reynolds  number ;  ~r Y) is the 
solution of the Polsson  equations 
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Fig.  1. V a r i a t i o n  of m a s s - a v e r a g e  f luid t e m p e r a t u r e  (solid cu rves )  and d i m e n s i o n l e s s  i n t e -  
g r a l - a v e r a g e  hea t  f lux a t  the tube wal l  (dashed cu rves ) ,  a) R e ,  = 500, P r  = 0.7; b) 500, 1; e) 
300, 0.7; i) Z -- 0.i; 2) 0.15; 3) 0.2; 4) 0.25; 5) 7.0. 

~# 0~ (3) 
OX 2 + Oy 2 1, 

W(X, Y)is = 0 (4) 

for a domain of elliptical cross section; If and f are the perimeter and cross-sectional area of the tube; and 
Wma x = Re,RWma x. The foregoing expressions for U(X, Y) and v(X, Y) are based on formulas obtained by 
Reichardt [8] for the velocity profile and turbulent viscosity. 

The  e x p r e s s i o n  fo r  ~r Y) has  the f o r m  [31 

1V (X, Y) ~= [2 - -  e 2 - -  X 2 - -  (l - -  e 2) Y2]/(4 - -  2e~-). 

To  so lve  p r o b l e m  (1), (2) we apply  the B u b n o v - G a l e r k i n  (BG) me thod  [4] and the me thod  of c h a r a c t e r i s -  
t i c s  [5] s imu l t aneous ly .  We s e e k  an a p p r o x i m a t e  solut ion  in the f o r m  

(9~ (X, Y, Z, F o ) =  1 ~ ak (Z, Fo) @~. (X, Y), 
k = l  

w h e r e  

u (x, v) 
@k(X, Y ) -  (2_e2)~_ l IX2-' (1--e2)  Y2ik-', k =  1, 2 . . . . .  n, 

i s  a s y s t e m  of coo rd ina t e  func t ions  s a t i s f y i n g  the r e q u i r e m e n t s  of the BG me thod  [4] and a k  (Z, Fo) deno tes  u n -  
known func t ions ,  which a r e  d e t e r m i n e d  f r o m  a s y s t e m  of l i n e a r  h o m o g e n e o u s  f i r s t - o r d e r  p a r t i a l  d i f f e r en t i a l  
equa t ions  [6] by the me thod  of c h a r a c t e r i s t i c s .  

We obtain the solut ion  of p r o b l e m  (1), (2) in the second a p p r o x i m a t i o n  (n = 2) in the f o r m  

{ (Vo) z >  ,Vo 
e)= (X, Y, Z, Fo) == I @h (X, Y) a~ (Z, Fo), p2Fo < Z < p,Fo, (5) 

k=, a~(z), Z < p~Fo, 

w h e r e  a~(Fo) ;  a~ (Z ,  Fo);  a~(Z) ;  ~k (k = 1, 2) a r e  def ined in [7]. 

T o  f ac i l i t a t e  the compu ta t i ons  we in t roduce  the d i m e n s i o n l e s s  m a s s - a v e r a g e  t e m p e r a t u r e  of the fluid [1] 
and the i n t e g r a l - a v e r a g e  hea t  f lux a t  the tube wal l  [3]: 

,(SU(X, Y) O 2(X, Y, Z, Fo) dD 
(-~ (Z, Fo) = D 

J'.l'v (x, v) d~ 
D 

(6) 
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Fig .  2. Variat ion of local  Nussel t  
number Nu at tube wall ,  calculated 
according to (5) (dashed curves) and 
the equation in [1] (solid curves)  for  
P r = 0 . 7 .  1) R e = 1 0 4 ; 2 )  R e = 5 . 1 0 4  . 

~ (z, Fo) = .( q~dS n, 
S 

where  D is the domain of the tube c ros s  section. 
flux takes  the f o r m  

71sR 
z (r w -  To) 

(7) 

The express ion  for  the d imensionless  in tegra l -average  heat  

2 

- - -  Re, ~ o~ (Z, Fo) ~,; (X, Y). (8) 
k = l  

Equations (5) and (8) provide a means  for  analyzing the influence of the shape of the tube c ross  section on 
the h e a t - t r a n s f e r  p roces s .  

F igures  l a - c  show the var ia t ion of the m a s s - a v e r a g e  t empera tu re  of the fluid and the dimensionless  in te-  
g ra l - ave rage  heat  flux at the tube wall for  var ious  values of the Prandt l  and dynamic Reynolds numbers .  

To tes t  the val idi ty of the solution obtained here  we compare  the resu l t s  of calculations of the local Nus-  
sel t  number  Nu [1] for  e = 0 (ci rcular  c ross  section) with the resu l t s  of calculations of Nu according to the ex -  
p ress ion  obtained in [1] for  the s teady-s ta te  problem in a c i r cu la r  tube. The compar ison  is made for  P r  = 0.7 
and Re = 104 and 5" 104, where  Re = ~d/v,  ~ is the average  veloci ty over  the tube c ross  sect ion,  d is the tube 
d i ame te r ,  u .  = 5 ~ / 8  [1], and the fr ic t ional  drag  coefficient  is calculated according to the formula of Filonenko 
11]. 

~ = (I.82 lgRe --  i.64) -2. 

It is seen in Fig. 2 that the d iscrepancy in the values of Nu is not g r ea t e r  than 3~ indicating that the second 
approximation a l ready  yie lds  good agreement  of the p resen t  resu l t s  with the published data for  the given spe-  
cial case of the problem.  
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