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The t e m p e r a t u r e  field and the veloci ty field as well as the local coefficients of heat t r an s -  
fer  and fr ict ion a re  de te rmined  in the ent rance  segment of a pipe where a turbulent  flow 
of a gas with var iable  physical  p roper t i e s  s tabi l izes thermal ly .  

A significant change in the physical  p roper t i es  of a flowing gas can be caused by large  t empera tu re  
gradients  at  the pipe wall as well as by the occu r r ence  of physicochemical  t ransformat ions  (dissociation, 
ionization, etc.).  Unlike [1-3], this a r t ic le  will deal with the turbulent  flow of a compress ib le  gas with 
var iable  physical  p roper t i e s  in the entrance segment  of a c i r cu la r  pipe. The fundamental equations de-  
scr ib ing a turbulent  flow with heat t r an s f e r  and valid also for t hebounda ry - l aye r  approximations are  
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(1) 

where  e and ~ denote the eddy v iscos i ty  and the eddy thermal  conductivity. 

System (1) was solved for the following boundary conditions: 

u = u  R, T = T  O , P = P o  at x ~ 0 ,  r o ~ r ~ o ;  

OT 
u = 0 ,  6 1 ~  -1-62T =6~, v = 0  at r= ro ,  x > 0 ;  

Ou OT 
-- - -  0 at  r : 0 ,  

Or Or 

(2) 

where  

un : 2.5v* In { [1+  O,4~l (1--  R)] 1.5 (1+1_}_ 2R 2R) } 

{ ( 1 - - R ' )  -]~- (1 - -  R) exp [-- 0.33% (1 --  R)] } . 

As the initial prof i le  se rved  the veloci ty profi le  according to Reichardt  [4] for  an incompress ib le  
fluid, this prof i le  being valid for  the ,entire pipe section including the laminar  sublayer  (unlike the loga-  
r i thmic or the 1 /7 th -power  profile)~ The eddy coefficients were  calculated f rom the data in [4] according to 
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Fig. ].. P a r a m e t e r s  A =NUw/Re  ~~ 8pr~0 4, B =NuG/Re~S 

p r0.4 / T_~_~-- (a+b ]g -r~ G } 
~ TG ] , ~Re ~ and dimensionless  profi les 

of t empera tu re  and velocity, as functions of x / d .  a: 1) T w 
= 700~ T O = 600~ Re = 105; 2) T w = 3000~ T o = 600~ 
Re = 10~; 3) T w = 3300~ T o = 300~ Re = 1.3.105; 4) qw 
= 1.16-106 W / m  2, T O = 300~ Re = 1.5.105; b) T w = 3000~ 
T O = 600~ Re = 105 . 

e _ 0 . 4 ( ~ _ _ l l t a n k ~ l  ] 0 .<~1<50 ' 
1 ~ , 1 1 ] '  " 

e 0.4 
= -  ~ ( 0 . 5 + R  2 ) ( l •  ~ > 5 0  

~t 3 

with the Goldman cor rec t ion  [5] accounting for the variabil i ty of physical  proper t ies ,  namely  ~ = 
Y 

I' d~. 
0 

The Prandt l  number  with turbulence was assumed approximately  equal to unity. 

It has been shown in severa l  studies [1, 2, 3, 10] that these formulas  for  turbulent t r ans fe r  during 
heating of the gas yield numer ica l  resu l t s  for the stabilization segment  of the flow which agree  closely 
with tes t  data obtained with var iable  physical  p roper t ies ,  as during equilibrium dissociat ion or in the 
supercr i t i ca l  range of state var iables .  Here we have assumed that, approximately,  these t r ans fe r  cha r -  
ac te r i s t i cs  apply also to the entrance zone of thermal  stabilization. 

The sys tem of Eqs. (1) with the boundary conditions (2) was solved on a computer  by the method of 
gr ids .  For  this, the sys t em was approximated in t e rms  of a two- layer  implicit  s ix-point  scheme.  A uni- 
form scale of steps was used along the x axis and, for bet ter  accuracy ,  a logar i thmic  scale of steps was 
used along the radius toward the wall. The result ing sys tems  of algebraic  equations were solved by the 
elimination method combined with i terat ions.  

The scheme of the solution did not differ f rom that shown in [6] for the case of laminar  friction. 
According to the resul ts  of calculations for small  t empera ture  differences between wall and gas,  the val -  
ues of the Nussel t  number  computed on the basis of the t empera tu re  fields with the Reynolds number  v a r y -  
ing f rom Re = 104 to 10 ~ are  in sa t i s fac tory  agreement  (accurately  within •176 with its values computed 
f rom the c r i te r ia l  relat ions on the basis  of tes ts  with air  [7] and hydrogen [8]. The values of the drag coef-  
ficient agree  within about 2-4% with those computed according to the Blasins formula.  

The numer ica l  values of the Nusse l t  number  Nu and of the drag coefficient for turbulent flow of hy-  
drogen through a c i rcu la r  pipe a re  shown in Fig. 1. 

The computations were  made for  approximately  the same value of the Reynolds number  Re = 105 at 
the pipe entrance under two different boundary conditions: T w = const or qw = const.  
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Fig.  2. Static t e m p e r a t u r e ,  s ta t ic  
p r e s s u r e ,  d r ag  coeff ic ient ,  Mach 
n u m b e r  at the pipe axis ,  r e c o v e r y  
fac tor ,  and p rof i l e  of the d imens ion -  
l e s s  s tagnation t e m p e r a t u r e ,  as 
functions of x / d  at qw = 0: a) T O 
= 2 0 0 0 ~  P = 6 Pa,  Re = 1.64-10~; 
b) 0* = ( T * - T t ) / ( T 0 - T 1 )  = (3000~ 
- T * ) / I O 0 0 ~  

An analysis of these curves indicates that, when qw = const as well as when T w = const, the values 
N o8 04 of Uw/Re ~ Pr~ spread apart appreciably, depending on the ratio Tw/TG, with the largest variation 

within the entrance zone. This finding agrees with the test data in [8, 9], which show that for large values 
of the temperature ratio (Tw/T G ->-4) the criterial formula for the Nusselt number must include a factor 
whose magnitude depends on this ratio. 

An introduction of this temperature ratio has made it possible to describe the calculated results 
a c c u r a t e l y  enough by a single re la t ion.  The basic  fo rm of this re la t ion is based on the exper imenta l  s tudy 
in [9] for  a i r  with l a r g e  values  of the t e m p e r a t u r e  ra t io .  

As the t he rm a l  flux and the t e m p e r a t u r e  i nc rease ,  the d rag  coefficient  d e c r e a s e s  somewhat  below 
its value for  i so the rma l  flow. At T w / T  G = 11 the value of 5Re 0.25 di f fers  by 8-10% f r o m  the constant  coef -  
f ic ient  in the Blas ius  fo rmula .  

In Fig. 1 a r e  a lso  shown prof i les  of the axial  ve loc i ty  component  and of the t e m p e r a t u r e  at var ious  
sec t ions  along a pipe. The var iab i l i ty  of physical  p r o p e r t i e s  affects  mos t  s t rongly  the prof i les  of axial  
veloci ty .  Thus ,  an apprec iab le  dens i ty  drop caused  by a heavy supply of heat  will shif t  the max imum v e lo c -  
ity toward the pipe wall.  

Some computed c h a r a c t e r i s t i c s  of hydrogen flow through a t h e r m a l l y  insulated pipe a r e  shown in 
Fig. 2. Here  the total enthalpy of the s t r e a m  r e m a i n s  constant ,  while only the s ta t ic  t e m p e r a t u r e  and 
p r e s s u r e  va ry .  It is in te res t ing  to note the l a rge  var ia t ion  of the r e c o v e r y  fac tor  r defined as the ra t io  
r = ( T w - T G ) / ( T a d i a b - T G ) ,  which has  to do with the init ially nonuniform prof i le  of  s tagnat ion t e m p e r a -  
t u r e s .  

Calcula t ions  have shown that in a suff ic ient ly  long pipe r i nc rea se s  approaching c lose ly  the value r 

= ~fPr found in the technical  l i t e r a t u r e .  

The s a t i s f a c t o r y  genera l iza t ion  of n u m e r i c a l  data  (accura te  within ~4-6% ) by the c r i t e r i a l  re la t ions  
in [9] based  on t es t s  indicates  that  the method desc r ibed  he re  is appl icable  to ca lcula t ions  of heat  t r a n s f e r  
and fr ic t ion in c i r cu l a r  p ipes  with l a rge  values of the t e m p e r a t u r e  ra t io  ( T w / T  G -< 11). 

U, V 

x , r  
T1, T O 
~? = v * y / v ;  

r0, d 
P0 
R = 2 r / d ;  

N O T A T I O N  

a r e  the veloci ty  components ;  
a r e  the coordinates ;  
a r e  the wall t e m p e r a t u r e  and the gas t e m p e r a t u r e  at the pipe entrance;  

a r e  the radius  and the d i a m e t e r  of a pipe; 
is the p r e s s u r e  at the pipe entrance;  
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P 
A 
M 
Re 
Nu 

0 = (T -TI ) / (T  O- Wl); 
NUw, Re w 

V* ~ ~  
~0 = v*ro/U. 

is the density; 
is the heat equivalent of mechanical work; 
is the Maeh number; 
is the Reynolds number; 
is the Nusselt number; 
is the drag coefficient; 

are the Nusselt number and the Reynolds number referred to the wall temperature 
as the characterist ic temperature; 
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