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Results are  presented of an eXperimental investigation of the heat exchange and dynamics of 
a turbulent flow in an axisymmetr ic  permeable  diffusor with uniform blowing of coolant 
through the wall. 

In order  to design porous cooling cor rec t ly ,  it is necessa ry  to have reliable methods of determining 
the heat fluxes on the s t reamlined surface as mass is supplied to the gas s t ream.  The influence of coolant 
injection on the heat exchange between the main gas s t r eam and the wall depends to a considerable extent on 
what kind of boundary layer  (laminar or turbulent) is formed on the wall surface,  The case of gas injection 
into a laminar  boundary layer  on a wall for a gradient flow of the main gas s t r eam has been examined in a 
number of papers  [1-4]. The resul ts  of these papers  show that the p re s su re  gradient exerts  substantial in- 
fluence on the coolant discharge in order  to maintain a given wall temperature  for definite main s t r eam 
pa rame te r s .  

For  negative p re s su re  gradients the heat flux at the wall increases  almost twice as compared with a 
flat plate, while for  small  positive p re s su re  gradients it diminishes 25%. 

The influence of the p re s su re  gradient on heat exchange during coolant injection in a turbulent bound- 
a ry  layer  has been studied slightly up to now. The resul ts  of experimental  investigations of the influence 
of injecting different gases through a porous wall into a turbulent boundary layer  on the heat exchange and 
fr ict ion are  presented in [5, 6] for a gradient - less  and agradient  hot air  flow on a flat plate.  It is shown that 
within the l imits  of variat ion of the p re s su re  gradient which occurs  in tests ,  its effect on the heat exchange 
is only slight when a definite gas is injected. As for  gradient- less  gas flows, the heat exchange on a porous 
surface depends only in the blowing intensity and the physical  pa ramete r s  of the gas being injected. No ex- 
per imental  work has been published on investigating the heat exchange and dynamics of a s t r eam in a tu r -  
bulent hot air flow in ax isymmetr ic  diffusors with coolant injected through a porous wall. 

We conducted an experimental  investigation of the heat exchange and dynamics of the turbulent flow 
in an axisymmetr ie  permeable  diffusor with uniform injection of coolant through the wall. The experimental  

TABLE 1. Test  Data on the Influence of Injection on Re x 
for x /d  = 2.28 

Re x Reo ~" Re x 

1,95.105 

2,1 .I05 

2,16.105 

2,24.105 

2,55.105 

2,94.105 

1.105 

4,02.105 

4,06.105 

4,03.105 

4,17.105 

4,12.105 

Re. 

0,98-105 0 

1,03.105 0,00057 

0,99.105 0,00124 

1,01-105 0,00248 

0,99.105 0,00490 

1,02.105 0,00918 

0,0140 

0 

0,00058 

0,0012 

0,00241 

0,00478 

3,24.10 a 

9,11.105 

9,2 .10 ~ 

9,24.105 

9,85.105 

10,4.105 
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Fig.  1~ Diagram of the exper imenta l  section: 1) Vitoshinskii  
nozzle; 2) compensat ing  e lec t r i ca l  heater ;  3) Asbotextol i te  bot-  
toms;  4) injection chamber ;  5) s teel  baffle; 6) union; 7) c o m -  
p r e s s i o n  r ing of heatproof  rubber ;  8) porous  diffusor; 9) p a r o -  
nite spacer ;  10) moving probe;  11) heat insulation; 12) s i te  of 
bui l t - in  thermocouple .  

appara tus  is an open, continuous action wind tunnel consis t ing of a B-6/800 a i r  b lower ,  a 75 kW power e lec -  
t r ica l  hea te r ,  s y s t e m s  of r educe r s  and equil ibrating cascades ,  an exper imenta l  sect ion (Fig. 1), and two 
VVN-3 vacuum pumps opera t ing  in the blower  mode for  injection. The exper imenta l  sect ion is an a x i s y m -  
me t r i c  diffusor with a porous  wall  whoseporos i ty  is 40% and the coefficient of heat  conduction is 38.3 W / m  
~ The diffusor is enclosed in a s teel  shell  producing the volume for  the injection which is separa ted  
into six insulated chamber s  along the length. Coolant is injected into these chambers  and its d ischarge  is 
de te rmined  by a ca l ibra ted  and volume method by measu r ing  d iaphragms .  The diffusor length is 400 mm,  
and its ent rance  and exit d i ame te r s  a r e  65 and 147 m m ,  respec t ive ly .  Its ape r tu re  is 12 ~ and the wall  thick-  
ness  is 7.5 ram. Sintering the diffusor by the method of f r ee  filling a s su red  its un i form pe rmeab i l i ty .  

The main s t r e a m  was turbulent at the ent rance .  The turbulence at the ent rance  to the sect ion was 
measu red  by a UTA-5B type t h e r m o a n e m o m e t e r .  The degree  of turbulence of the longitudinal veloci ty  in 
the boundary l ayer  was 0.5-0.6% ahead of the entrance edge of the diffusor.  At 2 m m  downst ream f r o m  the 
entrance edge it was approx imate ly  1%. This indicated the absence of a t ransi t ion flow mode in the bound- 
a ry  l ayer  and the p r e s ence  of a turbulent boundary l ayer  in the beginning of the flow into the diffusor [7]. 
The dis tr ibut ion of longitudinal ve loci ty  pulsat ions in the diffusor was measu red  in seven sect ions down- 
s t r e a m  in an i so the rmal  flow. The test  data show that the longitudinal pulsat ions inc rease  intensively down- 
s t r e a m ,  which ag rees  with tes t  r e su l t s  in [8]. The stat ic  p r e s s u r e  dis tr ibut ion was measu red  in twelve s e c -  
tions in the tes t s ,  the dynamic p r e s s u r e  and t e m p e r a t u r e  of the gas in seven sect ions along the diffusor 
length, the t e m p e r a t u r e s  of the inner and outer  su r faces  of the porous  wall in seven sect ions ,  the coolant at 
the chamber ,  the inner and outer  su r faces  of the s teel  shell ,  the outer  sur face  of the insulation, and the 
outer  sur face  of the nozzle.  The thickness of the dynamic boundary l ayer  at the ent rance  did not exceed 
1.4 ram. The the rma l  boundary l ayer  was developed f r o m  the ent rance  edge, which was a s su r ed  by heating 
the nozzle wall  to the t e m p e r a t u r e  in the core  of the s t r e a m  at the entrance into the sect ion.  The veloci ty  
dis tr ibut ion at the entrance was un i fo rm.  The d ischarge  of the main s t r e a m  was de te rmined  by means of 
the veloci ty  prof i le  at the ent rance  to the diffusor,  and the thermocouple  readings were  recorded  by a p o r t a -  
ble PP-63  type po ten t iomete r .  A Chromel  and Copel wi re  of 0.2 m m  d iamete r  insulated by f ibe rg lass  was 
used as thermoeouple .  

The veloci ty  and t e m p e r a t u r e  f ields were  de te rmined  by specia l ly  fabr ica ted  moving combination 
p robes  which pe rmi t t ed  taking readings  ac ro s s  the boundary l ayer  to 0.05 m m  accu racy  at 0.25 m m  f rom the 
wall  in two mutual ly  perpendicu la r  planes along the diffusor length. The range Re 0 = 0.5 �9 105-4 �9 l0 s was en-  
c o m p a s s e d  by the t e s t s .  The main s t r e a m  t e m p e r a t u r e  var ied  between 348 and 423~ Injection was r e a l -  
ized according to the law ~n = ( P w V w ) / P l u l  = const .  The intensity of injection m var ied  between 0.00058 and 
0.292, the diffusor wall  t e m p e r a t u r e  between 293.4 and 417~ and the f r ee  s t r e a m  veloci ty  at the diffusor 
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TABLE 2. Tes t  Data on the Influence of Injection on Heat Exchange 

Reo 

2,02.10a 

1,99-10 ~ 

2,04.10 ~ 

2,02.10 ~ 

2,04.105 

0,00058 

0,00123 

0,00245 

0,00480 

0,0072 

Coefficient of heat exchange, W/mZ'deg 

---~- = 0,42 T = 0.95 =1,43 =1,89 

111,5 

78,5 

60,5 

39,6 

36,4 

166,5 

129,0 

85,1 

60,7 

54,1 

77,2 62,2 

49,8 43.1 

45,4 37,0 

29,3 24,7 

25,5 20,3 

51,2 

38,0 

29,8 

20,6 

17,1 

= 2,57 
d 

45,9 

31,6 

26,2 

18,0 

13,8 

O2O 

0.I0 

#.05 

%. 
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Fig.  2. Dependence of S t / R e x  ~ 
on m in d imens ionless  fo rm:  1) 
Re 0 = 0.5"105; 2) 105; 3) 2 .  105; 4) 
3 �9 105; 5) 4.105. 

q~: = - -  ;~6 # t  

d~v2 

where  qr is the radiant  heat  flux f r o m  the diffusor wall  in W / m  2 and qx is the longitudinal heat  overf low in 
W / m  2. 

In the case  under  considera t ion ~redueed is exp re s sed  by the equation 

1 
ereduced = 1 F, i)F7 

entrance  between 19 and 118 m / s .  The separa t ion  of the s t r e a m  
was at 220-240 m m  f r o m  the ent rance  edge, was nonsymmet r i c  [9], 
and displaced slightly u p s t r e a m  under the injection intensi ty oc -  
cur r ing  in the tes t s ,  although the veloci ty  and t e m p e r a t u r e  prof i les  
were  deformed considerably .  

The densi ty  of the heat flux enter ing the wall  in this sect ion 
was de te rmined  f r o m  the heat  balance equation 

G 
qto = ~ cp (T~o - -  Tcool) + qr + q~, 

[( T''~' [r" ~'] 

Here  e 1 and e2 a re  the emis s iv i t i e s  of the porous  diffusor sur face  and the inner sur face  of the s tee l  shell;  
F,  and F 2 a re  the porous  diffusor and s teel  shell  su r f aces ,  r e spec t ive ly ,  which take pa r t  in the mutual i r r a -  
diation in the considered injection chamber .  

The local Stanton number  

S t ~  qw 

Cplpl u x ( T 1 - - T w ) "  

was computed by means  of a definite heat flux qw" The exper imenta l  resu l t s  on the s t r e a m  heat exchange 
and dynamics were  genera l ized as the dependences: 

st  = f (R%, k); (1) 

S t = f  Reo, m, ; (2) 

R % = / ( R e o ,  m ,~ - ) ;  (3) 

( -x)  
Eu = [ Re o, d m , -  . (4) 

The test  data were  p r o c e s s e d  using leas t  squa res .  The dependence 1 in Fig. 2 is descr ibed  by the power-  
law equation 
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Fig. 3. Dependence of Rex/(m~176 "~ on x/d  in dimensionless form: 1) Re 0 = 0.5 
.105; 2) 105; 3) 2-105; 4) 3-105; 5) 4"105 . 

Fig. 4. Change in the Euler number (Eu = Ap/P0U20) along the diffusor length as a 
function of the injection intensity; for m = (PwVw)/Piui = eonst Re 0 = 105. The num- 
bers  on the curves are  values of m, and x is in ram. 

St = 0,006 Re~ -~ m -~ (5) 

The dependence 3 in Fig, 3 is also descr ibed by a power- law equation 

Rex = 0.645 R@09 m0.107 ( d )11"  (6) 

Substituting (6) into (5) and manipulating as necessa ry ,  we obtain a power-law equation for the dependence 

(2) 

St = 0.00736 Reo~ m-~ ( d ) - ~  �9 (7) 

The power- law equation for the dependence (4) is 

Eu = 0.29 Reo ~176 m -~176 " (8) 

It is shown in F ig .4  how the Euler number var ies  along the diffusor length as a function of the injection in- 
tensity for Re 0 = 1-105. As the injection increases ,  the Euler number diminishes noticeably since the drop 
in static p re s su re  on the channeI wall diminishes.  The change in Re described by (6) for identical m and 
x /d  is more  significant for smal le r  Re0; this means that the injection exerts  somewhat less influence on the 
flow dynamics as the free s t r eam Re 0 increases .  This is i l lustrated by the test data in Table 1. Test  data 
showing the change in the local heat-exchange coefficient along the diffusor length and as a function of in- 
jection for Re 0 close to 2 �9 105 are  presented in Table 2. It is seen that a 12.4-fold increase  in m implies a 
threefold diminution in the coefficient of heat exchange on the average.  However, it is also seen well that 
the cooling efficiency diminishes as the relative discharge increases .  

The accuracy  of determining Rex, Eu, and St in the tests is *2.2, 4-7, and ~12.43, respect ively .  The 
er i ter ia l  equations (6), (7), and (8) therefore permit  computation of Rex, the heat-exchange coefficient St 
and the Euler number for a heated gas flow in separat ing axisymmetr ie  diffusors with t ransverse  delivery 
of coolant through the wall in the range of f r e e - s t r e a m  pa ramete r s  and channel geometr ies  which occur red  
in the tes ts .  The lack of published test data on the heat exchange and dynamics of a s t r eam with coolant in- 
jection through the wall in ax isymmetr ic  diffusors does not permit  compar ison of the results  obtained. 

Re 0 = u0do,/v 
Rex = ulx/v 
Eu = Ap/p0 u2 

N O T A T I O N  

is the Reynolds number based on the diffusor entrance diameter;  
is the Reynolds number based on the longitudinal coordinate x; 
is the Euler number; 

927 
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x 
Ap 
m 
P 
UjV 
G 
F 
ep 
T 
q 

~reduced 
)t 
5 
St 
d 

is the coefficient of kinematic viscosity, m2/s; 
is the distance parallel to the channel wall measured from the entrance edge of the diffusor, m; 
is the static pressure  drop on the wall between the initial and next section of the channel; 
is the relative mass flow of the coolant; 
is the s t ream density; 
are the longitudinal and transverse s tream velocity components, m/s;  
is the coolant discharge in a given section, kg/h; 
is 
is 
IS 
is 
is 
1s 
1s 
Is 
is 

the area of the inner surface of a given diffusor section, m2; 
the specific heat of a gas at constant pressure  in kJ/kg �9 deg; 
the gas temperature,  OK; 
the heat flux density, W/m2; 
the reduced emissivity; 
the coefficient of heat conduction of porous diffusor material,  W/m .deg; 
the diffusor wall thickness, m; 
the Stanton number; 
the running value of the inner diameter of the diffusor, m. 

S u b s c r i p t s  

0 is the parameter  at diffusor entrance; 
1 is the s t ream parameter  at outer border  of boundary; 
w is the s tream parameter  on channel inner surface; 
cool is the coolant parameter  at entrance to injection chamber; 
' is the value of the quantities on the outer porous wall surface; 

is the value of the quantities on the inner steel shell surface. 
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