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This paper gives the resul ts  of an investigation of the effect of an initial dynamic section 
on heat t r ans fe r  with blowing. The experimental  data obtained show that the preat tachment  
of a section can have a considerable effect on the heat t ransfer .  A method is proposed 
based on the use of the relat ive laws of heat t ransfer ;  in this case,  the effect of the initial 
section is taken into account in t e rms  of the Stanton number at an impermeable  surface.  
The calculation is in sat isfactory agreement  with the experimental  data obtained, as well 
as with the experimental  data of other authors.  

An effective method for pro tec t ing  surfaces  f rom the action of h igh- temperature  gas flows is blowing 
a cooling agent through a porous wall. The blowing may be ca r r i ed  out through the whole surface overwhich  
the hot gas flows, or  only through one of its sec tors .  In pract ice ,  there  is frequently a nonuniform dis t r i -  
bution of the heat flux at the wall; therefore,  the second case of feeding the cooling agent is the most  prob-  
able. In this case,  the blowing may be ca r r i ed  out through that section of the surface where there is the 
maximal heat flux (for example, in the cr i t ical  c ross  section of a nozzle). In this case,  ahead of theporous  
section there  is installed an initial dynamic layer ,  which can have a considerable effect on heat t r ans fe r  
with blowing. The experimental  data of var ious  authors on heat t ransfer ,  when the blowing is ca r r i ed  out 
through the whole surface,  diverge somewhat. One of the possible reasons  for this lack of agreement  may 
also be the presence  of a pre-a t tached dynamic section, which is not taken into account in the analysis of 
the experimental  data. In view of this there a r i ses  the question of investigation of the effect of an initial 
dynamic section on heat t ransfer  in a turbulent boundary layer  with blowing. Whitten et al.* and Sastri and 
Hartnett  [1] discuss this question and note the substantial effect of a pre-a t taehed section on heat t ransfer .  
However, the resul ts  of these authors are  not in complete agreement  and require  fur ther  investigations. 

The present  ar t ic le  gives the resul ts  of an experimental  investigation of heat t r ans fe r  in a turbulent 
boundary layer  at a porous plate, with an initial dynamic section. The blowing scheme is shown in Fig. 1. 
The tests  were made in a subsonic aerodynamic tube. The working channel has the dimensions 110• l l 0 x  
1300 mm 3. The a i r  of the main flow is fed into the working channel through a shaped nozzle. The lower 
wall of the channel is porous(wi th  sectionalized feed of the air  blown. Each section is made of Tex~l i te .  
The parti t ions separating the sections are  also made of Textolite. The porous plates a re  made of stainless 
steel and have a thickness of 6 mm and a porosi ty of ~ 70%. The experimental ly determined total hemi-  
spherical  degree of blackness s = 0.6. 

*D. G. Whitten, W. M. Kays, and R. J. Moffat, ~The turbulent boundary layer  on a porous plate: exper i -  
mental heat t ransfer  with var iable  suction, blowing, and surface tempera ture ,  ~ Report  No. HMT-3, Thermo-  
sciences Division, Department of Mechanical Engineering, Stanford University,  December,  1967. 
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Fig. 2 

The measurements  of the permeabi l i ty  showed a good degree of uniformity of the blowing. The t em-  
pera ture  of the porous wail was measured  with N i c h r o m e -  constantan thermocouples made of wire with a 
diameter  of 0.2 ram. The thermocouptes  were caulked into the outer surface of the porous plate. On the 
r eve r s e  side of the plate, the point of exit of the thermocouple wire  was glued with an epoxy resin,  toavoid 
direct  incidence of the blown hot a i r  on the thermocouple junction. The thermocouples were ar ranged along 
the surface of the porous wall on the central  line. In cer ta in  sections,  three thermocouples  were  g luedover  
the width of the plate. 

The mass  flow rate  of the air  blown was monitored using reducers .  The mass  flow rate of the sec -  
ondary air  was measured  using an RS-5 ro tameter .  During its passage along a sys tem of conduits f rom 
the ro tamete r s  to the sections with the porous plates,  the air  was heated by special e lect r ic  heaters .  For  
more  uniform distribution of the secondary air  over the whole plate, a perforated distr ibutor was installed 
inside each section. The tempera ture  of the blown a i r  was measured  with a thermocouple ahead of the p e r -  
forated dis tr ibutor .  

In this experimental  unit, tes ts  were f i rs t  made on an impermeable plate (the resul ts  a re  given in 
[2]). In these tes ts ,  the dynamic charac te r i s t i c s  of the gas flow and the heat t ransfer  were confirmed by 
the presence of a fully developed turbulent boundary layer .  The experimental  values of the friction and 
hea t - t r ans fe r  coefficients cor responded to the general ly accepted calculated values.  

The f i r s t  se r ies  of tes ts  on a porous plate consis ted in determining the hea t - t r ans fe r  coefficient in 
a turbulent boundary layer ,  when the blowing s ta r t s  f rom the leading edge of the plate. Ten tes ts  were made 
under quas i - i so thermal  conditions and with Jw =const .  In this case,  the initial blowing rate was v a r i e d f r o m  
1.2 �9 10 -3 to 8 .1 .10 -s. The velocity of the main flow was 20-40 m / s e c .  The resul ts  of some of the heat-  
t r ans fe r  tests are  given in Fig. 2 with Jw/~/0W0=2.9 �9 10 -3 (experimental points 3), as well as in Fig. 3 (ex- 
perimental  points 3) and [n Fig. 4 (experimental points 2 with ~w/T0W0 =2.9 �9 10-3, 4.58 �9 10 -3, .6.75 �9 10-3). 
All the ,experimental points are  in sa t is factory agreement  with the limiting relative laws of heat t ransfer  
(curves 1), obtained under the condition Jw=eons t  [3, 4]: 

( ~r)2{ b '~-o.~, So ~t l ( 2 )2 , -r , , '= , -  , r , , ' =  , , r ' , =  ( i )  

Here S/S o is the rat io of the local Stanton number with blowing to the Stanton number at an impervious 
flat plate, around which is flowing a gradient less  quas i - i so thermal  s t r eam of gas (the rat io is taken at iden- 
t ical values of the R x number);  ~I'1 takes account of nonisothermal heat t ransfer ;  r  0 is a tempera ture  
factor ;  b T = Jw/ToWoSo is the pa r ame te r  of the permeabil i ty  of the wall (S O is taken at the same value of 
R~* as in the case with blowing); Jw =~vvVw is the mass  rate of blowing of the gas through the wall. 

The cri t ical  permeabil i ty  of t h e w a l l , b T ,  ,calculated taking account of the nonisothermict ty and of 
the finite nature of the Reynolds number,  using the formula  [4] 

0.83 
b..--_ ( ,ro oos + " r "  J ' '  > "  

The values of S O were calculated using the formulas  [2], obtained experimental ly on an impermeable  
fiat plate: 

So = 0.032R~~ "-~ (3) 

S o = 0.0t43R~-o.2sp-o.n (4) 
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The connection between RT** and R x needed in the calculation is obtained as follows. The integral 
relationship for the energy,  with the quas i - i sothermal  flow of a gas along a porous surface,  can be writ ten 
in the fo rm 

d (RT** AT) ]w 
- : (--oW~o + S) RL (5) 

Here AT = T w - T 0 ,  X = x / L ,  L is the charac te r i s t i c  l inear  dimension; RL is the Reynolds number,  con- 
s t ructed with respect  to L; T w is the tempera ture  of the porous wall; T o is the tempera ture  at the outer 
l imit of the boundary layer .  

Integrating Eq. (5), taking account of the fact that Jw=cons t  and 

we obtain 

S =  
qw $w (T, -- r )  (6) 

ToWocPo (T w - -  To) - -  7oWo (T w - -  To) 

T w - -  To ) w  R x  

T1 - -  To - -  ToWo ]iT** 

where T t is the temperature  of the air  blown. On the other hand, it is well known [4] that 

T1 - -  T w . 

f rom which, af ter  certain t ransformat ions ,  we obtain 

(7) 

(8) 

H e r e  

T w -  To b v ( 9 )  

TI--To ~ b r - ~  ~ b 

s ( _ ~ ] '  (10) %=-~o=_t b~, } 

3 =  
br = 7oWoSo ( 1 1 )  

Using relat ionships (7), (9), (10), (11), and (4), we obtain the final relat ively simple express ion for 
the connection between RT** and Rx: 

Rr L~SP~ (~ ?'~ R;'o-~sPo.75 / 

R x ~ O . O t 4 3 [ ( i - - : e / b r . ) 2 " ~ ' a ]  --~-oWo ~ ] 
(12) 

In calibration experiments ,  measurements  were also made of the velocity profi les;  these are  found 
to be in good agreement  with calculation using the limiting dependence [5] 

r ~ i - -  , l f ~  ( ]  - -  COo) -{- ~/,b~ ( t  - -  r.oo) ~ ( 1 3 )  

Fur ther  experiments  were ca r r i ed  out in an investigation of the effect of an initial dynamic section 
on heat t r ans fe r  with blowing. In [6], based on the hypothesis of the conservat ive nature of heat t ransfer ,  
an analysis  was made of the effect of an initial adiabatic section on heat t r ans fe r  on an impermeable plate. 
It was shown that this effect is expressed  in t e r m s  of the rat io of the thickness of the loss  of momentum 
to the thickness of the loss  of energy in the c ross  section under consideration.  In other words,  taking ac -  
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count of this effect affects the value of the initial thickness of the 
loss  of momentum in the c ross  section x =x 0 

I 1 So ~ = 0.032R~~ -o-~ I -~ A ( m + i )  R~,x (A=0.0i43, m=0,25) (14) 

(,;. ? ol 
S~176 = 0"0i43R**-~176 11 ~- \~r*]  J (15) 

The validity of these formulas  has been confirmed exper i -  
mentally [2]. 

In the present  exper iments ,  a change in the initial thickness of the loss  ofmomentumS0**was achieved 
by varying the blowing of a i r ,  with a t empera ture  equal to the tempera ture  of the main flow, into the f i r s t  
section. As a resul t ,  the Reynolds number,  const ructed f rom the loss  of momentum at the end of the p re -  
at tached section, var ied  within the l imits  R0"*=940-3180. Fourteen experiments  were ca r r i ed  out under 
quas i - i so thermal  conditions, with an initial section (see Fig. 1). The relat ive rate  of blowing was var ied  
f rom 2 �9 10 -3 to 7.98 �9 10-3. The tempera tu re  of the air  of the main flow was N 30~ and that of the blown 
a i r  was 110-115~ The convective heat flux to the wall was determined f rom the energy balance at the 
surface of the porous plate. In this case ,  account was taken of the radiant heat flux, which amounted to ~ 10- 
20% of the convective flux. The experimental  value of the Stanton number was determined f rom the r e -  
lationship 

S = ~wc~' (T1 -- T~) -- ql 
ToW0Cpo (r~ -- r0) (16) 

where Cll is the radiant  heat flux; T0Cp0 are  the specific weight and the specific heat capacity, with a con- 
stunt p r e s su re  of the main flow; Cpl is the specific heat capacity of the blown gas.  

The experimental  Reynolds number ,  constructed f rom the thickness of the energy loss ,  was found 
f rom the integral  relat ionship for the energy (at Jw = coast) 

El** ~ J wCPl (T1--To)--ql 
~" g~%o (Tw-- To) Ax (17) 

Here Ax is the distance along the porous surface,  calculated f rom the beginning of the thermal  boun- 
dary layer ;  ~ is the coefficient of dynamic viscosi ty .  

The experiments  ca r r i ed  out showed that the experimental  values of S for the case of b.lowing, with 
an initial dynamic section, differ f rom the values of the Stanton number without an initial section, taken at 
the same values of l ~ x .  Figure 2 gives a comparison between the experimental  values of the Stanton num- 
ber  over the length of a porous plate for the case of heat t ransfer  with an initial section (experimental points 
4) and without an initial section (experimental points 3). Under these c i rcumstances ,  the value of the initial 
blowing Jw/T0W0=2.9 �9 10 -3, and R0"*=3180. The Reynolds number R~x was constructed f rom Ax, calcu-  
lated f rom the beginning of the thermal  boundary layer .  It is evident f rom the curve presented that an initial 
dynamic sect ion has a considerable effect on the heat t r ans fe r .  Figure 3 gives a compar ison of the Stanton 
numbers  with blowing, with an initial sect ion (experimental  points 4, 5, and 6) and without an initial section 
(experimental points 3), with different values of the relat ive blowing Jw/ToW0 . Under these conditions, the 
Reynolds number R0'*=940 , 2460, and 3180 for experimental  points 4, 5, and 6, respect ively.  The exper i -  
mental  S numbers  were  taken for values of R~x =7.1 �9 104-7.6 �9 104. This curve shows that an effect of an 
initial dynamic section on the heat t r ans fe r  exists at different blowing ra tes .  In addition, it is obvious that 
the g rea te r  the value of R0** the s t ronger  this effect.  

In calculation of heat t r ans fe r  at a permeable  surface with an initial dynamic section, the limiting 
relat ive laws of heat t r ans fe r  were used. However,  everywhere  in these relat ionships,  instead of ~0 the 
Stanton number at an impermeable  surface was used, with the same pre-a t tached  section as in the above- 
considered case with blowing (i.e., formulas  (14) and (15) were used). This means that the Stanton number 
is used to take account of an initial section in the calculation of heat t ransfer  at a porous plate. As con- 
f i rmat ion of the proposed method of calculation, we can adduce the fact that the effect of a p re -a t tached  
sect ion does not enter  into any of the quantities, except So, in the derivation of the limiting relative law of 
heat t rans fe r .  
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In the given calculat ion the effect  of an initial dynamic l aye r  on the value of the c r i t i ca l  p a r a m e t e r  
of the permeabi l i ty  of the wall  was not taken into account,  and b T ,  was de te rmined  using fo rmula  (2). The 
calcula ted values  of the Reynolds number  RT** were  de te rmined  f r o m  the re la t ionship  (12); these  values  
we re  obtained a lso  for  the case  of blowing without an initial sect ion,  s ince the exper imenta l ly  de te rmined  
values  of RT** in the p re sence  of a p r e - a t t a ched  sect ion a r e  in good a g r e e m e n t  with the dependence (12). 

A compar i son  between the r e su l t s  of calculat ion using the p roposed  method and exper imenta l ly  ob- 
ta ined r e su l t s  is  shown in Fig. 2 and Fig. 3. Here  cu rves  2 r e p r e s e n t  calculat ion using fo rmula  (1), which 
was modified taking account of Eqs.  (14) and (15). As can be seen f r o m  the curves ,  the calculat ion de-  
s c r i be s  the exper imen t s  sa t i s fac tor i ly .  

F igure  4, together  with exper imenta l  data on heat t r a n s f e r  without an initial sect ion,  g ives  ex p e r i -  
menta l  data with the p re sence  of a p r e - a t t a ched  sect ion (exper imenta l  points 3, 4, 5) in the f o r m  of the de-  
pendence ~b '  =f(bT/bT*). The expe r imen t s  w e r e  made with R0** =3180 and with re la t ive  blowing r a t e s  of 
2.8 �9 10 -3, 4.58 �9 10-s, and 6.75 �9 10 -3 for  expe r imen ta l  points 3, 4, and 5, r e spec t ive ly .  The exper imenta l  
data we re  analyzed using the Stanton number  at an i m p e r m e a b l e  pla te ,  in the p r e sence  of an initial sect ion.  
As is evident f r o m  the curve ,  with the p roposed  f o r m  of ana lys i s ,  the exper imenta l  data, in the p re sence  
of a p r e - a t t a c h e d  sect ion and without it, a r e  in a g r e e m e n t  between themse lves  and with the l imit ing depen- 
dence (1) ,(curve I) .  

F igure  5 gives a compar i son  between the proposed  method of calculat ion and the exper imenta l  data 
of the r e p o r t  (see footnote). Curves  1 and 2 r e p r e s e n t  calculat ion without an initial sect ion for  Jw/~0W0--0 
and Jw/YoW0=4 �9 10 -3. The exper imenta l  points 4 and 5 co r re spond  to Reynolds numbers  Rx0=8 �9 105 and 
Rx0 = 1.3 " 1 0  6. Curves  3 r e p r e s e n t  calculat ion using the proposed  method.  Good a g r e e m e n t  between the 
calculat ion and the expe r imen t s  can be noted. 

As has been shown by the above ana lys i s ,  a p r e - a t t a ched  dynamic sect ion may exe r t  a cons iderable  
effect  on heat  t r a n s f e r  with blowing. Under these  c i r cums t ances ,  re la t ive  laws can be used fo r  the ca l -  
culat ion of heat t r a n s f e r ,  if the Stanton number  at an impermeab le  sur face  is used taking the p r e - a t t a ched  
sect ion into account.  
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