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Results  of an experimental  investigation of the s t ructure  and integrated charac te r i s t i c s  of a t u r -  
bulent boundary layer  on a permeable  plate in a broad range of blowing intensities j = 0.005-0.04 
are  presented. 

Porous  cooling is one of the prospective methods of heat shielding. This can apparently explain the c u r -  
rent interest  in investigations of the turbulent boundary- layer  s t ructure  on a permeable surface [5-9, 12]. The 
domain of comparat ively low blowing intensities is investigated most  completely,  since the authors directed 
their  attention mainly towards obtaining reliable dependences of the magnitude of the friction and heat-exchange 
coefficients on the permeabil i ty  parameter .  Interest  in using strong blowings grew recently in connection with 
attempts to use porous and screen cooling for shields of gas- turbine buckets,  of walls of powerful MHD gene r -  
a tors ,  etc. ,  since they permit  essent ial  diminution of the convective heat flux in the wall. Under these condi- 
tions there are  much fewer experimental  investigations and their  resul ts  do not ahvays agree.  

Detailed measurements  of the turbulent boundary- layer  s t ructure  and integrated charac te r i s t i cs  are  
performed in this paper on a porous plate around which a gradient - f ree  subsonic s t ream flows in a broad range 
of blowing intensities ~ = 0.005-0.040. 

The experiments  were conducted in the continuous subsonic wind tunnel of the Moscow State University 
Institute of Mechanics. The air  came from the cyl inder  station through a pressure  regulator  and to a sys tem 
of cleansing fi l ters in the prechamber .  Two honeycombs,  a set of turbulizing grids,  and a nozzle with high 
p recompress ion  (1 : 15.5) permitted obtaining a sufficiently low degree of turbulence 0.2-0.3%. The working 
section is a rectangular  channel with 0.07 x 0.075 m c ross  section and 0.6 m length. The model was the upper 
wall, the lower wall was flexible and permitted varying the height of the working section as a function of the 
blowing intensity so that the static p ressure  always remained constant over the length. The s t ress  pa ramete r s  
did not vary and were as follows: velocity 50 m / s e c ,  temperature  290-300~ and Reynolds number per  meter  
3 .6 .10  ~. 

A measur ing model (Fig. 1) of 0.16 m length consist ing of four equal sections having a separate  gas sup-  
ply was fabricated by sintering a batch of stainless steel rods. To diminish the lateral  and longitudinal heat 
overflow to the plate, slots were made in which Textolite heat-insulating inser ts  were glued. As measurements  
showed, such a honeycomb separation of the model does not affect the uniformity of the permeabili ty.  The 
tempera tures  of the porous wall and the blown-in air  under the plate were measured during the investigation by 
means of C h r o m e l - C o p e [  thermocouples with cold junctions. The diagram for their mounting is shown in Fig. 
1. Measurements  were carr ied  out by using an electronic digital vol tmeter  with a printout after  all parts  of the 
model emerged into the stat ionary thermal  mode. Air  came to the model f rom a h igh-pressure  grid (2.107 
N / m  2) through a reducer ,  a cr i t ical  measuring washer ,  and an e lec t r ica l  heater.  A more  detailed descript ion 
of the model and the injected air  delivery sys tem is presented in [14]. A t ravers ing  gear ,  permitt ing d isp lace-  
ment of the probes with • -5 m accuracy vert ically and :~10 -3 m accuracy horizontally,  was mounted on guide 
rai ls  in the working section. An IAB-451 shadowgraph with spark il luminator was used for flow visualization. 
The velocity and temperature  profi les,  as well as the distributions of their  pulsating e o m p o n e n t s , w e r e m e a -  
sured by a total p re s su re  tube and a thermoanemometer  of the 55M system of the f irm "DISA-Electronics."  
Standard, s ingle-f i lament  wire sensors  F 31 or F 35 were used. 
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Fig. 1. Exper imenta l  model and static p r e s su re  
probes:  1) nose; 2) porous plate; 3) f i l ter ;  4) hea t - in -  
sulating inser ts ;  5) impermeable  plate; 6) stat ic p r e s -  
sure  probe. 

In the initial stage of the measurements ,  the velocity and t empera tu re  prof i les ,  as well  as their  pul- 
sating components in the boundary layer ,  were  measured  in the exper imenta l  section. Charac te r i s t i c  resul t s  

w e r e  obtained for turbulent  boundary- layer  development in the absence of blowing. The point of t ransi t ion f rom 
the laminar to the turbulent flow mode was 20-30 mm upst ream from the leading edge of the porous plate. Fo r  
a low blowing intensity j = 0.005 the dimensionless  velocity and tempera ture  prof i les  ver i fy  the limit velocity 
and t empera tu re  prof i les  well [1] (Fig. 2): 

(, ) ( ) + + = I - -  b ~ o +  b ~ ,  o =  - -  o o +  + (1) 
bcr ~ bet ~ o~, 

where ~+0 = }l/.,; w0 = }l/,.; bt=5.3 is de terminedtaking  account of the f initeness of the Reynolds number [1]. 

Analogous resu l t s  in the s imi la r i ty  of the velocity and tempera ture  prof i les  have been obtained in [12]. 

The magnitude of the energy ~** (o t ) and momentum (5"*) losses obtained by integrating the prof i les  c o r r e -  
sponded well to the resul ts  of a computation using the formula 

0 0 

which also agrees  with the deductions in [12]. 

The limit law of heat exchange on a permeable  plate [1] is compared with the authors '  exper imenta l  r e -  
suits in Fig.  3, where 

( St ) ( l - - b / b c r ) '  
~s.~= ~ Re~ = (l+b/bcr) ~  ' 

b (3) 

btx-- St/--~x -- (1 + b/bcr) ~ " 

Represented  in this same graph is a dependence by which the authors of [5] approximated the resul ts  of 
thei r  measurements .  The discrepancy f rom the data in this paper  is observed 0nly in the range of high blowing 
p a r a m e t e r s ,  where the lat ter  exhibit a complete forcing back of the thermal  boundary layer.  An essent ia l  
distinction in the conditions of conducting the tes ts  can be noted. Results  of measurement s  on a long permeable  
plate (2.5 m) are  descr ibed in [5], but the maximum blowing intensity did not exceed 0.005. Large values of 
the p a r a m e t e r  btx were  obtained because of the low values of St0x. In this paper  the measurements  were con-  
ducted on a re la t ively short  permeable  plate and the increase  in the permeabi l i ty  p a r a m e t e r  is related mainly 
to the increase  in 7. The quantit ies j = 0.20-0.030 cor respoad  to the values btx = 5-6. It is shown in Fig. 2 how 
the shapes of the t empera tu re  and velocity prof i les  change as the blowing intensity increases  f rom 0.005 to 
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Fig. 2. Influence of bio~dng intensity on the temperature  and velocity p r o -  
files for x = 0.14 m [A) j = 0.005; B) 0.01; C) 0.02; D) 0.04]: 1) computation 
using (1); 2, 4, 6, 8) temperature  profiles ,~ = f(}t); 3, 5, 7, 9) velocity pro-  
files ~ = f(~). 

Fig. 3. Influence of blowing on the heat-el iminat ion coefficient on a p e r m e -  
able plate: 1 ) ]  = 0.001-0.03; 2) computation using (3); 3) [5]. 

0.040. They have the typical s -shape [7. 8, 10] for strong_blowings. Attention is turned to the essent ia l  d i s -  
s imilar i ty  in the c~ and # profi les,  which is manifest for j close to 0.01. Investigations of the boundary- layer  
s t ructure  under these conditions showed that not only the intensity, but also the scale of the turbulent pulsa-  
tions, increases  significantly. Shadowgraphs show that a growth in vortex size is observed not only as the 
blowing intensity increases ,  but also during motion along the permeable section. Similar phenomena have been 
noted ea r l i e r  in displacement  layers  and wakes behind poorly s treamlined bodies [13]. By analyzing the resul ts  
of measur ing the temperature  and the quantity v ' T ' ,  Townsend [4] disclosed that heat t ransfer  can depend on 
the displacement  of relat ively large masses  of gas ac ross  the layer in contras t  to the t r ans fe r  of the axial 
momentum component, which is apparently due principally to gradient- type diffusion. Starting from this, the 
d iss imi lar i ty  obtained in the cc and # profiles can be explained by the origination of large-scale  vortex t ranspor t  
in the boundary layer. The origination of discrete  vortex configurations stretched out at an angle to the d i r ec -  
tion of motion, whose size is commensura te  to the boundary- layer  thickness,  was observed for ~ = 0.03-0.04. 
tt is curious to note that the velocity and temperature  profiles in such a flow mode again converge.  

All the measurements  of the mean axial velocity component in the experiments were obtained by using a 
pilot tube, but not a thermoanemometer  sensor.  The static p re s su re  was measured in the same t ransverse  
section of the working part,  but outside the boundary- layer  limits. The pulsating velocity components are very 
large in the near-wal l  region (as the rmoanemometer  measurements  of the authors and in [6], as well as visual 
observat ions,  show). The magnitudes of the pulsation intensities can reach 100% and more  if they are  re fer red  
to the local velocity at the measurement  point. Under such conditions any thermoanemometer  measurements  
of the mean values have a large e r r o r  [2], since the assumption that the pulsating component is small  com-  
pared to the mean value underlies the method. It is impossible to compute the e r r o r  in determining the mean 
value in practice.  This r e m a r k  refers  to temperature  measurements  to a much lesser  degree,  since the sensor  
operates in the res is tance the rmometer  mode and the measured quantity is a scalar .  At the same time, it has 
been shown in [3] that the e r r o r  in the readings of a pitot tube with sharp edges does not exceed 10-20% under 
these conditions. 

It is assumed at this time that the thickness of the momentum loss 5"* and the thickness of the energy 
loss 6 t of a turbulent boundary layer on a permeable surface can be computed for b -> bcr  by means of (2) by 
assuming that there is neither fr ict ion nor heat exchange on the wall or that they are  sufficiently s m a l l  To 
verify this relationship under conditions of total repulsion of the boundary layer,  measurements  were car r ied  
out which showed that it is satisfied well only at the initial section of the plates,  and then substantial d iscrep - 
ancies between the resul ts  of experiment  and computation appear (Fig. 4), where the discrepancies  will s tar t  
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Fig. 4. Dependence of the th icknesses  of the momentum 5** and energy  5~* losses  
on x and ]. F o r  A: 1-3) computation_ by using (2) f o r j  = 0.04, 0.03, and 0.02, r e s p e c -  
t ively; 4) computat ion using (4); 5) ] = 0.04; 6) 0.03; 7) 0.02. F o r  B: 1) computat ion 
using (2); 2) 5**; 3) 5~*. ** 5 t , m; x, m. 

Fig. 5. Expe r imen ta l  points for  ] = 0.04; x, m. 

m o r e  rapidly ,  the g r e a t e r  the blowing intensity. Moreover ,  5"* does not equal 5~*, as  r e su l t s  d i rec t ly  f rom 
the d i s s im i l a r i t y  of the w and ,) p rof i les ,  which was mentioned above. 

It  should be noted that the expe r imen ta l  points for  al l  the supe rc r i t i ca l  blowings a re  c lus te red  around one 
dependence cor responding  to the computat ion by means  of (2) for  the c r i t i ca l  blowing, i .e . ,  

8** = ~ x  (4) 

Under the conditions cons idered  ~cr  = 0.015. Still m o r e  unexpected resu l t s  a re  obtained in construct ing the 
expe r imen ta l  dependence 6"* = f~) for  a 0.14-m-Long pe rmeab le  sect ion (Fig. 4). The m e a s u r e m e n t s  were  
made a t  a 0.02 m dis tance  f rom the t ra i l ing edge of the porous plate. As ~ i n c r e a s e s ,  the growth in thickness  
of the momentum loss in the nea r -wa l l  layer  p rac t ica l ly  ceases .  A s im i l a r ,  but sma l l  deviation of the e x p e r i -  
menta l  r e su l t s  f r o m  the l inear  dependence was noted, a lbei t  to a Lesser degree ,  in [7]. where  it was  explained 
by the influence of cessa t ion  of the blowing at the t ra i l ing edge. I t  is apparent ly  imposs ib le  to cons ider  this 
explanation sufficiently sa t i s fac to ry ,  since m e a s u r e m e n t s  have shown that the quanti t ies  5"* and 5~*, con-  
ve r s e ly ,  grow somewhat  f rom the level shown in Fig. 4 in d i rec t  proximi ty  to the edge. 

Star t ing f rom the expe r imen ta l  r e su l t s  presented  above,  the following p re l imina ry  deductions can be 
made.  Forc ing  back of the turbulent  mixing zone f rom a porous  plate sur face  s t a r t s  as the blowing intensity 
approaches  ~ = 0.015 during the blowing of a cooling gas  into a turbulent  boundary layer .  A cons iderable  in-  
consis tency between the ra te  of gas de l ivery  f rom the wal l  and the ra te  of growth in the momentum and energy  
loss th icknesses  is manifes t .  The phenomenon indicates that  not the whole cooling gas  takes par t  in the mixing. 
Then a zone should fo rm nea r  the wall ,  in which a flow washing the "excess"  gas  downs t ream will  develop. In 
o rde r  for  such a flow to be rea l ized ,  the p resence  of substant ia l  Longitudinal and t r a n s v e r s e  p r e s s u r e  gradients  
below the mixing l ayer  is neces sa ry .  Measuremen t s  of the stat ic p r e s s u r e  at  the sur face  of the porous plate 
we re  conducted by a f lat  probe (see Fig. 1) at s e v e r a l  c r o s s  sect ions of the working sect ion at two points along 
the ver t i ca l :  in the undisturbed s t r e a m  and at a 2.5 m m  dis tance f rom the porous  plate,  where  the low pointed 
edge of the probe touched the wall.  The m e a s u r e m e n t  r e su l t s  a re  represen ted  in Fig. 5. Despi te  the fact  that 
there  is no p r e s s u r e  gradient  outside the mixing layer  l imits ,  i ts  magnitude near  the sur face  is sufficiently 
substantial .  I ts  magnitude is smal l  under the conditions invest igated and d iminishes  p rac t ica l ly  to ze ro  at the 
t ra i l ing edge. Unfortunately,  confident r esu l t s  about the p r e s s u r e  gradient  d is t r ibut ion in the d i rec t ion  f rom 
the wal l  to the s t r e a m  were  not obtained successfu l ly ,  but it can apparent ly  be a s se r t ed  that d P / d y  = 0 a c r o s s  
the mixing Layer. The prof i le  shape for  ~ = 0.04 (Fig. 2D) indeed shows that a longitudinal flow develops at the 
wall.  A prac t ica l ly  l inear  velocity dis t r ibut ion is conserved  at  the wall  even for  a quite s t rong blowing inten- 
sity. At the s ame  t ime ,  the gas  t e m p e r a t u r e  in this region equals the gas  t e m p e r a t u r e  under the plate.  Mea-  
su remen t s  of the pulsat ing components  show that fo r  ~ = 0.04 a zone ex is t s  at  the wall  in which the intensi t ies  
of the veloci ty and t e m p e r a t u r e  fluctuations a re  prac t ica l ly  ze ro  [11], where  the zone of no t e m p e r a t u r e  f luc-  
tuation is substant ia l ly  g r e a t e r  than the zone of no veloci ty fluctuation. An ana lys i s  of the output s ignal  o sc i l -  
l og ram of a t h e r m o a n e m o m e t e r  bridge p e r m i t s  noticing the subs tant ia l  misc ib i l i ty  taking place at the inner  
boundary of the mi x i ng  zone. 

N O T A T I O N  

x, Longitudinal coordinate  f rom the Leading edge of the pe rmeab le  plate;  5, 5t, th icknesses  of the dynamic 
and t h e r m a l  turbulent  boundary Layers; } = y / 5 ;  i t  = Y/5 t  d imens ion less  th icknesses  of the dynamic and t h e rma l  

516 



turbulent boundary layers; 5"*, 5~*, magnitude of the momentum and energy losses; P0, w0, T0, density, velocity, 
and temperature at the outer boundary_-layer limit; Pw, Tw, density and temperature on the permeable wall; 
Ww, velocity of injected gas delivery; j = pwWw/p0w0, blowing intensity; o~ = w/w0; ~ = (T w - T)/(T w - To) , 
dimensionless velocity and temperature; w', T ' ,  velocity and temperature pulsations (fluctuations); ~sx, rela- 
tive heat-exchange coefficient; btx, permeability parameter; bcr, critical permeability parameter; St0x, 
Stanton number under standard conditions; AP, static pressure drop on the permeable wall and in the free 
stream; y, transverse coordinate; Re x, Reynolds criterion; cf, friction coefficient. 
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STATIONARY T W O - D I M E N S I O N A L  ROLLING WAVES 

A V E R T I C A L  F I L M  OF FLUID 

V. E. N a k o r y a k o v ,  B. G. P o k u s a e v ,  
and S. V. A l e k s e e n k o  

ON 

UDC 532.62 

The wave c h a r a c t e r i s t i c s  of two-dimens ional  s ta t ionary roll ing waves  on a ve r t i ca l  f i lm of fluid 
a re  investigated exper imenta l ly  using the e lectrodiffusion and shadow methods.  

In order to calculate with sufficient accuracy the processes of heat and mass exchange during the drain- 
age of thin films of fluid, it is important to be able to take into account the influence of wave formation, es-  
pecially in the case in which the process rate is determined by mass exchange with respect to the gas [1]. 

In spite of the large number of theoretical papers written on this area of study [2-5], there is as yet 
no certainty that the theoreticians' predictions about the physics of wave formation on the surface of thin verti- 
cal layers of fluid are correct. 
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