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Based on the general izat ion of experimental  data, we propose a formula for the calculation 
of the effect of the tempera ture  factor  r and the t ransi t ion f rom a laminar  flow regime to 
one that is turbulent in the boundary layer  of a plate; this formula has been confirmed by 
experiments per formed in the following range of pa r ame te r  variation: 0.5 -< r - 2.6; 0.2 
-< Moo -< 3.6; 0.1% - ~ -< 9%. 

We know that when a surface  is s t reamlined by a gas flow whose tempera ture  (T~o) differs noticeably 
f rom the surface tempera ture  (Tw) , i.e., for values of the t empera tu re  factor  r = Tw/T~o many t imes 
smal le r  or  l a rge r  than unity, the s t ruc ture  of the result ing boundary layer  changes substantially under the 
action of r [1]. In this connection it is natural  to expect that r will exert  an effect on the transi t ion f rom 
the laminar  to the turbulent flow regime in a boundary layer .  

In the following we present  the results  f rom an experimental  study into the transi t ion in the boundary 
layer  of a plate for various values of r and with fixed values for all remaining pa r ame te r s .  The exper i -  
ments were per formed on two experimental  installations at the Physicotechnical  Department of the I. I. 
Polzunov Central Turbine Boiler  Institute, in the region of subsonic velocit ies for a t empera ture  factor  r 
< 1 and in the region of low supersonic  velocities when r > 1. 

Special equipment was used to inject the a i r  into the wind tunnel. Special damping devices were em-  
ployed to protect  the working sections with the nozzles  against the vibrations of the input and output air  
conduits. Cooled (r < 1) and heated (r > 1 )p la te swereemployed  as the working surfaces .  

For  our studies in the region r < 1 the blower a i r  was fed through a regenerat ive  air  heater  in which 
the air  was heated to the specified limits by the hot gases flowing f rom a combustion chamber .  The maxi-  

mum air  t empera ture  beyond the air  heater  was approxi-  
mately 270-300~ The heated air  was passed through a 
flat nozzle with flexible walls and through a rect i l inear  
duct into the working section, one of whose wails was the 
experimental  plate, 460 mm in length, and cooled with run-  
ning water .  To achieve a uniform tempera ture  along the 
working surface,  the plate was segmented,  i.e., b rass  cham-  
ber  segments - insulated f rom one another - had been welded 
to the inside surface of the plate. The cooling water  was fed 
separa te ly  into each chamber  through orif ices in the side 
walls and it was removed through the top covers  of the 
chambers .  By appropriately regulating the feed of water  
into the chamber ,  it was possible to achieve a ra ther  uni- 
form tempera ture  along the entire working surface of the 

Fig. 1. Shadowgram showing the s t r e a m -  plate. The surface tempera ture  was measured  with fourteen 
lining of  a plate for Moo = 1.45 and r = 2.4. C h r o m e l - C o p e l  thermocouples  imbedded into the plate. 
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Fig.2.  Rexb and Rexe as functions of r 1) experiments  per formed 
at the I. I. Polzunov Central  Turbine Boiler  Institute; M = 1.4 
(Rexe}; 2) experiments  of the Io I. Polzunov Central Turbine Boiler 
Institute; M~ = 1.4 (3 and 2, Rexb); 3) the Higgins and Pappas ex-  
per iments ;  Moo = 2.4. 

Fig. 3. The function rr = r(r 1} experimental  data of the I . I .  
Polzunov Central TurlJine Boi ler  Institute; 2} experimental  data 
af ter  Higgins and Pappas; 3} experimental  data af ter  Van-Dries t  
for M~ - 1.9; 4) the same,  for Moo = 2.7; 5) the same,  for Moo = 3.6. 

The t ransi t ion region for supersonic velocit ies and a tempera ture  factor  r > 1 was investigated in a 
wind tunnel with removable working sections positioned in the field or view of an IAB-451 optical shadow 
system. The experimental  plate - 500 mm in length and 40 mm in width - served as the upper wall of the 
rectangular  working section. The side walls of the working section were fitted with windows for the in- 
stallation of two pairs  of glass shields f rom the shadow instrument.  This made it possible to study the 
boundary layer  over vir tually the entire plate. 

The actual heated portion of the working segment was made of 1Kh18N9T stainless steel. Asbes tos-  
cement insulation was used to insulate the plate f rom the remaining portions of the experimental  setup. The 
plate was heated with ac current  f rom a special t r a n s f o r m e r  by means of which it was possibIe to vary  the 
current  strength over a wide range. To reduce the nonuniformity of heating over the length of the plate, the 
lat ter  was fabricated with a variable thickness,  thus making it possible to maintain a vir tually constant t em-  
perature  along the plate surface.  The surface tempera ture  T w was measured with the fourteen Chromet 
- C o p e l  thermocouples  attached to the plate by means of capaci tor  welding. 

To have the working section s t reamlined so that the boundary layer  would increase  f rom the leading 
edge of the plate, the boundary layer  in each of the experiments  was suctioned off f rom the upper wall of 
the conduit ahead of the experimental  plate through a special suction slit. Moreover,  in the experiments 
with the shadow device the boundary layer  was drawn off f rom the side walls (with the glass shields) to r e -  
duce the distort ing effect of the layer  on the shadowgram. 

The ultimate purpose of this experiment  was to determine the effect of the tempera ture  factor  onthe origin 
and extent of the t rans ilion region. As is well known, the t rans ilion of fIow in the boundary layer  on a plate f rom the 
laminar  to the turbulent flow is shown most  c lear ly  in the velocity distribution in the boundary layer.  The increase 
in the thickness of the boundary layer  in the t ransi t ion region produces a pronounced change in the velocity profile 
of that region. Accordingly, the experiment to investigate the transit ion was methodologically formulated in the 
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Fig.4 .  The function r x = r(r 1) a = 0.1~; 2) a = 1.4%. 

following manner.  A pneumometr ie  method was us ed in the "hot" tube experiments  with a te  mperature  factor  r < 1 
for  the determination of the velocity profiles in the layer .  The dynamic-head and tempera ture  fields were 
measured at 20-25 points on the boundary layer ,  with a constant velocity U~ and at the tempera ture  of the 
free s t ream.  

The measurements  were car r ied  out with a microtube and a microthermocouple;  the front end of the 
microtube was flattened to a thickness of 0.36 ram, and the d iameter  of the hot thermocouple junction was 
0.5 ram. A special  positioning device that was accurate  to 0.01 mm was used to move the tiny measur ing 
devices ac ross  the boundary layer .  At the instant that the front end of the mierotube (or of the hot junction 
of the thermocouple) came into contact with the plate surface  was monitored electronical ly .  The p r e s s u r e  
distribution along the plate was measured at 21 points, through drainage orif ices with a d iameter  of 0.5 ram. 

With such a procedure  we were  able to determine the velocity in the boundary layer  f rom the famil iar  
equation 

u =  k - - I  p \ p ,  

The velocities in the boundary layer  were calculated with considerat ion of the tempera ture  d is t r ibu-  
tion through the thickness of the layer;  that t empera ture  was measured with the microthermocouple .  

The transi t ion region for the tempera ture  factor  r > 1 was studied with a shadowgraph involving the 
use of a defocused grid,  a method based on measur ing the deviations of a beam of light f rom the unperturbed 
t ra jec to ry  as it passed through a medium exhibiting a gradient component of the refract ive  index normal  to 
the beam. t  The deviation of the light beams in this case corresponds  to the f i rs t  derivative of the density 
with respect  to distance (i.e., to the density gradient).  We know that the density in this case can be de t e r -  
mined for any point of the boundary layer  by the expression 

M(x,y) 

O=P* + ~ x  d x + - ~ y  dg , (2) 

M*(x*,g*) 

where p* is a known density at some point of the boundary layer  (usually, for the value of p* we take the 
density at the outside edge of the layer) .  

In our case,  in studying the s t reamlining of a plate it proved to be possible to neglect the longitudinal 
density gradient; in this case,  formula (2) assumed the form 

0 

P--Ped+ j ' o-~-p dy" oy (3) 

y=Sed 

The density gradient ~p/Sy was determined f rom the isophote shift 6y and f rom the l ight-beam devia- 
tion angle ~ (determined f rom that shift), which is proport ional  to the density gradient and equal to ~ = ~y 
/#f~(fl/A + 1 -- a/f l) .  The magnitude of the isophote shift 6y and the corresponding dy for various points of 
the boundary layer  were measured on the shadowgram images outlined on a large scale .  

To determine the density Ped at the boundary of the layer ,  during the course  of the experiment we 
determined: the head, the stagnation tempera ture ,  and the p res su re  distribution on the plate. Interpretat ion 
of the shadowgrams - one of which is shown in Fig. 1 for purposes of i l lustration - gave us the density p ro -  
files in the c ross  sections of the boundary layer .  The flow pa ramete r s  on the basis of the shadowgram in- 
terpreta t ions  were calculated by means of formulas f rom gas dynamics.  Thus the reduced velocity at each 

tThe optical portion of the experiment was per formed by Engineer L.A.  Fel 'dberg.  
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fo l lowing  poin t  of the l a y e r  is  de f ined  as  

k 
u p / k-l 

E x p e r i m e n t s  to s tudy  the e f fec t  of  hea t  t r a n s f e r  on the  t r a n s i t i o n  in the  b o u n d a r y  l a y e r  w e r e  p e r -  
f o r m e d  at  Mach n u m b e r s  Moo = 0 .25-0 .3  and Moo = 1 .40-1 .45  fo r  the  u n p e r t u r b e d  f low. Wi th  Moo = 0.3 the  
Reynolds  n u m b e r  amoun t s  to (4 �9 105-2 - 10~), w h e r e  as  a r e s u l t  of a change  in the  f r e e - s t r e a m  t e m p e r a t u r e  
the  t e m p e r a t u r e  f a c t o r  r v a r i e d  f r o m  0.55 to 1. With  Moo 1.4 the  t e m p e r a t u r e  f a c t o r  v a r i e d  f r o m  1 to 2.7, 
and the  Reyno lds  n u m b e r  v a r i e d  f r o m  Reoo = 10 ~ to 8 �9 1 0  6. 

F o r  the  p a r a m e t e r s  c h a r a c t e r i z i n g  the  t r a n s i t i o n  r e g i o n  in the  b o u n d a r y  l a y e r  in ou r  a n a l y s i s  of the  
e x p e r i m e n t a l  d a t a  we c h o s e  the  v a l u e s  of the  Reyno lds  n u m b e r s  at the  po in t s  of the  beg inn ing  and end of 
t r a n s i t i o n  (Rexb and Rexe , r e s p e c t i v e l y )  as  we l l  as  the  r e l a t i v e  ex ten t  of the  t r a n s i t i o n  r e g i o n  

l~e~e 
r~ - ( 5 )  

Re.b 

T h e s e  p a r a m e t e r s  had  been  i n t r o d u c e d  e a r l i e r  [2] in the  e x a m i n a t i o n  of the  t r a n s i t i o n  p r o c e s s  f o r  s t r e a m -  
l in ing  wi th  r m 1. 

A n a l y s i s  of  the  e x p e r i m e n t a l  d a t a  d e m o n s t r a t e d  tha t  the  c o o r d i n a t e  fo r  the  b e g i n n i n g  of t r a n s i t i o n  is  
a s t r o n g  funct ion  of the  t e m p e r a t u r e  f a c t o r .  A r e d u c t i o n  in r l e a d s  to i n c r e a s e d  flow s t a b i l i z a t i o n  in the  
b o u n d a r y  l a y e r  and to  an i n c r e a s e  in Rexb,  and c o n v e r s e l y ,  wi th  an i n c r e a s e  in r the  v a l u e s  of Rexb d i m i n -  
i sh .  

As an e x a m p l e ,  F ig .  2 shows  the  e x p e r i m e n t a l  v a l u e s  of Rexb and Rexe  fo r  a change  in the  t e m p e r a t u r e  
f a c t o r  in the  r a n g e  r = 1 -2 .4  and fo r  v a l u e s  of Moo - 1.45. As we can  s e e  f r o m  the f i gu re ,  the  i n c r e a s e  in r 
f r o m  r = I to r = 2.4 l e a d s  to a r e d u c t i o n  in Rexb b y  a l m o s t  an o r d e r  of ma gn i t ude .  The s a m e  g r a p h  shows 
the  e x p e r i m e n t a l  v a l u e s  of Rexb , ob ta ined  a f t e r  Higgins  and P a p p a s  [3] for  Moo = 2.4.  As we can s e e ,  the  
c u r v e s  a r e  e q u i d i s t a n t .  S i m i l a r  r e l a t i o n s h i p s  w e r e  a l so  d e r i v e d  fo r  r < 1 and Moo ~ 0.2. 

As po in ted  out above ,  e x p e r i m e n t s  fo r  r < 1 and fo r  r > I w e r e  p e r f o r m e d  on v a r i o u s  e x p e r i m e n t a l  
i n s t a l l a t i o n s  wi th  v a r i o u s  v a l u e s  of Moo and fo r  the  t u r b u l e n c e  of the  f r ee  s t r e a m .  H o w e v e r ,  if we i n t r o -  
duce  the  p a r a m e t e r  r e  in to  o u r  e x a m i n a t i o n ,  th i s  p a r a m e t e r  r e p r e s e n t i n g  the  r a t i o  of Rexb fo r  a g iven  r e, 
and Moo to the  v a l u e  of Rexb for  the  s a m e  v a l u e s  of e and Moo, but  wi th  r = 1, i . e . ,  

(Re~b~)~ (6) 
r ,  = - (Rexb~),=l ' 

a l l  of the  e x p e r i m e n t a l  da ta ,  as  we can  s e e  f r o m  Fig .  3, can  be  g e n e r a l i z e d  by a s i ng l e  r e l a t i o n s h i p .  This  
r e l a t i o n s h i p  is  we l l  a p p r o x i m a t e d  by the f o r m u l a  

r ,  = ~-2.a, (7) 

i n d i c a t e d  in F ig .  3 by  the  s i d e  l i ne .  Th is  s a m e  g r a p h  shows  the  e x p e r i m e n t a l  da t a  of Higgins  and P a p p a s  fo r  
Moo = 2.4 and the d a t a  of V a n - D r i e s t  et  a l .  [5] on the  s t r e a m l i n i n g  of cones  fo r  Moo = 1.9, 2.7,  and 3.6 and a 
d e g r e e  of t u r b u l e n c e  e = 0 .4-9%. 

As  we can  s e e ,  a l l  of the  e x p e r i m e n t a l  po in t s  a r e  in c o m p l e t e l y  s a t i s f a c t o r y  a g r e e m e n t  wi th  the  so l id  
l ine  c o r r e s p o n d i n g  to f o r m u l a  (7), wh ich  i n d i c a t e s  the  s u b s t a n t i a l  u n i v e r s a l i t y  of th i s  r e l a t i o n s h i p  and the  
p o s s i b i l i t y  of ex t end ing  the p r o p o s e d  s c h e m e  fo r  the  e f fec t  of the  t e m p e r a t u r e  f a c t o r  on the  t r a n s i t i o n  o v e r  
a wide  r a n g e  of v a r i a t i o n  in the Mach n u m b e r s  M ( f rom Moo = 0.2 to 3.6), fo r  a wide  r a n g e  of  v a r i a t i o n  in 
the  d e g r e e  of t u r b u l e n c e  ( f rom e = 0.4 to 9%), and fo r  a wide  r a n g e  of v a r i a t i o n  in the  t e m p e r a t u r e  f a c t o r  
( f rom r = 0.5 to 3.0).  

The d a s h e d  l ine  in th i s  g r a p h  shows  the r e s u l t s  f r o m  the c o n v e r s i o n  to the  p r o p o s e d  c o o r d i n a t e s  ( re ,  
r of the  t h e o r e t i c a l  r e l a t i o n s h i p s  d e r i v e d  by  V a n - D r i e s t  [6] on the  b a s i s  of an e x a m i n a t i o n  of the  c o n d i -  
t ions  of s t a b i l i t y  l o s s  in the  l a m i n a r  b o u n d a r y  l a y e r .  As we can s e e ,  the  d a s h e d  l ine  d i f f e r s  s u b s t a n t i a l l y  
f r o m  the s o l i d  l i ne ,  thus  i n d i c a t i n g  tha t  the  cond i t ions  fo r  s t a b i l i t y  l o s s  in the  l a m i n a r  b o u n d a r y  l a y e r  d i f f e r  
f r o m  the cond i t ions  of  the  a c t u a l  o c c u r r e n c e  of t r a n s i t i o n ,  for  which  we r e q u i r e  s u b s t a n t i a l  d e v e l o p m e n t  
of p e r t u r b a t i o n s ,  g o v e r n i n g  the  beg inn ing  of a n o t i c e a b l e  r e s t r u c t u r i n g  the v e l o c i t y  p r o f i l e s  in the  b o u n d a r y  

139 



layer .  However, we should take note of the fact that the theory in [6] cor rec t ly  reflects the t rend and na-  
ture of the effect on the transi t ion of the tempera ture  factor,  and it co r rec t ly  notes the fact that the values 
re  are  independent of the Mach number  M. 

Thus, to account for the effect of the t empera tu re  factor  on the beginning of the transi t ion we can r e c -  
ommend the formula 

(Rexbw) ~ _-- 4-2,3 (Rexb),=,. (8) 

Analysis of the experimental  data on the extent of the transi t ion region leads to the conclusion that 
with respect  to the tempera ture  factor  there exists unique se l f - s imi la r i ty  in the p rocess  of t ransi t ion,  after  
it has began. This se l f - s imi la r i ty  is expressed in the fact that the pa ramete r s  Rxb w and Rexe w vary  with 
r equidistant and the value of r x is not determined by r but by the value of the flow turbulence.  To i l lus-  
t ra te  the foregoing, Fig. 4 shows the values of rx, determined in the experiments for various values of r 
The open points r e fe r  to experiments  at Iow turbulence (a ~ 0.1%), while the ftlIed c i rc les  r e fe r  to exper i -  
ments at a turbulence of e ~ 1.4%. As we can see, in the f irst  case r x = eonst = 1.4, while in the second 
ease r x = const = 1.6. These values of r x are equal to the corresponding values obtained ea r l i e r  in exper i -  
ments with r ~ 1 where we investigated the effect of turbulence on transi t ion in the boundary layer  [4]. Thus 
we can assume that within the limits of our investigation the change in the tempera ture  factor  does not affect 
the value of the pa rame te r  r x. The coordinate of the end of the t ransi t ion in the ease of plate s t reamlining 
for any value of r can thus easi ly be determined f rom the relationship 

(Rex%), -= (Rex bw) , rx. (9) 

Summarizing the above, we can draw the conclusion that the tempera ture  factor  r s t rongly affects the 
stability of the laminar  layer  and, consequently, it s trongly affects the beginning of transit ion.  The unique- 
ness  in the effect of r on the development of the t ransi t ion p rocess  af ter  it has begun lies in the fact that if 
we choose the pa rame te r  r x as the charac te r i s t ic  for the extent of the transi t ion region, its value will be 
independent of r and it will be determined exclusively by the turbulence of the flow. 

P 
P0 
P 
fl, A, a 
Re x 

NOTATION 

is the static p ressure ;  
is the total head; 
is the density; 
are  the pa ramete r s  of the optical system; 
is the Reynolds number .  

S u b s c r i p t s  

W 

ed 
b 
e 

oO 

denotes the conditions at the wall; 
denotes the pa ramete r s  at the edge of the layer;  
denotes the beginning of the transi t ion region; 
denotes the end of the transi t ion region; 
denotes the f r e e - s t r e a m  pa rame te r s .  
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