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The heat t r ans f e r  problem is considered when a flat plate is heated by a sys tem of two-di-  
mensional  s t r e am s  directed at right angles to the surface.  

Two-dimensional  s t r eams  which are  incident at right angles to a surface  (Fig. 1) find wide applica- 
t ion for  the intensification of heat and mass  t r ans fe r .  But our  knowledge of this subject is ve ry  limited 

[1-31. 

The present  investigation was made with an experimental  apparatus,  the working part  of which is in 
the form of a convergent  chamber  ending in three  pipes. The pipes were made of steel plate of thickness 
6 ram. To reduce the perturbing effect of the inner surfaces  of the pipes on the charac te r i s t i c s  of the e m e r -  
gent flow, the sur faces  were machined on a grinding machine.  The edges of the pipe at their  outlets were 
careful ly  fitted to each other so that in the fully closed state the gap was less  than 0.1 mm along the whole 
length of the pipe. The length of the pipes corresponded to the width of the lower part  of the chamber  and 
was 250 ram. The height of the pipes was 100 mm.  The width of the gap in the pipes was H 0 = 5 mm.  The 
centra l  pipe was secure ly  fixed. Screw mechan isms  were used to position the other  two pipes at the r e -  
quired distance f r o m  the centra l  pipe. In accordance  with the dimensions of the chamber  and the design o f  
the pipes, the pitch S of the pipes could be varied within the limits 85-205 ram. Thus, it was possible to 
construct  a sys tem of three plane-paral le l  s t r eams  (Fig. 1). 

The design of the apparatus provided for  the possibili ty of changing the distance h f rom the end of the 
pipes to the plate within the l imits h = 0-250 mm.  

Air  reached the working part  of the apparatus f rom an open, continuously operational  wind tunnel. Be-  
fore  the a i r  entered the settl ing chamber  it passed through a grat ing with two rows to eliminate large scale 
vor tex  format ion.  
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Fig. t .  Diagram of the flow of a sys tem of 
two-dimensional  s t r eams  onto a flat surface .  

In studying the hydrodynamics  of the flow of s t r eams  
onto a flat s'urfaee, a highly polished brass  plate of di- 
mensions  1000 • 240 x 5 m m  was used. The plate had 23 
holes in it of d iameter  0.5 mm to sample the p re s su re .  

During the experiments  the dynamic a i r  p r e s su re  
in the initial part  of the s t r eam was measured  with a 
Prandt l  tube of intake d iameter  0.5 ram. The total p r e s -  
sure  at c ro s s  sections of the s t r eam above the plate was 
measured  with a Pitot tube of intake dimensions 0.4 • 0.8 
ram. A microcoord ina tor  was used to move the Pitot 
tube. The accuracy  of the displacements was 0.05 m m  
in the ver t ica l  direct ion and 0.1 mm in the horizontal  
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Fig. 2. The pressure distribution along the 
surface (a) and the velocity u m at the outer 
boundary of the boundary layer (b): I) Re 0 
= 9.03.103; S = 40.6; h = 10; 2) 9.09.103; 25; 
10; 3) 6.73 -103; 25; 10; 4) 9.09 -10~; 40.6; 20 
(p.104 , ba r ;  x ,  ram; urn, m / s e c ) .  

direction. The initial point for measurements was fixed 
with respect to an electroeontaet. 

The measuring instrurne~Is were micromanometers 

with an inclined tube of type MMN. The accu racy  c lass  
was I. 

In calculating the velocities the pressure at the 
plate was taken as the static pressure. 

in experiments to study the local heat transfer 

coefficients the hot air streams interacted with a plate 
composed of separate calorimeters. Each heat element 
(ca lor imeter )  was in the f o r m  of a tube of r ec tangu la r  
c r o s s  sect ion.  The working su r f ace  of the c a l o r i m e t e r  
was of copper  plate of th ickness  3 m m  so ldered  to the 
mi l led  s tee l  body. The heat was removed  with running 
wa te r .  The working su r face  of the heat  e lement  was 240 
x 10 mm. The calorimeters, isolated from each other 
by laminated Bakelite packing of thic|~ess 1 ram, were 
assembled into the form of a plate for subsequent polish- 
[ng. The working surface of the plate was machined to 
m i r r o r  brightness. 

The t r a n s f e r  coeff icients  were  de te rmined  by the 
s ta t ionary  t h e r m a l  r eg ime  method fo r  t w = const .  The 
t ime needed to obtain the s ta t ionary  t he rma l  r eg ime  was 
3 . 5 4  h. tn the e x p e r i m e n t s  not only the hydrodynamica l  
parameters, but also the air temperature at the outlet 
from the pipes and at cross sections above the plate, the 

temperature of the working surface of each heat element, 
the temperature difference of the water at the inlet and 
outlet of the calorimeter, the temperature drop at the 
lower  wall  of the c a l o r i m e t e r ,  and the volume of wa te r  

passing through each calorimeter were measured. The temperature sensors were chrome~aonstantan 
thermocouples r = 0.2 ram. The temperature measuring instrument was a control potentiometer KP-59. 
The heat transfer coefficients were calculated for each heat element separately from the heat balance equa- 
tion. Heat losses by radiation were computed from the standard relations. Convective heat losses from 
lower wall of the calorimeter were determined from the temperature drop at the wall, measured by a dif- 
ferential (triple) hyperthermocouple. The heat transfer coefficients, computed at the surface of one calori- 
meter, were taken as the local values 5. 

The defining parameters had the following ranges in the experiments: 

H o -=~ 5 ram; Re o = (3 ~ 12.3). t0~; h = 10-,.o- 28; S =  25 - -  40.6; T~ = T o / T w  = 1. t6 • 0.03; T, ~ 350 ~ K. 

The expe r imen ta l  r e su l t s  were  genera l ized  with r e s p e c t  to the t e m p e r a t u r e  of the flow at  the end of 
the p ipes .  

The expe r imen ta l  r e su l t s  show that when the s y s t e m  of s t r e a m s  is  incident on a su r face  normal  to it, 
a complex  dynamic flow pa t t e rn  is  c r ea t ed .  Until it r e aches  the plate,  each  s t r e a m  of the s y s t e m  develops  
as  a f r ee  s t r e a m . *  Af te r  it i m pac t s  on the plate the s t r e a m  is turned through 90 deg and p ropaga tes  along 
the su r f ace .  

In the impac t  region the kinetic energy  of the f r ee  s t r e a m  is t r a n s f o r m e d  into potential  ene rgy  and 
potential  energy / i s  t r a n s f o r m e d  into the kinet ic  energy  of the s t r e a m  bounded by the solid su r f ace .  

Another  fea tu re  of the in te rac t ion  between the s y s t e m  of incident s t r e a m s  is  that  neighboring s t r e a m s  
mee t  as they sp r ead  out ove r  the su r face  of the solid body. This  r e su l t s  in par t  of the kinet ic  energy  being 
t r a n s f o r m e d  into p r e s s u r e  energy ,  As a r e su l t  there  is mot ion  in the boundary l ave r  with a posi t ive longi-  
tudinal p r e s s u r e  grad ien t .  

*We studied only s y s t e m s  of two-d imens ionaI  s t r e a m s  fo r  which the re  was no in te rac t ion  between the s e p a -  
r a t e  s t r e a m s  in a f r ee ly  expanding segment .  
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Fig:  3. Velocity profile (a) and t empera tu re  profile (b) at 
c ro s s  sect ions of the s t ream above the plate for exper imen-  
tal conditions (Re 0 = 12.3 �9 103; S = 40.6; h = 20; T 0 = 348.6~ 
1) x = 12; x / S  = 0.059; 2) 23; 0.113; 3) 34; 0.168; 4) 49; 0.241; 
5) 70; 0.345; 6) 81; 0.399; 7) 93; 0.457 (y, 1ran; u, m / s e e ;  T, 
~ 

The p ressu re  distr ibution curves  at the plate (Fig. 2a) indicate the presence  of longitudinal p ressu re  
gradients ,  independently of the pa ramete r s  of the sys tem,  the p ressu re  diminishes f rom a maximum at the 
cr i t ica l  point to some minimal value (above or  below atmospheric)  and then increases  again, 

The p res su re  change, like other  flow charac te r i s t i c s ,  is periodic in nature with period x = 0.5S. 

Hence the dynamic and thermal  in teract ions  of the sys tem of two-dimensional  s t r eams  were studied in 
a segment  of length x = 0.5S. 

Figure  3 shows the velocity profile (Fig. 3a) and the t empera tu re  profile (Fig. 3b) for  one of the t e m -  
pe ra tu res .  The veloci ty changes at each sect ion of the s t ream,  as in the semi-bounded s t reams ,  f rom u 
= 0 at the wall to some maximum u = u m at y = 6 and then falls to the velocity of the surrounding medium. 

The change in the veloci ty at the outer  edge of the boundary layer  along the surface is shown in Fig. 2b. 
The velocity u m changes f rom zero  at the cr i t ica l  point to a maximum for  given pa rame te r s  of the sys tem of 
u m = u .  a t x = x ,  and then it falls to z e r o .  

Hence, there a re  two flow regions - an accelera ted  region with dp/dx < 0 (0 -< x -< x . ,  0 -< Um -< u.) 
and a re ta rded  region with dp /dx  > 0. The general ized experimental  resul ts  show that in the region of ac -  
ce lera ted  flow 

u~ = 1.58 u0 (~)-0.s (~03~, (1 - -  0.5~.), (1) 

where ~ .  = x / ~ . .  
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Compar i son  of expe r imen ta l  and theore t ica l  r e -  
sults  f o r  heat t r a n s f e r  in the neighborhood of the c r i t i ca l  
point (a), and in the region of acce le ra t ed  flow (b): 1) 
=40.6;  Re 0 = 12.2 �9 h = 28; 2)40.6; 12.3 �9 20; 3) 
40.6; 12.1.103; 15; 4) 40.6; 12.2.103; 10; 5) 30; 5.43 �9 
10; 6) 25; 7 .28.  103; 10; 7) 40.6; 5.5.103; 10; 8) 40.6; 3.2 
�9 103; 10; 9) 40.6; 7.13.103; 10; 10) 30; 7.52.103; 10; 11) 
by [1]; I) by equation (19); II) by (15); [II) by (14)�9 A 
= R~-o.5 (~)-o.75(~)o.~3. 

The extent of the region of accelerated flow x, is given by the equation 

x, ~ 2.48 h (~)-057. (2) 

Hydrodynamic  invest igat ions  showed that in the neighborhood of the c r i t i ca l  point there  is a l amina r  
boundary l ayer  when a s y s t e m  of two-dimens iona l  s t r e a m s  iS incident normal ly  on a sur face ,  as in the case 
of a single a x i s y m m e t r i c  s t r e a m  [4-7]. As the dis tance f r o m  the c r i t i ca l  point i nc rea se s  (in the region 
of acce le ra t ed  flow) a t rans i t ion  f r o m  l am ina r  to turbulent  flow in the boundary layer  is observed .  

The local and ave rage  heat t r a n s f e r  coeff icients  in the region of acce l e r a t ed  flow can be computed 
using one of the approx imate  methods fo r  calcula t ing the l amina r  boundary layer  and the empi r i ca l  r e l a -  
t ions (1) and (2). 

Following the K a r m a n - P o h l h a u s e n  method in its mode rn  f o r m  [8] the impulse  equation for  a two-di -  
mens iona l  i ncompres s ib l e  boundary layer  can be put in the following f o r m  for  l aminar  flow: 

d = 0 .47  - -  6 d~,.., 
um dx dx (3) 

Equation (3) has the solution 
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Noting (1) and (2), 

~ 0.47 ? 
- j + 

"V 

and the in i t i a l  condi t ions  [8] f o r  x = 0, 

x . . . .  dum/dx = 0.077 

equa t ion  (4) can  be w r i t t e n  

w h e r e  

(4) 

ffz = 0.123 huo ~ (~0.5 (~-o.s7 (1 - -  0.5 ~.,)-~ F (x,), (5) 

F(~,)  = 1 - -  2,I5x, + 1.875x~, - -  0.833x, a + 0 .1875~--  0.0tTx:.-s 

At the l im i t s  of  the  r e g i o n  of a c c e l e r a t e d  f low F(K,) h a s  the  a p p r o x i m a t i o n  

F (~ , )  = (1 - 0 . 5 ~ , ) , .  (6) 

The  ra t io  of the t h i c k n e s s  of the i m p u l s e  l o s s e s  to the t h i c k n e s s  of  the h y d r o d y a a m i e a l  boundary  l a y e r  can  
be compu ted  a p p r o x i m a t e l y  by t i n e a r i z i n g  the r e l a t i o n  be tween  the f i r s t  A = 62/p d u m / d x  and the second  x 
= 02/u d u m / d x  f o r m  p a r a m e t e r s .  At the  b o u n d a r i e s  (z k = 0.77 and x ,  = 0) the a p p r o x i m a t i o n  m u s t  g ive  the  
e x a c t  va lue  of the r a t i o  of t h e s e  p a r a m e t e r s .  Under  t h e s e  condi t ions ,  #-/5 = 0 .1048 ,  and, noting (5) and (6), 

5 = 3.34 - (7) 
uo,5 (~o.43 (1 - -  0.5),) 

F r o m  the equa t ion  fo r  the hea t  f low dens i ty  

qw = --: )~ ( OOy ) = c~(tm--t~) 
y=0 

we define the hea t  t r a n s f e r  coe f f i c i en t  

i ag/v=o/ 

Let  us a s s u m e  tha t  the  t e m p e r a t u r e  d i s t r i bu t i on  in the boundary  l a y e r  is  

t = a + b y +  cy ~ + @3 4-eY 4 + nY ~. (9) 

F o r  the b o u n d a r y  condi t ions  

g = 0  t = t ~ =  const, 02t/Og ~ = O, 
(10) 

at 02t O~t 
g = 5  r t = tm, ~y = O, -@2 = 0 , - - ,  8Y s = O 

the t e m p e r a t u r e  g r ad i en t  at  the wal l  is d e t e r m i n e d  by the equa t ion  

(Or )  = 2 . 5  t ~ - - t w  (11) 
~YY y=o 6 T  

By (8) and (11) the hea t  t r a n s f e r  coe f f i c i en t  i s  

(z = 2.5 )~/5~. (12) 

The  r e l a t i o n  be tween  the t h i c k n e s s  of the t h e r m a l  and dynamic  bounda ry  l a y e r s  [8] i s  g iven  by 

5715 = pr-l/3. (13) 

By subs t i tu t ing  (13) and (7) in (12) we c a n  obta in  a c o m p u t a t i o n a l  e x p r e s s i o n  f o r  the loca l  va lues  of the 
nond imens iona l  hea t  t r a n s f e r  coe f f i c i en t  in the  r e g i o n  of a c c e l e r a t e d  f low 

St = 0.75 Reo~ -2/3 (fi}-o.75 (~)o.43 (1 - -  0.5x,). (14) 

In the  ne ighborhood  of the  c r i t i c a l  point,  g ,  ~ 0 and 

St~ =,0.75 Reo~ -2/a (h) -~ (g)0.43. (15) 
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An equat ion for  calculat ing the heat t r a n s f e r  in the neighborhood of the c r i t i ca l  point can also be ob- 
tained f r o m  the exact  solution of the" equation of mot ion in the neighborhood of the c r i t i ca l  point. Such a 
solut ion was obtained by Khhnents  and Howarth  [8]. F r o m  these  calculat ions the thickness  of the dynamical  
boundary l ayer  of a two-d imens iona l  flow in the neighborhood of the c r i t i ca l  point is 

6 = 2.4 V ~ ,  (16) 

where  L is  known f r o m  exper imen t  or  theory .  

In solving the p rob lem,  Khiments  and l a te r  Howarth a s sumed  that u m = Lx. Under the conditions of 
the p rob lem we studied 

r L 
[ dx tx~o 

After  d i f ferent ia t ing (1) and using (17), we find L and t h e r e f o r e  5: 

| / ~ ( ~ ~  ~h 

Then, following the f a m i l i a r  p rocedure  fo r  calcula t ing St f r o m  (12), taking (13) and (18) into account,  
we have 

St~ = 0.832 Reo~ -~/~ (~)-o.75 (~0.43 (19) 

The local  heat  t r a n s f e r  coeff ic ients ,  calculated f r o m  (19) a re  11.2% higher  than those  de te rmined  
f r o m  (15). 

F igure  4 shows a c o m p a r i s o n  between the expe r imen ta l  r e su l t s  and equations (15) and (19) fo r  heat 
t r a n s f e r  in an a i r  s t r e a m  (Pr  = 0.72) in the neighborhood of the c r i t i ca l  point (Fig. 4a) and the change in the 
local  heat  t r a n s f e r  coeff ic ients  in the reg ion  of a cce l e r a t ed  flow (Fig. 4b). 

We see  that the expe r imen ta l  r e su l t s  agree  sa t i s f ac to r i ly  ~4th the solutions we have obtained,  

N O T A T I O N  

is the th ickness  of the impulse  losses ;  
Um is the veloci ty  at the outer  edge of the boundary layer ;  
H 0 is the ca l ib re  of the pipe (the s m a l l e r  d imension  of the gap in the pipe); 
x is the cu r r en t  dis tance f r o m  the c r i t i ca l  point; 
~ ,  = x / x , ;  
x ,  i s  the extent  of the region of acce le ra t ed  flow (for x = x , ,  urn = u , ) ;  
h is the dis tance f r o m  the end of the pipe to the plate; 
h = h/H0; 
S is the pi tch of the pipes; 

= S/H0; 
t w is  the t e m p e r a t u r e  of the su r face  of the plate;  
t m is the t e m p e r a t u r e  at the outer  edge of the walt boundary; 
t o is the a i r  t e m p e r a t u r e  at the end of the pipe; 
u 0 is the a i r  veloci ty  at the exit  f r o m  the pipe; 
Re 0 = (t~H0)/v; 
St = a /cppu o. 
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