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We present the results from a theoretical and experimental investigation into 
the turbulent transfer that takes place in the face boundary layer of a vortex 
chamber. It is demonstrated that the intensity of heat transfer at the faces 
of the chamber, in view of the three-dimensional nature of the flow, is signi- 
ficantly greater than in the case of a standard boundary layer at a plate. 

We are familiar with the fact that face boundary layers may exert significant influence 
on the aerodynamics of vortex chambers. The experimental and theoretical studies [1-5] are 
devoted to a solution of this problem. Until recently, no investigations were conducted 
into the transfer of heat in such boundary layers; an existing paper [6] is devoted to the 
study of heat and mass transfer in a laminar face layer. 

The boundary layers formed at the face surfaces of vortex chambers are three-dimensional 
in nature. The pressure gradient along the radius of the chamber, caused by the rotation 
of the flow, leads to a secondary radial flow in the vicinity of the wall, and this flow 
is directed toward the axis of the chamber. Boundary layers in curvilinear channels exhibit 
a similar structure, as do those on airplane wings, the leading interblade surfaces of gas 
turbines, and increasing attention has recently been devoted to the study of these boundary 
layers [7]. Therefore, the results obtained in this paper are also of interest in studying 
the heat and mass transfer in three-dimensional boundary layers with twisted streamlines 
and, in particular, for the interaction of vortex flows and surfaces. 

I. Formulation of the Problem. Integral Relationships between Energy and the Law of 
Heat Transfer in the Case of a Face Boundary Layer. Let us examine the boundary layer that 
is formed on a plane face surface of a vortex chamber (Fig. i). As demonstrated by aero- 
dynamic studies [4, 5, 8], in a face layer the velocity profile V in the circular direction 
represents a typical layer with a shear thickness 6. The velocity profile U of the secondary 
radial flow is similar to the distribution of velocity in the heated stream near the wall 
with a general thickness ~ and a dimension 6 m for the portion at the wall. Consequently, 
the total velocity V Z and its direction ~ = arctanU/V change through the height of the layer. 

Let us write the equation for the transfer of heat in the boundary layer for the case 
of steady axisymmetric streamlining by a rotating incompressible flow with constant physical 
properties about an impermeable surface under conditions that are close to the isothermal 

, = Tw/T 0 + i: 

U OT + W  o r . =  O,q, . (1) 
Or Oz Oz 

In writing (i) we assume that the transfer of heat in the longitudinal (radial) direction 
was considerably smaller than in the lateral (axial) direction: 8q/Sr ~ 8q/Sz. In the 
assumption that the thermal boundary layer is equal to the thickness of the hydrodynamics 
boundary layer, i.e., 6t = 6, let us integrate expression (i) with consideration of the con- 
tinuity equation for the following boundary conditions: 

z = 0 : U = $ 1 7 = V = 0 ;  T=Tw; q=qw; z = 6  t = 6 : U = U o ~ 0 ;  
W=0; V=Vo; T:To; q : 0 .  

After transformation, we obtain the integral relationship for energy in the form 
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Fig. i. Flow diagram in vortex chamber: i) outlet face; 2) side 
cylinder wall; 3) heated face; 4) current-conducting layer; 5) 
thermal insulation; 6) orifice for entry of gas into chamber; 7) 
thermocouples to measure temperature fields within the chamber; 
I) flowthrough zones; II) non-flowthrough zone; III) outlet ori- 
fice r e g i o n .  

7ATo d; v (2) 

For the solution of Eq. (2) we must know the change along the chamber radius of the 
maximum value of the radial velocity U m and we have to determine the heat-exchange law which 
links the Stanton number to the integral characteristics of the boundary layer. Articles 
[1-5, 8] examine the quantitative relationships governing the development of a face layer 
and its influence on the flow in the main volume of the chamber. It has been established 
that in the region outside of the boundary layers the entire flow can be divided into three 
zones along_the radius of the chamber (Fig. i). In zone I, referred to as the flowthrough 
zone (r* < r < i), the radial velocity in the core of the flow is different from zero U 0 ~ 0, 
while r* is the boundary radius where the entire stream of gas flows into the face boundary 
layers and U 0 becomes equal to zero. The non-flowthrough zone II lies in the interval 
r I < r < r*, in which there is_no radial gas flow in the region outside of the bo_undary layers. 
The third zone, i.e., 0 < r < rl, is bounded by the radius of the outlet orifice r I through 
which the gas is ejected from the chamber. 

Formulas have been derived in [5, 8] for the distribution, in the flowthrough zone, 
of the maximum radial velocity U m in proportion to the development of the face layer along 
the chamber radius: 

m=;aO: U,,,/Vc-- V O . 4 ~ - 2 ~ - - l ) / m ,  r e = O :  Um/V c = ] / 'O ,81 . (1 /~  . ( 3 )  

We should stress that formulas (3) for the conditions of these experiments yield good 
agreement with the experiment conducted for the non-flowthrough zone. These expressions 
were therefore used subsequently for a calculation analysis and for the generalization of 
the experimental data relating to the transfer of heat throughout the entire chamber, exclud- 
ing only the region of the outlet orifice (r < rl). 

The quantity m in formula (3) characterizes the change in the circular velocity along 
the radius in the core of the flow: 

V~ = V Jr--m" ( 4 ) 

With m = i, O, and --i, respectively, we obtain rotation with constant circulation r 0 = VcR = 
Vr = const, circular velocity V 0 = V c = const, and angular velocity w = V/r = Vc/R = const. 

The law governing exchange of heat in the face boundary layer will be determined from 
an analogy of the transfer processes for energy and angular momentum. We will assume that 
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the temperature and circular-velocity profiles are similar to each other, i.e., V/V 0 = O, 
which is confirmed by experimental data for rotating disks [9]. 

In conclusion we have the following expression for the heat-transfer coefficient [8]: 

St = qw -- -  = S t ~ - -  B R e * * _ ~ , p r m , _  , ~ .  ( 5 )  
pC~U~ATo 2 t 

F o r  d e v e l o p e d  t u r b u l e n t  f l o w  B = 0 . 0 2 5 6 ;  m 1 = 0 . 2 5 .  I n  f o r m u l a  ( 5 )  ~ =  [ ( 1  + t a n 2 ~ w ) /  
tan2~w ]3/s is the heat-transfer function which describes the effect of the three-dimensional 
flow on intensification of heat exchange. It can easily be demonstrated that near the wall 
(0 < z < 6 m) the magnitude of the twisting angle through the thickness of the boundary layer 
is constant and equal to the value at the wall, i.e., ~w. According to the data of [5, 8], 
the distribution of the twisting angle at the wall along the radius of the face surface is 
described by the following: 

m 4= 0 : tg ~w = 0.83 r m [(r - ~  - -  1)lrn]'/o, m = 0 : tg % = 1.17 [In (1 />) ] ' /2 .  ( 6 )  

With relationship (6) we can calculate the change in the heat-exchange function ~r along 
the radius of the face surface. The range of variations in the function P~ is substantial: 
its magnitude depends both on the radius and on the distribution of the circular velocity 
outside of the boundary layer. Calculations have shown that the extensiveness of the flow 
exerts the greatest influence on the heat and mass transfer in the case of the potential 
(m = i) law governing gas rotation above the boundary layer. The heat-exchange function 
~ increases in the direction of the periphery of the chamber, where the radial velocity 
component is not great, tan~w = Um/V m + 0, and the circular velocity component predominates. 

_ With a constant heat flux qw = const at the wall under the condition Ret** = 0 when 
r = I, after integration of relationship (2) we have 

r 

1 ~ R dr W~Sto 1 -  ~ Um 
Re~* = ATo~ ~ qw r = 27 R% r (7) 

1 

Using expressions (3), (5)-(7), we obtain the calculation relationships for the Stanton 
number 

St = 0,0431 [m + 0.69(1 - -  ~2~1~ (I __ ~ ) - o . 2  
(1 - - 7 ~ )  ~ ~-0 ,2~+1)  m-O.I P r - ~  R~-~  ( 8 )  

and the heat-transfer coefficient 

a = 0,027 [m -!- 0.69 ( 1 - -  ~m)]o. ~ (1 --72m) ~ I pCpV c Re$O, 2pr -o .  6. ( 9 )  
(I _ ~)o . : ,  ~.~(.~,,_~) mO.~ 

Accordingly, the Reynolds number constructed through the energy-loss thickness is de- 
termined by 

R e * * = 0 , 0 1 3 6  [m+O'69(l--TZm)l~ Re ~ 1 7 6  ( 1 0 )  
t ~ .  s ~m ~ 1) m o, ~ ( t - -  r ~ )  - ~  l c 

T h u s ,  E q s .  ( 8 ) - ( 1 0 )  a l l o w  us  t o  c a l c u l a t e  t h e  t r a n s f e r  o f  h e a t  i n  t h e  t u r b u l e n t  f a c e  
layer for any distribution of the circular velocity along the radius of the vortex chamber. 
In analogous fashion we can also solve the problem for the boundary condition T w = const; 
the calculated relationships for this case are presented in [8]. 

2. Experimental Investigation of Heat Transfer in a Face Boundary Layer. Generaliza- 
tion of Experimental Data and Comparison with Calculation. Convective heat exchange in a 
face boundary layer was studied in a vortex chamber of diameter D = 200 mm and an identical 
height L = 200 mm (Fig. i). The transfer of heat was studied at an undiaphragmed face fabri- 
cated of glass-impregnated fabric (glass Textolite), covered with a copper foil of thickness 
~50 ~m. Parallel grooves were milled into the foil with a width of 0.4 mm so as to form 
a current-conducting strip exhibiting a width of a= 3 mm and an overall length of ~12 m. 
The face wall was heated by means of passing a direct electric current through the copper 
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Fig. 2. Distribution of temperatures in the face wall and in the 
core of the flow along the radius of the vortex chamber (Re c = 
2.105 , Ro = 0.07, qw = 6.1 kW/m2): a) rl = 0.15; b) r I = 0.45; 
i) Tw; 2-4) T O for z = 10, 100, and 190 n%m, respectively; T, ~ 
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Rig.  3. Change in  the  c o e f f i c i e n t  o f  heat  t r a n s f e r  ( a ) ,  t he  
S tan ton  number ( b ) ,  and in  the  energy  loss  t h i c k n e s s  (c )  a long 
the  r a d i u s  o f  the  face  w a l l :  1 -3)  c a l c u l a t i o n s  based on formu- 
las  ( 8 ) - ( 1 0 )  f o r  m = 1, O, and - 1 ,  r e s p e c t i v e l y ;  the  dashed 
curves denote calculations for T w = const and m = 1 [8]; the 
points represent experiment r I = 0.15; 4) Re c = 1.13.10s; 5) 
1.27.105; 6) 1.53.105; 7) 2.105. 
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Fig. 4. Law governing transfer of heat in a face boundary layer; 
the solid line denotes St = 0.0128Ret**-~176 the open 

circles denote the flowthrough zone; the solid circles denote the 
non-flowthrough zone; Ro = 0.07, r I = 0.15; l)_Re c = 1.13.105; 2) 
1.27.105; 3) 1.53"105; 4) 2.105; 5) 1.11.105; r I = 0.45. 

strip. The thermal load in these experiments was varied within limits of qw = 2-6 kW/m 2. 
To eliminate heat losses, the outer surface of the face and side cylindrical walls of the 
chamber were thermally insulated. Analysis of the heat losses from the working surface showed 
that the total error in this study of the heat transfer did not exceed 10%. 

The wall temperature distribution through the radius of the face was measured by means 
of 16 nichrome-constantan thermocouples positioned within the grooves of the heater. The 
temperature field outside of the face layer was determined by means of three thermocouples 
moving along the entire diameter of the chamber; they were situated at a distance z = i0 
mm from the upper and lower faces, as well as at the midpoint of the chamber height, z = i00 
mm. Moreover, the gas temperature was measured in these experiments both at the inlet to 
and the outlet from the chamber. 

Air was used as the working flu• in these experiments. The air was fed into the cham- 
ber through four series of round holes d o = 4 mm, drilled tangentially. There were i0 holes 
in each series; these holes were positioned uniformly through the height of the chamber along 
the side wall. The gas was ejected through an orifice in the center of the unheated face 
whose diameter was varied during the experiments, dl/D = 0.15 to 0.45. 

The air flow rate in these experiments varied, and the Reynolds number, determined from 
the measured value of the circular velocity at the periphery of the chamber, exhibited a 
range of Re c = VcR/V = (0.2-2.0).I0 s , while the value of the Rossby number was Ro = Q/(Vc R2) = 
0.07-0.1. 

The temperature distribution of the face wall and in the main volume of the vortex cham- 
ber is shown in Fig. 2 for two diameters of the outlet orifice. With the aerodynamic param- 
eters prevailing in these experiments, according to the data of [5], the flowthrough zone 
I of the chamber is bounded by a radius r* = 0.67. Therefore, throughout this entire zone 
of the chamber the rotating gas above the face boundary layer exhibits a constant temperature 
equal to the temperature of the gas at the inlet. This is confirmed by results from the 
measurements of the_ temperature distribution at three cross sections of the chamber (Fig. 2). 
In zone II (rl < r < r*), where the gas rotates without a radial channel, it is heated as 
a consequence of the exchange of heat with the near-axial flow formed at the hot wall of 
the face. With increasing distance through the vortex chamber, the temperature of the gas 
in zone II and in the region III near the axis is reduced, and this is brought about by the 
exchange of thermal energy with the peripheral flow. A similar trend is noted in the study 
of heat exchange between near-axial streams stabilized by a vortex flow [i0]. 
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As we can see from Fig. 2, the fundamental difference in the temperature fields with 
a change in the diameter of the outlet orifice is noted primarily in the zone near the axis. 
The dimension of the near-axial jet formed as a result of the face flow is correlated with 
the quantity rl, and in this case we observe the same unique features as in the case of blow- 
ing air into the near-axial region of the jet [i0]. 

Let us now turn to an analysis and generalization of the obtained results. In processing 
the experimental data, as the decisive temperature in the core of the flow in zone II we 
took its value in the cross section z = i0 nun, in direct contact with the external boundary 
of the fate boundary layer whose thickness, based on our estimates, did not exceed 6 ~ 7 mm. 

The nature of the change in the heat-transfer coefficient, in the Stanton number, and 
in the energy-loss thickness along the radius of the space surface is shown in Fig. 3. The 
experimental values of the heat-transfer coefficient and of the integral Reynolds number 
were determined from the formulas 

qw I--~ R, (ll) St=qw/(pCpUmATo); R e ~ * =  pC~AT0 27 

w h i l e  t h e  d i s t r i b u t i o n  o f  t h e  maximum v a l u e  o f  t h e  r a d i a l  v e l o c i t y  was c a l c u l a t e d  on t h e  
b a s i s  o f  f o r m u l a  (3 )  which  p r o v i d e d  e x c e l l e n t  a g r e e m e n t  w i t h  e x p e r i m e n t a l  d a t a  [5 ,  8 ] .  

As we can  s e e  f rom F i g .  3a ,  t h e  law g o v e r n i n g  f l o w  r o t a t i o n  e x e r t s  s i g n i f i c a n t  i n f l u e n c e  
on t h e  m a g n i t u d e  o f  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t .  I t  a s sumes  i t s  g r e a t e s t  v a l u e  in  t h e  
c a s e  o f  gas  r o t a t i o n  w i t h  c o n s e r v a t i o n  o f  c i r c u l a t i o n ,  w h i l e  i t  a s sumes  i t s  l e a s t  v a l u e  in  
t h e  c a s e  o f  q u a s i s o l i d  r o t a t i o n .  H e r e ,  f o r  t h e  c a s e  r = c o n s t  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  
i n i t i a l l y  f a l l s ,  s u b s e q u e n t l y  i n c r e a s i n g ,  and i t s  minimum v a l u e ,  as  shown by c a l c u l a t i o n ,  
i s  found  a t  r = 0 . 9 .  T h i s  t y p e  o f  change  in  a i s  e x p l a i n e d  by t h e  m u t u a l  i n f l u e n c e  on t h i s  
v a l u e  e x e r t e d  by t h e  h e a t - e x c h a n g e  f u n c t i o n  which  d i m i n i s h e s  in  t h e  d i r e c t i o n  o f  t h e  chamber  
a x i s  and by t h e  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r  which  i n c r e a s e s  in  p r o p o r t i o n  t o  t h e  d e v e l o p -  
ment  o f  t h e  b o u n d a r y  l a y e r .  The S t a n t o n  number  d i m i n i s h e s ,  as  i s  d e m o n s t r a t e d  by b o t h  t h e o r y  
and e x p e r i m e n t  ( F i g .  3 b ) ,  w i t h  p o t e n t i a l  r o t a t i o n  o f  t h e  gas  t o w a r d  t h e  a x i s ,  w h i l e  t h e  e n e r g y  ~ 
l o s s  t h i c k n e s s  i n c r e a s e s  ( F i g .  3 c ) .  C o m p a r i s o n  o f  c a l c u l a t i o n  and e x p e r i m e n t a l  d a t a  f o r  
a l l  t h e  b a s i c  p a r a m e t e r s  shows them t o  be  in  good a g r e e m e n t ,  w i t h  t h e  e x i s t i n g  d i f f e r e n c e  
in  t h e  r e g i o n  a d j a c e n t  t o  t h e  s i d e  w a l l  e x p l a i n e d  by t h e  p r e s e n c e  o f  l a m i n a r  and t r a n s i t i o n a l  
s e g m e n t s  a t  t h e  o n s e t  o f  f a c e - l a y e r  f o r m a t i o n ,  as  w e l l  as  by t h e  a d d i t i o n a l  t h e r m a l  l o s s e s  
t o  t h e  s i d e  s u r f a c e .  The r e s u l t s  o f  t h e  c a l c u l a t i o n  f o r  t h e  b o u n d a r y  c o n d i t i o n  T w = c o n s t  
( t h e  d a s h e d  c u r v e s  in  F i g .  3) y i e l d e d  r e s u l t s  c l o s e  t o  qw = c o n s t ,  which  i s  e v i d e n c e  o f  t h e  
c o n s e r v a t i v e  n a t u r e  o f  t h e  law g o v e r n i n g  t h e  e x c h a n g e  o f  h e a t  in  t h e  f a c e  o f  c h a n g e s  in  boun-  
d a r y  c o n d i t i o n s .  

We t h e n  p r o c e e d e d  in  t h e  n e x t  s t a g e  t o  g e n e r a l i z e  t h e  e x p e r i m e n t a l  d a t a .  F i g u r e  4a 
shows t h e  change  in  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  f o r  t h e  f l o w t h r o u g h  zone  I and n o n - f l o w -  
t h r o u g h  zone  I I  o f  t h e  chamber  as  a f u n c t i o n  o f  t h e  R e y n o l d s  number ,  c o n s t r u c t e d  t h r o u g h  
t h e  t h i c k n e s s  o f  t h e  e n e r g y  l o s s e s .  The e x p e r i m e n t a l  d a t a  on h e a t  t r a n s f e r  a t  t h e  f a c e  in  
r e g i o n  I I I  o f  t h e  o u t l e t  o r i f i c e  were  e l i m i n a t e d  f rom t h e  a n a l y s i s ,  s i n c e  in  t h i s  zone  we 
h a v e  a complex  r e s t r u c t u r i n g  o f  t h e  f a c e  f l o w  i n t o  an a s c e n d i n g  n e a r - a x i a l  s t r e a m .  As we 
can  s e e  f rom F i g .  4 a , _ t h e  e x p e r i m e n t a l  d a t a  d e r i v e d  f o r  v a r i o u s  t a n g e n t i a l  numbers  Re c and 
o u t l e t - o r i f i c e  r a d i i  r l  l i e  s i g n i f i c a n t l y  h i g h e r  (by  more  t h a n  a f a c t o r  o f  two)  a b o v e  t h e  
h e a t - e x c h a n g e  law f o r  a p l a t e .  Such an i n t e n s i f i c a t i o n  o f  h e a t  e x c h a n g e  in  t h e  f a c e  boun-  
d a r y  l a y e r  i s  a r e s u l t  o f  t h e  t h r e e - d i m e n s i o n a l i t y  o f  t h e  f l o w .  The e x p e r i m e n t a l  d a t a  p r o -  
c e s s e d  w i t h  c o n s i d e r a t i o n  o f  t h e  h e a t - e x c h a n g e  f u n c t i o n  Pr ( F i g .  4 b ) ,  r e f l e c t i n g  t h e  i n f l u -  
e n c e  o f  t h e  e x t e n s i v e n e s s  o f  t h e  f l o w  on t h e  t r a n s f e r  p r o c e s s e s ,  a r e  g e n e r a l i z e d  w i t h  r e s p e c t  
t o e a c h  o t h e r  and c o i n c i d e  w i t h  t h e  c a l c u l a t e d  r e l a t i o n s h i p  f o r  a s t a n d a r d  b o u n d a r y  l a y e r ,  
b o t h  in  t h e  f l o w t h r o u g h  (open  c i r c l e s )  and n o n - f l o w t h r o u g h  ( s o l i d  c i r c l e s )  z o n e s  o f  t h e  v o r -  
t e x  chamber .  

Thus i t  h a s  been  e s t a b l i s h e d  e x p e r i m e n t a l l y  and t h e o r e t i c a l l y  t h a t  t h e  q u a n t i t a t i v e  
r e l a t i o n s h i p s  g o v e r n i n g  t h e  d e v e l o p m e n t  o f  a t h e r m a l  b o u n d a r y  l a y e r  on i n t e r a c t i o n  o f  a r o t a -  
t i n g  f l o w  w i t h  a f a c e  s u r f a c e  can  be d e s c r i b e d  by mak ing  u s e  o f  t h e  r e l a t i o n s h i p s  f o r  t h e  
o n e - d i m e n s i o n a l  s t r e a m l i n i n g  o f  a p l a t e .  I n  t h i s  c a s e  we h a v e  t o  t a k e  i n t o  c o n s i d e r a t i o n  
t h e  i n t e n s i f i c a t i o n  o f  t h e  h e a t  e x c h a n g e  a s  a c o n s e q u e n c e  o f  t h e  t h r e e - d i m e n s i o n a l  n a t u r e  
o f  t h e  f l o w  ~ , ,  whose m a g n i t u d e  f o r  t u r b u l e n t  f a c e  l a y e r s  i s  s i g n i f i c a n t  i n  t h e  c a s e  o f  i n t e n s e  
f l o w  r o t a t i o n s .  
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NOTATION 

D and L are the diameter and height of the chamber; r is the instantaneous radius; W, 
V, and U are the axial, circular, and radial velocity components; F = Vr is the circulation; 

= arctanU/V is the local angle of flow twisting; ~ is the heat-transfer coefficient; q = 
-pCpW'T' is the turbulent heat flow; 0 w = ~AT 0 is the flow of heat to the wall; AT = T w - T; 
AT 0 - T w - To; 0 = AT/AT0; St = qw/(pCpUmAT0) is the Stanton number; U m is the maximum value 
of the radial velocity through the cross section of the boundary layer; 6 and 6 t are the 
thicknesses of the dynamic and thermal boundary layers; Ret** = PUm~t**/~ is the Reynolds 

6 
number, constructed through the energy-loss thickness; ~{*=~f 

t U 
0 -~ (!- AT/AT~ is the energy- 

loss thickness; ~ is the relative heat-exchange function which takes into consideration 
the effect of the extensiveness of the flow; Re c = OVER/~ is the tangential Reynolds number 
at the periphery of the chamber; Ro = Q/(Vc R2) is the Rossby number; Q is the volume flow 
rate through the chamber. Subscripts: i) the boundary of the outlet orifice; *) the boun- 
dary of the flowthrough zone; m) the maximum value; 0) the flow core, for standard conditions; 
c) the periphery of the chamber; w) conditions at the wall; t) thermal. 
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