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The results are presented of computer calculations of the flow of a 
viscous fluid between a cooled rotating disk and a fixed screen for 
two methods of supplying the cooling medium-radial and frontal. 

A n u m b e r  of methods  exis t  for  cooling the disks of 
gas t u r b i n e s ,  inc luding r ad ia l  blowing of the cooling 
m e d i u m  into the gap between disk and s c r e e n ,  f ron ta l  
ven t i l a t ion  of the disk with m e d i u m  s u p p i i e d t h r o u g h  
the s c r e e n ,  a combina t ion  o~ these  methods  with 
wa te r  cooling of the s c r e e n ,  etc. The r e s u l t s  of these  
inves t iga t ions  have been  de sc r i bed  by a n u m b e r  of 
au thors  [1-9] .  
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Fig. 1. D iag ram of the p rob lem.  

We shal l  make  a c o m p a r i s o n  of these  methods of 
cooling on the ba s i s  of solut ion of the Nav ie r -S tokes  
and energy  equat ions  for  s m a l l  r e l a t ive  va lues  of the 
gap, s/r0, be tween disk  and s c r e e n  (Fig. 1). To c o m -  
p a r e ' h e a t  t r a n s f e r  condi t ions ,  we sha11 choose the 
case  where  the d isk  and s c r e e n  su r f ace s  a re  i s o t h e r -  
rea l ,  th is  be ing opt imal  f rom the viewpoint  of t h e r m a l  
s t r e s s .  

At sma l l  s/r0, which co r r e sponds  to ac tua l  s i tua -  
t ions ,  the dominan t  v i scous  t e r m s  in the flow and 
energy  equat ions wil l  be those de r iva t ives  with r e -  
speet  to z, and the equat ions may be put in the fo rm 
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where the p r e s s u r e  in the gap is cons tan t ,  i . e . ,  
07r~ = 0. Here  

x = r/ro, y = z/s, v ~ %/ro to, w --  v, s/v, u = vr/(ro r Re), 

ao = plo(roo~) 2, @ = ( r - -  r s ) / (T  d - -  Ts), 

Re = s 2 c0/v, Pr = ~ c J L .  (5) 

Diss ipa t ion  is not inc luded in the energy  equation.  
Thus the in i t i a l  s y s t e m  of n o n l i n e a r  equat ions 

(Navier-Stokes)  of e l l ip t ic  type is t r a n s f o r m e d  into 
the sys t em (1), (2) of pa rabo l i c  equat ions ;  it is t h e r e -  
fore  n e c e s s a r y  to exclude cases  of r e v e r s e  flow in  
the gap. The ca lcu la t ions  of [9] show good a g r e e m e n t  
be tween solut ions  of (1)-(4) and those of the full  equa-  
t ions  in the absence  of r e v e r s e  flow. 

The boundary  condi t ions  of the p r ob l e m are .  
at the in i t i a l  r ad ius  x = 1 

u - u0 0 ) ,  v = v0 0 ) ,  0 = o0 0 ) ,  (6)  

on the ro ta t ing  disk  y = 0 

u = w = O ,  v = x ,  0 = 1 ,  (7) 

on the fixed s c r e e n  y = 1 

u = v = O = O ,  w - - w  M. (8) 

The method of n u m e r i c a l  so lut ion of the boundary  
p r o b l e m  is based  on the fact that each equat ion of the 
second o r d e r  sy s t em (1)-(4) has the f o r m  

a 0 /  + b 0f 0~f -be, (9) 
Ox Oy @2 

where  a, b,  c depend on the unknown func t ions ,  and 
may  be approx imated  with the aid of the t w o - l a y e r  
impl ic i t  s ix -po in t  d i f fe rence  scheme:  

+ bn~ -1/2 

Ax 

O" (/~t@l -- ]e~r;__,) -~ ( 1  - - -  (~) (f;n [-irt--' _ _  fm--l)n--I 
2A g 

1 
= G + I  f,~<) + G + , - f m ) ]  ( a  ~)~ {1(1 - ~ )  ~-1 __ o ~ ~ - 

- -  [(1 - -  o) (f~- '--  =-1 , n--U2 [,. , ) + ,~ (f,l: - I,%01} =- ~,,~ , ( lO)  

where  the va lues  of the de s i r e d  m e s h  funct ions f n  
were  d e t e r m i n e d  on the r e c t a n g u l a r  net  

X - - x o + n A x ,  g = m h y  

( n = 0 ,  1,2 . . . .  ; nz = 0 ,  1 . . . . .  M) 

and coeff ic ients  a ,  b ,  and c - - a t  the "half-Lntegral"  
points  

X = X o + n A x ,  t j = ( n z  + l/2)-~!/,  

x= x o + ( n q - 1 / 2 ) A x ,  y m a y  
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cr being the ave rag ing  p a r a m e t e r ,  1/2 -< cr _< 1, x 0 = 1. 
At each l aye r  n we obtain a d i f fe rence  equat ion  of 

second o r d e r  

n n a 

~..,,. f,~-L + + ~ " a" 

which is  solved by  a r un  at the a s s igned  boundary  
va lues  of f0 n and f n  m.  The coeff ic ients  c~, /3, 7, 5 
depend not only on the va lues  of the unknown funct ions  
in the p reced ing  l aye r ,  but  a lso on the va lues  in the 
c u r r e n t  l aye r ,  and so the ca lcu la t ion  p roceeds  l a ye r  
by l aye r ,  s t a r t i ng  with n = 0 and i te ra t ing .  The va lues  
of the funct ions at the "ha l f - in t eg ra l "  points  a r e  d e t e r -  
m ined  f rom the i r  va lues  on the m a i n  net accord ing  
to the fo rmula  

f~m--l/2 i 
T (~n _~ f,nn--1), 

The p r e s s u r e  g rad ien t  t = d~r~ is  d e t e r m i n e d  
f rom the condi t ions  specif ied at the bounda r i e s  y = 0 
and y = 1 for  the t r a n s v e r s e  veloci ty  component  co, 
and b r ing ing  in  the cont inui ty  equat ion (3) in the dif-  
f e r ence  fo rm 

l- n n--I n n--I 
l/Am - -  IAm Um-~-l-- /gm~-i 

Re~ [ 22~ x + 2h x 

[ n--I~2 1 E 
+ t + (n - -  1/2) A~ u~+t,,~ J =- 

n--l~2 522~n--I,/2 
NPm4-1 - -  

+ ~ y = o, (11) 

where  

un_ l /2  t n--~ n ' 
m4-1/2 = 4 ( , -+ um+l ~- - - U m _ } _ l  tatn -}- U~[ -1 ) 

The solut ion uan n of the co r r e spond ing  d i f ference  
equat ion 

is  put in the fo rm 

n nO nl in - - l~2  
tam = tam q- tam 

no is the solut ion of (12) with t n-1/2 = 0, and where  u m 

m n tn-i/2 
u m the solution with 5 m = 0, = i. Then the 

no  n l  
d e s i r e d  t n-1/2 is  d e t e r m i n e d  f rom urn,  Urn, and the 

boundary  condi t ions  w n - 1 / 2  , w~i  -1 /2  in accordance  
with (11). Detai led ca lcu la t ions  a r e  g iven in [9]. The 
ca lcu la t ion  was p e r f o r m e d  on the "Ura l -2"  computer .  

Let us examine  the r e s u l t s  of the ca lcu la t ions .  
They were  p e r f o r m e d  with Ax = 0 .005,  Ay = 0.025, 
and an i t e ra t ion  accu racy  of e = 10-4-10 -'~. As the 
Reynolds  n u m b e r  is  i n c r e a s e d  with fixed r ad i a l  b low-  
ing 60r = 4.64), the p r e s s u r e  grad ien t  i n c r e a s e s  

(see table) ,  while the f r i c t ion  s t r e s s  at the wal ls  and 
the heat t r a n s f e r  coeff ic ient  at the s c r e e n  dec rease .  
The na tu re  of the flow and heat t r a n s f e r  in the gap is 
i l l u s t r a t ed  in Fig. 2. In this  the d i s t r i bu t i on  of c i r -  
c u m f e r e n t i a l  ve loc i t i es  at the in i t ia l  r ad ius  was chosen 
c lose  to l i n e a r ,  while the r ad i a l  ve loc i t i e s  were  con-  
s tant  in the gap v r = Vr0 , except  for  the wall  r eg ions ,  
and the t e m p e r a t u r e  equal led that  of the cold s c r e e n  
| ~ 0, except for  the r eg ions  n e a r  the d isk ,  where  
|  

At l a rge  Re n u m b e r s  r e v e r s e  flow appears  at the 

fixed s c r e e n  ( r r l s  < 0): for  Re = 50 (~0r = 4.64} 
with x ~ 1.67 (but the compute r  cont inued the ca l cu -  
la t ion) ,  and for Re = 100 with x ~ 1.27 (here the c o m -  
puter  stopped, as soon as rr[  d < 0 at the disk with 
x ~ 1.37) .  

Heat t r a n s f e r  on the ro ta t ing  disk  i n c r e a s e s  with 
i n c r e a s e  of Re,  but if the a i r  is heated u n i f o r m l y  at 
the in i t ia l  r ad ius ,  i . e . ,  the t e m p e r a t u r e  d i s t r i bu t i on  
is l i n e a r  (| ~ 1 -- y), the re  is no i n c r e a s e ,  and,  on 
the c o n t r a r y ,  the heat  t r a n s f e r  even d e c r e a s e s  with 
i n c r e a s e  of Re. 

With i n c r e a s e  of m a s s  flow ra te  ~o r the f r i c t ion  
s t r e s s  r r at the s c r e e n  i n c r e a s e s ,  as it  does at the 
disk,  i. e . ,  the r e v e r s e  flows a re  suppressed .  Radial  
blowing is the re fo re  used in gas t u r b i n e s  to avoid 
indraf t  of hot gas f rom the i n t e r - c r o w n  gap into the 
gap between disk and sc reen .  As ~o r i n c r e a s e s ,  so 
a l so  do the p r e s s u r e  g rad ien t ,  f r i c t i on  s t r e s s ,  and 
heat  t r a n s f e r  (see the table) ,  but ,  as was the case  
above,  when there  is un i fo rm heat ing at  the in i t i a l  
r ad ius  (| ~ 1 - y), the cooling effect d e c r e a s e s  
sharp ly  and d imin i shes  with i n c r e a s e  of ~r -  

Let us compare  the heat t r a n s f e r  in tens i ty  for  
r ad i a l  blowing and for un i f o r m  f ronta l  blowing (w M = 
= const  < 0), with the same amount  of cooling a i r  and 
the same  t e m p e r a t u r e  condi t ions  at the in i t i a l  r ad ius .  
The ca lcu la t ion  for Re = 25 and ~o r =QT = 4, i . e . ,  
(Wz)M/2SC0 = -1 ,  ind ica tes  the advantage of f ronta l  
blowing over  rad ia l  blowing (Fig. 3). 

The m e a n  heat t r a n s f e r  coeff ic ient  be tween  x = 1 
and x = 2 n e a r  the ro ta t ing  disk for r ad ia l  blowing 
( (Nu)m = 2.86) is  cons ide rab ly  less  than the c o r r e -  
sponding coefficient ~r = 4.64 for frontal blowing. 

Frontal blowing is accomplished in practice not 

by uniform supply of the medium, but by means of a 

concentrated jet through an annular orifice (or an 
annular system of individual jets) in conjunction with 
radial blowing; calculations were therefore performed 

for these cases (Fig. 4). The intensity of cooling in- 

creased more rapidly when annular blowing was intro- 
duced than at the same flow rate of cooling air in 
radial blowing (see the table); the addition of annular 

blowing with ~T = 3.12 to q~T = 4.64 gives a mean heat 

transfer coefficient increment A(Nu)m = i.ii, greater 

than for a large increase of radial blowing ACr = 4.64, 

when A(Nu)m = 0.73. We note that the blowing velocity 

distribution WM(X) for ~T = 3.12 was determined by 

interpolation between the values 

x 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1,8 t . 85  1.9 

- -w31= 0 6 .25  25 56 .25  100 100 56,25 25 6 .25 0 
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Fig .  2. N a t u r e  of f low and  h e a t  t r a n s f e r  f o r  a i r  ( P r  = 

= 0 . 7 )  w i t h  r a d i a l  b l o w i n g ;  Re  = 10,  ~ r  = 4 . 6 4 ,  u ~ = 

c o n s t ,  v ~ ~ 1 - y ,  C.) c' ~- 0: a) v a r i a t i o n  of  c i r c u m -  

f e r e n t i a l  v e l o c i t y  d i s t r i b u t i o n  a l o n g  t he  r a d i u s ;  b) v a r i -  
a t i o n  of r a d i a l  v e l o c i t y  d i s t r i b u t i o n  a l o n g  t h e  r a d i u s ;  

c) s t r e a m  l i n e s  ~ = c o n s t  in  t h e  gap  b e t w e e n  t h e  r o t a t -  

ing d i s k  (z = 0) and  t he  f i xed  s c r e e n  (z = s ) ;  d) i s o -  

t h e r m s  (H) = c o n s t  in  t he  gap  b e t w e e n  t h e  d i s k  and  t he  

s c r e e n  ( l o c a l  v a l u e s  of  Nu a r e  s h o w n  on t h e  d i s k  s u r -  

f a c e  z = 0). 
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F ig .  3. C o m p a r i s o n  of  h e a t  t r a n s f e r  c o n d i t i o n s  
u n d e r  r a d i a l  b l o w i n g  and  u n i f o r m  f r o n t a l  b l o w i n g  

a t  t h e  s a m e  f low r a t e  of  c o o l i n g  a i r  ( P r  = 0.7)  

Re  = 25 s ~ r  = CT = 4: a) i s o t h e r m s  | = c o n s t  w i t h  
r a d i a l  b l o w i n g ;  b) i s o t h e r m s  | = c o n s t  w i t h  u n i -  
f o r m  f r o n t a l  b l o w i n g  ( l o c a l  Nu n u m b e r s  on  the  

d i s k  s u r f a c e  a r e  shown) .  
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Fig.  4. The in f luence of f r o n t a l  annu la r  b l o w i n g  w i t h  Re = 10, 
~o r =  4 .64 ,  P r = 0 . 7 ,  v ~ ~ 1 - y ,  u ~ ~ const ,  | ~ 0, q~T = 
= 3.12 (a, b) and 31.2 (c,  d): a,  c)~b = e o n s t l i n e s  in the gap 
b e t w e e n  r o t a t i n g  d i s k  a n d  f i x e d  s c r e e n ;  b ,  d) i s o t h e r m s  | = 

c o n s t  in  t h e  gap  b e t w e e n  d i s k  and  s c r e e n  ( l o c a l  Nu v a l u e s  a t  
t h e  d i s k  s u r f a c e  z = 0 a r e  shown) .  



266 INZtt ENE RNO- FIZICtfESKH ZHURNAL 

Values of the Flow and Heat Trans fe r  P a r a m e t e r s  with r/r~ = 2 (Pr = 0.7) 

xlo i 

Influence of Reynolds number 

10 .64 0 
50 4.64 

10 [0.928 I 10 ]2.32 O0 
lO ]9.28 0 

1014.64 I 3~121 2.641 3.82 I 
10 ]4.64 ] 31.2 ] 27.7 I 43.6 
10 10.928 31.2 I 23.8 ] 36.9 

--23,2113.6 ] 13.3 I 33 1 )11.6 ] .05 ] 1.55 0.949 I .00)1.00 
1.8710.997 0.7991 6.66 0. 4081 .34 1 3.72 �9 81510. 835 
1.921 0,214--0.059~ 2.42 0.042] 4.47 5.91 0.76~i0.459 

Influence of radial blowing 

--0.065] 0.7!5 492] 5.74 00 2.20 .486] 1.92 3.02 0.0212 1.02 0.963 
8.99 ] 1,27 1120 I 8145 0,318~ 2.77 4.45 0.739 0,753 

Influence of additional frontal blowing 

0710,10 1 i 137214 31 0 1- i - 1.21 ] 26.0 9,55 8.95 
1.25 [ 27.0 9,47 8.27 0 
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(for 1 -  x -  ~ 1 .45 ,  1 . 9 -  x -  < 2 . 0 ,  wlV I =  0), a n d f o r  
~o T = 31.2 a l l  these  va lues  were  i n c r e a s e d  by a fac tor  
of I0. 

Concen t ra t ed  annu la r  blowing a lso  i n c r e a s e s  the 
p r e s s u r e  g rad ien t  and the f r i c t ion  s t r e s s e s  at the 
wal ls .  

F ina l ly ,  the r e s u l t s  of ca lcu la t ions  a re  p resen ted  
to d e t e r m i n e  the inf luence of P r  n u m b e r  on heat t r a n s -  
f e r  c h a r a c t e r  in the r ad i a l  blowing case .  With r / r  0 = 
= 2 f o r R e = 1 0 ,  ~0 r = 4. 64 and |176 ~ 2 we have 

Pr (Nu) d (Nu) s 

0 .3  1,73 0,292 
0,7  2,34 0,026 

3 3.73 0 
10 5,20 0 
50 7,03 0 

The author  is indebted to A. Z. Seraze td inov  and 
L. N. P o n o m a r e v a  for  p r o g r a m m i n g  the p rob l e m for  
the computer .  
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NOTATION 

Vr, v~, vz-radial, circumferential, and transverse velocity 
vector components, respectively; p-pressure; T-temperature; P- 
density; v-kinematic viscosity; p = pv; w-angular velocity; r 0- 

initial radius; s-  gap width; ~r ~ Gr/2r'P r~ s •; r = Gr/2r.~, r 2 s ~o; G r =- 

~ c ,  " . . . . . . .  " ~ '9I"oSr ~ - - ; ' c  ~'zcp /p r0so~2 = : : ,  

0 0 
1 dv 0 

=-Re -~o; Nu = qsp, (Td--T s) = ~-y; '~ -stream function; q-spe- 

cific heat flux. Subscripts: s-on the screen; d-on the disk. 
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