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An analysis  and general izat ion is made of experimental  data on the effectiveness of f i lm- 
cooling of a rotating disk. 

Cold-air  blowing is often used to prevent  overheating of per ipheral  par ts  of radial turbine disks. 
The calculation of such sys tems  of cooling i s  made difficult by the very  l imited number of papers  devoted 
to the heat p rocesses  taking place in these (see, e . g . ,  [1, 2]). Here, unlike in [1, 2], methods general ly 
proved in the calculation of f i lm-cooling of flat sur faces  [3, 7-13] are applied to the solution of these prob-  
lems.  

Byana logywi tha f l a tp l a t e ,  and on the assumption of the presence  of an unperturbed main body of the 
p r i m a r y  s t r eam with uniform pa rame te r s  at each section of the ro tor  and a boundary layer  along its walls,  
the effectiveness of thermal  protect ion of  the disk walls may be expressed in t e rms  of dimensionless  t em-  
pera ture  and enthalpy of gas along an adiabatic wall 

i~ - -  ia .  w 
- i o  .o  ( 1 )  

- -  l o x  

If the law of var ia t ion of effectiveness along a radius of the disk 

I] = ~l (r) (2 )  

is known, it is possible to calculate its adiabatic t empera tu re  and determine the density of local heat fluxes 
entering a disk subjected to combined cooling as defined in [3] by equation 

qw = ag(Ta, w-- Tw). (3) 

Equations (2) and (3) together  with other boundary conditions make it possible to calculate by exist-  
ing methods (see, e . g . ,  [4]) the t empera tu re  levels of a disk. Consequently, in this investigation the at-  
tention is, in the main, focused on the determinat ion of the general  form of the equation for calculating the 
effect iveness of f i lm-cooling of disks, followed by experimental  definition of its coefficients.  

To simplify the flow pat tern in the rotor  channel we assume that an ax i symmet r ic  s t ream at a Prandtl  
number close to unity enters  the channel without shock and flows through it with a twisting motion in ac -  
cordance with the law of motion of a solid body, i . e . ,  

V~ : o r .  (4) 

The s t ream motion relat ive to the disk is then ax isymmetr ic ,  and its relat ive velocity is radial ly directed 
(W~ = 0), while centrifugal forces  act in a direct ion opposite to the motion of the protect ing film and their  
action is equivalent to that of the p r e s s u r e  gradient  along the protected surface.  

The integral  equations defining the two-dimensional  nonplanar boundary layer  at the adiabatic wall 
may be writ ten as 

1 d ( r ~ t * * ) [  1 dp~ I dVr.8] 5 . ,  C,. r 
r dr + - -  + (2 -/- H) . . . .  98 dr Vr,~ d r  2 ' 
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Fig. 1. D i a g r a m  of f i l m - c o o l i n g  of a r ad ia l  tu rb ine  r o -  
ta t ing  disk.  

1 d (r 6;*) 
W- 

r dr 
1 d (~a.w-- ~o) ] 6;" 1 d P8 + I dV,.8 + 

q- Pa dr Vr .~ dr (ia. w - -  i~ dr J 

H di o 

O, 
dr 

(5) 

where ,  as usual ,  

~ 8**-- p v ,  ez 8* -~ 1 - -  dz; 1 ~ dz; 8T ----- 
paVr,s] J psVr.6 PsVr.5 ia. w -  i~ 

0 0 0 

If the coord ina t e s  

ro = ro (x) and Zo = zo (x) (6) 

of the d i sk  p ro t ec t ed  s u r f a c e ,  g e n e r a t e d  by the ro ta t ion  of l ine AB (Fig. 1), a re  known, it is poss ib le  to 
p a s s  to a new s y s t e m  of coo rd ina t e s  in which  the x - c o o r d i n a t e  is taken along the g e n e r a t r i x  AB and the y -  
coord ina te  is n o r m a l  to it. The t r a n s f o r m a t i o n  f o r m u l a s  a r e :  

r = ro + ysin y and z ~ z o -~ ycos ~, (7) 

w h e r e  Y is the angle be tween a tangent  to the g e n e r a t r i x  and the rad ia l  d i rec t ion .  

Fo r  S m a l l , / a n d  6 <<r 0 Eqs.  (5) may  be approx ima ted ,  as  in [5], by the e x p r e s s i o n s  

l d ( r 0 6 * * ) I  1 dp8 1 d U ]  6 , ,  Cf.x 
+ +- (2 + H) = ~ ,  

ro dx p~ dx ~ -~x 2 

** [ 1 dp~ 1 dU 1 d(ia.w-- i~ ] .. 1 d ( ro6~)  + . ~ _ _ _ _  + ,  6~ 
ro dx L Pa dx U dx (ia. w-- i~ dx J 

(.-;) 6** dio 

( i  a. w - i~ )  dx 
(s) 

de r ived  by the subs t i tu t ion  of v for  Vz, - u  for  Vr ,  - U  for  Vr ,5 ,  - C f ,  x for  Cf, r ,  and the de r i va t i ve s  3/~y 
for  8 / 0 z  a n d - a / 0 x  for  0 / 0 r .  

A s s u m i n g  in the g e n e r a l  case  the f r i c t ion  and heat  t r a n s f e r  laws in the tu rbulen t  boundary  l a y e r  to be 

such [6] that  
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Fig. 2. Exper imenta l ly  de te rmined  t e m -  
p e r a t u r e  dis t r ibut ion along the disk s u r -  
face (curves  a and b r e l a t e  to the hot gas 
and cooling a i r  s ides ,  respec t ive ly)  with 
the cooling a i r  injected through the r a -  
dial  gap. 1, 2, 3, and 4 denote t e s t  
r u n s ,  

q3 o,5 a,z a,g r/G: 

- ( 9 )  C~.~ = A-Re**-~x , St = A Re~n" , 
2 

and using the S t e p a n o v - M a n g l e r  type of change of va r i ab l e s  [51 

x o r0 Y 
x = j ~  r(0'+~') ([)d [; ~=r0y ;  u = u ;  U = U ;  ~ =  ~ + ~ u ;  p = p ;  7 = i  a n d t ~  ~ (10) 

ro ro ro 
Xo 

we reduce Eqso (8) to the fo rm 

d~** r 1 dp~ q_ (2 -k H) 1 dU I TM C~,Z 

( d ~  ~ 1  d~8 + _ _ +  _ ~ , _  _ _  
d----x- @ -p~ dx U - dx (ia.w--i~) dx ~a.w--t'~) dx =0. (II) 

The sys t em of equations (11) which defines the a x i s y m m e t r i c  nonplanar  boundary l aye r  along the work -  
ing sur face  of a ro ta t ing  disk is of the s ame  fo rm as that defining the development  of the boundary  l aye r  
along an adiabat ic  plate.  Hence it is poss ib le  to use data on the var ia t ion  of (cooling) eff iciency along a flat 
plate for  evaluat ing the ef fec t iveness  of t h e r m a l  pro tec t ion  of a rad ia l  turbine disk.  

Invest igat ions  c a r r i e d  out at the Inst i tute of Technical  The rmophys i c s  of the Academy of the Ukra in-  
ian SSR [9-12] had shown that in the case  of a uniform prof i le  of total  enthalpy in the main flow ups t r eam of 
a single tangential  slot the ef fec t iveness  (of cooling) downs t ream of such a s lot  is given by the following equa-  
t ion (Fig. 3): 

1C ) 
--0,3 n t ~ 

1 ~ for 3-~< A..~. I1, 
= r(A) = T (12) 

- ~  for A >  11 and n i = 0.95, 

where  A = ~+l-SRel'~ is a s e m i e m p i r i e a l  genera l iz ing  d imens ion less  complex (pa ramete r ) .  

As shown in [13], acce l e ra t ion  of the main s t r e a m  affects  only slightly the ef fec t iveness  of t h e rma l  
pro tec t ion  of a fiat  wall.  Hence the effect  of the radia l  gradient  of veloci ty Vr,  ~ on the eff iciency of f i lm-  
cooling of a ro ta t ing  disk can, in the f i r s t  approximat ion ,  be neglected.  
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T A B L E  1 
! 
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Fig.  3. Dependence  of the e f fec t iveness  of f i l m - c o o l i n g  of a 
f lat  su r f a c e  (curve  a, Eq. (12)) and of a d isk  (curve  b, Eq. 
(6)) on the d i m e n s i o n l e s s  complex  (pa ramete r )  A. 1, 2, 3, 
and 4 denote  expe r imen ta l  r ead ings  at four  ope ra t ion  cond i -  
t ions .  

If,  f u r t h e r m o r e ,  the tota l  enthalpy va r i a t ion  i~ of the main  s t r e a m  is a s s u m e d  to be  l i n e a r  throughout  
the length  of  the r o t o r  work ing  channel ,  then Eq. (12) with Eqs.  (11) can be used for  ca lcu la t ing  the e f f ec t i ve -  
nes s  of f i lm-coo l ing  of  rad ia l  turb ine  d isks .  

In this  case  we have 

= q; A = A; Re-~ = Re~ r0; m =in; 

O ; s  = s t  o and x = t 'x ro(l+m~)dx, 
6-= 

0 

where r o ~ r l  --x and m 1 = 0.25, 

and Eq. (12), when applied to an a x i s y m m e t r i c  flow through  a disk,  b e c o m e s  

i~ - -  ia. w 
n-- i0__io0 x - - [ ( A ) ,  

(13) 

(14) 

w h e r e  

A~176 L\r~---x/12'2~ - -  1 ]. (15) 

Thus the expe r imen ta l  d e t e r m i n a t i o n  of the e f fec t iveness  of f i lm-coo l i ng  of ro t a t ing  d i sks  mus t  be 
a imed  at finding the funct ional  r e la t ionsh ip  (14). With this  in view, m e a s u r e m e n t s  w e r e  made  on the e x -  
p e r i m e n t a l  s tand of the Ins t i tu te  of Techn ica l  T h e r m o p h y s i c s  of the A c a d e m y  of Sc iences  of the UkrSSR 
of the su r f ace  t e m p e r a t u r e  of  a 140 m m  d i a m e t e r  d isk  of the rad ia l  turb ine  of a type  T K P - 1 4 - 2  p roduc t ion  
t u r b o c o m p r e s s o r  cooled  by a i r  in jec ted  into the gap be tween  the nozzle  r ing  and the r o t o r .  M e a s u r e m e n t s  
w e r e  taken at 19 points  a long the d i sk  r ad ius .  

T e s t s  w e r e  run  at four  ope ra t ion  condit ions (Fig. 2) with the init ial  gas  t e m p e r a t u r e  of  823~ and o ther  
p a r a m e t e r s  as  defined below:  

50.103 >/ Rel ~ x  >/35.108; 0 .7> /m >/0; 0.61 > /0  >//0.25, 
S 
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Cont ra ry  to [3, 7-13], where  the t e m p e r a t u r e  dis t r ibut ion was invest igated along hea t - insu la ted  fiat 
s u r f a c e s ,  it is not poss ib le  in this case  to de t e rmine  exper imenta l ly  the adiabatic  t e m p e r a t u r e  Ta.w(r) at 
the disk sur face  owing to the heat  flow within the disk and to heat  t r a n s f e r  to the a i r  flowing pas t  its r e a r  
face.  This  r e su l t s  in the measu red  t e m p e r a t u r e  Tw(r) of the disk sur face  always being lower than the 
adiabat ic  t e m p e r a t u r e  Ta.w(r) .  

In this invest igat ion Ta.w(r) (i. e . ,  the ef fec t iveness  ~ of the disk f i lm-cooling)  was de te rmined  by 
solving the converse  heat -conduct ion p rob lem using an e lec t r i ca l  gr id  model on an t~I-12 in tegra tor .  The 
s ame  model was used for de te rmin ing  the heat  t r a n s f e r  coefficients along the ho t -gas  side f rom data ob-  
tained in expe r imen t s  without fi lm cooling (m = 0), as  suggested in [14]. 

In accordance  with the above exposit ion,  p a r a m e t e r  ~g(r) was a s sumed  to be independent of the p r e s -  
ence and intensity of (coolant) injection ( p a r a m e t e r  m). Boundary conditions, obtained exper imenta l ly  
f rom m e a s u r e m e n t s  of the t e m p e r a t u r e  of meta l ,  were  set  down for  the computat ions with the aid of the 
e lec t r i ca l  model.  

The e r r o r  in the calculat ion of the ef fec t iveness  of f i lm-cool ing  of the rotat ing disk,  es t imated  in the 
genera l ly  accepted  manner  (see,  e . g . ,  [5]) desc r ibed  above,  does not exceed 8-12% for an e r r o r  of an o r -  
der  of 2.5% in m e a s u r e m e n t s  of the ro ta t ing  disk t e m p e r a t u r e .  

The dependence of exper imenta l ly  obtained values  of the ef fec t iveness  of f i lm-cool ing  of ro ta t ing  disks 
in the complex (paramete r )  A 0 is given in Fig. 3 for  A 1"5 = 1. This d i ag ram shows that exper imenta l  values 
of e f fec t iveness  a r e  d is t r ibuted along a ce r ta in  mean line with a s ca t t e r  not exceeding ~:15%, which is in 
ag reemen t  with the r e su l t s  of the p re sen t  theore t ica l  ana lys i s .  An approximat ion  of the separa te  segments  
of the mean line by power functions y ie lds  for  the ef fec t iveness  an empi r i ca l  equation of the fo rm 

(( 1 Ao ~-o,3n 
0.66 A -~.5] 

3.26 h-~] 

for 1.5 ~< A0 ~ 7.3, 

tbr 7.3-~A0andn ----- 1, 2. 

(16) 

The curve of the effectiveness of thermal protection, appearing in [7-13] and defined by Eq. (12), per- 
taining to the injection of air through a tangential slot in the flat surface is also plotted in Fig. 3. The dif- 
ference between the values of effectiveness derived by the present analysis and those obtained for fiat sur- 
faces is due to the injection of coolant into the working part of the tested centripetal turbine and, possibly, 
also to the neglect of the initial and thermal boundary layers of the primary fl0w upstream of the gap, 
when processing experimental data. 

Until it becomes possible to formulate specific recommendations for the assessment of the effect 
of the slot shape and of the coolant inlet angle, and, also, the completion of detailed investigations into the 
effect of the initial and thermal boundary layers, Eq. (16) may be used for evaluating the effectiveness of 
film-cooling of rotating disks similar to that investigated here as regards conditions of coolant injection and 
geometric dimensions. 

The present investigations permit the formulation of the following fundamental conclusions: 

I) If the stream flowing through adiskis defined by the equation 0~r = const, the method for deter- 
mining the effectiveness of cooling fiat surfaces may be used for calculating the effectiveness of film- 
cooling of rotating disks with recourse to the coordinate transformation ill). 

2) In the case of disks dimensionally similar to the above described, and for conditions of flow close 
to those of our experiments, the assessment of film-cooling effectiveness may be made, in the first ap- 
proximation, by using the empirical equation (16) derived from these experiments. 

3) In order to evaluate the nonadiabaticityof surfaces to be protected it is expedient in investigations 
of film and combined cooling to recalculate related experimental data, using the methods and facilities of 
electrical modelling of heat conduction problems. 

r, ~, and z 
x, y, and y 

NOTATION 

are cylindrical coordinates; 
are curvilinear coordinates (see Fig. I); 
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p,  T, and i 0 

V a n d W  

u a n d  v 

U 

CO 

~, 6",  6"*, and ~ *  

H -- ~*/~** 

Cf 
q 
~g 

s H 
s = s H + 0.5hkp; 
Re I - PlUlS/~l 
St - ag/plulcpl 
m =- P o x U o x / p l u l  
| = T o x / T  1 

A---- (S H + hkp + ~*(0))/(s H + 0.5hkp); 
A 
ml,  hi, and n 
G 

a re ,  r e spec t ive ly ,  the densi ty,  the t e m p e r a t u r e ,  and the total  enthalpy of 
the s t r eam;  
a r e ,  r e spec t ive ly ,  the absolute and the re la t ive  veloci t ies  of the main 
flow through the disk channel (Fig. 1); 
a re  the projec t ions  of the flow veloci ty on the axes  of the sy s t em of c u r -  
v i l inear  coordinates  (x, y); 
is the pro jec t ion  of the veloci ty of the unper turbed working s t r e a m  on the 
x-axis ;  
is the angular  veloci ty  of r o t a t i o n ;  

a re  the cor responding  th icknesses  of the boundary layer ;  
is the fo rm factor;  
is the coeff icient  of sur face  friction; 
is the density of the heat  flux; 
is the coefficient of heat  t r ans fe r ;  
is the ef fec t iveness  (of cooling); 
is the height of the slot (gap); 

is the Reynolds number;  
is the Stanton number;  
is the coefficient  of (coolant) injection; 
is the t e m p e r a t u r e  factor;  

i s  a constant;  
a re  exponents in Eqs. (9), (12), and (16), respec t ive ly ;  
is the m a s s - f l o w  ra te .  

S u b s c r i p t s  

1 
OX 

W 

a . w  

r a n d x  
A, ~,. . .  

denotes p a r a m e t e r s  of the unper turbed  flow ups t r eam of the gap; 
denotes p a r a m e t e r s  of the cooling s t r eam;  
denotes  disk wall; 
denotes the adiabat ic  wall; 
denotes p a r a m e t e r s  of the boundary layer ;  
denotes pro jec t ions  on the cor responding  coordinate  axes;  
denotes p a r a m e t e r s  of the design and the "fiat" boundary l aye r .  
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