
Thus,  max ima  in the wall t e m p e r a t u r e  and, accordingly,  minima in the b e a t - t r a n s f e r  coefficient: ~re ob- 
se rved  in severa l  sect ions of the tube on the g r ~ h s  of t w = f(x/d)  (Fig. l a ,  b) .  The graphs of the dependence 
t w = f(q)  show that the max ima  in wall t e m p e r a t u r e  along the length cor respond  to sect ions CD (Fig. 2). It 
follows f rom Fig. l a ,  b that a maximum in the wall t e m p e r a t u r e  is  not obse rved  in the readings of all the 
thermocouples  located at different  dis tances  along the length of the tube. But the graph of t w = f(q)  con- 
s t ruc ted  for  the rmocouples  located at different  dis tances  f rom the tube inlet (Fig. 4) shows that the sections 
CD where  t w grows with an inc rease  in q are  obtained for  all the thermocouples .  

Consequently, it i s  probably more  advisable to judge the mode of heat t r a n s f e r  not f rom the graph of 
t w = f ( x / d ) ,  but f rom the dependence t w = f (q) .  

N O T A T I O N  

tw, tl ,  t e m p e r a t u r e s  of wall and liquid, ~ t~ n, liquid t e m p e r a t u r e  at tube inlet,  ~ p, p r e s s u r e ,  bars ;  
t c r  , c r i t ica l  t empera tu re ,  ~ Pcr ,  c r i t ica l  p r e s s u r e ,  ba r s ;  q, heat flux density,  W/m2;  pw, mass  flow rate,  
k g / m  ~" sec;  7, t ime,  sec; t m, pseudocr i t i ca l  t empera tu re .  

1. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 
9. 

L I T E R A T U R E  C I T E D  

N. L. Kafengauz, Dokl. Akad. Nauk SSSR, No. 3 (1967). 
Haines and Wolf, Raketn. Tekh.,  No. 3 (1962). 
Sh. G. Kaplan and R. E. Tolchinskaya,  Inzh . -Fiz .  Zh., 2.7_7, No. 3 (1974). 
M. E. Shitsman, Teplofiz.  Vys. Temp. ,  1, No. 2 (1963). 
Z. L. Miropol 'ski i  and M. E. Shitsman, Zh. Tekh. Fiz. ,  27, No. 10 (1957). 
K. Nishikawa, T. Ito, and N. Yamashita,  Trans .  Amer.  Soc. Mech. Eng., J. Heat T r a n s f e r ,  9_.55, Set.  C, 
No. 2 ,187  (1973). 
K. Goldman, Internat ional  Developments in Heat T ran s f e r ,  P a r t  III (1961). 
K. K. Knapp and R. H. Sabersky,  Int. J. Heat Mass T ran s f e r ,  9, No. 1 (1966). 
A. M. Mamedov, F. I. Kalbaliev, and G. I. Isaev,  Uch. Zap. Izv. Vyssh. Uchebn. Zaved.,  MV i SSO 
AzerbSSR, Set.  9, No. 2 (1975). 

S E L E C T I O N  O F  S I M I L A R I T Y  C R I T E R I A  IN 

S T U D Y I N G  T H E  E F F E C T  O F  R O T A T I O N  ON 

H E A T  E X C H A N G E  IN T U R B I N E  B L A D E S  

V. A. T r u s h i n  UDC536.244:621 

The supplementary fac tors  affecting the na ture  of the flow and heat exchange in rotat ing turbine 
a r r a y s  and the supplementary c r i t e r i a  ref lect ing the effect  of rotat ion on heat exchange in t u r -  
bine blades  on the gas and a i r  sides a re  discussed.  

By now ra the r  extensive exper imenta l  data have been accumulated on the intensi ty of heat exchange be-  
tween a gas and rotat ing turbine  blades  [1-7]. In [1, 3] the exper imenta l  r e su l t s  a re  given without genera l iza -  
tion, but it  c l ea r ly  follows f rom them that rotat ion not only considerably intensif ies  but also causes  a r ed i s -  
t r ibut ion of  the hea t -exchange  coefficient  ove r  the contour of the prof i le  in a ro to r  a r ray .  In [2] the expeA-  
ments  a re  genera l ized  for  Conditions of nonisotherrnal  flow in the in terblade channels, while in [4, 5] they are  
genera l ized  for  cases  which a re  close to i so thermal .  In [6, 7] the heat exchange was es t imated  by an indirect  
method based  on measu remen t s  of the blade t e m p e r a t u r e s  with subsequent i nve r se  calculation. The effect of 
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rota t ion on heat exchange in r o t o r  b lades  was not detected in [6, 7], no r  was the effect  of the angles of attack 
on the hea t -exchange  intensi ty  detected.  On the one hand, the exper imenta l  r e su l t s  of [6, 7] indicate that the 
method used by the authors  does not conform in accu racy  to the s tated problem,  while, on the o ther  hand, as 
was c o r r e c t l y  r e m a r k e d  in [8], the ident ical  values  of the m e a s u r e d  t e m p e r a t u r e s  of b lades  being cooled in 
a s ta t ic  s ta te  and in rota t ion can also be explained by the  mutual ly compensat ing effect  of the intensif icat ion 
of heat exchange under  the conditions of rotat ion both in the in terb lade  channels and in the  int rablade cooling 
channels.  

An analysis  of [6, 7] 
t ion 

shows that the authors  i n co r r ec t l y  and incomple te ly  analyzed the equation of mo-  

p[~__+0w w(gradw)] --- pT- -g radp+~tV 'w (1) 

in applicst ion to a turbine  stage,  taking as the  s imi la r i ty  c r i t e r i a  the relat ionship to one another  of the p r o -  
jee t ions  of one and the  same vec to r  T of fo rces  of  the same nature  (mass  forces ) ,  and they came to a doubt- 
ful conclusion concerning the choice of  the determining paranae ters  which take into account the effect  of ro ta -  
t ion on the heat  exchange of r o t o r  blades.  

As i s  known [9], the na ture  and stabil i ty of  motion in a boundary layer ,  and, consequently,  the heat ex-  
change, a re  de te rmined  by the  re la t ionship of  the  fo rces  of different  na tures  ( iner t ia l  fo rces  of motion, 
m a s s  fo rces ,  v iscos i ty ,  p r e s su re )  acting on a s t r e am  element .  In a turbine  a r r a y  under  the conditions of 
rota t ion supplementary  fo rces  appear  in the s t r eam,  and it  is  just  the relat ionship of these  supplementary 
fo rces  to the fo rces  of v i scos i ty  and ine r t i a  which de te rmines  the supplementary  s imi la r i ty  c r i t e r i a  of the 
p r o c e s s e s  of heat exchange of r o t o r  b lades  [10]. 

The  hydrodynamics  and heat exchange on turbine  blades  a re  de te rmined  by a sys tem of different ial  
equations which includes the equation of motion (1), the hea t -exchange equation 

" OT (2) 
cz ~- AT n=o 

the energy  (heat-conduction) equation 

and the continuity equation 

D T  __ ~. v2T, (3) 
d'~ c pp 

Op ~ div(pw)=O. (4) 

To make the heat-exchm~ge phenomenon concrete the system of equations (1)-(4) is combined with uniqueness 
conditions wMch characterize the geometry of the turbine stage, the physical properties of the gases, the 
imtial time conditions, and the boundary conditions (at the entrance and exit of the stage). 

The supplementary forces and Mgh-speed periodic unsteadiness of the stream which develop in the 
transition from stationary to rotating turbine arrays are taken into account only by the equation of motion (1). 
T h e r e f o r e ,  it  i s  sufficient to analyze only Eq. (1) to obtain the supplementary  c r i t e r i a  ref lect ing the effect  of 
the supplementary  fac to r s  on the heat exchange of r o to r  blades.  

In developing the supplementary  c r i t e r i a  under  the conditions of ro ta t ion in [6, 7] the authors  re la te  
the supplementary  fo rces  to the tangential  fo rce  T t acting on the a r r a y  of blades,  assuming it  to be a mass  
force .  In rea l i ty ,  the fo rce  T t  i s  the iner t ia l  fo rce  of the change in momentum of the s t r eam in the tangential  
direct ion.  The authors  of [6, 7] r e l a t e  the d i f fe rence  in centr ifugal  acce le ra t ion  fo rces  to the volume of gas 
in the in te rb lade  channel (Fi.c/) and the force  T t to the volume of the p e r - s e c o n d  flow ra te  of the gas 
(Gv/z  = war/) .  The  requ i rement  that  all the  fo rces  be  re la ted  to one and the same volume in the cons t ruc t ion  
and analysis  of the  equation of  motion is  the reby  violated. T h e r e  a re  also other  incompatibi l i t ies  with the r e -  
qu i rements  of s imi la r i ty  theory  in [6, 7]. 

The  reduct ion of the equation of motion [1] to d imensionless  form by the widely known method of sca la r  
t r ans fo rma t ions  takes  i t  into the fo rm 

-~ 

-~ [w(gradw)] = - - ~  [~] - -  ~t ~- (5) 
k pw6 /J  9wolo r.~oT o 
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w h e r e  t he  p a r a m e t e r s  with the  s u b s c r i p t  0 a r e  the r educ t i on  sca l e s ,  whi le  the  p a r a m e t e r s  r e f e r r e d  to t hem 

a r e  m a r k e d  by  an u p p e r  ba r .  

The  c o m p l e x e s  in f ront  of  the  b r a c k e t s  in (5) r e f l ec t  the  r a t io s  of  the  f o r c e s  of  v a r i o u s  kinds act ing on 
a unit m a s s  o f  gas  to  the  i n e r t i N  f o r c e s  of  the  mov ing  s t r e a m .  

The  complex  lo /woro  = Sh, ca l l ed  the  St rouhal  number ,  r e f l ec t s  the  effect  on the  flow and heat  exchange  
of  the  b ig 'h - speed  p e r i o d i c  uns t ead ines s  o f  the  gas  s t r e a m  f r o m  the encoun te r  be tween the r o t o r  b lades  and 
the  edge w a k e s  o f  the  guide b l ades ;  it i s  ea s i ly  changed to the  f o r m  

S h - -  Uav (6) 
~,2t n ' 

i f  as the  c h a r a c t e r i s t i c  t i m e  r0 one t a k e s  the  p e r i o d  in which  a r o t o r  b lade  t r a v e l s  the spac ing  be tween  edge 
wakes  ( r0  = t n / U a v )  and i f  as  the  c h a r a c t e r i s t i c  ve loc i ty  one t akes  the  r e l a t i ve  ve loc i ty  at the  exit  f r o m  the  
r o t o r  b l ades  (w0 = w2 ). As  the  c h a r a c t e r i s t i c  d imens ion  o n e  can take  the b lade  height  (I 0 = l ) ,  and then ~n = 
t n / l  . 

The  c o m p l e x  T010/w20 = S r e f l e c t s  the  effect  o f  the  m a s s  f o r c e s  on the flow and heat  exchange  in the 
r o t o r  a r r a y .  As  the  sca le  ~0 one can take  the to ta l  m a s s  f o r c e  v e c t o r  

L =  + :- Lor. o-  i-  co .def. (7) 
Consequent ly ,  the c om pl e x  S can be  r e p r e s e n t e d  by  six components .  The  f i r s t  t h r e e  

Tc.ro., lo = S2 , Tcor.ro,, l~ W .... Tt.ro., l~ = AT, 
w~ w5 w5 

r e f l e c t  the f a c t o r  of  ro ta t ion,  while  the  o t h e r  t h r e e  

7~.deflo =ATdef ' Tc.deflo _ fig, Tcor.deflo _ S'g 
w5 w5 w5 

r e f l ec t  the  f a c t o r  of  def lec t ion  in the  i n t e rb l ade  channels .  

" w e r e  d i s c u s s e d  in  [11] fo r  the  c a s e  of  axial t u rb ines .  T h e  las t  two c o m p l e x e s  S~ and Sg 

Thus ,  the  effect  o f  ro t a t ion  on the  flow and heat  exchange  in r o t o r  a r r a y s  i s  d e t e r m i n e d  by the c o m -  
p l exes  Shu, Su, Wr .u ,  and T u. 

The  complex  

( ' 6  
S~, -- To.r~ I = \ f p  r b -- 4Uav (8) 

~.~ J ,  .,~ _ r e , ? 6 '  

(where  d = dav / l )  c o r r e s p o n d s  to  the  c r i t e r i o n  S u = Uav/Wa0 obta ined  in [11]; we  wil l  a lso apply it to r a d i a l -  
axial  t u rb ines .  

In the compl e x  

Wr.u = Tcor.ro,, 1 __ 2coati., 

the  r ad i a l  ve loc i t y  w r f o r  r a d i a l - a x i a l  t u r b i n e s  i s  m a d e  up of  the  r ad i a l  componen t  o f  the  m e a n  f l ow- ra t e  
ve loc i ty  w m f low.r ,  the  rad ia l  ve loc i ty  o f  s e c o n d a r y  flows Wr. see ,  and the r ad ia l  ve loc i ty  f r o m  the  c o u n t e r -  
ro ta t ion  of  the gas  Wr . ro  in an in t e rb l ade  channel  of  a r o t o r  a r r a y  with an angu la r  ve loc i ty  - w .  

If  fo r  the r ad ia l  ro ta t ion  ve loc i ty  one  t a k e s  Wr. ro  ~ w(tw/2)  and fo r  the  rad ia l  ve loc i t y  f r o m  the  s econ -  
d a r y  f lows [1_2] one t akes  

Wr.se c = Way(0.3 - -  0.4) ~ w 2 (0.25 - -  0.35), 

one  obta ins  

2axo t--~ w 
2 ~ 2o)(0.25-- 0.35)w~t 2 O W m  How,r/_ 

W~.~ = w~ ' w~ + - w~ 

4u2 t ~ 4Uav/ 4UavW fiow.r / = a v w '~ - -  - -  (0.25 - -  0.35) + m 
w2davdaT~, w2dav w~dav 

(9) 

189 



The  second t e r m  on the r ight  side of Eq. (9) will  equal ze ro  fo r  rad ia l  tu rb ines ,  while the th i rd  t e r m  
will  equal  ze ro  f o r  axial  tu rb ines .  The  complex  

U~av ~ATl 
AT u -  7~.rel _ rav 

w~ w 2 (10) 
2 

i s  changed to the f o r m  (fl = 1 / T  fo r  an ideal  gas )  

2U~v 
AT u ---- w2 

2 

and can also be  used  for  r ad i a l - ax i a l  tu rb ines .  

l AT 
- -  vda~ T (ii) 

I t  should be  noted that  for  a c o m p r e s s i b l e  gas  the Mach n u m b e r  M and the  adiabat ic  index k, which 
r e f l ec t  the  effect  of  c o m p r e s s i b i l i t y  on the  heat  exchange in tu rb ine  a r r a y s ,  a r e  obtained f rom the second 
t e r m  on the r ight  s ide of  Eq. (5) : 

p kp a S 1 
pwg - k p w g  - kw~ kM~ ( 1 2 )  

As i s  known, the  complex  Iz/pw2olo = l.~/pw21 = 1 / R e l  [see  (5)] i s  the i n v e r s e  Reynolds number .  

Thus ,  the  ra t io  of  the  hea t - exchange  coeff icient  in a b lade  array- on the gas  side under  conditions of r o -  
ta t ion  to that  for  a s t a t ionary  a r r a y  will be  de t e rmined  by the quantity 

Sg= eg.ro = [(Shu, S~, W .... kTu). (13) 
ag.st 

F o r  the  cooling channels  the  equation of mot ion  in d imens ion less  fo rm is  wr i t t en  s imi l a r ly  to (5) and 
the  in tens i f ica t ion  of  heat  exchange in the t r ans i t i on  f rom s ta t ionary  to ro ta t ing  b lades  i s  de te rmined  by the 
s a m e  c r i t e r i a ,  but ca lcula ted  with r e s p e c t  to s c a l a r  quanti t ies  r e f e r r e d  to the  cooling a i r  (which i s  indicated 
below by  the subsc r ip t  a) .  

We obtain  

Shua=  umala - k*Uav-~la---" (14) 
w~atn.a ~zat n.a 

(kl = Un. a /Uav,  a i s  de t e rmined  f r o m  the g e o m e t r y  of  the ro to r ) .  

The  c r i t e r i on  which al lows f o r  the effect  on the  heat  exchange of the nonunlformity  of the centr i fugal  
f o r c e s  o v e r  the  vo lume  of the channel  in the i s o t h e r m a l  s t r e a m  t akes  the f o r m  

S'u a= 4Uav'aZa (15) 
�9 ~ a d ~ v  

and i s  obviously  appl icable  to channels  of  a r b i t r a r y  configuration.  

The  complex  ref lec t ing  the effect  of  Cor io l i s  f o r c e s  has  the f o r m  

2~~ a la 4Uav~Wr.a la 4k~Uavla 
~ r r . U ,  a - -  �9 = - -  . ', 2 (16) ~v~ a w zad ~v.a ~ad  av. a 

(k2 = Wr .a /W2a  i s  de t e rmined  f r o m  the g e o m e t r y  o f  the ro to r ) .  

F o r  rad ia l  channels ,  whe re  W r . a  = w2a~ th is  complex  changes to the f o r m  (kz = 1) 

(Wr.u.a)ra d = 4uaql a (17) 
~zadav.a 

A c o m p a r i s o n  of (16) and (17) with (15} shows that  the c r i t e r i o n  Wr.u.  a r educes  to the complex  Su.a, 
namely ,  

9 2 �9 
Wr.u.a= 4k2S u.a, : (18) 

i .e . ,  the complex  Su. a al lows for  the effect  of both  the  centr i fugal  and Coriol is  fo rces  on the heat  exchange in 
the  cooling channels .  

The  complex  allowing fo r  the effect  on the  heat  exchange of the non i so the rmal  na ture  of the s t r e a m  in 

a cooling channel has  the  f o r m  

1 9 0  



o uhy.a 
- -  ~aATa/a ~ A 2. vA <19) ATu.a _~ -~r-av,a 

,) 9 
~2a ~vzdaTa 

and is applicable both to axial and to radial turbines. 

The intensification of heat exchange in the cooling channels in the transition from stationary to rotating 
blades can be generalized in the form of the critical dependence 

ea aa'r~ q~ (Shu.a, ' ~ (20} -- = S u. a, ATu. a}" 
~ a , s t  

One must also conclude that: 

1. The laws of heat exchange in turbine rotor  blades on the gas side require further refinement. It is 
necessary to introduce the supplementary cr i te r ia  Shu, S~.a, Wr.u, and ATu, reflecting the effect of high- 
speed periodic unsteadiness and of centrifugal, Coriolis, and lifting forces,  respectively, on the nature of the 
flow and heat exchange on rotating blades. It is necessary  to refine the er i ter ia l  equations for unsteady con- 
ditions at increased Math numbers. 

2. Data on heat exchange in the cooling channels of ro tor  blades with air  cooling are practically absent. 
The data available in [6, 7] are obtained by indirect means, and besides, as indicated in [8], they must be ap- 
plied with caution. Direct studies of this problem are urgently needed. The cr i ter ia l  equation for the calcula- 
tion of the coefficients of heat exchange in rotating intrablade cooling charmels should contain the cr i ter ia  

! 

Shu.a , Su.a, and ~Tu .a  which reflect the effect of high-speed periodic unsteadiness, centrifugal and Coriolis 
forces,  and lifting forces,  respectively, on the hydrodynamics and heat exchange in them. 

3. It should be noted that in this report  it was not possible to allow for and find the c r i t e r ia  reflecting 
the effect of the initial turbulence of the s tream on the heat-exchange intensification c in the transition from 
static to rotating ar rays  or  on the turbulence intensification in this case. 

4. Such an important factor as the site of the transit ion from a laminar to a turbulent boundary layer  
along the profile of a ro tor  blade remains unaccounted for. The correct  choice of the transition site provides 
for be t te r  agreement between the calculated and experimental heat-exchange coefficients ~g [14], but in the 
present  report  it did not seem possible to find the cri ter ion reflecting the effect of rotation on the site of the 
transit ion from a laminar to a turbulent boundary layer.  

N O T A T I O N  

tn, Uav , spacin~ of nozzle blades_ and c i rcular  velocity of ro tor  blades at mean diameter of turbine 
ro tor ,  respectively; Tc.ro , T / . ro ,  Tcor . ro  , vectors  of centrifugal, lifting, and Coriolis forces due to rotation; 
Te.def, Tl .def, Tcor.def,  vectors of centrifugal, lifting, and Coriolis forces due to deflection of s tream in an 
interblade channel; Up, u b and rp, rb, c i rcular  velocity and radius of per iphery and base of blades; l ,  blade 
length, dav, average diameter of blading; tw, spacing of working array at average diameter;  Un.a, c i rcular  
velocity of inlets of blade cooling channels having a supply of cooling air v~.th prel iminary swirling in a 
special nozzle apparatus [13]; in.a, nozzle spacing of air  nozzle apparatus; w2, relative stream velocity at 
exit from rotor  array;  a,  velocity of sound; k, adiabatic index; ~g.ro, ~g, st, ~a.ro, aa.st ,  rotary and static 
coefficients of heat exchange on gas and air sides; Wa, axial component of relative velocity in rotor  array;  
z, number of ro tor  blades; Fi.c, frontal area of an interblade channel of rotor;  G, v, flow rate of gas through 
rotor  a r ray  and its specific volume; n, direction of normal; T, P, p,/z, temperature ,  pressure ,  density, and 
viscosity, respectively; ~-, ~, coefficient of thermal  conductivity; Cp, heat capacity. 
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A C O U S T I C  D I S P E R S I O N  IN R A R E F I E D  GASES 

V. A. B u b n o v  UDC 534-13:532.51 

The problem of acoustic dispersion in rarefied gases is solved on the basis of the hydrodynam- 
ical equations of Predvoditelev. The theoretical equation is compared with the experiments of 
Greenspan for five monatomic gases. Theory and experiment are compared up to a Knudsen 
number of order  unity. 

1. On t h e  N o n i d e a l  C o n t i n u i t y  P a r a m e t e r  

In 1948 A. S. Predvoditelev described a technique for improving the Navier-Stokes equations in appli- 
cation to problems in which the hydrodynamic velocity gradient is related to the path t raversed by the mole- 
cules between collisions. This technique is based essentially on the Maxwell transport equation and a more 
precise hypothesis regarding the relationship between the hydrodynamic flow velocity and the transport 
velocities of two colliding molecules. The indicated relationship must be determined in transforming from 
the Maxwell transport  equation to the continuum equations. 

If the most general assumptions are advanced with regard to the transport velocities of two colliding 
molecules, the equations for the hydrodynamic s t resses  have the form [2] 
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(1.1) 

When the transport  velocities of the two colliding molecules are equal, i.e.~ when v2i = Vli= vi, Eqs. (1.1) 
go over to the expressions derived in the theory of the Navier-Stokes equations. Equations (1.1) can be used, 
however, to obtain the more complete Predvoditelev equations in the form [2] 

dvi Z A1 0 [P(V~p2;--vxPl,)] : OP [ 0 divV] (1.2) 

i 

It is  important to note that in the Maxwell calculations (2 - 7) = %, but this expression is valid only for a 
monatomic gas. Consequently, this restriction of Maxwell is tacitly implicit in the adiabatic equation for a 
monatomic gas. The lat ter  fact was also first  noted by Predvoditelev [1]. 
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