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A des ign method which wil l  ensure  a un i fo rm t e m p e r a t u r e  f ie ld at the ac t ive  b lades  of a gas 
turb ine  with ex te rna l  a i r - l i q u i d  cooling has  been developed and a lso  p roved  out e x p e r i m e n -  
ta l ly ,  as  the r e s u l t s  shown he re  indicate .  

In developing any method of cooling the ac t ive  b lades  of a gas turbine,  one must  a im to ensure  not 
only a high ef f ic iency but a l so  a un i form t e m p e r a t u r e  f ie ld at the b lade .  

The g is t  of our  method of des igning the cooling is  as  fol lows.  F r o m  one of the few nozzle b l ades  
(Fig.  1) the a i r - l i q u i d  mix tu re  is  e jec ted  through the c l e a r a n c e  between the exi t  edges.  Liquid d rop le t s  
fa l l  on the su r face  of a c t i ve  b l ades .  A f i lm produced  as  a r e s u l t  of dynamic  in te rac t ion  between a l iquid 
d rop le t  and the blade sur face  hea ts  up and bo i l s  for  a length of t ime which depends on the in i t ia l  d rop le t  
s i ze ,  on the kind of l iquid, on the p r e s s u r e ,  and on the gas as  well  as  the b lade  t e m p e r a t u r e .  Under  con- 
d i t ions  typica l  of modern  power  s ta t ion and a i r c r a f t  gas tu rb ines ,  the " l i fe t ime"  of l iquid f i lms  on hot ac t ive  
b lade  s u r f a c e s  i s  so shor t  that the heat  t r a n s f e r  dur ing ex te rna l  cooling becomes  a pe r iod i c  p r o c e s s  gov- 
e rned  by the d i f fe rences  between heat  t r a n s f e r  coeff ic ients  as  well  as  by d i f fe rences  between the gas  and 
the coolant  t e m p e r a t u r e .  The coeff ic ient  of hea t  t r a n s f e r  between gas and b lade  is a s s um e d  he re  to be the 
same as  it  would be if the gas s t r e a m  were  d ry .  The coeff ic ient  of heat  t r a n s f e r  between liquid and blade 
is defined in an analogous manner .  Such an approach  to the p r o b l e m  has  made it poss ib l e  to cons t ruc t  a 
p h y s i c a l  and a m a t h e m a t i c a l  model  of the e x t e r n a l - c o o l i n g  p r o c e s s  [4]. 

Some r e s u l t s  of t heo re t i ca l  and e x p e r i m e n t a l  s tudies  concerning  the e f fec t iveness  of ex te rna l  cool ing 
appl ied  to ac t ive  b l ades  of gas  tu rb ines  have a l r e a d y  been  shown in [1, 2, 4, 5]. 

In this  a r t i c l e  we d e s c r i b e  a des ign  method which will  ensure  a un i fo rm t e m p e r a t u r e  f ie ld at  a cooled 
ac t ive  b lade .  The p r o b l e m  has  been reduced  to de t e rmin ing  the s ize  s p e c t r u m  of p a r t i c l e s  at  the a t o m i z e r  

F ig .  1. Nozzle blade which en-  
s u r e s  the p r o p e r  supply of a i r  
- l i q u i d  mix tu re .  
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outlet which will produce the required distr ibution of liquid over  the blade profile.* 

The initial size spect rum of droplets ,  r e f e r r e d  to the pitch of the prof i les  mesh,  de termines  the ini- 
tial distribution density of par t ic les  of each size. As the liquid droplets move through the axial c learance 
and the passage between blades in the running wheel, the distribution density of par t ic les  changes continu- 
ally. At the end of the flow process ,  when the droplets  separate  at the blade surface or  leave the running 
wheel al together,  it is very  different than it was initially. 

Many at tempts  were made to solve the problem concerning the variable spec t rum of par t ic les  in va r i -  
ous physicochemical  p roces se s ,  but they have been successful  only in the s implest  case.  With mere ly  ten 
par t ic le  s izes selected for control,  t racking the changes in their  distribution density during the flow through 
a running turbine wheel would require  so many i terat ions that the problem could not be solved numerical ly  
even with the aid of a digital computer .  Moreover ,  the initial spect rum of par t ic le  s izes will, obviously, 
not be the optimum. 

The solution p roce s s  can be optimized, with a much reduced number of i terat ions,  by the simplex 
method of l inear programing:  a single solution is selected from a multitude of possible solutions, namely 
the one with which the unknown function attains its ex t remum under specified constraints .  

The problem is formulated as follows. We are  seeking the minimum of the target  function 

M = "~ rnjxj (1) 
/= l  

under constraints 

k 

"~ aj~rnjxj > M~ (i = 1, 2 . . . . .  n), 
i=~ (2) 

x~>/0; ai~>/0; m s>~0. 

Our l inear p rograming  problem can be solved on a digital computer ,  if the p a r a m e t e r s  aj i  and M i 
are  determined f i rs t .  'We will consider  this in more  detail. 

K the pe r ime te r  of a blade profile at a given section is subdivided into approximately equal small  
segments ,  then it will be accurate  enough for all p rac t ica l  purposes  to consider  all p a r a m e t e r s  constant 
within each such segment.  

In accordance  with the adopted physical  model of the p rocess ,  we have for the i-th segment of a p ro -  
file: 

M~(iv-- iL) =aohAl~(to--tL) ( 1 -  T1 T ) " (3) 

This relat ion yields the distribution of neces sa ry  liquid flow ra tes  M i around the profile pe r imete r ,  p ro -  
vided that the a G field and the relat ive time of coolant action on an active blade are  known. The other  
quantities in (3) may be considered known. 

The coefficient a G of heat t r ans fe r  f rom gas to blade ac ros s  a given profile can be calculated by the 
method developed in [6, 7} or  by other  methods.  

The relat ive time of coolant action on an active blade cooled externally can be found according to [4]. 
An evaluation of test  resul ts  on the cooling of EGTU-1 blades,  obtained at the S. M. Kirov Turbogenera tor  
Works in Khar 'kov,  has shown that ~-t/T = 0.1-0.3 and may be considered the same for all profile segments .  

Finally,  in o rde r  to determine the separat ion coefficients,  one must  const ruct  the t ra jec tor ies  of 
liquid droplets  in the passages  between blades.  F i r s t ,  on the bas is  of actual turbine pa r ame te r s ,  one de-  
te rmines  the velocity field in the gaseous phase in the axial c learance  and in the passages  between blades 
of a running wheel. With the radial  components of the gas velocity neglected here,  the problem reduces  to 
the two-dimensional  hydrodynamic problem of a vor tex- f ree  flow of an inviscid gas through a mesh.  Such 
a problem has been solved approximately by Stepanov and his solution was then used in [3] for analyzing the 
flow of a two-phase s t r eam through a turbine stage. 

* It is r a the r  simple to attain the required tempera ture  distribution along a blade, inasmuch as a blade 
zone 25-30 mm high can be cooled by liquid coming out of a single orif ice [1]. 
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Fig. 2. Limit ing t r a j ec to r i e s  (viewed f rom the profile tip) of 
liquid droplets  with d iameters  in the 0.01-0.10 mm range. 

Generally,  the differential equation of motion for  a liquid droplet  in an i r r egu la r  gas s t r eam signifies 
that the force which acce le ra tes  the droplet  (together with the adjoining gas mass)  is equal to the vector  
sum of: gravity,  the aerodynamic  res i s tance  force,  the react ion force due to an i r r egu la r  drain of vapor 
f rom various port ions of the droplet  surface,  the Archimedes  force,  the Coriolis  force,  the centrifugal 
forces ,  the forces  produced by a p r e s s u r e  gradient,  and also forces  which propel  the droplet  along with the 
medium. A thorough evaluation of all these forces  under  conditions of a two-phase flow through a stage of 
a gas turbine has shown that mos t  of them have ei ther  very  little effect on the t ra jec tory  of a droplet or 
they cancel one another.  

According to [3, 9], for example, the radial  displacement  of mois ture  droplets  within a turbine run-  
ner  is small .  For  this reason,  the centr ifugal  forces  may be neglected, and the problem of determining 
a droplet  t ra jec tory  may be t reated as a two-dimensional  one. Therefore ,  it suffices to consider  the equa- 
tion of motion for a droplet  as one which represen t s  a balance between the force necessa ry  to acce lera te  
the center  of mass  of the droplet  and the force of aerodynamic  res i s tance  to the relative motion of the 
droplet.  A typical calculation of the t r a jec to ry  is shown in Fig. 2 for a droplet moving through a passage  
between blades. 

In o rde r  to solve sys tem of equations (1)-(2), it is neces sa ry  f i rs t  to determine with the aid of a 
digital computer:  

the veloci t ies  around the pe r ime te r  of a given profi le of an active blade; 

the field of gas velocity in a passage between blades;  

the velocit ies of droplets  of selected sizes (typically 10 sizes,  depending on the gas pa r ame te r s  for 
a given turbine) at the entrance to the running wheel; 

the t ra jec tor ies  of these droplets ;  

the local separat ion coefficients at 10-15 segments  into which a given profi le has been subdivided; 

the distr ibution of heat t r ans fe r  coefficients over  a given profi le  of an active blade; 

the distr ibution of necessa ry  liquid flow ra tes  around the p e r i m e t e r  of a given profile.  

Such calculations were made on a Ura l -4  digital computer .  As a result ,  we established the optimum 
select ion of droplet  d iameters  and the corresponding distribution of liquid flow ra tes .  In other  words,  we 
found the initial spect rum of droplet  s izes  yielding the optimum util ization of coolant liquid. 

An analysis  of the size spec t ra  produced by various types of a tomizers  - one of them shown in Fig. 
1 - indicates that the test resul ts  fit c losely into the universa l  relat ion derived in [8]: 

M~ \ r~ 

Fo r  determining the modal dimension of droplets ,  the following ratio was given in [8]: 

rm =DWe -1. (5) 
L 

It was found in our tests  that 

D = B/co. (6) 
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Fig. 3. Calculated (solid lines) and actual (dashed lines) spect ra  of par t ic le  sizes.  

F i g .  4. Tempera tu re  field at a section of a cooled active blade (solid curves  indicate the 
rated mode, dashed curves  indicate other than ra ted modes):  1, 3) per  unit rate of liquid 
flow = 0.1% of gas flow rate;  2, 4) p e r u n i t r a t e  of liquid flow = 0.5% of gas flow rate .  Tem-  
pera ture  of uncooled blade T O = 800~ I) Blade contour and direction of bypass. 

For our test range of the Weber number, the coefficient B is equal to 9.5-10.5 at a ratio of water 

rate to atomizing active air rate w = 2.5-5. It is important to emphasize that, as can be seen in Fig. 3 

for the types of atomizers considered here, droplets of modal and near-modal dimensions carry most 

(70-80%) of the atomized liquid mass. In this respect, the spectrum of particle sizes may be treated as 

one of a monodispersion, i.e., as consisting of droplets with modal dimensions only. 

One example of a calculated optimum initial atomization spectrum is shown in Fig. 3, where the 

solid lines indicate the calculated spectra and the dashed lines indicate the possible appearance of corre- 

sponding elementary spectra. The necessary practical combinations of elementary spectra are achieved 

with a set of atomizers each of which produces a narrow spectrum of particles of the respective modal 

dimension. 

A summation of M i yields the total necessary liquid flow rate, which is then enhanced by the addition 

of liquid evaporated in a passage between blades and of droplets repelled from active blade surfaces after 

collision. 

The quantity of liquid evaporating in a gas stream has been estimated on the basis of known criteria[ 

equations of heat and mass transfer for droplets in a gas stream [i0]. The results of calculations indicate 

that, within parameter values typical of modern gas turbines, 5-15% of an injected liquid may evaporate 
in a single stage. 

The mass fraction of droplets remaining on a profile surface after collision with it depends on many 

factors such as: the mode of collision between droplet and blade surface, the velocity and the angle of 

incidence, the time through which a droplet remains deformed, the condition of the surface, etc. If a 

droplet strikes a hot surface, then also its evaporation rate and the heat transfer rate increase appre- 

ciably. There are no reliable data available from which one could even roughly determine the quantity of 
liquid repelled after collision with a hot blade. For this reason, the respective estimate was based on the 

difference between the flow rate of cooling liquid actually injected in a test and the flow rate calculated by 

this method. According to such an estimate, approximately 10% of the moisture is repelled after collision. 

The method of calculation was checked on the I~.GTU-I laboratory gas turbine at the S. M. Kirov Turbo- 
generator Works in Khar'kov. 

The external air-liquid cooling system was tested on the first stage of this turbine, where the active 
blades had the following dimensions: 45 mm chord and 65 mm height. 

Two atomizers designed as hollow guide vanes for the injection of atomizing air and cooling water 
(see Fig. i) were selected for the test on the basis of design calculations. 
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The tempera ture  distribution over  the profile at the median section of an active blade is shown in 
Fig. 4 for two different flow ra tes  of the cooling liquid in accordance  with the calculated atomization spec-  
t rum. Also shown here  are  tempera ture  distributions corresponding to other  than ra ted atomization 
spect ra  at the same liquid flow rates .  

It is evident here  that, when the atomization spec t rum is as rated, the tempera ture  distribution over  
a profi le  is only slightly nonuniform (AT ~ 40~ at G L = 0.5% and AT ~ 20 ~ at G L = 1%), while with an other 
than rated atomization spect rum the deviations became very  high (AT ~ 250~ Tests  have verified the 
validity of this method of designing a uniform tempera ture  field at active blades of gas turbines with ex- 
ternal  a i r - l iqu id  cooling. It applies also to blade prof i les  with la~:ge twist angles and, par t icular ly ,  to the 
root  sections of the active blades in the tested turbine, for which resul ts  s imi la r  to those shown here have 
been obtained. Fu r the rmore ,  it was possible to establish that a p roper  design of the a i r ' l i q u i d  mixture 
supply may ra ise  the coolant util ization factor  to 75-80%. 
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NOTATION 

is the number of droplets of the j-th diameter flowing per unit time; 
is the mass of a droplet of the j-th diameter; 
is the mass flow rate of liquid injected into a passage of a running wheel; 
is the flow rate of liquid consisting of the j-th diameter droplets at the passage entrance; 
is the flow rate of liquid consisting of the j-th diameter droplets at the i-th segment of a 
profile; 
is the separation coefficient; 
is the necessary flow rate of the liquid which is to separate at the i-th profile segment; 

enthalpy of vapor at the blade temperature tb; 
enthalpy of liquid before separation at a blade surface; 
height of a blade surface segment; 
gas temperature; 
coefficient of heat transfer from the gas to the blade (mean value over segment 

period of heat t r ans fe r  and tempera ture  fluctuations in the medium; 
relat ive time of the coolant action on an active blade; 
mass  of droplets  with the modal radius rm;  

is the charac te r i s t i c  l inear dimension governed by the a tomizer  design and by the physical  
p roper t i es  of atomized liquid and gaseous medium; 
is the relative profi le coordinate;  
is the Weber number.  
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