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~.emarks on Cooling the Turbine i~lades
of Aircraft ~ngines

Dr. in~ . Jerzy (Vt ~~~~

Doe . dr. in~ . Stefan ~~czeci~iski

in this article are presented the structural
and stress—endurance eff~;cts of cooling the
guide and rotor blades of turbine aircraft
engines , as well ~s ;~ method for approximate
calculation for blade cooling.

~~ ; is known , the increase in the temperature of the
gasses before the turbine allows the decrease in the overall
dimensions of the turbine engine , and, in the case of the
turbine engine shaft —— also of unitary fuel use. The
decrease in the geometric dimensions allows the simultaneous
decrease in construction weight.

•~s a result, there exists the continual effort to
increase the temperature of the gasses to the highest poe—
sible decree permissible with regard to the strength of the
materials used in the several parts of turbine assembly.
Many years have already passed since essential changes were
noted in the permiasable amounts of stress (in high tempera—
ture conditions) for the use of creep—resisting construction
materials. Hence , al~~ , a temperature reduction is often
used before the turbine in engines used in civilian transport

• aviation (in comparison to the same engines used in military
aircraft), which has the goal, first of all, of increasing
the longevity of the turbine assembly —— as a result there ~
a decrease in the creep rate of materials used in the blades
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and bearing plates of the turbine rotors. Ia drawing 1 is
presented the relationship between the streri~th of creep—
resisting materials and the tet :iperature as well as t h e
relationship of the creep rate to the function time of the
load at different temperatures.

i?rom the cited data it can be seen that the nnly means
to increase the longevity of a turbine assembly is to decrease
the ten~perature of its parts. ‘~ith simultaneously ever—
increasin[: demands relative to engines ’ geometric dimensions ,
their weight , and other parameters , the necessity of turbine
cooling arises (as has been noted in Aircraft and Astronautic
T echnology, 1971, lo. 4).

The degree to which a stream of air can coal a turbine
stator was tested long ago ( e .g . ,  the Jumo 004 engine), this .4

degree of cooling of the rotor blades became possible only
a f te r  the attainment of the relevant technological methods
for turbine blade testing which allowed the blades’ cooling
by an air stream flowing along the length through appropriate
canals in the blades. Direct cooling of the blades restricts

~he influx of heat Q~ to the bearing plates , which reduces
ti e internal temperature stress , thus allowing the decrease
in their weight .

We prea : at ~elow a general method for the evaluation of
temperature decrease of the walls of the turbine blades , at
a given gas temperature and a given cooling intensity , as
well as the construction strength resulting from the cooling
method employed .

According to published information, the cooling of tur-
bine blades (.iiv.n the use of materials of comparable quality

—2— 

-

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T~~~~~~~~~L4~~~~~~~~~~~~I ~~~~~~~~~~~



to those used in non—cooled turbines) allows the increase of
pre—turbine temperature to llOC— 1250 °C , assuring thus a
several thousand—hours endurance for turbine components.

Approximate Calculation of Blade Cooling

~he presentation of calculations for the cooling of
turbine blades has the purpose of determining the median
.i1l temperature for both guide Linc~ rotor blades at a given

~ or
• temperature the gasses flowing around it and at a determined

expenditure of cooling air or, in other words —— the designa-
tion of the essential amount of cooling air needed to attain
the desired wall temperature .

Simplifying this problem requires us to disregard the
effect  of heat radiation and abstraction , due to conduction ,
to the turbine cylinder (in the example of stator blade) —— )
or to the bearing plate Qt (in the example of the rotor
blades). Disregarding the effects of conduction is permis-
sible , especially in regard to rotor blades, due to the way
in which air cooling is supplied (to the interior of the
blade) from the disc side in the direction of radiation.

1. Durabilit1y qualities of creep—resisting materials:
a — durability in relation to tempsrature, b— rate of creep
under constant stress at various temperatures.
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In drawing 2 is given a schemata of the inflow and outf low
of heat from un-cooled roLor blades , and from those cooled
by air current. ~ ~ k 

~~~

- ~~~ I

¶
2. Schemata of heat inflow and outflow in turbine blades:

a - un-cooled blades, b — cooled blades.

After achieving this result, the heat balance h~s the
form ;

= Q where = the flow of heat onto the
P 

~ blades from the gasses

Q = the f’~ow of heat taken away
~ from the blades by a flow

of cooled air

The middle stage of conducting heat through the walls
of the blades (permeation) can be disregarded due to the

negligible heat resistence of the heavy 
_____________

+ tur-
bine walls.

In developed form the heat balance assui~c~; the follow-
ing form :

(la)

where , a coefficients of heat absorption , relatingg 
~ gass es to the blade wall s, and the blade

wall s to the coolin g air
~A , A - blade surface bathed correspondingly byg p gasses and air

_ _ _ _ _ _ _ _ _ _ _ _  ~:::.:4Illegible

________________________________________________________________________ 
_______________________________________________________________ - 4

______________ ______ —



t

+ 
= stagnation temperature of the0gassesbefore the blade lattice in C.

+ 
= wall temperature in °C.

+ 
= stagnation temperature of cooling air.

‘~t the same time , the heat flow Q + can be expressed :

(2)

• where expenditure of cooling air in0 one hour by one blade
G~ = expenditure of cooling air in one second

z = number of blades
= median real heat of the coolin~ air

= temperature stagnation increase• of air in the turbine

.4
In solving the equation (Ia) with equation (2) we gain

the following result;

•,A,u~,— ,..I— O ~C~U —i~~~—r~~ (3)

where — stagnation temperatur e1 ~i~e gasses ~A 
V

the entry section of the blade lattice
-— along the blade vane

basic natural logarithm

exponent

Designatir~ ~~. = (GpCp )/(a gAg) allows us to gain from
equation (3) the requirement for median wall temperature,
viz.:

I 4 11,0 —i-~4 (k)
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~ quat ion (3) ~-err:its the determination , bL in ~icat i n r
the j ail temp erature , oc th - essential  e~j en di—
ture of coolin~ air for  the blade , ~il ich is perfon ;.e~ b y
the method of successive approximations . ;hen , for  a i r
cooled b la~ es , we take as a f i r s t  approximation the  value
of coe f f i c i en t  in the l imi ts  K 1 = (~ .2 —

~he median values of Lia; coef f i c i en t : :  for  L at a h a c r p —
tion along t~h€. blade p rof i l e  is expressed ~~~~~

- equati on~. f rom
determined criteria wh ich  were developed on an exper ir ien ta l
basis. ~or example , the value of c o e ff ic imt  a~ + is deter-
mined on the ha~ !s of the equat ion:

( )

in which equation (hu zel t’  s humber)

= C.1315 + c.16 — the coef f i c ien t  comprehend-
ing the e f f e c t  of the shape
of the blade prof i le . Lesser
values relate to profiles
with increased radius of
attack edge

+he = = %dz — i~cynolu ’s number

— ~iic r lation of median absolute blad e
wall te peratures arid gasses

= — relative density of the latLice , equatin~the proportionate lattice scale (t) to
its breadth (b).

Afte r  considering the preceeding expressions , equation
(5) can be trun sformed to:

~~~~s~ fl~~~f 
(6)
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C 1 + 0 2w~ erc : c = 2 — J -~edi~~ri aur speed in the l a t t i ce
equating ~i~c rne d iau aritawetical
speed befor tt.e lattice a~beyond the lat t i c e  C~2.

+ 
— m cdi ;jfl ar~ thmetical  values of the coef f i -

cients  conveying heat , densi ty , a : d  the
dynamic :as viscosity c o e f f i c i ent , wh ich
is deter  m e d  in re la t ions r ii~. to ~ temp —
erature  in the eut r y  and  exi t sect ion of
th e  la t t ice .  Th ca lcul at in ~; th e -  at prcx i-
mut ions  for the values rxot~~ above th e
t~~Lles for  th e  ~aiysica1 propert ies  of air
raa y Le used .

= 2 — medi~in gas te~ peratLre in the
entry and exit sections of the
lattice.

Tsc — median V~~
; ii tcri~perature which value is

~ccepte’~ fo r  the f i r s t  at -proximat ions ,
and in case of a d i f fe rence  with calcula-
tions from fo rmula  (4) , succeeding approxi-
mat ion are performed .

I
+ 

= 
+ 

— equivalent diameter , equating the rela-
tive blade prof i le  perimeter bathed by
gasses to x.

:‘e-rmu la (C) allows the value of coe ff i cLen t  (+) to be
determined , for a sbationary blade lattice , e.g., a stator.

•~~s t h r . ex:~eriments of rr.any authors have shown, the coefficient
for conducting heat a’g for rotor glades increases on the
averu~ie 20—~C~i in ceaparison with the same value for a station—
ur~~biade lattice:

a~ = (1.2 ~ l.3)ag

• It is n~ cessary to bear in mind here that in utilizing formula
(6) for a lattice of rotor blades, absolute speeds C1 and C2
should be replaced by relative speeds w1 and w2.
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If there eii~~ts t ao  necessi ty  to detorr r . in ’ ; the value ef
t ac  c o e f f i c ie nt  for  heat  ccndu c t in~ a;~, then ~~ th i s  I C  ard
we :.~aj  u t i l i z e  the- fo rmula :

~~~~

where : ~•u sse1t’s number

~ ~~~ !j~~_~~e~ riold ’ s number

~ the re1ations~ ip of the med~.an aL~ c,~ ute blade
~~~~~~~ — wal l  t ’;n ~~erature to the median  ubaolute teaT a—

‘ rature of th e  air in t~ e hl :j de s , wh i ch  can be
c~~leu:ated  en the bu~~is of the air t e r :pe ratu re
increase in th e-  blade

c = speed of the coolinr air influx at the entrance
to the blad e interior

+ 
= median arithmetical values for the coefficient

• of heat conduction , density , arid the dynamic
coefficient of air viscosity , determined by
the temperature at the blade in take  and ex i t .

d. + — equiv~1ent diameter , rela—
P U tively equating the quad-

ruple surface of the late—
ral section of tae cooling
canal in the blade to the
perimeter of thia canal
bathed b~ air.

The u t i l iza t ion of internal cooling for turbine rotor blades
in order to decrease the wall temperature to the range 2OO-3~~ °C
requires the mo8t frequent expenditure of cooling air , which
would account for 1.5 — 2 .5~ of all the air expended by the
engine .

-8-
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Cooling of the  b lades  is connected w i t h  decreasin the
overall teapera 4iire of the r asses  f l o wi ~~ Lhrou r h  the blade
la t t ice .  ~h ia  decrease can be de termined f r on  th is  for -a ~ la. :

it; ~ ; 
_ t ~~=u;,_ L)(~ _ f ~~)

where:  ~~~~~~ — exponent
.

~~~~~~~~~ 
exr enditure of rasses ftr eri e
blade in the course of an hour

C — gan expenditure by th e  engine in
• one second

z — number of blades

C — average charac te r i s t ic  heat ofpg gasses

i r ac t ically,  the value of (+)  a t t a in s  only a
few degrees , ~nd may be d is regarded in approximate  calcula-
tions of b l a d e  cooling.

~ tructura1 and Lurab i lity  L f f ect s  on Blade Ceoling

~s has already been mentioned , prevailing technicalogical

methods which enable the flow of cooling air by means of inter-

nal canals in turb ine  blades have allowed for  considerable
temperature diminution for the materials of these blades. di—

multaneously the weight of the rotor blades is reduced decreas-

ing the rim burden of the bearing plates , which permits the
reduction of the plates ’ weight while retaining its strength.

The cross sections of the blade canals can also be selected
sc that the :e-i.eral character of the cross—sectional changes
does not undergo change in relation to the “ fu l l ”  (not cooled)
vanes. As is well kri j w~~, L1. e tensile stress on a turbine blade ,
on an arbitrary radius , is defined by the formula:

4 
—9—

____  A



lI z

~(R) ;’~ ~ f ~~~ c~r

r — weirht density of the material

w — angular vel ocity of tu be rotor

F(it), f(r) — consecutive bi -~r~e lateral section fields

R , r, h~, — consecutive and external blade radius

~[ii~~ i L~~~i Hj~~1T,T

~\\ ~~~ ~ ~— ‘:~ 
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Drawing 3. Character is t ic  pat te rns  for  lateral sections i ,
stresses (+)  arid sa fe ty  fac tors  along the turbine
rotor  blade: a = uncooled blades , b = cooled blades.

ln drawing 3 are presented the char-~cteristic  cours e of
changes , in lateral section , in turbine rotor blades , the
dis t r ibut ion of stress along the blade and the course of per—
inissible stress for  mater ia l  for  both un—cooled and cooleL
blades —— under conditions of UI c same gas tei ;~per at ure .  ~J ta in —
irig the constancy of the relationship f ( r ) n  + 1-(r)cht~ along
the radius, the stress on the blade remains without change -—
which , in the case of coolir~~, increases the amount of permiss—
ible stress, simultaneously increasing the value of the safety
factor for the blade . The safety factor at each blade section
assumes the form :

-10-
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The problem may be stated in the rev~ m e  —— the evaluation
of how much the gasses ’ s temperature can be increased , by using
rotor blade cooling , and still retain the safe ty  factor  at this
same level. ~h i ie  retaining the same value fo r  the :~ i f e ty  fac-
tor , the gasses ’ s temperature can be rai sed 200—30C °C ( in  the
case of cool blades) depending upon the intensity of cooling,
the creep speed of the material used and the predicted durabi-
l i ty of the turbine .

Cooling of - turbine stator blades has been employ ed for
many years quite broadly , however cooling of rotor tiades has
cor e into use relatively recently —— and then prImar i ly  in je t
engines , i . e . ,  in engines with blades~ relative1y lai~~ g eom et—
rio dimensions. Due to blade cooling, both :;tator aaa  r~ to x , 

V

of two f i rs t  stage turbines , the POsSlhl l i tJ  bus  be~~•t Li t L a in e d
of enduring considerable temperatures (before  t ae  t n r b i 5~~ assei• —
bly) , for  exarr:~ le in the h o l l s—h oyce  1th2ll e n g i r ~~i —— 11L5°C ,

in the General Llectric TF39 eng ine —— l�~ a°C , p :Iaiaps taea e will
not comprise the l imit  of technical poss ib i l i t i es .
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