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TEMPERMTIRES AND STRESSES ON HOLLOW BLADES

FOR GAS TURBINES*

By Erich Pollmam

Abstract: The present treatise reports on theoretical investiga-
tions and test-stand measurements which were carried out
in the BMW l?lu~otoren GubH in developing the hollow
blade for exhauet Gas turbines. As an introduction the
temperature varfatioiland the stress on a turbine blade
for a gas temperature of ~00° and circumferential
velocitie6 of 3C0 meters per second are discussed. The
assumptions cm the heat transfer coefficients at the
blsde profile are supportefiby tests on an electrically
heeted blade model. The tampwature distribution in the
cross section of a blade Is thoroughly investigated and
the temperature field determined for a special case. A
method for calculation of the thermal stresses in turbine
blades for a given temperature d.istribut~onis indicated.
The effect of the heat i-adiationon the blade temperature
also is dealt with. Test-stand experiments on turbine
blades are evaluated, particularly with respect to tem-
perature distribution in the cross section; maximum and
minimum temperature in the cross section are ascertained.
Finally, the application of the hollow blade for a sta-
tiona~y gas turbine is investigated. Starting from a
setup for 550° C gas temperature the improvement of the
th~mual efficiency and the fuel consumption are con-
sidered as well as the increase of the useful power by
use of high temperatures. The power required for blade
cooling is taken into account. The possibility to apply
high circumferentialvelocities with-
discussed..

Outline: 1. Introduction

II. Temperature verlation and stress

is-good efficiency

along the blade
with heat conduction to the rotor disc

*’~emperaturellm.und.Beanspruchungen an Hohlschaufeln f{k Gastur-
blnen.” Zentrale fur wissenschaftlicheaBerichtswesen der Luft-
fahrtforschung des Generalluftzeugmeisters(ZWB) Berlin-Adlershof,
Forschungsbericht Nr. 1879, M&chen, July 30, 1943.
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of the heat transfer cot3ffi-
at the blade profile

Tm?pers.lmretistmilmtion in the cross seciiionof
hollow turbine blades

Calculation of the thermal ~tresses

Consideration of the effect
the blade temperature

Tests on blade segments and
calculation

of the radiation on

comparison with the

Zrror of measurement in installing thermocouples
in the air or gas flow

Power requirement for coo15_nGaildprospects of the
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content (K cal h)/

corductlvity (K cal/m, ‘C!:h)

temperature, ‘C

absolute temperature, %

blade cross sect5.0njmeters2

blade circumference,muters

heat transfer coefficient (
)

,K cal/m2, ‘C, h

wei@rt of cooling air, kilogram6 per second

Wt3ig$tof gas, I@llogramsper second

syecific heat (K cal,/kg,‘C)

Reynolds number
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mechanical heat equivalent (m kg~ cal)
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i cooling duct

a blade profile

T turbine
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I?orkeeping hi@ gas temperatures of
control, vaxious methods of blade cooling

C to 900° C under
ap~lied since

suitable materials with sufficient heat reciatance
The cooling methods can be subdivided as follows:

1. Load cooling.- A part of the turb.kaerotor
is loaded.with c~oling air.

~o not exist.

circumference

2. Root cooling.- The turbine disc mki the Kim, respectively,
are cooled by special measures; tkus heab is removed from the blade
%y conduction.

3. Internal coolin&.- A hollow blade dofi!.~nis used and cooling
air is made to flow througlhths Xhz’ior.

The load coolin~ wns successfully developfidat the DVZ..--
Leist ~1]1 m.d Ifioernschild\::~Y,SXTOreadsVQLJrlmX3~’cportson j.t.
This l&d of coolin~ has ~nl:>~ 15.mit@ field m’ application. Liko
every other partially loaded im..rht.~ethu load cool..dtuxbinc must
be designed as a constant pressure turbine. Acti~L ccmstyuc-ti.nof
a multistage turbine of’this t~o will.ho difl:lcult.

By the root coolin~ the temperature in the E~@Qy stressed
yart of the blade can be lowered, Without.ccmnocti.onwith other
tqqes of cooling it is used only for Ac)i-t and WXie blades and
moderate ~s temperatvren (7!j0°C Lo 830° C).

The intcmml. cooling of -theMade m“-thF12cwhich is either
yrecoqxressed cm moved by the hla.d,~cIn StGlr1:3the abject of the
present trontIse. With this type OL.“ blade cclolin::,wlicnis
supported in its effect by the root cooling, 21i@ :3.stemperatures
and circumferentialvelocj-tiescm. be LL-&ti.Alzo, z rml~istagcd
turbine can % desi~ed without special dj.fficu.lt.!cswhen this type

Heat Transfer Coefficients at;‘die~lade

BLADE

l?irst,the heat transfer coeffj.cients~ll~~t>~j]~.om for cal-
cl.i!.ationof the blade tempeyatl]res.!l?heheat trenm?er at the blade----——.

1 —— ——
The brackets refer to the references,
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profiles of the turbine rotor
on the lxasisof the following

. .

If onQ selects as len&h

..

may be estinnited
empirical laws

of reference for

5

according to figure 1

the characteristic
values Nu and Re the fi~ete~’ of a circular tfie of the same
circ~erence as the blade one can calculata ~riththe test results
of the tube witiia circ~ar cylinder as cross section. The results
for the heat-transfer coefficient of a plate also may be considered
for comparison ijjone substitutes instead of the length of refer-
ence 1 tinediameter of a circular tube wiiththe samlecircumfer-
ence d= 21/z. The results for plate and.cyklnder plotted in
figure 2 are obta-inedwhich will be used for calculation of the
heat transfer at the blado profile.

Th@ heat transfer between cooling air and inte~l blade wall
can be calculated by introducing the hydraulic radius or diameter,
respectively, oi the cooling duct

/
d = kfk U, and using it as

length of reference for the characteristic ~lues Nu and Re.
For the connection between lfu.and Re the results fer the heat
transfer in the cylintiic tube are assumed according to figure 3,
With the aid of the atioveconsiderations the heat transfer coeffi-
cients may be determines.

The Ma@tude of the Stagnation Temperature

The temperature of the gas ahead of the turbine nozzles is
assumed to be $ In the nozzles the velocity el is produced,gas”
The temperature at the exit of the nozzles auounts to $@5.Hcl~cp.

The relative velocity of the flow vith respect to the blade
is wl=c~-ut It is assumed that Qj percent of the velocity

head HW3 = wl*/2g

(lnethen-obtains at

are converted into heat at the stagnation point,

the stagnation point the temperature

=Cl Hwl
$ +-O.@ —=4 - At
gas-~ Cp gas

$a is designated as stagnation temperature and considered decisive

for the heat transfer. Therefore the relation
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is valid for the difference between gas temperature and @a~tion
temperature. By means of the velocity triangle Q@?lgure 1 the
following formulas can be derived for the ratio

/
WI cl:

The staggmtion tempermbure corresponds to tho temperature assumed
hy an uncooled blade. The factor 0.85 is a meaiivalue which applies
to constant pressure profiles. A thorough investigation on the
mqycitude of the stagr@tion temperature in uncooled blades was
carried out byE. Eckert and Weise f’3]. For a circumferential
velocity of 250 meters per second the stamatio~. tempcraturo is
about 100° C lower than the gas temperature.

Blade Temperature Without Consideration of the Heat

Conduction to the Elade Root

First a hol.lowbl.adeis considered whe-reno heat conduction to
the rotor disc takes place. If one neglects, morcovor, the tempera-
ture differences in the blade wJ1 and dosi~ates the temperature
of tho internal and external surface with $0 one obtains the

tollowing simple relation:

!lhcheat contont transferred by the hot @s at the cmtornal
llade surfaco

must equal the heat content transmitted to the cooling air at the
internal circmforcncc
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% = aiui($o - $i) m
. . ~“

One thus obtains

or, refe~red to the eta@ation temperate)

$0 represent= the mean temperature of the crom section If the

temperature differences in the croso sectiofiand the heat flow along
the blade are neglected.

The formula show that for a given gas temperature the blade
temperature is

(1) Ratio

(2) Ratio

(3) Ratio

Blade

The blade

dependent on the tfiee followinc values only:

of the

Of the

heat transfer coefficients (ailaa)

blade circumferences (Uilua)

cooling air/stagm~tion temperature
($il$a)

Toqerature tith Ccnmideration or the Heat

Conduction to the Blade Root

root and the rotor rim, respectively,km @mereJ&v
a lower temperature than the blade. Tharefore a heat flow–will t;ke
place along the blade toward the rotor disc, For the heat flow
along the blade the relation
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if3

of

valid.

From the heat balance for the cross-hatched elment (fig. ~)
the blade follows

Q& - Q3 - Q,l

From the formula above then follows

+Q=O
2

the &lfferential equation

In this equation there my be at first f as WO1l as Ua and. U.

functions of x. lf one considers at first the case of a cylindr;c
hollow blade, therefore f = constant, Ua and Ui = constant,

one obtains

d23
Lf —

(
- CLaua$a -$)+aiuip-fq)=o

*2.

One equates

aaUa
Pa2 = ~
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Tnere results

13i2$J+ (Pa2

If mm further equates

(P2- Pa2+P:2)

One obtains a differential equaticm which formally agrees m“.ththe
differential equation for the temperature variation on an ordinary
cylin~i~ rod ~.~ithov.tinternal Co~linC* The differential equation
rea.d.s

With the boundary conditions

(l)X=O 8=.!$1

()(2) X.2 :=0
t

X=2
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The second boundary condition expresses that the heat flow at the
blade t~.pis neglected., One obtains the followlng equations for
determination of the constants A and B

0 = A)h -37’

and the constants themselves

The equation for the temperature var:ation along the blade finally
recti~:

tip x = h generally the valuea @h become so lar~ that the he-at
conduction can be ne@ected. Tlle~. . . (synbol missing in the
orig5:nal)represents the te.tirperatu!beat the blade tip and at the
same time the highest temperature occurring- In this case one may
write in sufficient apprordmtion
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$+0“

This result corresponds to

11

assumption that $0 represents the

blads temperature for neglected heat conduction.

Derivation of a Formula for the Ratio

Heat Transfer Coefficients

of the

Since in the formulas for the blade t~eratures $0 there

appears only the ratio ai~aa~ a formula for it shall be derived.

aifaa rel?reeentsa measure for the efficiency of the cooling.

W the region of Reynolde numbers which has to be considered
for gas turbine bl~des ‘Ghefollowing equations are approximately
valid for the I?usseltnumbers:

CLi di
IVUia —- . CiReim = O.0342Rei0“735

hi

%aa ~RemNua=—=
aa= o.0666Reao’735-I

lJui is assumed valid for the internal duct, Nua for the heat

transfer at the external surface of the blade. Therefrcm one
obtains the following e~ression for the ratio

‘% ()()Xi ~ Ci Rei m
—-~— ——
aa ~ ~ c

ai z-a\a

The Reynolds nu?ibercan be written Re = w dY/l~g; therewith one
obtains for the ratio

—
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Ret Iq aiYf ?FJg
——

<= llfG Va daya

Furthermore, the wei@t flow per seocwi is G = WF cm w = ~.

Thus one obtains

Rel +fw aj Ta
—=— +.
Roa f#@~ da ‘l]i

If one dcmignate~ tineaxial projection of the nozzle area by F,

with c taking the narrmwing by the
considerateon.

The mxxw secti~ through which

into

fgacl=Fsin 131

The following f~rznulati~ are used for the viscosity and the
heat conductivity:

()
~ t)*69

7
= ‘o To
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Then there becomes

The ratio coolSng

13

Therewith one obtains

and finally fcm

%

()

hi da Ci Re.im—=— —_ -
‘a Aa di Ca Rea

.

- —. —

1 I
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!llhecooling air cross section of the rotor in FK = z - fK, with fK

designating the cross sectton of the cooling duct of a blade and z
designatin~ the number of blades of tineturbine rotor. The ratio
gas cross section/cooling air cross section F/FK can be transfomned

as follows:

1? X%F Zts’P.c.— = —— = .—

‘K zfK zfK

tsh is the nozzle area corresponding to one rotor W-fide. The equa-

tion for ila aa shows c.leazzlythe separate e~fects of the dimens~-ens,

the temperatures,arkithe “referred”cooltng air quantity. The term

/
tith the temperatures Ti Ta has an exponent 0.133. One can see

that the influence of the terqpcratvreson ~~u.a is not very

essential. It is n~te~ortiil:~that the magnitude of the absolute
pressure does not appear in the formula, w<lic~:means that the pree-
sure does not affect the merit of the coolin~. Neither is the

/
influence of the term with da di very decisive. The term wfith F/FK;

on the other had., is essential.

Favorable factors for the cooling are therefore

(1) Wide blade spacing, that is, small nunberof blades

(2) Small cooling duct cross section, that is, narrow blades

(3) Large nozzle height, that is, large blade length

For geometrically similar turbines no changes occur in the

I
ratio~ F/FK and da di. Thus the merit of the cooling is the

same for a large and a small turbine.

The ratio czicca
/

is therefore, for a Siven blade shape, no

function other than of the “referred”coolinG air weixt p. There-
~tith ail% also is no longer dependent or.anyLhinG but p. This

result simplifies the investigationsby calculaiicm very essentially.

Centrifugal Force Stress of the !Cvz-bineBlade.

Tne stresses caused by the cent.rifu@ forces are first ascer-
tained for a cylindric blade. The centrigxil force of tlieblade of
the length x, according to figure 6, is:
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WJth r = R - x the integral becomes

Thus the centri~~l stress

(R-x) dx=Rx-~

becomes

The ms.xlm~ stre~s-at the blade root, the~e~o~e for x = 1, becomes

end mth ~ . R - 1/2, U1 becomes

The stress

Yhat is,the

the ma-m

U. = Y/wm, is desi~ted as circumferential stress.

stress appearing 5n a thin ri~ rotating with Ua. Thus

stress in a cylindric blade is

z
=1 ‘ co

-.—- .—. —.. — -..—— .—. — .- —.— — .--. —- .
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Yor the stress variation alon,gthe cylindzzicblade the equation
.

is valid. Ths functj.cm fl(x/!R) is plotted in figure 7.

For a tapered blade, according to figure 8, tiich ends in a
point, the stress can be calculated as follow~:

‘The cross section at an arbitrary looation ie

f~
f x== —. Jm

‘1

The centrifugal force of the blade of tho length x is therefore

The stress at the location x then results as

O’=;=ps(’=..,(k -$)
I.cx t3

and with U2 = /U?R2 and ?’gu2 . Uo, a becomes

.=.+i-~)=..f@
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TM-s formula for a 1 simifj.ea that tlm stress in the linearily
tapered tlade is indqxniient ~f.the
off the point of the blade (fig. 8)
force in each eection is smaller by
point. This latter is .

C* = a2f2

degree or taper k. If one cuts-
considered before, the centrifugal
the centrifu@l force of the

= &f ,

The change in stress by the elimination of the point amounts to

f~
& ,,02”2.-.

With f2/$ = ~lx one obtains ~

Thus the centrifu~l stresE in
cross sections f at the root

becomes

u=d- &.u
0

the tzwpezoid.alblaclswith the
and f2 at the external dls.meter

.(:)= (&-$)The function fm is ylotted in figure 9 and

is generally valid for the c~lculation of the w&ess in a linearily
tapered blade. I
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Calculation of the Temperature snd the Stress

in Two Model Hollow Blades

Following the basic calculations given above for temperatures
and streflsesof two blades (fig. 10) with different shapes of the
cross section the cooling duct will be determined. The Made
edges of the blade H5 do not come directly into contact with the
coolant. The shape of the cooling duct depends on the method of
production. The blade is partitioned at the center and the duct
is made by milling in each half. The two blade halves then dre
welded together. The disadvantages of this method, uneven tempera-
ture distribution and thermal stresses, are discussed in detail
in chapter 3 and 4, The l)ladeformH7 has everywhere equal wall
thickness and correspondingly short path~ of heat flow end there-
fore uniform temperature distribution. ~or the calculation example
the operating data are assumed in table I. The dimensions of the
blades used in the calculation e.xamylesare given in table II.

With the values indicated in tables I and 11 one calculates
the factors contained in the equation for ~/ua according to
table 111,

The
function

The
from the

The
gas

for

ratio ~i/’~ for the two blades H7 endH7 is plotted as a
of the cooling air

blade temperature
equation

=

values calculated from it
temperature cl 900°.

One can see that io? the

mass in figure 11.

2
0 at the point of the blade results

CLiUi “Pi
1+——7

Ua Ua La

ai ‘i
l+——

aa Ua

are represented in figure 12 for a

blade H7 the cooling air requirement
the ssme blade temperature is essentially smaller. For a blade

temperature of 6500 the requirements are

For the blade H5 - 7.6 percent cooling air

For the %lade H7 - h.O percent cooling air
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The more favorable values for the blade H7 can be traced back
mainly to the larger ratio U ‘u . The temperature v~iation iS

i/ -a
o%tained from the equation

For the value P the relation

{( )
—-

,-+qu~
CLaua — —

aa Ua
P’=

kf

is valid, with aa being determined from Rea and N%. The

misi3ingvalues are contained in table ~.

In figures 13 and lh the temperatures and stresses for the
blade H5 are plotted. For the temperature at the root 91 400°

and 500° were assumed. The stresses are plotted for a circum-
ferential velocity of 250 meters per second.

For the blade H’7the stresses are represented also for a
circumferentialvelocity of 300 meters per seccmd. (See figs. 15
and 16.)

The temperatures change with the circumferentialvelocity.
The stagnation temperature decreases because a hi-Ger gradient is
converted in the nozzle for equal u cl,

/
Accordingly one obtains

for u= 300 meters per second smaller blade tempe~atures and
thus a larger permissible stress. The fati~,uestren@h of the
material 5.sreumrded as decisj.vefor the permissible stress. In
figures 13 to 16 the fatigue Btrengbha rJD corresponding to the

various blade tomperaturcs are plotted.. The material %dhler sw 8“
with the UD - values according %0 figure 17 was used.

The difference between the blado stress u j.na blade section
and the permissible stress ~D is called reserve stress. The

mini.mm reserve stress appears in the critical cross section and
amounts for instance according to figure 16 for u = 300 meters per

second to about 7 kilograms yer millimeter. The results of the

—
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calculation show that.for the hollow blade H7 circumferential
velocities of more than 300 meters per second are permissible which
was confirmed by test stand e~eriments.

After the example above the blade H7 is to be examined for
various other circumferentialvelocitj.es. Under the asmm@ion of
similar velocity triangles, that is, U/CO = constant, the gradient

converted in the turbine stage is, as already mentioned, a function
of the circumferentialvelocity. The stagnation temperature
increases for a small circumferentialvelocity, because the
temperature drop in the nozzle is smaller. For a gas temperature
of 900° C one obtains for various circumferential velocities the
following stagnation temperatures:

Circumferential velocity, m/see . . . . . . . 150 200 250 300
Stagnation temperature, C . . , . . . . . . . 866 840 b4 763

One can see that for a circumferentialvelocity of u = 150 meters
per second the stagnation temperature is about 100 percent higher
than for 300 meters per second. The centrifugal stress in the
blade increases with the circumferentialvelocity wncmeas the
blade temperature decreases. The influence of the temperature is
so large that the difference between fatigue strength and stress
remains almost constant, independent of the circumferentialvelocity.

In figure 18 the reserve strength in the critical cross section,
that is, the difference between fatigue str6ngth and stress at the
blade location E~bJect to maximum stress is plotted versus the
circumferentialvelocity. The reserve strength increases for the
same percent cooling air mass, between 300 and 150 meters per second

only from 6.1 to 7.3 kilograms per millimeter whereas the cen-
trifugal stress at the root of the blade decreases from 17 kilograms

per millimeter to 4.2 kilograms per millimeter. One can see from
these numerical values that a gas turbine blade may be operated
with almost the same safety with respect to break for large as for
small circumferentialvelocity. The-heat gradient used
turbine stage is essential for the reserve strength.

TESTS FOR DLNKZWUNATION @l’THE Eh21T‘IRANSHYR

COJM’FICIENTAT TRX BIADldI?RCWIIJI

Justification for the test method.- The tests carried out on
blade segments for qctual conditions unchanged with respect to
temperature and dimensions confirmed.essentially the assumptions on
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the heat transfer coefficients as
parison of the l%ade profile with

21

they were obtained from the com-
the cylindric-tule and the-plate

:
In a longitudinal flow. A saiisi’actory-installation of the thermo-
couples on the small gas turbine blades of 16 to 20 millimeter widths
and wall thicknesse~ below 1 millimeter is extremely difficult. For
this reason, the heat transfer coefficients were measured on an
enlarged blade model, It is known that the heat transfer coeffi-
cient or the Nusselt ntunber,respectively, is independent of the
direction of the heat flow. It is therefore a matter of indif-
ference whether the blade yrofile absorbs or gives off heat. Thus
the tueasurementswere made on an electrically heated model. A
wind tunnel designed.for flow investigation hy the author (fig. 19)
was used.

J)eccriptionof the test arrannemont.- h an existing blade—.——
ca~cade wi~h three tesk blades the c~t~r blade was replaced by an
electrically heated aluminum blade. The blacleprofile used for the
measurements corresyonde to the llade H3 indicated in table 11,
‘i’heblade width was increased from 16 millimeters on ~he original
blade to 100 milli.tnoterson the model tlade.

A yhotogra,yhof the ‘bladecascade with the rectangular wooden
nozzle is presented in figure 20. One can see the thermowires led.
sideways to the switch by which the individual test points can be
connecbed with the indicator. The test blade with the therrnowires
and the connection clamys for heating is reproduced in figure 21.
Ten temperature test points are arranged in each of the two cross
sections of the tesb blade-

The installation of the thermocouples and the location of the
three heabing rods can be seen from figure 22.

Bore holes were provided near the surface into which the
thermocouples are introduced from the outside. The soldering
joints of the thermowires were then rigi~y connected with the
blade by means of a small screw, In view of heat conducbivlty such
a t~e of blade material was selected that a uniform temperature
distribution in the cross section couldbe expected.;the test
results confirmed this expectation.

The wind tunnel (fig. 19) consists of a radial blower dmiven
by about 10 PS (GermanHP) motive power which feeds into a wooden
settling chsmiber. A.well roundeclnozzle ia arranged on the side
opposite the air inlet, The nozzle must be adjustable because a
different nozzle height corresponds Lo each floW incidence 91 of

the cascade. The blower can be regulatedby a butterfly valve
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installed on the side of the inlets By adjustment
valve a certain excess premwre can be wl~usted in

NACA’I!4N0. 1183

of the butterfly
the chamber.

Test procedure and evaluation.- The fhe-stream velocity of
the blade cascade was ascertained from the pressures as follows.
Since according to experience the pressure conversion in s well
roundod nozzle takes place practically without losses, the velocity
in the nozzle can be determined from the difference between the
chamber prmsure and the static pressure in the nozzle. Thus the
velocity in the nozzle is

for the pressure drop Ap one has to insert

‘~ = pboibr - Pnozzle ~Ws

In the followtng table, for instance, the measured values for a
nozzle angle of 40°35’ are compiled.

Since for the same nozzle angle a certain nozzle proseure is
coordin~ted to eech boiler pressure, the velocity can aleo be
aiven ae R function of the boiler preesure. In figure 23 the
velocity wl is plotted for three nozzle angles as a function of

the chamber pressure. Then for the temperature measurements only
a certain boiler pressure was adjusted and the pertaining velocity
taken from the chart.

The center blade was electrically heated by three heating rode.
The heating power was determined by measurement of amperage and
voltage. In the tests one adjusted a certain boiler preseure,
waited for the equilibrium condition of the temperatures and then
read the 20 temperature test points. The power required for
heating is

Q=
0.2386
—UI kcal/sec
1000
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The heating power ccmresponds to the supplied heat quantity end,
for equilibrium condition, must equal the heat content taken away
by the air stream. Thus

Q= c&oA$~ kca+eo
3600

with A9 indi.ca.tingthe mean difference between wnl.1temperature
and air temperature. Since the differences in wall temperature
are small, the arithmetic mean of the wall temperatures was used
for the calculation, Thi~ procedure Is jus’~ifiedbecause the
individual test points are spaced almoat evenly over the circmn-
ference of the profile. To be exact, the mean temperate should
be calculated from the following expression:

If all
Coux’se

9%-mm

test point distances
equal the arithmetic

d~ z As

are equal, the mean value will of
mean value of the tenqxxratures,thus

r $

$
/_.

= ——
‘mean z

z is the number of the test points on the circumference of the
profile. The blade surface is

Circumference

therefore

FO =Ua2 = 272.5

x Illailelength,

x 300 = 0.08175 m2
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In calculating the dhnmsionless charac$eristic values Re and Nu
values for the temperature of the out~id~ flow-Or of the air jn the
boiler, respectively, are substituted.

The Reynolds number is

W1 da
Re=—

7

The length of reference ~ is determined from the profile circum-

ference as follows:

Ua
d_E.-=%&nm

%

l?orthe velocity the .freo=streamvelocity of the blade, that is,
the velocity in the nozzle,is inserted. Ths Hu.sscltnumber is

CLa da
Nu = —

7

The value auterminod from
difference ia substituted

power required for heating and temperature
for the heat trsnofcr coefiicicnt CCa.

The tables 11 and VII show the test values for pressure and tempera-.
tures for a nozzle angle of 40035?.

The measured dimensionless v~lues Nu and I?e are @ottcd in

figure 24. The Reynolds number is between 105 end 2,5x 105,
therefore in the turlmlent regicn. The values measured for the
three nozzle anp~es lie ver~ close to the strai@t line far the
mean value of cylinder and plate, The dcvtat.ionsare less than
10 percent.

It is remarkable that a larger Reynolds number results for the
same Nusselt number for a small.nozzle an@e (300). To a smaller
nozzle sngle corresponds a lar~er deflection of the flow and thus
a larger lift CoefficientO It is known from wing twts that the
heat transfer increases with growin~ lift coefficient. Here the

.. ...-—.—----—. —..
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reversed Influence can be seen. If one attempts to introduce In
the Re~olds-number the etit velocity W2 one cjbtiins,it is true,

the usunl influence bf the deflection or the lift coefficient,
respectively, but the test values are in no better position with
respect to the.calculated curve of comparison for cylj.nderand
plate. Thus the free-stream velocity W1 is used-thereafter in

the calculations.

For the investigated yrofile the velocity ahead of and behind
the ca~cade Is not very Cij.fferent.It is prOswned that for pro-
filcm where a large chcangein velocity occurr~,aa in excess pres-
sure profilee, the calculationXN.Mtbe made with a mean value of
the veloclty.

IV. ‘ITJIHIWTURNDI,3NXDKJTTON13iTII!!lCROSS SECTION

OF HOLLOW mm BIADES

The mean temperature of a blads cro~s section, where the root
coollin~takes effect no longer, was desi~ted by $.. Thj.stempera-

ture actually ayyoars only when the heat f~ov from the intarml to
the external cj.rctierenco takes place wlthcmt a noteworthy drop
in temperature. $0 is therefore only a msan value; actually

temperatwze drop occurs ~.n-theblade wall and the tmporaturo
not evenly distributed over the cross soctxlon~

The lflnimumTemperature j.nthe IKladeCross Section

a

is

A ho~~owblnde with a corss section accordin~ to figure 25 is
considered. The center part of the)blade between C and C’ is
naturally cooled moro oftt’ectivelythan the blade edfles. ~US the
minimum temperature of the crose section will a~pear in the coro
of tho blade at A and D. One obtains the approximate minimum
temperature in the cross section $

%in’
j.fme takes the fact

into comidoration that for a strai~t part of the blade wal&
internal and oxteti circu@erence are eqwl. If one substitutes
accordingly in the formula.the value Ui = Ua for $., one obtains
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‘%in = ‘a l+
a

‘llxnperatvreVariation in the Bhde Edges

blade edqcm the heat content enterjnijfrom the outside
is not directly given off to the cooling air, as 5.nthe middle part
of the llado wall. The heat content entering at B must first
flow to C and can only there be transferred to the cooling air.
The heat flow from Y to C causes en acccm3in@y large dif-
ference in tenperatm-c.

By way of calcu.latlonjthe temperature variation can be
deterriiincdas follows: Ono considers first the heat flow in the
blade edges between B and C in figure 26. The dhange of the
heat flow in the cross hatched element (fi~. 26) must equal the
heat absor’~edfrom tileoutside by heat transfer. These circum-
stances are reprcswted by the following eqmtions

Ql - Q2 = X$

(
\~k-t.gax\/ (a$a -=a
.

If one Elcslgnates $- $ = 9, one obtains
a

tion

)$2C3X
the differential equa-

For the cross section decreasing linearily was substituted

z =2Xtanq
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Thus there resulted f-@illl.ythe di.fferential.equa.tion

~2@
+U!Q.!?—— .0

a# zdzz

in tilich

or

z = l?x

This equatfon is a Besgel di?ferent’ialequation cf zero order the
solution of which reads:

,. AIO(2+) - B~o(2~ F)

In order to have El become real,

For x . xl, Z=z ~ and $

B must equal zero.

= $1” Therefrom follows

$
‘l-aA = ———

(r)
12$z

1

The temperature v=~iation in the blade edge is therefore represented
hy the equation

..———
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Tempemdxcre V’~iation in the Blade Wall

The temperature variation in the bhde wall can be ascertained
in the following manner, The heat

enters from the outside into the crosshatched clement (fig. 27).
Due to heat conduction, there enters from C

c&=A&

h direction towards A,

Q=~d($x!+~)3
3 b’

leaves the element. The heat content which on the ~kmide is absorbed

The tomperaturo
neglected here.

Qh

difference

one can transfozm the

d($x’ + dx)

k=

()‘a: $-$-j, ‘y
r

perpendicular to the blade wall was

a($x’ + ax)
e~ression 3s follows:

dX

d

()

d$ d2$
z

$-~$=~+–—ti
d
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The heat balance for the element is

29

Q1+Q2. -Q3-Q4==O.

thereticm follows

According to the formula above, iEl
‘%ain

One equates
u

ai+aa=c%and-. a2; then tileclif~erentialequa-
L$

tion asmmes the following shape:

The solution is

$- ~ = Aeax’ “ax’
+ Be

o

In the section C ‘

X’=o
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At large distance frm C

X’=m $=3
‘rein

?Jromthe second condition there follows ii = O.

Thus the temperature variation in the part CA of the blade
is represented by the

3-

Calculation of

equation

($0 =$1-3 )
-3X’

tin %in a

the Temperature at the Junction of the

Blade

The temperature $1

blade edge and the blade

Edge and the Blade Wall

at the pint C, the junction of the

Mll, is f3tilllldUIO?wlin the equations
for the temperature variation. This temperature results from the
condition that the heat flow must not change at th~s point. There-
fore

()2J Q ()d~dx
.~~

x ‘=0
L

‘-----’ ‘—>“—L
Heat flow Heat flowat
in the the end of the
blade wall blade edge

For the blade wall there was
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For X1 = O there becomes

For the blade edge there becomes

By equating the two expressions one obtains, if

and

,- %(qz)
(c)10 2i 21

exe intro&uoed,

‘g%in + ‘Saal . ——
A+B

MaxinmmTemperature in the Blade Cross Section

The temperature variation in the blade ed~e is represented by
the following equation
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(). ..*=(.. -$.)5$E)

In this formula the temperature at the junction point C is Imown

eo that the .Tariatlo~or .9 can be d.ete?mine&

The -mum temperature at the ~oi~t B is ob~ainea if in the
formula above the value ‘2 1s substituted for Z. ~~erefore,

By means of the formula given above tile temperate at any point

of the blade can be ca.1.culated if gas and coolin~ air temperature

and the heat transfer coefficients are kno~m.

Temperature Drop in the Blade Well

In tho calculation of the temperature of the blade wall at A

the temperature dxop perpendicular to the wall vsa neglected and

internal and external wall temperature mme assumed equal< Nou
the temperatarc drop in Lhe wall is to be calmkted..

An element of the length dx and the hei~lt 1 ia considered.

The heat quantity cmtering the olemcnt amounts to

The heat content leaving it is

Q= ai(~ - $i) ax

—. —-——- —— -- —— —.— .. ——. -— .---—
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‘a)

his formula the temperature at the junction point C is known
hat the variation of $ can be determinant.

The maximum temperate at the point B is obtained if in the
lulaabove the value z~ is substituted for z. Therefore,

aans of the formulas given stove tiletemperature at any point
he blado can he calculated if gas and coolin~ air temperature
hhe heat transfer coefficients are knovm.

Temperature Drop in the Blade Wall

In the calculation of the temperature of the Ylade wall at A
temperaturedrop perpendicular to the wall w.s neglected and
anal and external wall temperature were assumed equal, Now
,emperaturcdrop in the wall is to be calculated.

An element of the length dx and the hei@t 1 is considered.
~~at q~ntity ~llterfngthe olemcnt ~~unts to

cat content leaving it is

Q= ui(~l - $i) .x
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The heat flew perpendicular to the wall causes a temperature
&ad.ient iu the direction z, therefore

The calculation of A$ is made au follows:

ai%I - %.$i =:A$

there is further

If one substitutes in this equation

there results

the calculated exyre6sion for $X,

1—— ,-,,,,, ,.. . ,.,,-. — —
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therefore finally

or, divided by

Graphical Supplement of the Temperature Field

Naturally the variation of the temperature= determined by
calculation represents only an approximation. TO be exact, one is
dealing with a temperature fieldf therefore with a two-dimensional
problem. The calculated temperatures at the potnts A, B, and C
foriias it were the scaffold for the temperature field. ‘l!hetempera-
ture field must be a square net; such a
tally by trial and error [4]. The heat
by the equation (basic equation of heat

.CL$
%=-

The heat quantity which flows
between the streamlines drawn

4

net can be completed graphi-
flow per unit area is given
conduction)

. A&
A —= + —

an Al

thrcmgh the lenp$h As (fig. 28)
in dashed

sxA’--#a

An equal heat content must enter at tho
length Ao. The average temperature at

line=, mounts to

external surface on the
the surfece is
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The heat transfer coefficient is amumed to be Ga and the gas

temperature Sa. Then

As
If one takes sin a = ~ into consideration, one obtaina

The correctness of ths ten@erature field that was drawn can be

tested by meane of the relation above.

For a hollow blade H8 the temperature field in the blade

cross section was ccznpletely determined. (See fig. 30.) The
o~mat ing Condition8 for this blade are pwti cula~i~ unfa~ora~le.
The blade operakes ~fithexcess ~r~ssure ~ead or i~e nozzlm whereae
for the other e-les ~~~re is atiogpheric preeaw.e ahead of the
nozzles ant low ~yesswe behind the nozzles. For the blade Ha
there remltj due to the large Gas density, especially large heat
‘tranafer coefficient~ and larger temp~rature tiff~rellces’than for
the other e-lea me~tionod. First, the ‘c~~era~wea $., $01,

$nin’
and $m were cIA ermined and moreover the tomsmrature

variation in the rib-like blede edge calculated. ‘i!hia “scaffold”

was then completed by construction of’ a sauare net and controlled by

the surface >onditio~,

Heat Transfer at

A mean heat transfer

the Stagnation Point of tho Blado

coefficient was used at first for the

calculation of tho ‘cempe~ature distribution in the blade cross

—.— .—— ..— — .
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section. No exact data exist on the exact Variability of this coef-
ficient along the circumference. However, an esthnate for the
~tagnation point of the profile can be made in the following mannero

It is lmown that the heat transfer at me stagnation point of
a streamline body depends only on the racli-u~of curvature at thifl
point. Teat values on the magnitude of the ha:~-btransfer at the
stagnation ~oint of a cylinder have been CO~Ti?@d [51. A formula
@ven by Squire reads:

Nu = 1.O1$Z

The values calculated with this formula agree we~ with the test

results. For Reynolds numbers of 104 the heat transfer at the
stagnation point is about twice as large m the average heat transfer.

For Re = 105 both heat transfer coefficients arc about equal. If
one considers a blade profile with da = 22 millimeters and a

diameter of curvature at the leading edge of 2.2 millimeters, the

Reynolds number for the leading edge is, for Rea = 105, Rel = 104
and one obtains the following Nusselt numbers:

Nua = 330

N% .100

Therewith ~ beco~s

al

% ‘Us%.—=— =

%1 aaITu
1

Thus a heat transfer coefficient

22 x 100 ‘-

at the stagnation point on the
leading edge 3.0 times as large as the mear-heat tr&sfer coeffi-
cient results for the case above. Due to the large heat transfer
coefficients for slight rounding of the leadin~ cdGe high tempera-
tures appear there, It is therefore meful, to round the leading
edges of gas-turtine bladcm sufficiently.
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Calcul.ation of the Ma@mum, Mean, and Mlnimum Temperature

in the Blade Cross Section

By means of the formulas given above the maxm and minimum
temperatures i.nthe blade cross section canbe determined and
represented as

+min

*a

and

as functions of the cooling-ir quantity. For the
(dimensions according to tableII) the values above

hol.lowblad.e H3
are plotted in

figure 31. The maxi&m temperat&e difference appearing in the
blade seotion is found to be

IT’or7 percent cooling air and .>a= @k” corresponding

temperature one obtains the

to goo” gas
,

following temperatm’e difference:

Atmx= 140°c

Sch&ner 6 also measured temperature differonccs of more tiian100°
in the ciross”secttonof a hollow blade the interior of which was
provided with ribs, to improve the cooling effect.
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V. CAWULATION OF THE ?IEAT

General Remarks on Thermal

Due to the temperature differences in
there appear thermal stresses. The effect

E%t!REssEs‘

Stresses

the blade cross section,
02 the thermal etresee~

can bec-~e so strong that heat cracks ori@nate. ‘Thephotograph
(fiE. 32) show a esries of T1.ndesH3 in which after R test run

cracks were found on the convex? side. At first this phenomenon
could not be explained satisfactorily. It could be proved by
investigation of the temperature distribution and determination of
the thermal stresses that the cracks are causet by the temperature
differences in the cross section.

The thermal strcm
which is prevented by a
according to figure 33,

in a roil-shapedbody tho heat expansion of
fic~itiouo ri@d clamping of tho ends

a. -EP@ - tl)

t and t~ are the temperatures distributed evenly over the cross

section. The rod is hcatod

ture t. E is the modulus
sion coefficient. When the
very largo stresses appear.
are for 600° C

from the temperature ‘1 to the tompwa-

of elasticity, P the linear heat eqxm-
heat ewansion is complotel yprovented,
For the austenitic steel SAS 8 E and 13

9 .19X1O -6 l~c”

E“ 1.5 X 106 kg/cm2

For a heating of 10° one obtains a atrcms of

1.5X 106X 19X 10-6
a= x 10 = 285 l@cm2

u= 2.85 kg/~2

2LiteraMy: “beUy side”

1- lln~lmml II11 I I Illm III I 1
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J?ortemperature differences of about 100 one obtains thermal
stresses In the order of nwqitude of the elastic limit and the
fatigue strength, respectively, of the heat resistant materials.

If the clamping is not completely rigid so that the rod can
expend by the anmunt C, the thermal stress becomes

Calculation of the Thermal Stresses

‘1)]
in a Rod Clamped on One

Side with Arbitrary Temperature Distribution

A rod is considered which, like a turbine blade, is clamped.
at one end only; in this case the rod can expand freely and no
thermal atresaes appear as long as tho ttinperabu~”edistribution in
the cross section remains constant. If, however, the temperature
distribution is not uniform, the separate fiber~ of the rod will
interfere with each otlier. The cross section of the rod is,for
instance,assumearectangular according to figwe 34 and the
temperatures of the outer flbres ‘1 and t2. ~h Upper fiber

will qpancl more stron~ly than tinelowor one aml the rod will benti,

Thus the strossos arc partially reducoa in co~arison with
the rigidly clamped rod which cannot bend.

In general, this problem can be represented es follows. Thin-
wallod boaies only will be discussed so that th~ strcssos perpcm-
dicular to the =11 can be ne@ccted. For a rod-shaped body with
a cross section according to figure 3’3whlch is not subjected to
external forces and is clamped on one end, the moment of the internal
stresses must become zero in every section. Mcrcovo~ the sum of
th~ internal stress iteolf must disappear. Thus, with tho dosigaa-
tions of figure 35, tho following equations must le valid:

f
P= Uzdf=o

~J
= “’uzyaf=o

M=
Y s

IYzxaf=o
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The moment of the internal forces equals zero.,if it is zero for
any two axes.

Further, it,is assumed, as in the theory of the Imiiing of a
roa that the cross sections remain plane. Under this assumptj.on
the statmment (ecprtion of a plane) can le made for the elastic
deformations

One now
formula
obtains

consiaers the first condit~on P = 0. If one applles the
given above for the stresses to an olernentof the rod, one
the following:

If one now introduces the linear formulation for c according to
the equation above, it becomes

The integrals are transformed as follows:

f
co (If= Cof

1

The dilatation c was =ssume& to be constant. Tilesecond integral
o

represents the static moment of the cross sectiony referred to the
y-axis, and can, according to the center-af–mavity theorem, be
equated to felel is the distance of the centey Of ~avity from

the y-axis. The integral r
~ Y df also can be transfOme&
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accordingly. Then
s

t d.f= tmf’ with ~ representing the mean

temperature of the oross section. Thus one oytains

1~ydf = ~e2f

1 taf. tmf

The temperature of reference ‘1 contained in the fcmmulas is

equated to the mean temperature of the cross section. The expres-
sion then becomes

,j’(t+m.o

The first condition P . 0 yields therefore the relation

C = k.e.
-o L-L

Then the condition Mx= O and
coordinate system is selected so

+ ‘2e2 = 0

~ = O is considered. If the
that it Coes thz’oupjhthe center



k?

of gravity, el and e2 equal zero. One

following derivs.tionswill be particularly

IWCAm ITO.3.183

may amme that the

sim@e if one selects
a 6ystem-of coordinates going throu@

The condition Mx = O yields

the-center of gravity.

One equates

For an axis through

Thus one obtains:
.

0

the center of gravity

=O+PkI
lxy + Bk21m

the in-te~al is
s

y af=o.

- PItx

For the third condition My. O there results
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One designates

s
and takes into consideration

the center of gravity equals

o =O+PK7

43

x2af=I
YY

txaf=I
ty

that
s

x df for the axes through

zsro. Then

So far it was a~sumed that the coordinate
center of gravity of the profile. If the

- mty

EIystRm coes through the
coordlnake system is

selected
integral

so that ih coincides with the main a.xe:~>Y Inertia, the
also becomos

From the three conditions P = 0, I!x. 0, l% = O one there-
fore obtains

c = o
0

%y
%=~

m

%
Kp=—L In



The thermal stresses are calculated as follows:

CJ=

C7=

The temperature distribution in the cross section Is
by the temperature field deterndned in the 2~ecd.tiS
represented by the isotherms. In the equation above

a temperature and one may write

assumed given
section and
klx represents

to = Klx + IC2Y+ tm

This equation represents a temperature plane wh’ch can 21s0 be gi~ren
by the isotherms. Thus the thermal stress b?concs

mcr.pEt -t
,0

Temperature and Stress Field fm- the Hollow Blade @

Za the cross section of the hlaiieH8 (fig. ~f) two i~otherm
fields are superimposed. One now connocts thfipoints wkere the
temperature difference of the two fields is cqlwl, for instance,
the point at which the isothem of the tcmp~rstilrc;variation 700°
intersects the isotherm of the auxiliary plene ‘~OO”wli;htho point
at which the isotherm of the temyeratuzre.l?tcld-t= G~oo intersects
the isotherm of the auxiliary plane to . 6~00, etc. The lines of

equal tcmpcratuzzediffuronce that were thuc obteincd represent
simultaneously lines of equal thermal ct,ressese F:~mrc 37 @VcS
the stress field.for the)11011cwblade H8 whicl~m~ cicbermincdin
this manner.
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~ ● CONSIDEMTIDNOFTHE

For high
strongly th~t
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45

RADIATION

The Ma@itude of the Heat Radiation

gas temperatures, the walls of the nozzles radiate eo
the heat transfer by radiation compared with the heat

trans~er by conductionmust no lo~~gerbe neglected. The heat
quantity transferred by radiation between two walls is proportional
to the fourth power of the temperatures according to the eq.~?tion

Q= Constant(b-T’)
At first it is assumed that the tem~erature of the radiatin~ surface
(nozzle blades) is Ta. Ii’one refercitho heat qL~ntitY transferred

by radiation to the temperature difference of tileradiating bodies,
one obtains as the heat tran~fer coefficient “~yr~diat?~on

PLY - {.2:
\loo/ \loo/ JT~+TT2+T3

Ct=c -~ =
s s Ta -9? Ca( 3 a 30 0 )

For ox~!di.zodsurfaces for technical.use, oz~e
formula for c~: cs = &.6. ~n deriving t~le

in the denominator is omitted.

Derivation of aRd.ation for the Influence of the Radiation

on the Mean Blade Temperature

U deriving the mean temperature of the cross section one
introduces instead of ~ the valuo CCa+ ~~ and obtains:

I
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From this equation there results

NACA ~ NO. ~83

‘J.-. ~
—= 121
9~

T0s
— becomesm

n(m - 1)ai
= 1 i-————

aa + ma..+ G
1 3

T0s - Ta

T
a

n(m - l)ai

If one _performsthe multiplication, one obts:ms

Tan(m - l)ui = To~
[
aa+nct +c~(. .

i ●)]

[
-Taaa+ncci+cn(_ . ●)]
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Finall~,,

Tan(m - 1)ai =

From the relation for
effect cne obtains

47

~~~ - ‘~)~a + ‘ai) + cs~~j - ‘~)

the mean blade temperature without radiation

‘afa +‘f) =‘~@a+‘a,)

(Ta mi - nai
)= ‘o(a. ‘-‘a,)

+ aa + nai,

Tan(m - l)a =Ti
.- Ta~a + nCLi)

If one mbtracts the equations from each other tne result is

O= @os - To)(~a + n~i) + Cs~To~ - T:)

If one designates t!letemperature difference between the mean
temperature with and without radiation effect
for it

~ (T 4 -T 4
s\a )9s ,

m :=———
aa + nai

In this equation To~ is still unknown. One

T =To+At05

Neglecting the higher powers, one obtains

by &’, one obtains

writes

T’ =T04 - 4T03 At ‘
0s
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If this expression is introduced Into the equation for C@, @
becomes finally

Zsr=cs
(%”-(2J
% f )To 3

aa + — ai + 0.04c~
Ua

\ G

With the temperature TC without radiation effect given, the

influence of the radiation At can be calculated by means of the
formula above.

Complete Calculation of an Example

The blade E7 for 900° gas temperature according to the example
in the second section is considered. For 8 percent cooling air
quantity, $o\&a then is 0.71. For a stagnation temperature

of 840° c $.’ becomes 573° C. With aa = 258, one obtains for

the temperature rise at a location of the blade subJect to radiation

Thus one can see that occasionally essential increases in temperature
may occur due to radiation of the hot nozzles. It was presumed for
the preceding derivation that the nozzle wall takes on the stagna-
tion temperature &a. It is known, however, that the walls of

nozzles do not have the temperature of the flowing gas but about
the temperature of the gas ahead of the nozzles. That would mean
for this case that the nozzle wells take on the gas temperature,
that is, for Instance 900°, compared with a stagnation temperature
of &)4°. The maximum difference between gas temperature and stagna-
tion temperature, however, appear only for the running turbine for
which the flow velocity relative to the blade has the smaller

~ instead of the nozzle exit velocity cl.value of w = c - u
11

For segment tests,
‘1

= cl. Then the stagnation approximately

equals the gas temperature. In figure 38 the mean temperature so
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for the hollow blade ~ is represented as a function of the cooling–
air quantity-with and without radlatlon effect.

Influence of the Radiation on the Nozzle Temperature

Thus the preceding derivation for the increase of the blade
temperature $0 by radiation, with the temperature of the nozzle

walls equated.to $., is valid exactly only for the evaluation of

segment tests. The fact is neglected that the nozzle walls them-
selves experience a temperature drop due to the heat radiations to
the turbine blade. The following derivation will.take into account
that the actual temperature of the nozzle wall lies between gas and
stagnation temperature. For the temperature cf the nozzle wall the
relation

is valid if one takes into consideration that heat is transferred
to the nozzle wall by convection on both sides whereas heat is
radiated only on one side. One equates

T -T = At
gas nozzle nozzle

Then there Is

Atnozzle =
4T-)%$1

2a
anozzle

In this formula TD and T06 are at firet unknown. In calcu-

lating Atnozzle one may choose the procedure to calculate first

an approximate value of Atnozzle = At’nozzle for various T08,



by equating TD = Tga~. Then one calculates a first approximation

for

‘rnozzle =T - Atnozzlagas

With this velue one obtains a second approximation of Atnozzle.

Thus the solution cf the equation of the fourth order can be avoided.
In figure 39 the drap of the nozzle temperature iS piotted fcr 900°
gaa temperature and a heat tran.afercoefficient aa = 3QQ*

nozzle
With these ‘:aluesthe nczzle temperature becomes somewhat larger than
the stagnation temperature. However, for the evaluation of the
se~ent tests one may calculate with Tnozzle . Ta.

VII. TEE?E3ON BLADE SEGMENTS AND COMPARISON WITH THE CALCULATION

Description of the Tests

These tests were perfcwmed on a blade segment on the scale 1:1
with 7 blades H~ (table II). The biades were heated by gas from a
combustion chamber. The cooling air and cornbusticmair were supplied
by two rotary piston camprtissora. In the following Ciiscussi.xlonly
the test points ‘7and 8 at the center of the blade and 17 and 18 at
the blade edges (fig. 40) are considered out of about 25 test points
distributed over different blades. These test pojnts are in the
neighborhood of the blade tips so that the heat conduction to the
rotor disc is negligible. The ratios of the measured temperatures
and the gas temper~tures are set up and plotted as functions of the
cooling-air quantity. The teat results for 700°and 900° gas tempera-
ture and the velocities W1 between 200 and 350 meters per second

were used.

Result of the Tests

The assumptions made for calculating the temperature
‘Qmin

are valid for the test points “iand 8. In figure 41 the measured
temperatures for test points 7 and 8 are plotted together with the
calculated temperature for comparison. The calculated ,

‘%in
temperatures are slightly higher than the measured ones- The
thermowires were led to the outside through the cooling ducts. The
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cooled wire removes heat from the blade
of the meaatilng wire at the test point

21

wall so that the presence
causes-a drcp in temperature.

In the next section the errcr of measurement caused by the installa-
tion of the thermcwires in the gas or c~oll.n~air flow will be
further investigated.

The test points 17 and 18 we close to the blade edges. The
temperature can be determined according to the indications in
sechion IV. Figure 42 contains the meesured temperatures for the
test points 17 and 18 and, for comparison: the temper~ture cal-
culated for test point 17. Here also the calculated values are
higher than the test values althcugh tlnesetest points were
installed in grooves, so that the error due to the thermcwires
was eliminated. Moreover, an additj.onallwtitingshould occur at
the test pcint 17 due to rediatit>nof the nczzlas.

The differences between the temperatures of the blade edges,
test points 17 and 1.8,and the temperatures of the blade center,
test points 7 and 8; are correctly represontcd by the calculation.
The agreement of measured and calculated values with respect to
megnitude also is very good si.nc:~the latter values tireon the
average only 2 to 3 percent higher than the fwmer ones.

VIII. ERROR OF MEASURl!l@HiTFOR THE INSTALLATION OF THERMQWIRES

IN THH AD? AND GAS FLOW, RESPECTIVELY

Origin of the Errcm

For temperature measurements on gas–turbine blades, ,grcat .
difficulties often arise in the installatlrm of the tnmmocouples.
For small wall thicknesses below 1 millimeter, in p~rticulqr, a
reliable installation in grooves cm bore holes is no Lmg<r possible.
The ther?wwires toward the ~>utsidsha’~eto be freely guided in the
gas or air flow. The conductivity of the thcrmowire causes here
an error. On the cooling air side of ~he blade wall the measuring
wire is located in the cold cl~olingair flow and rernovssheat from
the blade wall so that a temperature dr,’pepp~ars et the test point.
On the gas side the wfro becom~s warmer than the blade wall and
additional heat flows into the wall.ceusing a rise in the wall
temperature at the test point. The m~p>itude of the error due to
the presence of the wire will now bc determined.

Derivation of a Formula for the Magnitude of the Error

A part of the blade wall Gf tho thiclmess 8 is coneidcred,
with a thin wire of the thickness 2r1 running into it. In the

-..—-——.- —-. ---- .—._——-——. —.... - _.—-
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blade wall the heat flows radially toward the measuring wire. An
annular cut-out of the radius r and the thickness b 16 con-

sidered. The heat.ccntent Q3 enters this annular elemnt of the

blade wall from the gas side according to the following relation:

Q3 ()= ua2fl dr $ - $
a

& being the
of the wire.
content Qb

Here again the
wall have been

wall temperature at the distance r from the center
On the cooling a?r side of the blade wall, the heat
is ahsorhed by the cooling air flow.

Q&=ai2xti(3-‘i)

temperature differences at tight angles to the blade
neglected. For the heat flow in the blade wall the

relation i3 valid

The heat content entarin~ the annular element is
positive, the heat content leaving ~t, negative.
iO valid:

Q1-Q-/Q3-Qh=0

Therefrom one obtains the differential equation

assumed to be
Then tineequation
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Therefrom one obtains the differential equation

and

one obtains the following Be~sel’s dlfferentflalequation of zero
order

or, with -G = $
2 - $ there results

e“++e’-ae=o
r

The solution reads:

At great distance from the wire, that is} for r . m, El. 0
or ~=%?” Upon insertion of these values one obtains

53

% = AIo(~) +BiHo(~)

.—
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one obtains A = O, because of I,?(m)=m. Thus there remains

The constant B
content flowing

e ()= BiHo~~~r

is determined from the ma~itude of the heat
in end flowing away thrcugh

the wire as a rod of the

secticn f = r,dfi; then

the rod C8]IS’

Q=

circiamference

the resulting

u=
heat

ths wlr6. One considers
2rcrl, and the cross

content flowing through

Since the wire must he regarded as long in relation to the d~ameter,
one may equate tan(~h) = 1. SI is the temperature at tinepoint x=O,

that is, at the wall. At large distance from the wall the wire
assumes the temperature of the cooling air, designated by si. The

heat content Q leaving through the wire mu~t enter the wire from
the wall. If one considers a cylinder of the radius rl in the

blade wall, the relation

is valid for the heat flow.
()

From this relation ono determines ~ ;

“ 1
from this value the missing constant B then results as follows:
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The constant B becomes

For determination of this constant the assumption was made that the
heat flow in the wall will be radial up to a radius rl. Actually

the heat flow lines will deviate before that. Thus the calculation
was carried out under simplified, not wholly exact assumptions. The
error 81? that

without wire ?2
is determined as

is, the difference between the wall temperature

and the temperature at the location of the wire $1

follows. The constant was

One equates the expression

Then 13 is

‘1=92-91= +1 -%).
further,
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and therefore

NACAm N@.1183

One obtains

,,.4-- -‘J
l+XY

or, written in a different form,

The left side represents the error refe-rredto the difference between
wall temperature and ccolin~ir temperature. One may represent the
error as a function of the two values

.

in percent of the temperat~ne difference $2 - 31. In order to

simplify the manipulation, the error is represented if figure 44
as a function of the values
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C@mplete Calculation of an Example

The use of the chart (fig. 44) will be discussed on hand of
an example. The fcllcwing values are given.

Temperature of the blade wall without
thermocouple, 8., ‘C

Cooling-air temperature,

Heat transfer coefficient

side, u K cal/m2,8’
Heat transfer coefficient

side, mi, K callm2,

Heat transfer coefficient

wire, ~, K callm2,

Heat conductivity of wire

. . . . . . . . . . . . . . . . . . . 600
$i) ‘c” “ “ “ ““ “ “ “ “ “ “ ● “ “ 150
on the gas

‘C, h . . . . . . . . . . . . . . . 258
on the cooling air

‘C, h . . . . . . . . . . . . . . . 155
on the thermo-

OC, h . . . . . . . . . . . . . .ll@

and blade
wall, h, Kcal/m, ‘C, h . . . . . . . . . . . . ., . . .18

Wall thickness, ~, ~. . . . . . . . . . , . . . . . . . . . . 1
Wirethickneas, 2rl, mm. . . . . . . . . . . . . . , . . . . 0.5

One now determines the two characteristicvalues
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Figure 44 gives the error of measurement for these values as
7 percent. The error itself is

Thus the error can be determined in a simple manner with the
aid of the characteristicvalues x and y.

IX. POWER REQUIRM4ENI FOR COOLING AND

OF THE HOLLOW-43L4DETURBINE

PROSPEOTS

Power Required for Cooling the Turbine Rotor

The turbine rotor with the hollow bledes has the effect of a
centrifugal compressor. The cooling air leaving the turbine rotor
has the circumferential component c% = Ua. Thus the work absorbed

by 1 kilogram cooling air iB

The power absorbed by the cooling air then is

The turbine power is

‘gasHoW
NT ~ 75
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The turbine gradient Ho can be expressed by the ratio u co as

follows:
–. . /

2 co 2 &
co

()
Ho=—= — —

2g u 2g

it is customary to insert the mean circumferential velocity of the
turbine rotor. The relation between mean circumferentialvelocity
and maximum circumferentialvelocity u& is:

Ua Da
—=—=

()

1+~
u Dm Dm

with z designating the length of the turbine blade. One now forms
the ratio cooling power requirement/turbinepower:

Ncool.
n =— =

‘T

‘K ‘total . 2ua2/2g

‘— (%/u)’&pG
gas ‘o ~T

(’jU)’ ~ +;J $ p

For the examples mentioned, H~ and H7, the ratio is l% = 0.166.
The optimum efficiency of a turbine is obtained for a certain
ratio ulco~ a value lying between 0.4 and 0.5. If one asmmee,
moreover, an efficiency, for instance VT = 0.75, all values in

the equation above are known and the power ratio is proportional
only to the percent cooling air mass. n becomes:

1 ——--.-.,.,..,,,,,...,......————. —....-.
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.=2(3.’yL+L@

n= 2(o.4 ; 0.5)2(1 +o.166)~~ p= (o.58+o.91)p
0.75

The power requirement for cooling is therefore independent of the
magnitude of the circumferentialvelocity,

FeedinG Performance of the Blade Star

The static work head of the turbine rotor may be calculated
as follows. One assumes that the circumferential camponent of the
cooling-ir velocity at every point is cu :=u = m, that is, that

the flow goos through rRdial ducts. Then the static pressure
increase on the way from r = O to r Is

~2
=—= H
2g stat

.
In a turbina rotor of a maan circumferential velocity of 300 meters
per second, the circunEerential velocity at the blade tip corre-

1
spending to Da Dm = 1.166 is Ua = 350 meters per second. The

static work haad becomes

#
H =—
stat = &’30mkg/kg

243
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A pressure ratio of about 1.8 corresponds to this work head. Flow
tests for various hollow blades are reproduced in figure 45. A
pressure ratio of about 1.35 iS regjlil:ed for a cooling air ~~ntity
of 7.5 percent. The actually present prsmura ratio is 1.8. The
feeding performance of the turbine rotor is therefore sufftclent to
prese the cooling air through the blade ducts and, moreover, to
feed the cooling air against a certain excess pressure toward the
turbine rotor. For a favcrable design of the blade Bhape: suffi-
cient cooling can be obtained with 5 percent cooling air for
300 meters per second circwmferentielvelocity and 9Q0° gas tempera-
ture. The power requirement for cooling then is 2.9 to 4.5 of the
turbine power.

Power and Efficiency of a Gas-’TurbineApparatus for a

Temperature Incre~so to 850°

The improvement of the thermic efficiency of th~ turbine
arrangement by higher temperatures corresponds to this cooling
requirement. A gas turbine installation with uxcooled blades and
a hollow blade turbine shall b~ considered for c~mper~eort.The
operating temperatures of the fuel gas ahead of the turbine aro
assumed to be 550° or 850° C. In table VIII both mvxingements
are coupared. A larger compression ratio i~ useful for higlher
gas temperature. The values for the intern~ll~ coolod turbine are
taken from a publication abouk tests cm a turbine apparatus
manufactured bgBBC ~9].

As shown in ttibleVIII, one obtzins by increaGe of the tempera-
ture to %0° ehead of turbine with th~ ssme blower an increase of
the useful power from 5700 to 12000 ?S (German HP), that is, to
about twice the amount. Far equal design requirements the useful
power becomes, therefore, essentially larger. In other words, the
air requirement per l?Suseful power whl.chi~ decioive for the size
of the engine will be about half as lerge. The thcw?uicefficiency
increases from 18 to 20.1 percent if one inserts 5 percent of the
turbine power as the power required.for cooling.

For the BBC apparatus the temperature behind the blower is 203°.
The temperature of the exha~t gases is given as 278°. Thus the
temperature difference between air and exhaust g~s which is decisive
for the utilization of the exhaust heat is only 75°. A heat
exchanger will, therefore, not be of great use ia thie case and
was, for that reason, omitted in the BBC - instel.letion.The con-
dit~ons in the apparatus with 850° gas temperature
There the resulting temperature behind the turbine
temperature difference between gas and air is here

are different.
is 556°. The
much larger and



amounts to 556° - 203° = 353°. The following e~ression is desig-
nated as factor of merit of the heat exchan~er:

A factor of merit of 0.4 - 0.L5 can be reached without a par-
ticularly large expenditure. For a factor of merit ~cool, . 0.4 om

obtains for the 850° - apparatus the following values (tabie IV):
if the blcwer remains unchanged.

The combustion air is preheated to 344° C in the heat exchanger,
thus reducing the fuel quantity frcm 3740 kg/h to 2950 kg. Corre-
spondingly, the thermic efficiency of the apparatus rises from 20
to 25.4 percent end the apecif~c fuel consumption decreases to
246 gr/PSh.

For these considerationsthe compression ratio was taken over
unchanged frcm the 550° - apparatus. It is h(>%r. from various
computational investigationsthat the mcst fa~-orablecompression
ratio is hi@er fcr higher temperatlu-uahead of turbine. There-
fore, another example with a hl@er pressure behind blower of
6 ata shall be fully calcul~ted. The blower efficiency is assumed
somewhat smaller, as 84 percent, the turbine efficiency as beforet

In table 10 the numerical values for the larger pressure ratio
are compiled. The useful.~ewcr increases by 1100 PS to 13100. The
fuel consumption decreases because the compressed air leaves the
blower at higher temperature. The thermic efficiency improves; it
increasea from 20 to 23.7 percent. The same apparatus with heat
exchanger, again under assumption of a factor of merit of 0.4, has
a thermic efficiency of z8.6 yercent and a specific fuel require-
ment of ,:17gr/PS h (tahlveX). These numerical values prove that
with the hollow-blade turbine for temperatures of 800° to 900° m
essential increase of fuel utilization and of useful power per
kilograms per second combustion air is obtainable. The values
given represent by no means the upper limit that could be rm.chod.

Influence of the Exit Loss on the Turbine Efficiency

For the examples in the first section the circumferential
velocities considered were 250 and 300 meters per second. Now the
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problem remains to be investigated whether
velocities are useful also for gas-turbine

large circumferential
apyaratua where every

percent efficiency matters. For large circumferentialvelocity,
at first the same stage efficiency can be obtained as for small
circumferentialvelocity as long as one remains below sonic
velocity and avoids short blades with considerable slot loss. The
use of large clrcumferenlxlalvelocities results In a turbine with
few stages only. The exit energy from the last stage Is here very
noticeable end deteriorates the total efficiency. If one considers
a turbine stage with the velocity triangle according to figure 1+6,
the exit ener~ is

C22
‘A=~

For the optimum efficiency, that is, perpendicular exit one
obtelns

Cmz
t[m = —-%2U

Therewith the exit energy becomes

The gradient utilized in the turbine stage

%)2

is

Ho = co2~2g

If one sets up a ratio exit energy/stage gradient, one obtains

!$=[;. @lct2y
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For instance for an exit”’angle ~ = 35° end a characteristic

Value u/c. = 0.5’ the exit 10ss will be

hA
= 0.52 Y 0.72 = 0.123 = 12.3 percent

E
v

The exit lose may be reduced by smaller exit ~ngles. For an exit
angle of 25° smeller exit losses result, namely 5.4 percent for

‘Ico = 0.5. The loss of exit ener~ cen also be reduced by an exit

diffueer, similar as for a water turbine where the exit energy,
particularly for specific hjgh-speed turbines, is of decisive
influence on the efficiency. If there is s greater number of turbine
stages, the exit ener~ is of les~ importance for the total efficiency.

For the gas-turbine epparetus represented in table 10 a pre-
liminary design of a turbine of 300 meters per second circumferential
velocity shall be made, One obt~ins a three-stage turbine, with
only the two first steges cooled. The gradients and the corresponding
temperatures are ccmpiled in table XII.

The pertaining l-S diagram Is shown in figure 47. The exit loss
from the lest stage is assumed as K? percent. The eyit loss then 1s,
referred to the total gradient,

‘A 35—=12—.
Ho

3.7 percent
113

One cen see that the influence of the exit ener~ can be kept

small also for a small number of stages. For reason of simplicity
of construction it is useful to select for high temperatures gas
turbines with only a few high-speed stages.

Tr&nslated by Mary L. Mahler
National Advisory Committee
for Aeronautics



65

X. REFERENCES

1. Leist, K.: Der Laderantrieb durch Ab@sturblnen. Jahrbuch d. Dt.
Ltitfahrtforschuna 1937 p. II 137.

2. I&Lhnschild, E.: Die Ermittlun,Sd.erSchaufeltemperaturvon
Gastvrbinen. Jahrb. d. Dt. LuiittdrtforsohG. 19k0 II y. 291.

3. Ecliert,E, EUXIlleise: Die Temperatureun~ek~lter Turbinenschau-
fel.nin einem schnellen Ga~strom. Dt. Lu’tfahrttorsch~.
FE 1387 (zI~).

4. Lutz: Wandtemperatur heim W%*n.edurch&mC durch lfdndevon
belie’biGerI’orm. VDI-’Zeitschrift1935 p. 1041.

5. Schmidt anclWonnor: Mossum~ der Vortefl.lunBder li%m~al~ahe
i}te~den Umi?anflehes senkrecht zur Achse anSeblasenen
Geheizten Lylindors. Jahrb. d. Dt. Lu!?tfahrtforsch~. 1940
P ● IS 135.

6. Scwdrner: Untersuclmn~en fiberdie Beherrschun~ hoher
Gastenqxmaturenbei AbgasW boaufladun~ durch Innenlii.ihlung.
Jahrb. d. Dt. Lui”tfahrtforschG.1938 p. II 219.

7. ten Bosch: Vorlosung fiberMaschinenelemente. 2. Auflage 1940,
i~bschn.12.6 p. 64.

8. ten Bosch: Die W%rmefilertragung. 3. Auflage 1936 p. 59.

9. Stodola: Leistun~sversuche an einer VerbrennunGsturbine.
VDI-Zeitschrift 1.940p. 17.



I



TABIXI i!
Temperatureahead of nozzle, ‘C . . . . . . . . . . . . . . . . . . . . . . . ...900

Circumferential velocity u, m/see. . . . . . . . . . . . . . . . . . . . . . . .250

Nozzleangleal . . . . . .:. . . . . . . . . . . . . . . . . . . . . . . . 21+030’

Angle of flow Incidence of.th,eblade ~~,deg. . . . . . ● ● . 0 . . . . . . . . . 41

Nozzle exit velocity, mfsec . . . . . . . . . . . . . . . . . . . . . . . . . . , ,575

Relative velocity of the flowwith respect to the blade, m/see . . . . . . . . . . 365

Nozzlecontractioncoefficient● . . . . . . . . . . . . . . . . . . . . . . . . 0.6

Cooling-air temperature

Stagnation temperature

&i, c . . . . . . . , . . . . . . . . , . . . . . . . . .150

sa, c . . . . . . . . . . . . . . . . . . . . . . . . ..m5

%0

300

24°j0 ‘

41

692.5

435

0.5

150

762

m
cl
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TABLE II

Blade

Mean diameter Dm -

{

length
Blade

width

{

number
Blade

spating

{

area
Mean cooling duct

circumt’erence

External circumference Ua

Mean blade cross

{

height
Nozzle

angle

‘i/”a

/
Fi hts

/
da=Uaa

4fk
di=—

Ui

section

H3

277

46

16

80

10.89

24.37

21.8

41.88

37.23

39

20

0.521

0.0574

13.3

4.46

H5

283

47

19

60

14.81

32.1

30.0

50

48.6

41

?4030

0.60

0.0527

15.9

5*3

283

47

18

66

12.35

28.5

47.5

50●5

43.0

41

24°30 ‘

0.937

0.0563

16.07

2.615

H8

527’●5

87’.7

26

w

18.4

59*9

35*7

69.6

102.1

●/*

0.513

●/*

22.2

6.7

Linear dimensions in mu, areas in mm2.
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TABLE III

Blade H5 w

0.735

()

F P
ein P.636 5.4

‘K

d d 0.265
(1)ai 1.416 1.614

(1)

~ T 0.183
ia 0.843 0.843

(1)al ‘a 3.465 pm 3.78 pm

Blade H5 H7

Cooling air mass in percent 5 5’ 7*5 5 795

Rea 13,600 13,6Q0 13,720 13,720

Nua 72 72 72 72

aa
226 226 258 258

P 125.7 130.0 156 164



TABLE V

Nozzle angle 40°35’ Test of Oct. 6, 1941 Barometric pressure 728 mmHg
temperature 17.5° C

Boiler pressure
Static pressure
in the nozzle Pressure

Specific weight
Velocity

holler P difference
nozzle Y ~kg1m3) ‘1

(mm Ws) Ap (m WS)
(mm Ws) (m/see)

28.5 13 15 I.167 16.15

43 20 23 1.169 19.65

66 29 37 1.171 24.9

95 40 55 1.174 30.4

113.5 47 66.5 1.178 33-3

165 69 96 1.183 39.92



Test
point
no.

1

2

3

4

3

6

7

8

9

10

U

12

13

14

15

16

17
..—.

Boiler
temperature
(%)

25

25.7

26.3

26.2

26.2

26.2

25.6

.25.5
.“

13.6

13.6

14.0

23.4

2j.4

2s.4

24.2

24.8

24.7

.—

TABLEVI

~QZZbangle40°35‘-I)ate:Sapt.2_j/2h,1941 - ~r~~i~ prese~e726~ H~

Boiler
preesum
(m Ws)

41

41

40

40

64

64

64

64

105

lW

105

127

L=7

127

154

155

154

Intensity
ofcurrenl
(Amp)

3*33

3.98

4.53

5.0

3.44

4.28

4*%

5.4

4.28

4.9

5.6

4.03

4.81

5.55

4.13.

4.95

“5.73

voltage
(volt)

117.5

142

164

l@

122

155

lb

202

155

183

209

146

179

206

151

“lb

21.2

Heat
prcduced
bycurrent
(kcal/eec)

0.0934

.1347

.1774

.2208

.1001

.15e4

.2083

.2602

.1584

.214

.2791

.1404

.2054

.2728

.1489

.21*

.2898

Mean
tenlperature
ofthe
blade

&n (“c)

66

85.6

103.9

124.1

65.2

86.3 “

104.5

124.4

66.1“

6.3

104.1

65.5

“ &l.1

103.7

66

85.6

103.6
—

‘l!emperature
difference
A$(°C)

41

59*9

77.6

97*9

39

($9.1

78.9

98.9

52.5

71.7

90.1

4.2.1

61.7

EO.3

hl.8

60.8

78.9

Heat
tranafer
coefficiem

a

99●7

98.4

99.8

98.75

u2.3

u5.8

115.5

U5.2

132.8

131.3

136.2

147

146.6

149.4

156.7

157.9

161.7

394

388.5

394

390

443

457

456

454
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BIcw~~ :

Temperature ahead of blower, ‘C .
Temperature behind blower, ‘C . .

Pressure ahead of blower, kg /cm2

Pressure behind blower, kglcm2 .
Air weight, t/h . . . . . . . . .
Adiabatic gradient, K cal/kg . .
Adiabatic power, PS . . . . . . .
Thermodynsmlc efficiency, percent
Power of the generator, PS . . .

TABLE VIII

BBC combustion Ilollow-blade
turbine turbine
apparatus apparatus

Turbirie:
Temperature ahead of turbine, ‘C
Temperature behind turbine, ‘C .

Pressure ahead of turbine, kglcm2

Pressure behind turbine, kglcm2 .
Gasweight,t/h . . . . . . . . .
Adiabatic gradient, K cal/kg . .
Adiabatic power, W . . . . . . .
Thermoi(ynamicefficiency, percent
Fewer of the generator, PS . . .

● ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎

✎ ...0. . . . .

. . . . . . . . . .

. . . . . . ...*

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .
● .0.. . . . . .

23
: “203
0.988

. 4.34
222.8

“ 37*5
13, goo
. 84.6
15,600

. ..*. . . . . . . 552

. ..0. . . . . . . 278
● ..,0 . . . . . ● 4.27

# . . ... ● . ● . . . 1.00
. . . . . . . . . . 224.8
. . . . . . . . . . ● 67.9
. . . . . . ...* 24,100
. ..0.. .0.0. 88.4
. . . . . . . . . . 21,300

Combustion chamber:
Heat value . . . . . . . . . . . . . , . . . . . . .10,140
Fuelquantity,kg/h . . . . . . . . . . . . . . . . . I,967
Power of the generator, PS . . . . . . . . . . . . . 5,700
Therm.icefficiency, percent . . . , . . . . . . . . . . . 18
Specific fuel cor,sumpticn,gr/PSh . . . . . . . . . . 346

23
203

0.988
4*34

222.8
37.5

13,200
84.6

15,600

@o
566
4.27

1.00
226.4
92.6

33,200
83.b

27,&Io

10,140
3,740
12,000

20.1
311
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TABLE IX

NACA TM No. 1183

Heat exchanger:

Factor of merit . . . . . . . . . . . . . .

Air temperature ahead of heat exchanger, ‘C

Air temperature behind heat exchanger, ‘C .

Gas temperature ahead of heat exchanger, ‘C

Gas temperature behind heat exchanger, ‘C .

Heating of theair, °C . . . . . . . . . .

Air quantity, t/h . . . . . . . . . . . . .

Fuel quantity, kg/h. . . . . . . . . . . .

Useful power, PS . . . . . . . . . . . . .

Thermic efficiency, percent . . . . . . . .

Fuel consumption, gr/PS h . . . . . . . . .

. . . . . . . . 0.4

. . . . . . . . 203

. . . . . . . . 3)$4

● . . . . . . . 566

. . . . . . . . 436

. . . . . . . . 141

. . . . . . . 222.8

. . . . . . . . 2950

. . . . . . . 12,000

● . . . . . . . 25.4

. . . . . . ., 246
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Blower:
Temperature ahead of blower, ‘C .
Temperature behind blower, ‘C . .
Pressure ahead of blower, ata . .
Pressure behind blower, ata . . .
Airweight, t/h . . . . . . . . .
Adiabatic gradient, K cal/kg . .
Adiabatic power, PS . . . . . . .
Thermodynamic efficiency, percent
Power of the generator, l?S . . .

TABLE X

● ☛✎✎☛✎✎ ● ✎☛☛✎☛✎ .0 . . . . 23
. . . . . . . . . . . . . . . . . . . 256
. . . . . . ● .*.*.* . . . . . 0.988
. . . . . . . . . . . . . . . . . . . 6.0
. . . . . . . . . . . . . .. **. 222.8
. . . . . . .. **.. . . . . . . ● h~.p
● .**..* .0 ..0.. ● . . . 16.&x)
.* *... ● ✎ ✎ ✎ ✎ ✎ ✎ ..0.. . a+.0
..................20,000

Turbine:
Temperature ahead of turbine, ‘C . . . . . . . . . . . . . . . . . . . 8’jO
Temperature behind turbine, % . . . . . . . . . . . . . . . . . . . . 509

Pressure ahead ofturbine, kg/cm2 . . . . . . . . . . . . . . . . ...5.90

Pressure behind turbine, kg/cm2 . . . . . . . . . . . . . . . . . . . 1.000
Gasweight, t/h . . . . . . . . . . . . . . . . . . . . . . . . . ..226.2
Adiabatic gradient, Kcal/kg. . . . . . . . . . . . . . . . . . . ..111
Adiabatic power, PS . . . . . . . . . . . . . . . . . . . . . . ...39.700
Thermodynamic efficiency, percent . . . . . . . . . . . . . . . . . . . 83.4
Power of thegenerator, PS . . . . . . . . . . . . . . . . . . ...33.100
Heating value, Kcal/kg . . . . . . . . . . . . . . . . . . . . ...10.140
Fuel quantity, kg/h . . . . . . . . . . . . . . . . . . . . . . . . . 3450
Power of,the generator (useful power), PS . . . . . . . . . . . . . . 13,100
Thermic efficiency, percent . . . . . . . . . . . . . . . . . . . . . . 23.7
Specific fuel consumption, gr/PS h . . . . . . . . . . . . . . . . . . 263
Useful power per kg/see combustion air, PS/kg . . . . . . . . . . . . . .212

TABLE XI

Heat exchanger:
-Factorof merit.... . . . . . . . . ..OO . . . .. O.. OO.
Temperature of air ahead of heat exchanger, ‘C . . . . . . . . . . .
Temperature of air behind heat exchanger, ‘C . . . . . . . . . . . .
Temperature of gas ahead of heat exchanger, OC . . . . . . . . . . .
Temperature of gas behind heat exchanger
Heating of theair, oC. . . . . . . . . . . . . . . . . . . . . . .
Airquantlty, t/h...... . . . . . . . . . . . . . . . . . . . .
Fuel quantity, kg/h..... . . . . . . . . . . . . ..O. ..OO
Usef’ulpower,FS. . . . . . . . . . . . ..OOO . .. 00 .,..
Thermic efficiency, percent . . . . . . . . . . . . . .OO. OOO.
S_yecif3cfuel consumption, gr/PS h . . . . . . . . . . . . . . . . .

0.4
: 256
. 363
. 509

. 107
222.8
2850

13,100
. 28.6
. 217

—
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Stage 12 3

Gradient, Kcal/kg . . . . . . . . . . . . . . ...473335

Temperature of gas ahead of stage,

Sta~tion temperature, ‘C .

Cooling air nmss, percent .

Blade temperature, ‘C . . .

. .

. .

. .

.

.

.

Oc

●

●

✎

.

●

✎

.

.

●

✎

.

.

.

●

. .

.0

. .

● *

.

.

.

.

.

.

.
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Figure 1.- Cross section through the blading.
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Figure 2.- Heat transfer at the blade profile.
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Figure 3.- Heat transfer in the

Rei . W/“ di

Yj
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Figure Q.- Cross section through a hollow blade.
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7-’ Blade root

Figure 5.- Temperature variation at the blade.

Figure (3.- CylinclricMade.
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Stress function for the cylindric blade.
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Figure 8.- Blade.
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Figure 9.- Stress function for the tapered blade.

Figure 10.- Cross section of two hollow blades.
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‘o 24 6 8 10 12
COOlliIg-irwe~ght as percentage of the gas weight~

Figure 11.- Ratio of the heat transfer coefficients as afunction of the
cooling air mass.
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~ Cooling aIr weight as percentage of the gas weight

12.- Blade temperature as afunction of the cooling air mass.
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Figure 13. - Temperature variation and stress at the hollow blade H 5.

Figure 14. - Temperature variation and stress at the hollow blade H 5.
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Figure 15. - Temperature variation and stress at the hollow blade H 7.

Figure 16. - Temperature variation and stress at the hollow blade H 7.
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Figure 18. - Reserve strength as a function of the
circumferen~ial velocity.
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Figure 19.- Wind tunnel for cascade measurements.
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Figure 20. - Blade cascade with nozzle.
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Figure 21.- Test blade.
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Figure 22. - Dimensions of the test blade.
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Figure 23.- Velocity as a function of the chamber pressure.
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Figure 24.- Nusselt number for the blade profile H 3.
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Figure 25. - Blade cross section.
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Figure 26. - Temperatures in the blade cross section.
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Figure 27. - Temperatures in the blade cross
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Figure 28. - Temperature drop in the blade wall.
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Figure 29. - Temperature field.
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Figure 30. - Temperature drop fortie hollow blade H 8.
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Figure 31. - Maximum, mean, and minimum temperature in the cross section of the blade H 5. ~
m



Figure 32. - Heat cracks on a blade.
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Rigid clamping (down)

Figure 33. - Rod with rigid clamping.
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Figure 34. - Rod clamped
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n- Main inertiaaxes

Center of gravity

Figure 35. - Cross of a hollow blade.
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Figure 36. - Superposition of temperature field and temperature plane for
the blade H 8.
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Figure 37. - Stress field $or the hollow blade H 8.
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Blade temperature 9 0

Figure 39. - Variation of the nozzle wall temperature by radiation.

Test point 7
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Figure 40. - . Location of the test points in the blade cross section.
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Figure 41. - Comparison of calculation and measurement for the minimum
blade cross section H 7.
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Figure 42. - Comparison of calculation measurement for
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F_@ure 43. - Thermowire at the blade wall.
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Figure 44. - Representation of the errors of measurement
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Figure 45. - Pressure ratio for the hollow blade.

c

-J--/

Figure 46. - Velocity triangle.
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Figure 47. - J - S - diagram of a three-stage turbine apparatus.


