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COOLING OF CAS TURBINES
11 - EFFICTIVENESS OF RIN COOLING OF BLAIES
By Lipe:ln L‘ou‘nnu'.olntm L. Meyer, and John 8. NoCarthy

AN analyals ie presonted of rim cooling of gas-turbine dlades;
that 1s, reducing tho temporature at ths base of thu blade (vheol
rian), which socls the blado by oonduction alone, Formulas for tom-
purature and strees distributions along the blade are dorived and,
by the use of uxporimuntal .etress-rupture data for a typical dlade
alicy., a rclation is catadlishbd detweon bledo 1ife (timo for rup-
tarc), uperating spuvd, and smount of rim cooling for sovoral gas
tumpuraturve. Tho offuct of a bladv paremotor combining the offocts
of blede dimonoions, Dlado thormal oonductivity, and hoat-transfor
cocf? iciont 19 dotormined. Tho offoct of rediaticn on tho rosults
10 approximetod. The gas tumporsturce rang.d from 1300° to 1900° r
and tho rim tomporatumws, fram 0° to 1000° P bolow the tompora-
ture. Thie repcrt ia conocrnod only with blados of unifogm crose
scction, but the conclusions drewn arv gonorally applioadble to most
acdomn turbind dladoe. For moet bl » @R8-taBpOraturo incroascs
arv 1imitod to about 200° F for to 500° F of cooling of tho
tludz daso dulow gas tomporaturo, and additional cooling brings
progrossivoly smallcr incfoascs. 18 ordor to obtain inoroesos in
@as temporature of the ordor of 400° P oither very largc incroasuve
in thormal conductivity or vory largo &cercasus in heat-tronsfor
coofficivnt or dladu longth arc nocossary. 7Tho inSroaosos in gas
tompuraturc allowabl. with rim‘cooling aro particularly small fof
turbinue of large dimunuions ond high opocific moss flows. Substan-
tlal incrvesvo 1n dladu 1ifo, howvor, arv posaiblo with rolativoly
a1l emounts of rim ocooling. Eloagatiod due to cruep is not o
practical limit to the cperation of most turbdince blodoa.

INTRODUCTION
At thu ruquuet of the Alr Tuehnical Scrvicu Cammand, Army Air
Forecs, the NACA 1s conducting cn iavustigation of the cooling of
gna turbince thnt will includc dliruct dladu cooling by the passcgo
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hollow blades and indirect dlade cooling
the blads root in part I of this

the bunefita of blade cooling
opurating ccnditions by camdiaing the temporat

the bladve with the ®sochanical limitations to blade oporation. The
Funort fe limited to rim-cooted bladoue; that 1e, blades cooled only

at the dage,

Only twe typoe of mechanical limitation to dlade operation are
coneidered: (u) rupture due to centrifugal strose, and (b) eolonga-
ticn of the blade beyend the deeign tip Clearancy duy to excessive
Crovp of the blede metal &t high strueses and tomporaturee.

JEporat
ng effectivonese of blado
and hopt-transfor c:otﬂoxont

arv ovaluated. The o ongatfon
® 88 a limitation on blade

Although the quant.tativo rusults of the ana
on a number of oluplifying assumpt iong
blade cross soctica, tho tronds od
of the roeuite




s inibIED

SNBoLs
. velooity of sound at T,, (ft/eec)

blade cross-secticnal area, (sq ft)

number of blades

mean diameter of turbine blades (2r, - L), (ft)

percentage elongation at any blade point -

percentage slongation of blade metal

total percentage elongation of blads

fraction of blade surface area oxposed to radiation from one
side

acceleration of gravity, 32.2 (ft/eec?)
heat-transfer cosfficient based on T,, Btu/(hr)(sq rt)}(°F)

blade thermal conductivity, Btu/(hr)(re)(“F)

blade length, (rt)
tip Mech mumber index. V/a
limiting tip Mach number Index, Vo,./a

blade perimeter, (ft)

radius of turbine at any point on blads, (ft)

tip redius of turbine, (ft)

@as canstant, 53.5 (ft-1b)/(1b)(°R)
actual stress at any point ca blade. (1b/eq in )

stress for rupture for given life and temperature, (1b/sq in.)

temperature of dlade at any point, (°R)
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allamble tompuratury at sny dlade pint, (°R)

uffoctivo sl tumporatury for usc 15 hoat-tronafer vquas
tims,

p.missiblo incruasc 1n offuctivy gns tumporaturc auo
biads conling for cunatant Mg,y (°F)

ectul tompuratury of 1nlut @8, (“R)

avorag: dlado tumpsTature used in rodintion uf proxima-
tion, (°R)

tomporatury ot bledu root (vhoil Tim), (°R)

. aporutur. sodlating surface on inlot sibo of bladus,
talve nozsl.e. R)

ccmperature of rudluting surfaz. of uzhoust 8ido of
dledus, (°R

wlado tip spudd, (£t /ecc)

pladc wulocity at moon diamoter, (£efacc)

1imtting blade tip spo.d, (et /nue)

whirl componont of inlot @ns, (re/nve)

dtatnnc, fram plcdu root o o point an blade, (ft)
eriticsl blodu puiat, (Le)

paramoturs durined by cquaticn (17) in appundix
param.tur squal te m, (ft.)-l

el of arucifis v oee

.mtesivity of B tol surtasen

4.mmity of dlade motenl, (slagaf2u L)

4t fan-Bolegmann ccnstant, 6,174 X 100 pruflnar)(sq n)("n)‘

aneeilar woioeity of tarbin. vl (radicns/soc)
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THRORETICAL ANALYSIS

o0tive gag temperature
for a constant 1imiting Mach

distridutiong
Fupturv data., The soluty
the expucted bl
otors al gng

- = In the derivation of o0Xprose |
utrlbuuma, the following o

ty can do ugod
conduot {vity with

3. The dlade tip 19
1ittly offuct an the
close to the tip,
usual cage dire
tho tip arve s
Dleds,

4. Tho temporature @redients 1 any cross soction of the blade
Parvondicular to the adiue of the turdine are nogligidle,

S. Bending atroagos
that eh. calculatod blgd.
ar.a.

distribution. = Tho bdlado tomporaturo ot
te r%ﬁ%w the dlado. (Seo &ppondix.) 1f
radiatim gg noglected,
cosh IGL (l. - i)'
T Xy cosh al (%, - 70)
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Y, v
h..ﬂ. Rex (1)
T 8

Blade creep. - Experimental data on the creep properties of
tlade metals give the percentage elongation for a given 1ifv as a
finct!n of metal temperatury and astross

on = o (T, 8) (8)

Wnon equation (8) 1e cambined with the actual stress-distribution
equation (3) and the temperature-distridbution squation (1) or (2),
the actual percentage elongation of the blade at any point and for
any tip speed may be found

e-e(f V) (9)

The t.tal percentage elongation of the blsde is found by integration
‘weor the Dlade height for any blade speed,

“f @M@ o)

This equation is useful only for values of VY § Vo, bucause, for
Arvater values, the elongation of the dlade becomes tnfinite, correv~
sponding to blade fracture. The ovaluation of eguation (10) may be
carried out graphically.

APPLICATION OF ANALYSIS

“he foreg.ing analysis ts gensral and applies tc any blade of
unifora croes scotion. A blade soction was assumed and the corre-
apnding values of the dimsnsionless paremeter ol and L/r, were
uged to obtain guantitative results. These values are referred to
ss the "banic® valuss. In crder to show the effect of heat-transfer
cceffiolent, bDlede conductivity, and Dlede dimensions on the results,
zalculations were made for values of ol egqual to 1/3, 1/2, 1}, 2,
ant 3 times the basic value. A single valus of L/ry was used
[1 t bdecause the effectivences of cooling deponds very littlo
on L/r, for the usual range of values for constant al.. The quan-
titative results are dopendent cn the assumsd mechanical prop-

mtal. Values of the effestive gas ?ﬂm
7 and of amcunts of rim cooling from 0° to 1000° P
ting Mach sumber index was calou-

Ty = Tg for a value of
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lad. 4 1 conductivi hoat = or 6 at. -
The: basic uea Ty wvere determ TOR 400

thy dledu dimcnsions, the dlade-metal canductivity, and the heat-
transfer coofficient repvscntative of those found in modern high-

tumperature gas turbines:

Area of blafle croes esctin A, sQ ft . . . . , .
(o 0.1047 gq in.) ~

e o » o 0.000728

Toplmwter of blado cross svction P. £ . . . . . . . s . . o 0.20
{ur 2.40 tn.)

Binde longth L, Ft . o . . . 4 4 4 v v s e s e e e s e . . 0,148
(ar 1.75 In.)

Rad'us et eip rp, f . . . . o ¢ ¢ o ¢ e oo v o s o0« 0,570
(or 6.84 1n.)

Thermal conduotivity of the blade k, Btu/(hr)(re)(°F) ... . 12
Hsat-transfor coufficient h, Btu/(hr)(eq £t){(°P) . . . . . . . 40
Banic vBluo OfF @l . ¢ o o ¢ 5 0 ¢ o o o 0 o @ s 0o 0 s 0 o o §.42
Basio waluo of L/P, . . ¢ -t v o s e st 0t 0 s 0 ... . 0.28

Thu v-lus of h «f 40 Btu/(hr)(sq £¢)(F) corrvsponds to relatively
lov mase fiows; because of this relatively lov walue of h and tho
cholcy f a fairly short dladu, the baslc value of al probabdbly is
883 low an la obtatnadblo at presont.

16 rties D Sotal. - Tho assumed mechanical
Propurtive metal are flguree 2 and 3, Thoou
propertivs arv based on available data (roferences S and 4) for
3497 alloy, which is s forgud forrous allay, high in nickel, chro-
aium, and cobalt content with s density of 0.31 pound per cubie inch,
and are extrapolated to include a wide range f temperatures. The .
strose-rupture propertios (fig. 2) are typical of the alloys |
nov available for turdine blades but tho crevp properties (fig. 3) I
arv rulatively poor. 8497 vas selected in order to aocentuate any |

posdidle oreep fimitations in dlade design. |

Effoctive gas tempersturu. - The «ffective gas temperature T,
rather than the total temporeturv st tho inlet to tho turdbine T, t»
ueed in the analysia beuause it ia the temperature that sators tﬁw

the heat-transfor equation. The power and the officiency of a
camprvssor-turdin unit, howewer, dupond an ‘l'c. and the relation
dotworen thosu two Wn’.mn dwuu be kmown,

The affective temperuture 18 spproximately egual to the total
temDuratary rolative to the moving bledes; the ratio of the total

Inlut tmporaturv to the effective tomperaturv calculated at tho mean
bladc diamvter !8 thurwlorv

B @ e
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Fir & crnstant blad. Mach nuatvr and a glvon wwlocity diagram, vhich
dotermires Y, /¥y, the lalut total tumpuraturu is dircotly propor-
timnal to the effuctive tumporatury, For oxample, 1f the Mach numbor
index 18 svt at 0.5 (and B/2r, « 0.87), T /T, = 1.041 for Vy,/¥g-1.2
(typlea) of reaction blados) and To/T, « 1.088 for Y, /¥, = 2.0
(typical of impulso blndes).

Radiation. - Thy offect of rediation on the temporature distri-
bution dc to a grvat oxtont upon thu particular installation of
the turdinu, vhich determinos tho valuuve of the tempuratures T; and
T, a8 woll as the validity of the approximations used in treating
radiativn. (8co appundix.) Thu rusults werc caloulated without
rediation, dut the mannor in vhich tho various rediation sssumptions '

nodifiod thepe rueults vas investigatod,

In the application of the radiation oquation (2a), the following .
assumpt ions were made: ,
!. The averuge bladv temporature Tp ugod in the approximation

aiver, in the appondiz as oquation (15), was sot equal to 2
Ty -(x/lts('r. - Tg); this valuv was dotormined by camparing tho tom-

poratry distridution given by oguation (2) for suvoral valuos of

Ty, with one found Yy mumorical intogration of the exaot differontial
cRuation for a typical caso. For oxtremvly high conductivitise or

lov heat-transfor coufficivnts, this valuo of Tp gives blade tom-
peraturos that arv slightly lov. A scmevhat lower valuo for 1‘“

would do more sccurato for this oase.
2. Valucs of 'zhl of 1.0, 0.9, 0.75, and O with 1'1 ogqual

to T, wiv aseumed; morce gonurally, If T) dous not uqual T, T
thesc assumed valuos corrcepond to valuve of, T4 + 7.8 of 2.0, }

1,656, 1.516, and 1.0 timos tho valuc of T.%, “rospectively. o | e dn
vali. £ T, for e givon T, 4dupends on the difforunco botweun ” ! s b 4

thoe inlut total tempormturo and the offoctive gas temporuture and

on thy «xtent to whitch tho nosglce are coolod, The tempureturc T
on o uxit sido of tho dladeos is particularly dopondont on the |
inetallation bocause the valus of T, dopends on whuther the blades i ) .
exhsust to the stators of anothor stage, to an <xhaust hood, or 'r‘
d:rvetly to the atmosphery. e




NACA MR No. ZS120 AT - o 1

3. The factor ¢F. which entors oquations (2b) and (Z¢), was
1=t equal tuv 0.31Z. Thie value vas odtained dy assuming cloeel)
spaced biades for which the total Viade-gurface arca expoged to
radiation from either nide le approximately equal to the annulus
area afiL. Cousequently, F was set equal to =IL/BpL which was
ovaluatod as 0.312 using the bdasic dblade dimensions and a value of
B of . The value of ¢ was considered oqual to 1, which is
"l ac ¢t the value for oxidized metal surfaces.

RESULTS AND DISCUSSION

ifoctivonese o rim cooling £ ic dlade. - The over-all
offoct of rim cooling ¥or he alo EI% (ol = 4.42) 1s shown in
figure: 4: rmdieticn offecte and blade olongation are not inoluded.
Bucaure the basic value of al e lower than that for most modern
turd'.aee, theso regults for the basie blade may de considered ropre-
sontative of the turdines for vhich rim cooling s moet effuctive.
Bieadu life i@ plutted on 3 logarithmic scalv against the limiting
Mach nuaber index; familios of curves, each for a cunstant effoctive
fas temporuturu and eoveral anounts of rim cooling ure gshown. Largo
increasos in bdblade life can B obtained with small increasee in the
amount of cooling at a constant Mach mumdor index. For exasple,
lncreasing the amount of cooling fram 200° to 400° F at a gas tumpoer-
aturs of 1500 F and a constant limiting Mach mmbor index of 0.5
rvsults in increasing tho allowable lifc eightfold. Becauso tho
turves «f figure ¢ arv approximately parallol, results for a single
valus of dlade life arv falirly typical of all values.

A cross plot of curvee of the typu in figuro 4 at 1000 hours
(fig. 5) shows the offective gas temporature as a function of tho
amount < ris cooling for cunstant valuce of the limiting Mach numbur
indox. Flgure 5 indicatve the uffect of different amounts of rim
2oling «n the allowable gns tumpeoraturv for a givon dusign bocause
the limiting Mach number index at which a turbine is to de opurated
{o doterminud by the dveisn.

The data of figary S for a constant limiting Mach numbor index
AL 0.t have buvn roplottod In figure 6 as tho incroase in gas tom-
puratury AT,  @rvatur than that allowadbl: without ecoling. The
corrvepueding (ncrvaese in the inlet total temporature ie from 2 to
17 purcent greater than e value aof AT, depending on the velocity
dlagrem of tho turdine. Lin-e of canstant limiting Mach numdbor index
£ 0.4 and 0.6 givc valuve of AT, that vary lcse than 30° F from
thoes in figure €. Thie small uffcct of Hach numdur indox can bo
vEpla nud By the fact that thu linws of constant limiting Mach numbur
index ar. sppnaximately paralicl ia figurv 5. At lowr limiting Mach
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remaings at the root for the first avveral hundred degruse of cooling
but v movee quite repldly tovard the tip as cooling is inoreasvd

(r:g. 7).
The variation in the eoffuctivensss of rim cooling with changes

in al s shown in figurev € for a blade 1ifv of 1000 hours. The
increass in sllowable «ffective gas temperatury (s much greater for
the 1mwr values of al; thus, for a value of T, - Tg of 600° F,
thu increasc 18 $40° P for al of 1.47, 218° P for 4.42, and only
At values of al than 4.42 there 1s little
vith incrvasing amounts of ccoling adove 300° to
AT, ocoatinues to

90 P for 18.26.

increass 1n T,
420° P sut, fur the vory low values of al

incrvasy almocst propurtionally with T, - Tg over the entire range
cnsidervd. This cooling can de used, of course. to increase blade
1ife buyond woomummummdmmm in gas
tumpuruture; for «xample, & sacrifica of about 60° F in gue temper-
ature for al of 4.42 makes posaidble a tenfcld increaso in life.
The lov values of al neGossary for rim oooling to de vory
«ffectivy could poseibly bu obdtained by increasing the value I
conductivity or duorvasing the value of the heat-transfor cooffl-
ciunt from the basic values. For the value aL /
If X 1a incrossed fram 12 to 48 m,(n-i(u)(%) orif b 1s
duorvasod from 40 to 10 Btu/(br)(eq £2)(°F). Usfortunstely, nonc
of the ailoys now available for use st high temporaturve spd strvsscs
has a conductivity such greater than 12. In a givon turbine the
incrvasvd cooling offectivonoss obtained by incressing the canductiv-
ity aight do offect by tho fact that edditional hvat must bo removed
fram the blado to maintain tho samo rim tumpersture.

A rolativoly low value of b might do obtained W a propor
adjustaunt of thoe dosign vvlocitios over the dlados, dut these voloc-
1tios arv usually restrictod by ecrodynoemic cumsidorations. Thu uso e
of insulating cocatings on tho blado rosults in mmall reductions in
the over-all huat-tranafor coufflicicat fram the hot gasvs to the z

autal blado frum an initially low valuc of B, -
40 3tu/(hr)(aq £0)(°F), although thu coating cen -'o‘\no uumou 5
For ozamplo, if ¥

i, E

largy reductions fros & high valuc.

coating 0.017 inch thick with a conductivity of 0.5 W(u)(n)(%)
will ro@uce the over-all coefficient only @ pereont; if h s 250,
the sumo coating vill ruduge tho ovur-all coofficiuvnt 30 porcont.

A coating, Bowver, may woekun tho blode or imcroesc tho ratic p/A
and thus al, which might complotoly counturact tho favoradblo offect
of the yFoduotion o the uvvur-all fils coofficient
A low valuc of al. ocan also bu obdtaincd by the usc of a short
bind. or o blodo with a small p/A ratio. In ordur to obtain the
2 miss £low whun the bDladc leagth 1s dvervased, the tip radius
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must be increasad, which meanc that the incrvased cooling effective-
neee is gained at the price of increasing the siss of the turdine.
The valuo of Lfr, 1e also dooreassd in this cese vith the result
that the calculations are not strictly applicadble; 1t may be showmn,
however, that although a ducresse in L/r, causes a considersdle
intrease in the limiting Mech number index the &ccrease has little
offect on the curves of AT, against T, - Tp (fig. 6). The ratio
of blade purimeter to area, which Qeponds upon the shape and tho
site of the blade, is limited by asrodynamic considerations end no

.a.u;:em change in al. can usually be obtained by a variation
in p/A.

On the other hand, large high-power turdines are likely to have
valuss of al consideradly greater than 4.42 for two reasons:

(a) these turdines have largo specific mass flows and consequently
the value of k 1s greater than 40; and (d) these turdines have
dimonsions groater than tho dasic valuos assumed. For uxample, 1
the heat-transfcr coofficiunt is increased fram 40 to and all

the dimensions are multiplied by 3 (thus mitiplying /p/AL bty J/3),
al. e iacreased from 4.42 to 13.26,

lade + = The distridbution of local olongation due to creup
avoP o length and tho corresponding stress and tomperature
distridbutions are shown in figure 9 for a particular set of condi-
tions. Tho total blade slongation obtained By integration of tho
distritmtion of locsl elongation is also given in the figure for each
tip speed. Tho porventago slomgation of the blade at rupture depends
primarily on the temperature at the critical point whore most of the
olongation occours. The temporatwro at the critical point for effec-
tive @as tomporaturvs fram 1400° tc 1500° P s in thc noighbdorhood

of 1380° F, at which tcmporeture thy olongution of the blade 1a a
saximm (fig. 3); acocordingly, tho maxisum dlade olongation for thuse
s temporuturve should de the maximm olongation for any gas tem-
peraturo.

The olangation of the basic blado for a gas temporaturc of
1500° F 18 plottod against Mach mmbor indox for sevoral amounts of
cooling in figare 10. The aaximm olongation indicated is only
about cne-sixztocath inch, which 1s less than most blade-tip clear-
ances. If o sharter Blad. life were assunud, the maximum vlongation
at rupturv would bde oxpuctod to bc somnhiat larger and might be
vzcessive. Jor longsr blades the maximm peroentage slongation s
expoctcd to bu about tho samo; for such dlades, thorofore, the total

sloagation at rupture may bo considorably groator than allowd by
the tip cloarancos.
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crwep propurties
actual turdine operetion wi

Effoct of . = The
varios greatly a% & sasumod
T, and T, HMWmoﬂlwm’n
the effect of rediation 18 spproximatoly tho samo as tho offect of
an incrvased valus of the hoat-trensfer coofficient or o al, T
{nfluence of redistion oo effectivenses of gooling can thon bo
found by using valuos of L as effective values of al, in fig-
ure 6. The magnitule of Qopaie lqll\..loao
For small valuos of h
@ e tamporstures),
thrue timue the yaluw of
nr)(sq ££)(°F)),

If T, or T2 1s assuscd loss than T.,
curbings, tho offective inarvas in al will ve countorss
dvervase in LfY, ‘ichhlﬂo.‘ﬂoctmﬂnt
tridution as docreasing T,. Infigu 11, tho tomporature distridbu-
tion for the dasic valuo o o of 4.42 and RO rodiation 1g camparod
—ith that for four rediation approximstions. As the valuc of Tp/Ty,
ingly /Y, s docroasod, all bledo

qoc

Mach numdcr index for no

velivs for differunt rediatl

point 18 escmndat clogor Lo

rodiation. Tho increese in allovadlo gne

1s cmparvd tn the following tablu with that
.qual wacunte of cooling, Ty T, = 1860° R
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increase in g9 tesperature 18 sacrificed, however, oxtremely largv
tnerensve in blade 1ife are possidlo. For th typical blade, the
of foc1ve @AS temperauture could be raised 200° ¥ for &
ture bolow gas temperature at a constant
if the @as tEmpETatUre
and the Mach pumber the expooted life could
bo multiplied by

2. The dependence o the effectivences of rim cooling on thu
hoat -transf oF coofficlent, tho blade 4imo and the blade thor-
mal copductivity ie doterained by o singl

ordar to cbtain imoroascs in gas temporature
oxtremu incTeases in thermal conductivity
sransfor cocfficiont oF blade longth aro
af ilarge dimensions and high specific Eass
@as tumperaturv possibdle with ria cooling are

3. Rim cooling uuemncmformfmw‘eowr
of cooling of tho ril ruturo); vith more cooling,
bonef 1ts becamo progress smaller. For the typical blade,
5w°rdooolludlo'!t.lt-0ﬂm incroase of 200° ¥,
mxwrdooolmum-uuuw increase of only
e¢0® F. This offect is Mumwammxm
bocause, a8 the emount of cooling is

on the blade moves farther fram the

and cooling horeforo becoomos Pprogress

order to obtain largv incroasos in gas »
muddowlmmumubbweoh“, in which a oon-
eideradblu portion of tho blado longth is voolod by contast with &
soolant fluld.
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4. Bladu cruup deyond tho end cluarancu 18 not gonerally a
precticaed 1imit to blado opuration.

Alrcraft Engino Regcarch laboratory,
Bational Advigory Cammittou for Asronautios,
Cluveland, Ohio, S.ptumbor 20, 1945.
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Jan 8, MCerthy,
Mochanical Enginoor.
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Hochanicul Englnuur.
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