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RESEARCE MEMORANDUM 

COMPARISON O F  C- AWD EXPERIMENTAL TEMPERATURES OF 

WATEB-COOIED TURBINE BLADES 

By Eugene F. Schm, John C. Freche,  and W i l l i a m  J. Stel-pf lug 

Analytical methods were used t o  calculate average  and local  turbine- 
blade temperatures. These temperatures were conrpaxed with  experimental  data 
obtained  with a forced-convection,  water-cooled almtinum turbine over a 
range of turbine-inlet-gas temperatures from 40O0 t o  X 0 O o  F and coolant- 
mass veloci t ies  from 24 t o  280 pounds per second - square foot. A station- 
ary water-cooled  low-conductivity-material (stainless steel) blade  with a 
high-conductivity  material  (copper)  inserted  in a portion of the t r a i l i ng  
edge was  also investigated i n  order t o  determine the  cooling  effectiveness 
obtained  by use of the  inser t  and t o  provide data f o r  compsrfson with  cal- 
culated  trailing-edge  temperatures. A gaa-temperature  range from 400' t o  
900° F and a coolant-mass velocity range from 485 t o  1080 pounds per 
seconC - square foot were covered in  the  stationary-blade  investigation. 

Calculation of high-conductivity-material  turbine-blade  average t e m -  
peratures and  low-conductivity-material  stationary-blade  temperatures 
resulted i n  generally good agreement w i t h  exgerimental data. Comparison 
of calculated and  experimental  turbine-blade  trailing-edge  temperatures 
also resulted in  good agreement.  CalcXlated  leading-edge teqperatures, how- 
ever, are higher than  experimental  values,  and  the  degree of variation 
increased  with  increasing  blade temperature. MaxFrmmr allowable  turbine- 
inlet-gas  temperatures computed f o r  the  water-cooled aluminum turbine  for 
coolant-to-gas flow r a t io s  from 0.05 t o  0.40 and a nominal  design  turbine- 
inlet-gas mass velocity of  12  pounds per second - square  foot  resulted 
in  values  ranging from 18000 t o  240Oo F, respectively.  Calculated sta- 
tionary  water-cooled-blade  trailing-edge  temperatures  are  approximately 
150 F less than  experimental  values  for  both  the  trailing-edge  section 
w i t h  the  copper inser t  and the section  without  the copper inser t .  

Insertion of a high-conductivity material (copper) i n   t he   t r a i l i ng  
edge provides an effective method f o r  reducing  the  trailing-edge teqera- 
ture of a water-cooled b h d e  of low-conductivity material (s ta inless  
steel). Over the  range of operating  conditions  investigated  with  the sta- 
tionary  water-cooled blade, a reduction of mre than 50 percent  in  required 
coolant  flow w a s  achieved i n  maintaining a given  trailing-edge  temperature. 
Calculations  indicate  that use of a copper insert  permits a reduction of  
375' F in the stationary-blade trailing-edge temperature with a nominal 
coolant  flow at the  design  conditions of-a current  aircraft   turbine.  

UNCLASSlFf ED 
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INTRODUCTIOli 

Design  of  cooled  turbines  necessitates  the  calculation of blade 
temperatures  under  desiredturbine  operating  conditions. In order to Iv 

calculate  these  temperatures,  the gas-to-blade and bla&-to-coolant : g  
heat-transfer  coefficients  must  be lmown. I n  an earlier  investigation 
of a forced-convection,  water-cooled  aluminum  turbine  [reference 1)) it 
was shown that  the  theoretical  average  gas-to-blade  heat-transfer coef- 
fici.ents,  calculated  according to methods  derived  in  reference 2, 
agreed  within 3 percent  with  the  curve  representing  turbine  exgerimental 
data.  Another  investigation  with  this  turbine  (reference 3) demon- 
strated that over  the  major  portion  of  the  coolant-flow  range inpeati- 
@ked, blade-to-coolant  heat-transfer  data agked within 17 percent with 
the  curve  representing  heat-transfer  data  for  heated l iquids  in  eta- 
tionary  tubes.  The  investigation af.reference 3 also utilized  theoretical 
gas-to-bla&sand  stationary-tube  blade-to-coolant  heat-transfer coef- 
ficients  to  calculake  average  blade-midspan  temperatures  by analytical 
methods  derived  in  reference 4 and  modifFed In reference 3. m e  maximum 
deviation of calculated  average blade-midspan.temperatures for the lFmited 
number  of  data  point8  calculated in reference 3. was 1 9  F at an experi- 
mental  blade  temperature of lao P. These  results  suggest  that  adequate 
agreement may be  expected  if analytical methods  freferences 2 to 4) are .I 

applied to the  calculation  of local blade  teniperaturesj  however, 
verification  is  necessary.  Whether  these  methods kan be  applied BUC- 

CeSSfully  to  water-cooled  blades  of  low-conductivity  material  must also 
be  determined  because mture water-cooled  turbine.  ap~lications w i l l  
primarily  involve  high-strength,  low-conductivity  matertals. 

" 
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It has been shown (reference 5) that w e  of high-conductivity- 
material  (copper)  inserts  in  the  leading  and  trailing  edges of air-caaled - 
turbine  blades fabricated- of low-conductivity material (X-40) substan- 
tially  reduces  the leading- and trailing-edge  temperatures. If similar 
reductions  can be achieved  with  wat-q-cooled,  blades, the high chordwise 
temperature  gradients can be  reduced,  thereby  decreasing  the  thermal 
stresses  encountered  and  effecting  important  increases i n  blade life. 

.~ 
. -. 

. -  
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'The  investigation  described  herein was conducted  at  the NACA Larls 
laboratory in order (1) to provide  additional  applications and verifik- 
tion of &sting  analytical  methods  for  calculating  temperatures of- 
water-cooled blades fabricated  of high- and  low-conductirkty  material, 
(2) to obtain  data  for  determination  of maxigum allowable gas tempera- 
tures  for  the  forced-convection,  water-cooled  aluminum  turbine, and 

. .  

. .. 
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The  investigation  described  herein  wae  conducted  at  the XACA Lewis. 
laboratory  in  order (1) to provide  additional  applications  and  verifica- 
tion  of  existing  analytical  methods  for  calculating  temperatures of 
water-cooled  blades  fabricated of high- and  low-conductivity  material, 
(2) to obtain  data for determination of maxim allowable  gas  tempera- 

- 

+ tures  for  the  forced-convection,  water-cooled  -aluminum  turbine,  and 
Lo . (3) to determine  the c o o l h g  effectiveness  of a high-conductivity- t D }  

cu material  trailing-edge insert when  applied to a water-cooled  blade. 
The aluminum  turbine was operated  over an extended  range of gas- and 
coolant-flow  conditions i n  order to obtain  maximum  allowable gas- 
temperature data as well  ae  additional  data to that.given in refer- 
ences 1 and 3 for  use & calculating  blade  temperatures. A stationary, 
water-cooled,  stainless-steel blade with a high-conductivity-material 
trailing-edge  insert was investigated in a hot  gas  stream over a range 
of gas  temperatures and coolant f l o w s ,  and  analytical-methods  were  applied 
in  calculating  the blade trailing-edge  temperatures. 

Average  turbine-blade-midspan  temperatures  as w e l l  as  average 
temgeratures  at  the  blade root  and  blade tip were  calculated  for  the 
aluminum  turbine by experimentally  substantiated  heat-transfer-coefficient 
analysis  methods. Although the high conductivity of aluminum prevented 
large  chordwise  temperature  gradients  between  various  peripheral  blade 
locations  such  as  those-that  occur  in  cooled blades of  low-conductivity 
material  (reference 61, temperatures  at  specific  blade  locations  such 
as  the  leading and trailing eQes were  also  calculated.  Analytical 
methods of calculating  blade  temperatures  were  also  used to calculate 
the maximum allowable  turbine-inlet-gas  temperatwe  for  several coolant- 
to-gas f l o w  ratios.  For  the  stationary,  water-cooled,  stainless-steel 
blade,  the  trailing-edge  temperature  of  the  portion of the  blade  with 
an insert was calculated  for  comparison  with  measured ternpcrat~ee,  and 
an average  value of-thermal conductivity  for  the  trailing-edge  sectfon 
was  used in the  analytical  temperature  calculation  method.  The trailiw- 
edge  temperature was also calculated  for  the  blade  trailing-edge  portion 
without  the  high-conductivity  insert  and  compared  with  exgerimental data. 

In these  investigations,  the turbbe was operated over a range  of 
gas temperatures  from 40O0 to 1600' F, over a r u e  of gas mas6 velocities 
f r o m  7.2 t0 17.4 pounds per  second - square  foot,  and over a range bf 
coolant mass velocities  from 24 to 280 pounds  per  second - square foot .  
The  stationary  water-cooled blade was operated  over a range  of  gas 
temperatures  from 403O to 9080 F and  over a range of coolant mass veloci- 
ties  from 485 to 1080 pounds  per  second - square foot at a constant  gas 
mass velocity of 3.8 pounds per  second - square foot. 

APPARATUS 

Descriptions of the  water-cooled  turbine  and  the  stationary  water- 
cooled  blade  used in these  investigations  are  presented  fn  the following 
paragraphs. 
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Water-Coobzd-Turbine 

Turuine. - The forced-conve.ctiop, water-cooled, sinBle-stage 
aluminum turbine  used-kn this investigation i s  f'uJly described i n  ref-:. .- m; 
erence 7. Sectional views i l lustrating  blade-construction  details  and 
t h e  coolant-flow  path are sh0W-i i n  figure lea). The rotor consists of 

tP 

two disks machined P r o m  14ST al4nqn.   nf ty ._imps.se- type blades of - 
constant  cross  section with no twist are machined integrally with one" 
of the disks. The turbine rotor has a t i p  diameter of 12.062  Inches. 
The blade span i s  I. 15 inches and the bla&  chord is  0.744 inch. C o o k t  
passages  near the blade leadin@; and traU3.q edges have 0.062-inch 
diameters and the passages near- the blade i%nter have 0.099-inch  dimnetere. 
The cross-over  passage near the blade t i p  .mnnecting the four radial" 
coolant  passages is  0.062 inch in diameter. The turbine instal la t ion 
and the coolant-flow path through the en t i re  turbine a& shown in   f i g -  
me l (b )  .. Eo'rgases  for driving the turbine were supplted by two modlfied .- ". 

jet-engine burners. Turbine p e r  was absorbed by- a water brake. 
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Instrumentation. - The planes of instrumentation  through the turbine :. 

ins ta l la t ion  are shown i n  .figure l ( b ) .  Turbine-blade-temperatures were 
rneasured at the locations ahown i n  figure l{a). The blade temperatures 
were measured a t  the midspan position on the leading and trailinn edges, 
on the pressure and auction  surfaces ab points apgmximately midway 
between the leadingand trailing edges, -W--the  pressure  surface at the 
blade t i p ,  and on the  suction:surface a t  the blade  root. A thermocouple 
pickup consisting of a sl ip-ring and brush system was used to obtain 
temperature measurements on the rotating  elements.  Coolant-inlet 
temperature was measured by a themomup-  located In the etatfonary 
coolant-supply  tube.  Coolant-outlet  temperature was mepured on the . 
water-outlet side of the baffle. plate  immedl-atea.-prior to coolant di%- 
charge f r o m  the rotor ( f i g .  l (a ) ) .  Total and s t a t i c  gas preamme, gas 
temperature, gas and caolant flow, and turbine  speed were measured i n  
the manner described in  reference .7. . . . .. 
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Stationary Water-Cooled Blade 

B l a d e  fabrication  and  installatiion.' The  stationary water-cool& 
AIS1 type 403 stainless-steel blade f s  shown i n   f i gu re  2. The blade v a s  
instal led i n  the u)dnch cambu&iqn-gas-L&t .&I& o f  t&g aluminum 
tu rb ine   a t  a p s i t i . o n .  where gas-f%nccanditions were most uniform (see 
f ig .  1(b)) . The blade  . trail ing edge was divided i n t o  tw6 -spanwise 
sections, one  containing a copper insert to increase the average con- 
ductivlty  of the section and one without the inser t .  A-l8aW.Cut separated 
these  sections  ta.eliminate spanwise  conduction between them. The copper 
inser t  meaauring 1.25 by 0.24 by 0.032 inches was brazed f n  a slot - 
machined t o  the same length an& depth  but  to. a 0.036-inch yidth in 0-r 
to accommodate the braze. material. !The copger. . inser t  mended f r o m  t . &  

. . .. 
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trailing  edge to the  0.070-fnch-diameter  coolant  passage  that was drilled 
spanwise  through  the  entire  blade. A leading-edge  section was provided 
in  order to simulate, as far as possible,  gas-flow  conditions  and  result- 
ing heat-transfer  rates  encountered  over  the  trailing-edge  section  of 
turbine blades. In order to minimize  conduction f r o m  the  blade  leading- 
edge  section, a series of 0.090-inch-diameter  holes was &!illed through 
the  blade  immediately  upstream  of  the  coolant  pgssage and filled with 
a low-conductivity  ceramic  cement. 

N 
VI cn 
I+ Instrumentation. - Thermocouple  locations on the  stationary  blade 

are shown in figure 2(a). The temperature  of  the  blade  trailing-edge 
section  with  the copper insert  and  that of the  section  wfthout  the 
copper  insert  were  measured  at  the  midspan  trailing-edge  point of each 
section.  Coolant-inlet  and -Uscharge temgeratures  were  measured  by 
thermocouples  located in the  coolant-supply  and  -discharge  tubes at the 

were  measured  by a rotameter. Total gas  temperature and pressure  were 
measured  by  means of a thermocouple and pressure-tube  rake  extending 
across  the  duct in a phne 6 inches  bunstream of the  blade.  From  the 
center of the  gas-flow  duct,  the  thermocouples  were  located  at zero 
radius and  at  ea,&  of  three  radii,  approximately 3/8, 5/8, and 7/8 of 
the  duct  radius.  The  pressure  probes  were  located  at  each of three 
radii,  approximately 1/4, 1/2, and 3/4 of the  auct  radius.  Static- 
pressure tap! were  provided  in  the  same  plane  at 903 intervals  around 
the duct. 

.+ points  of  coolant  inlet  and  discharge  from  the  blade.  Coolant  flows 

Water-Cooled  Turbine  Investigation 

Analytical  methods  were  used to calculate  blade  temgeratures  for 
comparison  with  data obtained from  the  forced-convection,  water-cooled 
aluminum  turbine.  These  data  covered a wide *e of coolant-flow and 
gas-flow  conditions  and  were  obtained  at  the  design  turbine-gas-flow 
inlet  angle of 370. In order IXI cover as  complete a range of turbine 
operating  conditions  as  possible, data from  references 1 and 3 were  also 
included i n  these  calculations.  The  entire  ranQe of turbine  operating 
conditions  covered  is  given in table I. 

The  turbine  was  also  operated  in order to obtain an indication of 
the maximum allowable  gas  temperature  for  constant  coolant-to-gas  flow 
ratios  of 0.05, 0.10, 0.20, 0.30, and 0.40. These  data  were also 
included  in  the  blade-temperature  calculations. A constant  gas mass 
velocity  of 12 pounds per  second - square root and  the  design  gas-flow 
inlet  angle of 370 were  maintained  during  these runs. Turbine  operation 
at a constant  gas-flow  inlet  angle-was  achieved  by  setting  the  inlet- 
gas  temperature,  the  pressure  ratio,  and  the  turbine  speed  according to 
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previously  calculated  values.  The  turbine speed was adjusted  by  mean13 
of a water  brake to the  proper  calculated  value  in  order to maintain 
the  desiredinlet  angle for any condition of pressure  ratio  and  inlet- 
gas temperature. In v iew of the  approximately 800 hours  already  logged, 
turbine  operation was maintaAned Ttt r-easowble rotor stregs levels .by 
not  exceeding 15,500 revolutions  .per  minute.  This  speed  represents 
approximately  txo-tu-rds  of  the design centrifugal loading. 

. . .  .. . .. - 

The investigation of the  water-cooled, stainless-steel blade was con- 
ducted  simultaneously  with  the  turbine  maximum  allowable  gas-temperature 
investigation.  Test  conditions  were,  consequent,ly,  limited to a con- 
stant  gas mass flow and the  various  gas  temperatures  were  set  while 
turbine  maximum  allowabJe  gas-temperature  data  were  being  obtained. 'l2& 
complete  range  of  gas  temperatures  and  coolant-flow  conditions  covered 
in  the  stationary-3lade  investigation  is  also given in table I. In 
order to eliminate  the  possibility  of  damage to the  -turbine,  the  station- 
ary blade W&B r-Jnoved  from  the  turbine  combustion-gas  inlet  duct  at  gai 
temperatures  above 900° F. 

METHODS OF CALCULATION 

Calculation  of  Aluminum-Turbine  Average B l a d e  Temperatures 

Analytical methods  derived i n  references 2 to 4 were used to cal- 
culate  water-cooled.  aluminum  turbine blade and stationary  water-cooled 
stainless-steel  blade  temperatures.  Wdifications of these  baaic  method13 
were  sometimes  required to suit  the  specific  aiplicatian  reported  herein. 
For  the  sake  of  brevity,  reference is made wherever pssible to published 
sources in describing  the  detailed  caxculation  procedures. 

Determination of heat-transfer  coefficients. - Calculation of turbine- 
blade  temperatures  requires  knarledge of gas-tu-blade and blade-to-coolant 
heat-transfer  rates  or  coefficients. In order  to  obtain  average  tempera- 
tures around the  blade  periphery,  average  convection  gas-to-blade  heat- 
transfer  coefficients  were  used.  For  the design g a p - f l o w  inlet angle 
and any  given  set ofgas-flow conditions  these  coefficients were obtained 

in appendix B of reference 2. Application of. boundary-layer  theory 
requires  knowledge of the  chordwise  velocity  G-stribution &bund the 

- 

turbine  blades.  Stream-filament theory derived  for  compressible  flow 
around  impulse-type  blades  (reference .8) was used to obtain  the  required 
chordwise  velocity  distributions. For any given  coolant flow, average 
blade-to-caalant  heat-transfer  coefficients  were  obtained  from a mean 
curve  through  the  heat-transfer  data af several  investigators for the 
laminar  flow  of  heated-liquids  through  stationary  tubes  (fig. 5, ref- 
erence 3). These  correlation  methods  were  verified  experimentally.  with 

by  applying  bocul*ry-layer heat-trap@=r theo.q .in. t%...-er described 
" .. . 

this  turbine in earlier 1 and 3). 

. .. 
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Average blade-midspan  temperature.. - The average  temperature a t  the 
blade midspan was calculated from equation (BE') in appendix B of ref- 
erence 3. 

(All symbols are defined i n  appendix A. 1 This 5s  the  rad3al"temperature- 
distribution  equation for the  cooled  portion of  the blade  (section 2 
of f ig.   3) and was used in  order to account for   the  effect  of  radial 
conduction, which should be considered ror a turbine with short blades 
of high-conductivity  material as indicated i n  reference 4. The terns  C, 
and C4 w e r e  calculated a8 described in appendix B of  reference 3. The 
values of TB,p and a w e r e  evaluated f r o m  the  definitions  given in 
appendix A. The value  substi tuted  for x2 i s  equivalent to one-half of  
the  length of the cooled  blade  portion. Values of the  cooled blade 
length and additional  geometric  factors used i n  these and subsequent 
turbine-blade  calcuJXtions are given i n  .table II. 

Average blade-tip temlperetture. - The average  temperature a t   t h e  
blade  t ip  (section 1 of f ig .   3 )  was calculated from equation (Bl) i n  
appendix B of  reference 3. 

The terms C1 and C2  were evaluated as described i n  the  reference. 
Since  the  value of x1 i s  equal to zero and since  the term a is  
always finite,  equation (2) reduces to 

The effective gas temperature Tg,e was calculated from equation (4) 

(equation 3, reference 7) and the  nozzle  survey data ci ted in ref- 
erence 7 f o r  this  turbine.  

W2 
Tg,e Tg A 

Average blade-root t apera ture .  - The average  temperature a t  the 
blade root was calculated from equation (1). The term x2 was given 
a value  equivalent t o  the   l engthof   the   cooled   pr t ion  of the  blade 
(see f ig .  3). The terms a, TB,~, C3, and C4 have the same values  as 
those  used i n  the  calculation of the  average midspan-blade  temperature. 
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Calculation of Specific Blade Temperatwee of Aluminum  Turbine 

Determination  of.-heat-.transfer  coefficients. - Specific leading- 
and  trailing-edge  blade  temperatures  .were_  .%lcaat&  by ~e of local  
gas-to-blade  heat-transfer  coefficients avemged over  the  midspan portQ-6 
of the  leading  and  trailing  edgee,  respectively  (see  fig. 3). Local " 

gas-to-blade coeff ic-s over !&e. blade s-e-c%ion affecti-mth-e-  traLl-iK-- 
edge  temperatures  were  calculated  from  the  turbulent-bun&-ry-layer  heat" 
transfer  equation  (equation (26), reference 2) which,  according  to  the 
notation  reported  herein,  is  represented  by 

N% = 0.0296 (Reg)O" (Prg)1/3 

I n  equation. (5) physical  properties of the, gas.*re  eval-ted at the w8&L 
temperature.  The  turbul-ent-flow  equation WBB used  because  veiocity- 
distribution  calculations  by  stream-filament  theory  (reference 8) indi--- 
cated  that  turbulent f l o w  existed. over t.he. bbde .izxd.l.ing-edge  section 
f o r  the  turbine  operating range covered.  In  order to obtain  local coef- 
ficients  around t h e .  leading  edge,  the  velocity  distribution  in  the  channel 
portion of the blade yas first  calculated  accordirq.to  the  method  described 
in  reference 8. A velocity  profile  over  the  leading  edge was then 
assumed  and  substantiated  by  circulation  checks  made  over  the  blade 
leading  edge.  Over  the  section o f  the  leadingedge ............ -. . -. where-the .......... velocity . 

profile  was  laminar, ?+e local co.efficients  were  calculated f r o m  the 
laminar  heat-transfer  equation  (equation (193, reference 2) . According-." 
to the  notation  employed  herein,  this  equationis  expressed  a6 

." 

....... .... . .  "I." "". - 

Properties of the  gases  used in equation (6) were  evaluated  at  the wall 
temperature. The loca l  coefficients in the  turbuLat-flow  region  around-. 
the  blade leading ----were calculated f r o m  the  turbulent-flow equation 
(equation (5) ) . Integrated  averages .of the u c a l  lading- and trailing- 
edge  coefficients  were  obtained f r o m  a plot of - loca l  coefficients against 
distance  along  the  leading-  and  trailing-edge-blade ~~urfaces, respectivkly. 
Because  the  flow  rate .through the  individual  passages  in the blades could 
not  be  measured  or  calculated  with  certainty,  average  blade-to-coolant 
coefficients,  as  described  previously,  were  used in the  specific  blade-. 
temperature  calculations. . . . . . .  .. 

Blade-midspan trailing-edge.temperature. - Ies.ggch as radial 
conduction f r o m  blade  to  rim has a pronounced  effect  upon trafliwdge- 
temperature, as shown for  a ty-picai water-cooled blade in  figure  iO(bj o f  
reference 4, it was necessary to account for mnduc#on.by  approximating 
the  blade  trailing-edge  section with a rectangular parallelepiped. The 
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trailing-edge temperature was obtained from a series solution (equa- 
t ion  (12), reference 4) which may be written as - 

'B,TE = Tg,e - 2 2 kJn cos gnx' c o s h 4 , n y '  cosMmz + 
m = l  -1 

(7) 

N 
UI cn 
rp 

L 

In this equation  the terms x', y' ,  and z represent  geometric.dimensions 
of  the  parallelepiped and the integration  constants zm,,, zn, A , ~ ,  lmJ 
@m,n , PmJ n, and 9, are evaluated as described i n  reference 4. The 

values  obtained  by use of t h i e  equation were corrected t o  account for  
inaccuracies  introduced by simulating the  trailing-edge  section with a 
rectangular  parallelepiped.  Reference 4 indicates that a more accurate 
determination of the  trailing-edge  temperature  can  probably be obtained 
by simulating  the  trail ing edge with a wedge-shaped p r i s m .  Because of 
the complexity of the  mathematical  solution ' for  such a geometric  shape, 
however, the  simpler  rectangular  parallelesiped was used, and corrections 
obtained  in the following manner were applied. For each da ta  point con- 
sidered,  the  trailing-edge  temperature m s  separately  determined  with 
radial conduction  neglected. The trailing-edge  section was approximated 
first with a wedge  and then  with a rectangle, and the  temperature was 
determined by use of equations (21) and (19) of reference 4 .  These 
equations may be expressed a8 

Geometric factors  incorporated  in  the terms K, [, and (2, were evaluated 
from the  definit ions given izl appendix A and f r o m  blade dimensions given 
i n   t a b l e  II and f igwe l (a)  . Tbe difference between the  resuts obtained 
from equations (8) and (9) provides an indication of the effect  of the 
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trailing-edge  geometric  factor.  -l€.owever,  this  effect  varies  with paltion 
along  the  blade spa. The following equation  -expresses -a correction, 
which  when  subtracted  from  the  trail--edge  temperature  calculated  by 
equation (7) provides  the final corrected trailApg-edge..temperature, 

.. - - - 
". . ".  ". . ." .. " . . " 

" 

Midspan  leading-edge  temperature. - Blade leading-edge  temperatures 
were  calculated by the  same  method  as the trailing-edge temperature  by 

u3 
d 
In 
N 

use  of  equations (7) to (9) except  that  gas-to-blade  coefficiente f o r  
the  leading  edge,  evaluated  as  prefiously  described,  were  used. A 
simpler  procedure of approximating  the  leading-edge  section  by  concentric 
circles  (equation (23),  reference -4)  was not  employed  because  the  effect-" 
of radial  conduction  is  not  considered in t h i s  equation. 

.. 

Calculation  of.Staticmary  Stainless-Steel  Blade  Temperatures 
.. 

Determination af heat-transfer-  ccjefficients. - Trailing-edge  tempera- 
tures were  calculated  by  use of loca l  gas-to-blade heat-transfer coef- 
ficients,  averaged  aver the portion of -the trailing-edge  sectton  indicated 
in  figure 2(a). Local  gas-to-blade  coefficients  were  calculated by 
equation (5). Be-use  the  pressure  gradient  over-the  surface of this 
configuration  approaches zero , a turbulent  boundary layer will ensue .- 
according to reference 2. Consequently,.  the  turbulent-flow  heat-transfer 
equation was used.  The  coolant flows used  resulted in :&olant-flow 
Reynolds numbers greater  than  the critLd. d u e  of 2300 and, the-refare, 
blade-to-cookt caeffhients  were  obtained f r o m  equation 4(c), ref- . .  

erence 9. This equation  represents a mean  curve  through  the  hest4ransfer 
data 0btained.b~ several  investigators for turbulent f k w  of liquids 
through  stationary  tubes  and  is  written in the notation  employed herein 

Y 

- 

.. - 

.. ." 

.. 

Nui 3: 0.023(Re2)0*8 (Prt)O-* 

The  properties of the coolant  were  evaluated  at  the  arithmetic amage 
of  the  coolant-inlet  and  -discha.rge  temperatures. 

Trailing-edge  temperature fo r  blade  section  without  copper insert. - 
The  trailing-edge  section was simulated  by  an  equivalent  weage, and the 
trailing-edge  temperature was calculatedby  the  one-d&nensional  dmrdxise- 
temperature-distribution  equation (equation (8)). Geometric  factors 
incorporated i n  terms K, (2, and were  evaluated B-om blade dimemione - 
given in table 111. The  value  of  thermal  conductivity  used in the 
term K is  also  given in table 111. !The  average  coolant  teaperatme . 
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was used in equation (8). The effective gas temperature was evaluated 
from  gas  conditions  measured  in  the  instrumentation  plane  located 6 inches 
downstream  of  the blade and by the  use of equation ( 4 ) .  

Trailing-edge  temperature for blade  section  with  copper  Fnsert. - 
Trailing-edge  temperatures  were  calculated  by  the  same  method  used f o r  
the blade section  without  the insert, except  that a different  value of 
thermal  conductivity was used. A weighted  average  value of conductivity 
(tabulated  in  table III) based on the  average  thickness t of each 
material  in  the  trailing  edge was determined f r o m  the  following  equation 
in which  the  thickness terms are  evaluated  at  the locatims shown  in 
figure 2(b) : 

An average  value of condxctivity %,av so evaluated was based on the 
assumption  that  heat will flow in the  direction of the  coolant  passage 
through the  insert  material as w e l l  as through  the blade material 
surrounding the  insert. 

Calculation of Maximum Operating  Conditions of Aluminum  Turbine 

Maxim allowable  blade  temperature. - Calculation of the  maximtun 
allowable  turline-inlet gas tFYnperature  for a given awlant flow requires 
knowledge of the maximum permissible  blade-radial-temperature  distribu- 
tion. For this  turbine,  the maxim blade temperature  for a design  speed 
of 19,000 rpm  and 1 O U O - h o u r  life was determined as described in ref- 
erence 10. Briefly, the procedure  is as follows: Centrifugal stresses 
due  to  the blade material and the coolant head were calculated  at  several 
radial  blade locations. By use of  these  stresses  and  unpublished  stress- 
to-ruptme curves  obtained at various  temperatures  for 14ST aluminum, 
the m a x i m u m  permissible  blade-radial-temperature  distribution was evalu- 
ated.  Calculated  blade  centrFfugal  stresses  were  raultiplieh  by a safety 
factor of 1.25 in  order to account  for small superimposed  blade  stresses 
due  to gas bending,  blade-temperature gradients, .etc.  Induced  stresses 
resulting f r o m  temperature  gradients  are  lurely to be small for this 
turbine  because of the high conductivity of the  blade  material3  con- 
sequently, a smal l  safety  factor  is adequate. 

Maximum  allowable turbine-Met gas  temperature. - Maximum  allowable 
turbine-inlet gas temperatures  over a range of  coolant  flows  were  calcu- 
lated  from  equation (1). Of the  temperatures  meisured  at  the  blade  root, 
midspan, and tip,  the  average midspan tempratme was closest to the  curve 
of maxim permissible  blade-radial-temperature  distribution  obtained  as 
described  previously.  Consequently,  the  average blade-midspan temiera- 
ture is considered as the  criterion in determining  the maximum allowable 
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gas  temperature, an& equa-tion (11, w h i c h  expresses a relation  between 
the  average  midspan-blade  temperature and the  gas  temperature, was - 
used. A method af approximation was used to obtain  the  maximum  allowable 
gas  temperature.  The  maximum  permissible  blade-midspzn  temperature 
evaluated  as  described  in  the  previous  paragraph wa6 substituted  for 
%,2 in equation (1). An assumed  value of effective  gas  temperature 
and correspnding average  gas-to-blade  and gverage.blade,-to-coolant 
coefficients,  obtained  for  thie  turbine  a6  described  previously,  were 
substituted  into  equation (1). The r-ight side of  the  equation was then * 
evaluated  by the method of .appendix B of reference 3 and the  result 
compared  with  the  limiting  blade  temperature  previously  substituted for  
%,2. This procedue was repeated  until use . o f  m.. assumed  value of 
effective  gas haperatwe resulted  in  the  prlqper  value of TB,2. The 
maximum  allowable  ii*bine-Fnlet-gas  temperature was then  evaluated by 
both  equation (4) and the nozzle box  survey  data  described in reference 7 .  

" - -. .- 

-- . ._.1 

- I_ 

In w 
. I 

- - 

RESULTS AND DISCUSSION 
L 

Comparison of Calculated  and.  Experimenta.1 Alumlnum . . -  

Turbine B l a d e  Temperatures . 
A direct  comparleon  of%q?erimental  blade  temperatures  obtained  over 

a range of gas temperatures f r o m  #O0 to 1600° F with values  calculated 
by  use of analytical  gas-to-blade  and  blade-to-coolant  coefficiente (ref- 
erences 2 and 3) is presented  and  discussed  in  the  following  sections. 

Average  blade-midspan  temperature. - A consideratio-n  of analytic@, 
methods  (reference 4) f o r  calculating  cooled-blade  temperatures indicates - 

that  the-average blade temperatures  are  the  most  readily  calculated. 
The average blade temperature  over  the adspan portion.of  the blade is 
of practical  interest Fn turbine  design be-ccmse it  reflects the gweral. . 

blade  operating  temperature  level and, com3equently,  the  blade  strength 
available. A compaflson of calculated  ave?.%ge-.bTade-midpim  temperatures 
and experimental  average  blade-midspan  temperatures  obtained  from a 
plot  of blade temperature  against  blade  periphery  is shown in figure 4. 
Calculated  values  are  Close to a 1:l correlation  line and l i e  on both 
sides of the  line  over  the experimental blade-temperature range  investi- 
gated f m m  L05O to Z99O P. The .maximum deviation of calculated  from 
experimental  data  over  this  range was 25' F and  occurred at an experi- 
mental  temperature of Z S ~ O  F. TMS represents a maximum  error of less 
than 10 percent,  which  appears-adequate f o r  water-cooled-turbine  blade 
design. The minor deviations of calculated f m m  experimental  values 
shown in figure 4.may  be  attributed to inaccuracies in experimental 
measurements  required to calculate  the  analytical  heat-transfer  rates. 
A similar  comparison made in figure 7 of reference 3, for a small number 
of dah pints over a limited  range of turbine  operating  conditions, a l e 0  

1 - .  

.. . -. 

. -  

- 

. . "  



NACA RM E52D21 13 

P 

indicated  good  agreement  between  eqerimental  and  calculated  blade 
temperatures.  The  results  shown  in  figure 4 over  an  extended  range  of 
turbine  operating  conditions  provide  additional  verification  of  an.dytica1 
temperature-calculation  methods  for  blades of high-conductivity  material. 
It  should  be  emphasized  that  for'  low-conductivity  materials  the  spanwise 
blade  temperature-calculation  method  used  previously  is  valid on ly  in 
the  region of the coolant passages  (reference 4 ) .  Therefore,  it may be 
necessary to calculate  specific  blade  temperatures,  eepecially  for loca- 
tions  somewhat remved from  the  water  passages, in order to obtain a 
representative  average blade temperature  for  blades  of  low-conductivity 
material. 

Average  blade-tip  temperature. - Although centrifugal  stresses  at 
the  blade  tip  are  generally  negligible  in  uncooled  turbines,  hydraulic 
stresses near the  tip of the  coolant  passages  may  be  quite high in water- 
cooled  turbines. The effect of them1 stresses  combined  with  such 
hydraulic  stresses  may  be  critical  and  knowledge of the  blade  temperature 
at  this  location  under  Imposed  turbine  operating  conditions  is  desirable 
from a design  standpoint.  Calculations  of  specific  midchord  temperatures 
for this  turbine  are  complex,  involvlng a relaxation  solution for the 
blade-temperature  distribution  for  varying  boundary  conditions.  Inasmuch 
as  variations among localtemperatures around the  blade  tip  are  probably 
small as  found  at  the  blade midspan, such a coIzlplex  procedure is not 
warranted  and  wnsequently  average  blade-tip  temperatures  were  calculated. 
Calculated  average  blade-tip  temperatures  are  compared  in  figure 5(a) 
with  an  experimental  blade-tip  temperature  measured  at a point on the 
pressure  surface,  approximately  midway  between  the  leading  and  trailing 
edge.  Over  the  experimental  blade-tip  temperature  range  investigated, 
120' to 340' F, calculated  values are in general  higher  than  experimental 
data  and  the  deviation  appears to increase  with  increasing  blade  tempera- 
ture.  The maximum deviation  of  calculated  values f r o m  experimental  data 
was 50° F at an experimental  blade  temperature  of 230' F. A factor that 
may influence  the  accuracy of these  calculations is irregularity  in  gas 
flow  at  the  blade  tip. Gas-flow irregularities i n  turn vary the gas-to- 
blade  heat-transfer  rates,  which  affect  the experimental blade-tip 
temperatures. 

Average blade-mot temperature. - Because  blade  centrifugal  stresses 
are  highest  near  the  blade mot ,  knowledge  of  the  blade  temperature  at 
this  location  is  desirable  for  design  purposes. A comparison  similar to 
that  made  at  the  blade tip-is shown for  the  blade  root  in  figure 5(b). 
Failure  of  the blade-mot thermocouple  during  the  latter  phase of turbine 
operation  slightly  reduced  the  number of data points  available  for  compari- 
son with  calculated  average  blade-root  tempratures.  Over  the  greater 
wrtion of the  experimental  temperature  range  investigated, 90° to 215O F, 
the  calculated  values  fall  along  and on both  sides of a 1:l correlation 
line.  With  the  exception  of  several  data  points  ELpproximately  at  the 
center of the  temperature  range  investigated, good agreement  between 
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calculated  and  -experimental  temperatures .x&s abtginad.  Tbe  maximum . 

deviation of  calcubted values f r o m  exper€mi=pt,a?- data.?? :22' 8 at an 
experimental blade temperature o r  lao F. r- - 

. .  - 

Blade-midspan-  trailing-edge  tertrpq=atFe. . - A compritym of calculated 
midspan  trailing-edge  temperatures  with  eyperimental  values is shown in- 
figure 6(a). Because- of. .the  complexity of- thg..zlculatie procedure . - 

involved,  the  midspan  'trailing-edge te~~~&uresrwgr~ -@L-agated for a 7 
limited m b e r  of data  points  selected  over  the  entire. w e  of gas-flc;;;- 
and coolant-flaw cbnditians.  Six of the  seveo:  calcuJated-vgluee  agreed... 
within 20O.F with  the  experimental  data over an experimental  blade- 
temperature  range  from 118O to 934O F. The  deviation of the  seventh p i n k  
was 31' F at an experimental  blade  temperature. of 268' F. .. Generally, p o d  
agreement  resulted when the traaing-edge tg.e~@t.y?s we%e.-ori@nally 
calculated  by  approximating  the  trailing-edge  section  with a rectar&l&- 
parallelepiped;  however,  use of a. correction  that account6 for  the eff&cX 
of the  trailinn-edge Gometric f ac to r  imp%-iiid-G-.GpeemFnt  between 
calculated  and  experimental  temperatures to t@t-sho.  in  the  figure. 
The  magnitude of t h i s  correction ranged f&m.:7?"F..at.:.the  lowest blade 
temperature of n 8 O .  E to 44O F at  the  highest .blade .&ature of 334O-F. 

- 

" ~ 

The  temperature  gradient  between the blade trailing  edge and the 
blade  metal  adjacent  to  the trailing-edge coolant  passa,ge. -6 also det&js 
mined f o r  the  blade-midspan  position in adaition to ..$he. &lcuh t ion  of 
the  temperature.s shown in figure  .6(a).  At a turbine-inlet-gas  .temperature 
of 1600O F, the  calculated  temperature  gradient was approximately @ F 
for this turbine.  Calculations for a similar blade configuration  fabri- 
cated f r o m  a high-temperature,  low-conductivity  material and for identical 
gas-flow and  cmlant-flow  conditipns  result .in,a- 3emprat.Fe gradient of 
approximately 250°. F. Existence of such Large tempqature gradlents in-" 
water-cooled  blades -of low-conduc~ivity  material  vGifies:the  need for 
calculating  the  temperature  at  specific  blade  locations in the design 
of blades of this  type. 

"" -".,....I- . -. . . . . . . . . . 

. . - . . . . . . . ,. . . - .. 

Blade-midspan  leading-edge  temseratwe. - Figure  6(b) shows a corn- 
parlson of  the  calculated  leading-edge.  temperatures  with  experimental 
values. - As in the  case of the .trailing-edge  t+p=ratures, a limited 
number of data pints .over the  eatire  yange. o f .  turbine .operating condi-. . 
tions was used beta-2 of the  .wmplexity of the  calculation  procedure. 
For the  experimental  blade-temperature  range  investigated, llp to 3150 F, 
the  calculated.values-:a.re generally Zligher than the  -experimental data, 
and  the  degree of varlation  Fncreases  uith  increasing  blade  temperature. 
The  maximum  deviation-nf  computed f r o m  experimental  -values was abolit 
47' F at an experimental  blade  temperature.-of 278' F. Although  the cor- 
rection f o r  blade  geoaetry  was  applied, a larger  variation  between cal-- 
culated  and  experimental  .temperatures results than  at  the  trailing edge. 
Conduction in the  blade  leading-edge  section far this turbine  ap-garently 
is greater  than  can he accounted .for 19 .tbR-ct_lcula.ti.o.n pbcedure. . .. .-:_. 

. .  

. . . " . . - 
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employed.  The  agreement  obtained  in  the  leading-edge  temperature  com- 
parison  is.  less  favorable than that obtained  for  the  trailing  edge3 
nevertheless,  these  results also indicate  the  usefulness of analytical 
methods  in  which  experimentally  substantiated  heat-transfer  coefficient 
analysis  procedures  were  used in computing  specific  blade  temperatures. 

Comparison of Calculated  and  Experhental  Stationary- 

Blade Temperatures 

Calculated  stationary-blade  trailing-edge  temperatures  are  compared 
with  experimental  values  obtained over a range of gas  temperatures  from 400° to 900° F in figure 7 and  discussed in the following paragraphs. 

Trailing-edge  temperature Tor blade  section  without  copper  insert. - 
It  has  been shown that  analytical  methods are generally  applicable  for 
calculating  temperatures of water-cooled blades fabricated f r o m  high- 
conductivity  material.  The  results of applying  these  methods  to  the 
calculation  of  the  trailing-edge  temperatures of the  water-cooled blade 
constructed of low-conduc€ivity  material  are shown in figure 7(a). 
Calculated values are  displaced  below a 1:l correlation line by a constant 
value  of  approximately So F over the  entire  range  of  experimental 
blade  temperatures  from l1So to 2720 F. VerificEstion of the  applicability 
of analytical  methods of calculating  the  trailing-edge  temperature  of 
water-cooled  blades  of  law-condu&tivity  naterial  is  thereby  provided. 

Trailing-edge  temperature  for blade section  Kith  copper  insert. - 
Figure 7(b)  shows a comparison of calculated  and  experimental trailing- 
edge  temperatures for a section  of a stainless-steel  water-coaled  blade 
with a high-conductivity-material  (copper)  trailing-edge  insert.  Over 
the  entire  experimental  blade  temperature  range from 85O to 182O F, the 
calculated  values  are  approximately 15O F lower. than the  experimental 
values.  These  results  apparently  substantiate, for design purmses, 
the  calculation  procedure in which an average  value of thermal  conduc- 
tivity  for  the  trailing-edge  section was used. 

Another  method of calculating  the  trailing-edge  temperature  of a 
water-cooledblade  with a high-conductivity  trailing-edge  insert  was 
suggested in reference XL. The  method was based on the  assumption  that 
the  high-conductivity-material  insert could be  considered  as  the  primary 
conductive  path  surrounded by a low-conductivity-material  coating. Less 
satisfactory  results  were  obtained  when  this  method was applied to the 
blade under investigation. 

P 

Stationary  Water-cooled  Blade  Operating  Data. 

The stationary water-cooled blade was investigated over a range of 
coolant-flow  canditions  comparable to those  encountered in small-scale 



turbine  operation. The miation of measured  trailing-edge  temperature 
with  coolant-  flow at a constant  gas mass velocity  and  over a range o f  
gas  temperatures from.400° to 900° F is Shown in  figure - 8  f o r  the 
trailing-edge  sections of the  stationary  blade  with  and  without  the 
high-conductivity-material  (copper)  insert. l%r a mnstant gas tempera- 
ture and over  the  entire  coolant-flow  range  investigated, from 0.013 to 
0.029 pounds per  secona,  essentially a constant  difference. i n  tempera- 
ture  between  the  two  trailing-edge section6 oc.w.rs.? __Hpwever,  this dif-. 
ference  between  the tw sections  increases with iacreas,.ng gas tempera- 
ture. At the  highest gas temperature  investigated (900° F), a 90° F 
reduction in trailing-edge  temperature  is  effected  by  use of the copper 
insert.  The  curves  also  show  that for the  range of condltions  investl- 
gated,  use of this  .insert.  permits 8 redxction .of mre thap 50 percent 
in  the coolant flow  required to maintain a given trailing-edge  tempera- 
ture.  These  results  indicate  that  the  capper  Fnsert provldea an  effective 
method of reducing  the trailing-eQe.temperature of a stainless-steel 
water-  cooled  blade. . .. . -. . . 

Although  the  investigation was limited to gas  temperatures  up to 
900° F, the  trend of increased  reduction in &alyling-.edge  z.Fmpereture 
f o r  increasing gas  temperature  warranted  analflical  inveetigation at 
higher gas temperature. In order to obtain an indication-of  the-  effec- 
tiveness of the high-conductivity-material  trailing-edge  insert-under 
current  turbine  operating  conditions the traLLlgg-edge  temperature of . 

each  section of the  stationary  blade was calculated  for  a"l6000 F gas 
temperature.  Use of a gas mass velocity  indicative of the flow through 
the  blade  passage o f - a  current aircraft turbine  engine and a representa- 
tive  coolant f l o w  indicated a reduction in trailing-edge  temperature of 
375O F. A trailing-edge  temperatwe reductioqcmaf. t h i s  gapitude c+ 
greatly  reduce  the  temperature  gradients fa a water-cooled .blade and . 

thereby  decrease  the  thermal  stresses  encountered and effect an increaee 
in blade  life. . . . . . . . -. . . - .  . .. . ." 

" 

._ " 
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Turbine  Operating  Data 

-mum allowable  inlet-gas  temperature. - Wirmun allowable  turbine- 
inlet-gas  temperatures calculated: f0.r. fhe..sl@-n~!!.-turbine  over 8 range 
of--coolant-to-gas flow ratios  are shown in figure 9. Fora coo&t-to- 
gas f l o w  ratio range from 0.05 to 0.40 asd a constant  gas f l o w  of 
2.0 pounds per second (gas mass velocity of 12 lb/(sec) (sq ft)) , the 
calculated  maximum  allowable  inlet-gas  temperatures  ranged  from 1800° to 
24W0 F, respectively.  Figure 9 also indicates  that  for  the  exprimental 
range of gas  temperatures  investigated (400' to 1600° F) a marked decrease 
in  average  blade-midspan  temperature  resulted for this tebine when  the 
coolant-to-gas flow ratio  was  increased  from 0.05. t& 0.20. However, 
f'urther  increases in coolant-to-gas f l o w  ratios  from 0.20 to 0.40 had 
little  effect on the  average  blade-miclapan  temperature.  For example, at 
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a gas temperature of 900° F, a So F decrease in average  blade-midspan 
temperature  results  from  increasing the coolant-tx-gas flow r a t io  from 
0.05 to 0.20. A 17O F decrease in blade  temperature  results  from  further 
increasing  the  coolant-to-gas  flow  ratio  from  0.20 to 0.40. This  trend 
verifiee  an analysis f o r  8 typical  forced-convection,  water-cooled 
turbine  blade  (reference 4, fig. 91, which  showed  that  the  rate  of 
decrease in blade  temperature diminishes as the  coolant flow increases. 

In  order  that  the  favorable  allowable gas temperatures  calculated 
for  the  aluminum  turbine will not be  misleading,  it should be  emphasized 
that  this  turbine  could  not  be  tested  under  conditions  indicative of 
current  aircraft  turbine  engine  operation  because  of  imposed  rig Umita- 
tions.  Although.design  conditions  for  the aluminum turbine  are  severe, 
the  rate of gas-to-blade  heat  transfer  is  approximately  two-thirds  as 
great as  that  which  occurs  at  the  design  conditions  for a current  aircraft 
turbine.  Calculations dde a t  the  design  conditions af a current  aircraft 
turbine,  assuming  the  blades  were made from  aluminum  and  assuming a 
nominal  water flow, fndicated  the  maximum  blade  temperature muld exceed $00' F. Because  the  tensile  strength of aluminum decreases  rapidly  at 
temperatures  above M O O  F, this  is  the  maximum  temperature  at which 
aluminum can be  considered  for  such  high-stress  application. F r o m  these 
calculations  the  application  of aluminum to a full-scale jet-engine 
turbine  apparently  is  not  feasible. mwever, these  calculations  of 
maximum  turbine  operating  conditions  illustrate  another  useful  application 
of  the  analytical  methods  under  investigation. 

Water-cooled  turbine  design  factors. - The  possibility of steam 
formation  inside  the rotor Fs an  important  factor  in the design o f  water- 
cooled  turbines. It  is shown in  figure 9 that  for a 0.05 coolant-to-gas 
flow ratio, runs were  terminated  at  approximately a 950° F gas tempera- 
ture.  Operation  of  this  turbine  at  these  conditions  resulted  in a rotor 
coolant-discharge  temperature  near  the  boiling  temperature of water. 
Turbine  operation  at  this  coolant-to-gas f l o w  ratio  and  higher gas 
temperatures would have  resulted  in  partial  steam  formation  at  the  free 
surface of the  coolant  in  the  coolant  reservoir  and a pressure  increase 
within  the  rotor.  Rather  than  endanger  the  turbine  rotor  by  the  added 
stresses  induced,  further  operation  at a 0.05 coolant-to-gas  flow  ratio 
was curtailed. Although steam  formation  during  turbine  operation may 
not  be  undesirable on the  basis of cooling because  of  the high latent 
heat of vaporization of water,  steam  formation may be  undesirable  with 
respect to rotor stress beeuse of possible  pressure  bufldups.  The 
latter  possibility  should  be  considered in design-stress  calculations. 

SUMMARY OF RESULTS 

The following  results  were  obtained f r o m  an  investigation of the 
application of analytical  methods  to  the  calculation of water-cooled 
blade  temperatures: 
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1. Comparisons of  calculated and  experimental  turbine and stationary- 
blade temperatures  provided  additional  verification of analytical  tempera- 
ture  calculation methods when experimentally  substantiated  heat-transfer 
coefficient analysis method6 were u s e d .  

2. Calculated  average  turbine blade-midspan  temperatures were com- 
pared with average midspan exprimental  temperatures and the results 
l i e  close t o  and on both sides of a l:1 correlation l ine over the  entire 
range investigated. The maximum deviation was 25' F Over an experimental 
temperature  range from lQ5O t o .  2 9 9  F. 

3. Average blade  temperatpes  calcugted for. "t&e blade t i p  and blade 
root were compared with a specific  temperature  obtahed-.experimentally 
at each  of  these bade  psi-t;irons. Generally goad agreement was obtained 
a t   t h e  blade root; a t  the blade tip, calculated -values weregenerally 
higher than experimental v4ues  and the'"var1atio.n increased with increaa- 
ing blade temperatur-e. . .  

4.  Specific  turbine-blade  temperatures were calculated for the 
t r a i l i ng  and leading edges. Comparison with specific  experimental  values 
r e su l t ed   i n  good agreement at the t r a i l i ng  edge, and the  results H e  
close t o  and on both sides of  a 1:l correlation  Une. A t  the  leading 
edge, calculatedtemperatures were higher than experimental  values and 
the  degree of variation  increased with incrzasin&bl+de  temperature. -. 

t 

5. The maximum allowable  turbine-inlet-gas  temperatures computed for  
the  forced-cnnvection,  water-cooled aluminum turbine for coolant-to-gas 
f l o w  ra t ios  from 0.05 to 0.40 and a nominal design gas mass flow of 
2.0 pound6 per second (turbine-inlet-gas mas8 velocity of 1 2  lb/(sec) 
(sq ft) ) r e s a t e d  in values ranging f r o m  NOOO t o  2400~ F> respectively. 

6. Stationary  water-cooled-blade  trailing-edge  temperature  calcula- 
t ions showed equally good agreemen-kwlth experimental  values f o r  the 
section  with a high-conductivity-ma-t;erial inser t  as w e l l  a8 f o r  the 
sectian  without the .insert. In both cases the  calculated values Were 
approximately So F below the  experlmenta-l  value^ .over  the  bvestigated 
temperature  ranges that extended from 85O t o  LB2O P for  the  section .. 

with copper inser t  and from l l 6 O  t o  272O F for the  section  without a 
copper inser t .  . .  . . . . . . . . - - . . . 

. " . . .  .. . 

7. Insertion of a  high-conductivity material (copper) i n   t he   t r a i l i ng  
edge provided an effective method for reducigg the  trailing-edge tempera- 
ture  of a  water-cooled  blade of low-conductivity  material  (stainless 
steel). Over the range of conditions  investfgated, a  reduction of more 
than 50 percent was obtained in the coolant flm requfred to maintain a 
given trailing-edge temperature.  Calculations indicated a possible 
reduction of 375' F in the stationary-blade  trailing-edge  temperature 

2- 
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with a nominal coolant flow a t  the design conditions of a current 
aircraft   turbine.  

Lewis Flight Propulsion Laboratory 

Cleveland, Ohio 
National Advisory Committee fo r  Aeronautics 
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. 
APPENDIX - SYMBOLS 

The fo-wing symbols are used i n  this report: 

A 

a 

c1 t o  Cq 

C P 

area normal t o  radial heat conduction path i n  blade, 
sq f t  

1 
( ~ Z 0 / k $ i , E  ft'l ... 

constants - .  . - . -. .. 

specific heat of gas at constant  pressure unless 

- . "  

. . .  . . .  

otherwise  indicated by subscripts, Btu/(lb) (OF) 

1 . .~ 

hycbaulic diameter a f . w o l w t   p s s a g e   i n   s t a t i o n a r y  . . .  

blade, ft 
- 

- 
Flm variable,  evaluated in  figure 8, reference 2 

Q acceleration due. t o  graety, (ft /sec ), or  ratio of 
absolute t o  gravitational unit of mass, (lb/slug) 

2 
" 
1 -  

3 heat-transfer  coefficient,  -Btul(oF) ". ." " (sq f t )  (sec) . .  ... 9l 

J mechanical  equivalent of..&at,. 778.3 (ft-lb)/Btu " 

. " 

" 

K 

k 

2 

chordwise distance from blade t r a i l h g  o r  leading 
edge to caolant passage; ft 

1 

. .  

. - " 

..... 

thermal  conductivity of gas unless otherwise  indicated 
by subscripts, Btu/(OF) ( f t )  (see) 

blade-to-coolant . N e s e l t  .nypiber, %, (thermal ..I 
.. " . . -. -IC2 

.. - -. . -  

. . . . .  

conductivity  evaluated .at..aVersge .coolant  temperature) 

gas-to-blade Nusselt number, % ,_ ,vv 
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evaluated a t  average coolant temperature) 

gas-flow Reynolds number, - PWWV" 

Ilw Reg 
P W D  

VLz 
coolant-flow Reynolds number, x, (properties 

evaluated at average CSooLant temperature) 

temperature, o r  gas s t a t i c  temperature, OF 

Re2 

average  thickness  of  material, ft 

peripheral  distance measured. from leadlng edge, f% V 

W 
.) 

gas  velocity  relative t o  blade unless otherwise 
indicated by subscripts,  ft/sec 

gas velocity relative to blade at  edge of  boundary 
layer and a t  local position v,  rt/sec 

radial  distance  along blade span defined  in   f igure 3, 
o r  spanwise distance from blade t i p  t o  blade 
element , f t  

X 

chordwise distance from t r a i l i n g  o r  leading edge t o  
blade  element, ft 

Y 

distance from median plane af section to blade 
element, f ' t  

z 

@m,nJ @m,nJgn integration cowtmts defined by equations 13 to L8, 
reference 4 

1 

ft-l 
1 

Y 
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P 

Subscripts : 

1,293 

4 

5 

av 

B 

C 

c 

exp 

e; 

i .  

1 

0 

P 

P 

R 

recovery factor 

absolute viscosity of  gas unless  otherwise  indicated 
by subscripts,  slugs/(ft) (sec )  or (lb](sec)/sq ft 

mass density of gas unlese otherwise  indicated by 
subSCript6, SlUgS/CU f t  

thickness of"tTaiLFng- or leading-edge  section, ft 

(2%/kBT)', f t ' l  
1 . .  

rotor sect ions  i l lustrated in figure 3 

evaluated at t ra i lhg  o r  leading edge 

evaluated at  coolant passage 

average 

- 
... 

blade . . .  .. .. - 

CQPFeT 

effective . .  
.. - 

. . .  - 
. . -1 

experimental . . .  - 

coolant, or average coolant when used with temperature 

outside blade surface . - .  -. 

evaluated by equation for rectangular  parallelepiped, 
(equation 7) 

prevalent (see symbol TB,., for def in i t ion)  

evaluated by equation for rectan$le, (equation 9)  

I ."- 
" 
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r 

S 

TE 

V 

w 
W 

Superscript: 

prime 

blade root  

s ta in less   s tee l  . 

t r a i l i ng  edge 

a t  local position v 

evaluated by equation fo r  wedge, (equation 8) 

a evaluated a t  w a l l  temperature 

linear dimension increased by T4/2 

23 
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TABLE 11. - FHYBICAL CONSWANTS U@ll CALCULATION O F  TURBINE- 
BLADE TEMPERATURES \T$i 

Chordwise blade-surface  perimeter, f t  . . . . . . . . . . 
3~lade cross-sectional areaa, A ~ ,  sq ft/blade . . . . . . 
Blade cross-sectional  areaa, Az, sq f t / b l d e  . . -. . . . 
Disk r i m  cmss-sectionaUreaa,  A3, sq f t /hlade . . . . . 
D i S t 8 n C e  f r o m  blade t i p  to top of  coolant 

passagesa, xl, f t  . . . . . . . . . . . . . . . . . . . 
Dietance from tap of coalant passages to 

Thickness of r l m  section*, x3, ft . . . . . . . . . .  . . . 
Coolant passage surface area tnfjl.de blade, sq ftfbhde. . 
Passage  length use& i n  Graetz number,-&- . . . . . . . . 
Diameter of large  coolant  passages, ft . . . . . .I . . . 
Diameter of small coolant  passages, ft . . . . . . . . 
Eydraulic diameter of coolant  passages, ft  . . . . . . . 
Thermal conductivity of aluminum, 3tu/(sec) ( f t )  (OF) . . . 
&See figure 3. 

bladRmOta, XZ, f t  .. . . . . . . 6 '. . .. . . . . 
" .- .. . . - . . " 

. . . 0.1662 . . O.OOU.28 

. . 0.003980 

. . 0.004040 

. . . 0.00833 

. . . 0.0880 

. . . 0.0433 

. . . 0.00799 . . . -0.0880 . . . 0.00825 . . . 0.00511 . . . 0.00709 . . . 0.0292 

TABLE 111. - EBYSICAL CONSTANTS USED IN CALCuLllTION OF STATIONARY 
WATER-COOLE3l BLADE -S 

Perimeter of blade", ft . . . . . . . . . . . . . . ._ . . . . . 0.1628 
Span of bladea, f% . .. . . . . .. . . . . . . . . . : . . . . 0.2083 
Diameter of  coolant  passage&, f t  . , , . . . . . . . . . . . 0.0358 
Chordwise lerigth of copper inser t  i n  trailing-ed.ge 

sectiona, f t  . . . . . . . . . . . .- . .-.. . . . . . . . . . 0.0200 
Constant  thickness of copper insert  in  txailing-edge 

section&, ft- . . .. . . . .. . .-. . . .. : . . . . . . . . . . 0.0027 
Radius of blade .leading edgea, f3 . . . . . : . . . . .. . . . . 0.0369 
Radius of blade t r a i l i ng  edgea, ft . . . . . . . -. . . -. . . . 0.0025 
Thermal conductivity of stainless steel;  Btu/(sec) (ft) PF) . . . 0.00444 
Weighted average  thermalcanductivity of  trailing-edge 

section  with copper insert,  Btu/(sec) (f't) (OF) . . . . . . . . 0.0221 

. .  . .  

. .  

aSee figure 2. 

" 



. . . .. . . . . . . 

I I I 

. .. . 

b 

'I 
a8 

Coolant psaeage 

I 

. .  . 



. . . . . . . . . .  .. 

I 

I i 
! .  ' . .. . . .. 

V'  
m lm 

. ,  
L i' 

. . ..  ... . .. : I  . . 

1 



NACA RM E52D21 29 

. 
T o p p e r  

L 
0.032 l r  

Section AA Section BB 

Ceramic  heat-f lox 
imuLatolrs 

Sax cut separating sectiona 
of trailing edge 

8 Thermocouple  locations 
-Portion of blade  over  which 

local heat-tranefer  coef- 
ficients were evaluated 

Coolant flow 
(a) Sectional  view of stationary blade. 

(b) Approximatian of station+ry-blade  trailing-edge  section  with copper insert. 

F i g u r e  2. - Stationary,  stainless-steel,  water-cooled  blade  with  high-conductivity 
(copper) traiu-edge insert. 
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. 

100 140 180 220 260 340 
Experimental blade temperature, %’ 

Figure 4. - CcaPpariaon of dculated and experimental average blade-midspan 
temperatures for farced-convection, water-cooled alumlnum turbine.  Used 
in calculations were blade-to-coolant heat-transfer coefficients frm 
stationary-tube heated-liquid data (reference 3) and average gas-to-blade 
heat-transfer coefffcients calculated by methods of reference 2. 
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400 

320 

240 

160 

. - - . . . . . . . 

(a) Blade-tip  location. 

80 160 240 320 400 

Experimental  blade-midchord  temperature, ?I' 

(b) Blade-root  locatian. 

Figure 5. - Comparison of calculated  average  blade- 
tip and average  blade-root  temperatures  with 8 
specific  experimental  blade  temperature.  measured 
at midchord  location at  each of these  stations on 
forced-convection, v a ~ - c o o l e d  alrnninum.turbine. 
Used in calculations were blade-to-coolant  heat- 
transfer  coefficients fram stati0m.ry-tube  heated- 
liquid data (reference 3) and average  gas-to-blade 
heat-transfer  coefficients  calculated by methodr, 
of reference 2. 
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E x p m n t a L  b h b  t-tare, OB 
(b) Miaepan lading-edge locatiun. 

Figure 6. - Comparieon of specific calculated midspan 
trdlhg and leading edge temperatures with eyperi- 
mental data obtained. at these locations from forced- 
camrectlon,  water-cooled alumirmm turbine. Used in 
calculations were blade-to-coolant heat-transfer 
coefficients from stationary-tuba heated-l&pIid 
data (reference 3) Emd local gas-to-blade heat- 
transfer coefficients calculatd by the methods 
of reference 2. 
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1: 1 cbrrelatio 
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B.4 . 
QI 
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(d 0 

a 
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a 
J 80 
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. . . " ". -. - .  
120 160 200 240 

(a) Blade section without copper insert. 

I 

?I z 
4 
d 
0 

s o  ... _. - 

Experimental temperature, OP 
(b) B l a d e  section with copper insert. 

Figure 7. - Comparison of calculated with experimental 
trailing-edge temperatures for the e t d i o n a r y ,  
stainless-steel, water-cooled blade.. Used In calcu- 
lations were blade-to-coalant heat-transfer coeffl- 

(reference 3) and Local gas-to-blade heat-transfer 
coefficients calculated by the methods of reference 2. 

. cients from stationary-tube heated-liquid data 
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1000 

800 

600 

400 

200 

lF .. 
.F, 5 0  

I 1 1 I I 1 I I 
-Blade section with  copper ' 

I -Blade section without 
insert 

copper  insert _-- Inlet gas temperature _-- Average  coolant  tempera- 

Coolant flm, lb/sec 

Figure 8. - Effect of high-conductivity insert on the  trailing-edge  tempera- 
peratures  that ranged from 40O0 t o  900° F at a constant  test-section  gas 
ture of a stationary,  stainless-steel,  water-cooled blade. Inlet-gas t e m -  

WES velocity of 3.8 pounds  per  second - square foo t  and  the  average  coolant 
temperatures  are shown. 
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