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EFFECT OF DIAMETER OF CLOSED-END  COOLANT PASSAGES ON NATURAL- 

CONVECTION WATER COOLING OF GAS-TURBME BLADES 

By Arthur N. Curren and Charles F. Zalabak 

An experimental  investigation was conducted on a water-cooled  gas 
turbine  with  blade  coolant-passage diameters ranging from 0.100 t o  0.500 
inch,  corresponding t o  length-to-diameter ratios f r o m  25.5 t o  5.1, i n  
various quadrants of the  turbine. The investigation was conducted to 
determine (1) whether coolant-passage length-to-diameter r a t i o  has a sig- 
nificant  effect  on nakd-convection  heat-transfer  correlation, and (2) 
whether turbine blade temperatures  could be calculated  with  reasonable 
accuracy from a theoretical  natural-convection  heat-transfer  correlation. 

Because of large temgerature  gradients  within  liquid-cooled  turbine 
blades, it w a s  found necessary t o  account f o r  the conduction  process i n  
order t o  determine the temperature  difference between the  coolant  passage 
surface and the  place of blade temperature measurement. By use of an 
e lec t r ica l  analog to make the conduction correction, it was found possi- 
b l e  t o  calculate  turbine  blade  leading-edge  temperatures  within  about 
15O P of the  measured temperatures  for a wa;ter-cool& blade  operating at 
a teqperature of approximately 300° F with  coolant  passages f r o m  0.125 
t o  0.500 inch i n  diameter. A larger sca t t e r   i n  calculated temperatures 
resul ted  for   the  blade  t ra i l ing edge with a passage diameter of 0.100 
inch. 

No significant afferences in  the  heat-transfer results could be 
shown fo r   t he  various length-to-diameter ratios  investigated.  For  cool- 
ants t ha t  have very  high heat-trsnsfer coefficients, such as w a t e r ,  the  
blade  temperatures can be calculated from the  heat-transfer  coefficients 
obtafned f r o m  a theoreticsl  natural-convection  heat-transfer  correlation 
without  considering  length-to-diameter r a t i o  f o r  values of this r a t i o  
f r o m  25.5 t o  5.1. 

IXL'ROCUCTION 

The experimental  investigation  reported  herein waa made t o  deter- 
mine the  effect  of closed-end  coolant-passage  length-to-diameter r a t i o  
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on the  natural-convection  heat-transfer  characteristics of liquid-cooled 
turbines, and t o  determine whether blade temperature  could  be  calculated 
with  reasonable  accuracy. A correlation of experimental  natural- 
convection  heat-transfer data with a i r  as the  coolant i s  reported i n  
reference 1 for  flat plates and .large-diameter  tubes y i th   l enah- to -  
diameter r a t io s  up t o  5.0. In  reference- 2,- tXis  correlation  satisfacto- 
r i l y  describes  the  heat-transfer  data  for upward water flow i n  ver t ical  
tubes of length-to-diameter r a t i o  as high as 40 when the water  through- 
flow ra t e  is  sufficiently small. I n  references 3 and 4, heat-transfer 
investigations of a turbine.  with  natural-convection  water-cooled  blades 
having  closed-end  coolant  passages covered a.range of coolant-passwe 
diameters from 0.060 t o  0.125 inch  (corresponding t o  a length-to-diameter 
r a t i o  range of 43.5 t o  20.9). The coolant-passage  heat-transfer  coeffi- 
cients  calculated from the  turbine data were much smaller  than  those in -  
dicated from the   resul ts  of  reference 1. Better agreement could be ob- 
ta ined   i f  coolant-passage  surface  temperature6 were used  rather  than t h e  
temperatures measured near  the  outer  blade  surface, as reported. 

I n  a natural-convection  liquid-cooled  rotating  turbine  blade with 
closed-end  coolant  passages, the  heated boundary layer  adjacent  to  the 
coolant-passage wall flows radially inward, being  replaced by cooler 
f l u id  flaring radially o u t w a z d  as a central  core. Where the passages 
axe s m a l l  (large  length-to-diameter  ratio),  the  heated boundary layer 
could easi ly  take up so much of the passage  cross-sectional area, that the 
circulation of coolant outward in  the  central   core of f l u i d  would be re- 
stricted.  Where the flow is  through  tubes  with  large diameter with  re- 
spect t o  length, no blockage due t o  boundary-layer thickness is expected. 
An analyticsl  investigation  reported  in  reference 5 shows that, f o r  the 
conditions of  the tests of references 3 and 4, the  mtural-convection 
cooling  effects would be  considerably  decreased  for  coolant-passage di- 
ameters less than 0.146 inch. However, t h i s  conclusion is based on cal- 
culations  using  the  previously mentioned outer  surface  temperatures. Use  
of coolant-passage  surface  temperatures In   the  calculat ion of the  dewee 
of blockage would result in the same conclusion  but fo r  a pasaage of 
smaller diameter. 

In order t o  obtain additional information on the   effects  of  coolant- 
passage l eng th - to -d ie t e r  r a t i o  on heat  transfer and blade temperature 
for  turbine  blades  cooled  by  natural-convection  circulation of the cool- 
ant,  an  experimental  liquid-cooled  turbine was b u i l t .  The coolant-passage 
diameters ranged from 0.100 t o  0.500 inch, which corresponded t o  Length- 
to-diameter  ratios from 25.5 t o  5.1. Since no suitable method of  measur- 
ing blade  coolant-passage  surface  temperatures was ham at the time of 
fabrication, thermocouples w e r e  located near the  coolant  passages  and an  
e lec t r ica l  analog was used t o  obtain  eucgirical  constants  for  correcting 
temperatures. 
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The turbine was operated  with  water as coolant over the following 
range of conditions: 

Coolant-passage diameters: 0.100, 0.125,  0.250,  0.375, and 
0.500 inch,  corresponding t o  l e n g t h - t o - m e t e r  ratios of 
25.5, 20.4, 10.2, 6.8, and 5.1, respectively 

Turbine inlet temperature: 600' t o  120O0 F 
Coolant i n l e t  temperature: 68O t o  87O P . 

Turbine  speed: 4000 t o  10,000 rpm, corresponding t o  blade t i p  
speeds of 245 t o  611 feet per second and Grm-hof-Prandtl num- 
ber products of the  order of 1012 

The corrected  temperature data were used to  obtain  heat-transfer  corre- 
la t ions and w e r e  compared with  analytically  predicted  blade metal tern- 
peratures. . Calculated boundary-layer thichesses together  with  the com- 
parisons of calculated and measured blade  temperatures w e r e  used t o  
determine the  extent of passage choking. 

The test setup of references 3 and 4 was retained  for  %his  investi- 
gation. The turbine is coupled t o  a dynamometer through a gearbox  and 
conibustion gas is supplied. The ins ta l la t ion  is shown in   f igure  1, and 
is describe& in   de ta i l   in   re fe rence  3. 

Turbine. - The present t-mbine (fig. 2) was designed  with a thick 
blade  cross  section  to  permit  coolant-passage  diameters up t o  0.500 inch. 
An a i r f o i l  shape was approxhated  by circular a rc s   i n  a manner tha t  would 
permit  ease i n  machining tbe blades on a single.  ring. As a result, the  
prof i le  of these  blades i s  not  considered a good aerodynamic design. 
Blade chord and  span w e r e  of the  order of 2 and Z$ inches,  respectively. 

The turbine material was AISI-$03 s t a h l e s s   s t e e l .  

As shown in   f igure  3, the  turbine  rotor was divided into  quadrants 
of f i v e  blades each. All the  blades had trafling-edge  coolant  passages 
of 0.100-inch diameter but  the  leading-edge  coolant  passages  differed 
i n  each  quadrant, having diameters of 0.125, 0.250,  0.375, or  0.500 inch. 
Hereinafter,  the  quadrants w i l l  be referred to &s the  0.125-inch quadrant, 
0.250-inch quadrant, and so forth. The quadrants w e r e  separated by aamS 
i n  order that the  heat  rejected t o  the coolant f'rom each  quadrant  could 
be separately measured. 

li?strumentation. - Inlet-gas  temperatures w e r e  measured by cbromel- 
alumel thermocouples spaced i n  four equal r&el increments along the  
blade span at circumferential  positions SOo apart. The measurements  were 
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made in a plane 1/4 inch  upstream of the  nozzle  blades  (fig. 1). The 
coolant  inlet  temperature  was  measured by iron-constantan  thermocouples 
where  the  coolant  entered  the  turbine  wheel  (fig. 2). 

Rotating  cbromel-alumel  thermocouples  measured all blade  metal  tem- 
peratures  shown  schematically  in  figure 4, and  coolant  temperatures  at 
the  tip of the  leading-edge  coolant  passage  (thermocouple 5) and at the 
coolant  discharge  (thermocouple 6). A rotsting  thermocouple pickup con- 
sisting of a slipring and  brush  system w a s  utilized for transferring 
the  electromotive  force  generated by  the  thermocouples  to  temperature- 
measuring  equipment.  The  instrumentation  indicated in figure 4 was du- 
plicated in each of the quadrants, with  the  exception of thermocauple~4, 
which  was  located only in  the 0.125- and  0.500-inch  quadrants.  Data  are 
presented  for  thermocouples 2 and 4 only.as .indications.of  turbine blade 
body  and  extremity  temperatures. 

Thermocouples  in  the  center of the  leading-edge  coolant  passage  at 
the  blade  tip  were  installed  in  the  following  manner.  The  0.060-inch- 
diameter  thermocouple  tube,  which  enclosed  the  ceramic-insulated t h e m -  
couple  at  the  tip of the  tube, was held in position by means of a slot 
which  extended dong the  surface of the  coolant  passage.  This s l o t  was 
formed  by  drilling a 0.062-inch-diameter  hole  pe,ralSel  to  the  center  line 
of the  coolant passwe and  spaced so that  the  center  line  of  the  drilled 
hole  was  0.025  inch from the  coolant-passage  wall. T h i s  spacing  resulted 
in a "breakthrough"  into  the  coolant  passage,  the  width  of  the  break- 
through  being  less  than  the  0.060-inch-diameter  thermocouple  tube.  One- 
half  inch of the  sealed,  temperature  sensing  end  of  the  thermocouple  tube 
WBB formed so that  it  was  parallel  to,  but  offset  from,  the  remainder of 
the  tubing by the  distance  between  the  center  lines of the  coolant pae- 
sage  and  the  drilled  hole.  The  short  transition  section  of  the  tube 
between  the two parallel parts w a s  then  flattened  to allow the  sensing 
end of the  tube  to  pro3ect  from  the  slot i n to  the coolant passage as the 
tube w a e  slid dong the  installation  slot  to  the  desired  radial  position 
as  determined by the radid length of the  slat.  To  keep  the  sensing  end 
of  the  tube  centered  in  the  coolant  passage  and  provide  minimum flow 
restriction,  three  wires of about  0.030-inch  diameter  were  silver-soldered. 
normal  to  the  tube  about 1/4 inch  from  the  end  and  extending to the 
coolant-passage wall in a w n e r  to  serve  as  spacing  struts when the  in- 
stallation  was  complete. 

Other  rotating  thermocouples  were  installed. near the  outer and inner 
rotor  rim  surfaces, as shown in figure  2.  The angular position waa mid- 
way  between two adjacent  blade6 in the  0.250-inch  quadrant.  The differ- 
ence in temgerature @ between  these two locations is an indication of 
the  heat flow through  the  rotor  rim. 

.. 

. 
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Rig operation. - Turbine rotor  speed was controlled by means of an 
e lec t r ic  dynamometer t o  which the  rotor  w a s  connected  through a gearbox. 
Power was either  supplied  or absorbed, as necessary, by the  dynamometer 
t o  maintain a consixnt  turbine  speed  during a pezticular run. The i n l e t  
temperature was controlled by varying the  amocnt of fue l  t o  the  two 
direct-flow burners, w h i l e  the  air flow was maintained practically con- 
stant. A range of  coolant flows w a s  supplied t o  the  turbine  for  each 
operating  condition, and pertinent data were recorded at each  weight 
flow. 

Coolant  temperature  control. - The coolant temperature was con- 
t r o l l e d  by regulating  the  coolant f l o w  t o   t h e  blades. The coolant  flow 
supplied t o  the  blades is  not  necessmily a measure of  coolant circula- 
tion  in  the  coolant passages, since  the  coolant is  supplied  to a reser- 
voir i n  the blade base (figs. 1 and 2) and circulation  occurs as a r e s u l t  
of natural-convection  forces. The primary effect  of varying the  coolant 
f low was to  influence  the temperature of the  coolant  entering  the  blade 

1 coolant  passages by changing the  mixture temperature in, the  reservoir. 

Experimental range. - Table I summarizes the range of turbine  oper- 
I ating conditions. The minimum coolant-flow  requirement was established 

as jus t  enough flow t o  prevent  Vaporization of coolant in   the  coolant  
passages.  Since  the  turbine, owing t o  i ts  unsymmetrical internal  con- 
figuration, waa dynamically balanced w€th all the  coolant passages f i l l ed ,  
vaporization of the  coolant  in  the passages  during  operation would seri- 
ously affect t h i s  balance. 

Heat flow. - The coolant temperature at the  entrmce t o  the  rotor  
and the temperatures of the  coolant in the  discharge  passages flrom each 
of the quadrants w e r e  measured. The heat-flow rate from each of the 
quadrants was calculated  by  the  relation 

The symbols are defined in appendix A. It was assumed, t ha t   t he   t o t a l  
measured coolant  flow wae divided equally among the quadrants. In t h e  
range of temperatures investigated, % for  w a t e r  was assumed t o   b e  1.0. 
No corrections were made to account for   the temperature rise of the cool- 
ant in bringing it t o  the  rotational speed of  the  coolant  outlet. For 
t h i s  reason  the  calculated  heat  flows are about 3 percent  or  less  too 
high. 

.a 

- 
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Since  the  calculated heat-flow rate QT represents  the  heat flov 
from the  blade and  from the  rotor  r i m ,  a calculation of the Beat flow 
from the  rotor rim QR = k,,#@/rR was made. The average peripheral 
area was obtained in   t he  following way:  The area abcde bounded by  the 
dashed l i n e s   i n  figure 2 w a s  reduced in order t o  simulate the  rotor rim 
by a parallel-walled  plate. On a layout of.this section, a l i ne  was 
fa i red  through  midpuints of the  radial d i s t - ~ e s  -between the  rotor r i m  
ae and the  surface  in  contact  with  the  coolant bcd. -The cross-sectiond 
area between the  rotor rim and this faired l ine  was determined, then di- 
vided  by the width of the  r i m .  By subtracting  the  resulting dimension m 
from the  outer radLus of the  r i m ,  an average radius  for  the faired l i n e  
was  obtained. The area AR w a 8  then  calculated as the  surface  area of 
a cylinder of length equal t a t h e  length of the   fa i red   l ine  and of radlus 
equal t o   t h e  average rad- of the  fa i red line. The thlckness TR for 
t h i s  equation was obtained by dividing the  area abcde by the width of the 
outer r i m  of the  rotor. In addition,  the  following assumptions were made: 
(I) temperatures are a distance ZR apart3 (2) temperatures from the  
thermocouples loca ted   in   the  0.250-bch quadrant  apply all around the r i m ;  ?. 

and (3) the  cross-sectional area of the coolant  passages can be neglected. 

= 

. . . . . - - 

2 
M 

The heat flow through the r i m  QR w a s  subtracted f r o m  the  total - 
heat  flow % i n  order t o  obtain  the  heat fTow to  the  coolant from the 
blade only %,T. For the  conditions  investigated,  the  heat flow through 
the r i m  was of the  order of 10 .percent of t h e   t o t a l  heat flow. 

As a check of the  heat-flow  correction  for conduction from the  blade 
t o   t h e  r i m ,  a spanwise temperature  distribution  for  the  blade and r i m  
section was  determined by the  analytical method of reference 6 i n  which 
teqperature  variatfons normal t o   t h e  span w e r e  neglected. It was assumed 
tha t   the  temperature of the  inner r i m  surface (bcd, f ig .  2) was the  same 
as the  temperature..of  the  coolant  within  the  passage. The conduc- 
t ion  heat flow w a s  then  ctdculated  with  the  aid of the " c a l c h t e d  temper- 
ature  gradient a t  the blade base. Par the  point checked, the  heat f l o w  
determined by the measured temperature gradient i n   t h e  r i m  agreed within 
30 percent of. that  calculated  with  the temperature gradient at the  blade 
base. In adaftinn, the  heat  transfer from the blade by  conduction w 8 6  
found t o  be  about 4 percent of that transferred to   the  coolant  by con- 
vection. For t h i s  reason, the  heat flow calculated from the r i m  temper- 
ature gradient was considered t o  be  sufficiently  accurate. 

" 

Blade-metal temperature.for  heat-transfer  correlation. - Preliminary 
results  indicated the necessity of using a coolant-passage  surface tem- 
perature  for  heat-transfer  correhtions. A means 6 s  devised t o  deter- 
mine m f a c e  temperatures f r o m  blade-body temperature measurements by 
using  results f r o m  an e lec t r ica l  analog to  describe  the conduction 
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process. The construction and operation of the 'amdog are  described in 

temperature  difference 
L appendix B. The surface  teqerature  is implied by the  equations fo r  the 

and 

which are  the same as equation (2) i n  appendix B. The radii for  these 
equations are now the  radius of the coolant-passage  surface and the r d u s  
of the thermocouple lacation  in  the  actual  blade.  O n  X-ray photographs 
the  distances were measured from the  thermocouple  bead t o  the  coolant- 
passage surface. For  both  the  leading and the   t r a i l i ng  edge, t h i s  dis-  

Tg measured at   the  blade midspan were used  because the  spanwise  temper- 

tially constant  throughout t he  midspan region. Table  I1 lists the  cor- 
rection  factors *, which are  defined  in appendix B and were determined 
from the  e lectr ical  analogs. No analog w a s  comtructed f o r  the 0.375- 
inch quadrant. The heat f lows  QB, ze and QB, are  the  heat f l o w s  
i n to   t he   f l u id   i n   t he  coolant  passages at   the   leading and t r a i l i n g  edges, 
respectively, and the sum is equal t o  the  total   heat  f l o w  QB,'. These 
heat flows were determined by the  fractional  division of  the  current f l o w  
through the  leading- and trailing-edge  sections of the  analog.  (table 11) . 

1 tance was 0.067 inch f o r  a l l   t h e  quadrants. The temperatures T1 and 

* ature  profile determined in   t he  previous  section w a s  found t o  be  essen- 

These e lec t r ica l  analogs were constructed  with a resis tance  to  sim- 
ula te  a constant  outside  heat-transfer  coefficient. The effect  of a 
variable  heat-transfer  coefficient is i l lustrated  in   reference 6. Tem- 
perature  profiles were-conrpited by relaxation m e t h o d s  fo r  a cross  section 
of a liquid-cooled  turbine  rotor blade. For the  present  report,  the 
effect  of the  coefficient on the  variation of the  dlvision of heat flow 
t o  the two coolant  passages of reference 6 w a s  determined. Where the 
coefficient was constant, 48 percent of  the t o t a l  heat f l o w  to   the   b lade  
w a s  transferred t o  the  coolant  in  the  passage  nearest  the leading edge. 
With a  peripheral  vaziation of the  coefficient, 50 percent of the t o t a l  
heat f l o w  w a ~  transferred t o  the  coolant  in  the Leading-edge passage. 
Because the  difference  in  division of heat  flow w a s  so s m a l l ,  the  pe-. 

for   the purposes of this report. 
- r i p h e r d  variartion of  outside  heat-transfer  coefficient was aeglected 

- Data correlation. - The blade-to-coolant  heat-transfer  coefficient 
was calculated  as 
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where QB represents  the  heat  flow t o   t h e  coolant  within  the  leading- 
or  trailing-edge passage, as determined in   the  previous parragraph. The 
temperature of the  coolant i n   t h e   t i p  of the  blade passage T5 was used 
t o  represent a core temperature in  the  calculation of heat  transfer  for 
the  following  reasons. The geometry of the  turbine is such that   the  
water entering  the  reservoir has an angular velocity less than  that of 
the w a t e r  in   the  reservoir  owing to   the  difference  in  radii between the 
coolant  entry t o  the  rotor  cavity and to  the  reservoir.  The dams d i v i d -  
ing  the v a r i o u s  quadrants serve t o  bring  the water t o  the  rotor speed, 
and, i n  doing so, considere;ble mixing must take  place. In addition, 
local  turbulence due t o  heated w a t e r  flowing radial ly  inward from the  
blade  passages promotes  mixing i n  the  reservoir. These conditione  coupled 
with  the  observation  that  the  temperatures T5 and T6 are not  greatly 
different (see table I) Justify  the  use of T5 as the  temperature of the 
water flowing radially outward in the  blade passages. In any given  blade, 
the  coolant  temperature at t h e   t i p  of the trailing-edge passage was as- 
sumed t o  be the  same as that i n   t h e  leading-edge  passage. The accuracy rr 

of t h i s  assumption ell be  discussed later. 

h 

While T5 represents  the best available  value  for  the  temperature 
of t h e   f l u i d   t o  which the  heat i s  transferred,  the  outlet temperature 
T6 is more often known i n  a design problem. If T6 w e r e  used i n  the  
computation of heat-transfer  coefficients, lower values of the  coefficient 
would be  calculated when Ts becomes greater than T6. This condition 
might a r i se  when the coolant passage is so snaall tbt the  coolant f low 
rate in   t he  passage is lessened by interference between the radially out- 
ward and  inward flows. 

Natural-convection  heat-transfer data can be correlated on the basis 
of  the  relation (ref. 5) 

Nu = f(GrPr) 

The property  values (refs. 7 and 8) of the  coolant w e r e  evaluated at the 
film temperature (Ti + T5)/2 (ref. 4) .  In  the  calculation of  the Grashof 
number the  gravity term was replaced  by  the  acceleration term a%. The 
radius r wae taken as the   radius   to  the midpoint of the coolant paesage 
within  the blade. The characteristfc dimension 2 i n   t h e  h s e l t  ana 
Grashof nunibera wa6 taken as the average length of the  coolant passage, 
including the  psrt in the r i m .  The temperature  difference 8 wa8 that 
used f o r  the  heat  transfer Ti - T5. 
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Calculated  blade  temperatures. - Because of the high heat-transfer 
coefficients and heat-flow rates encountered in  this  investigation,  the 
temperature  difference between the  wall surface and the  coolant w a s  
s m a l l .  If random er rors  occur in the temperature  data,  correlations  in- 
volving small temperature  differences  are  subject t o  sca t te r   tha t  is not 
representative of the  actual temperature of the body under consideration. 
For t h i s  reason it was decided t o  calculate blade  temperatures and com- 
pare them with the measured blade  temperatures. It was assumed that   the  
heat  transfer  in  both  coolant  passages of all quadrants can be  described 

I 

by 

t 

cv which wa.6 developed in  reference 5. The exponent of the  Grashof-Prandtl 
2 numbers product  involves  the assumption that the passages are large 
D enough tha t   the  heated boundary layer does not  interfere  with  the flow 

into  the passage. The numerical coefficient is the  one result ing i n  the  
best  f i t  of the  equation  with data obtained on ver t ical   p la tes  and cyl- 
inders  in  the range d o  e GrF’r It is  also shown i n  reference 
I that   points determined from the form of this equation that describes 

turbulent free convection of air i n  a tube of 2/D = 5 .O over a range 
lo9 G r P r  3X1Ol2. I n  order to  calculate  the  blade temperature, it is  
first necessary t o  evaluate  the  coolant-passage  surface-to-coolant t e m -  
perature  difference 8 from this equation,  using  the  exgerimentally 
m e a s u r e d  values of rotor  speed, coolant  temperature T5 and heat flow 
rate QB, and fluid properties based on an assumed average of coolant 
and wall temperature. When a first approximation of 8 has been deter- 
mined f o r  a given s e t  of twfbine  data, a new approximation of the  average 
of the  coolant and wall temperature can be d e .  This is usually accu- 
r a t e  enough t o  proceed  wfth the  calculation of 8. The temperature dif- 
ference T1 - TiYZe or  Tg - TiYte, which is  necessmy t o  the conduction 
of the measured heat flows,  is then  calculated  with  the analog corrections 
already  described. 

3 

I the  local  coefficient  agree quite w e l l  with data from experiments with 

RESULTS AmD DISCUSSION 

Measured Temperature Data 

In figure 5, the  blade  temperatures and the  heat flow t o  the  coolant 
f o r  the 0.125- and the  0.500-inch quadrants are plotted  against  the flow 
r a t e  of coolant  supplied t o  the turbine  for  w h a t  is  considered  represent- 
a t i v e  data. The calculated heat flow t o  the  coolant on a per  blade basis 

coolant that was circulated through the  coolant  passages. Ho large change 

., 

- i s  included. The coolant f l o w  rate is not  necessarily  the  quantity of 
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in   the  heat  flow from the  blade  to  the  coolant occurred,  although the  
coolant flow varied by a factor of 4. Reither  the  temperature  level of - 
the  blade nor the  coolant.varied  greatly  with  the range of coolant flows 
used. AB mentioned previously,  "the  primary effect  of varying the  quantity 
of coolant  supplied ..to ..$hg. turbine was. t o  vary  the  coolant  temperature i n  
the  reservoir  in  the  rotor r i m  by mixing with  the  coolant that had circu- 
la ted  though  the passwe6 .and. removed. keas Xxom. the_ bWe8. .. F f w e  5 .. .. - 

illustrates the degree of mixing of  the  coolant  in  the  reservoir and the 
temperature rise  within  the  passages by the agreement of the two coolant 
temperatures. The temperature  af  the  coolant at the   b lade   t ip  T5 is 
50° F higher  than  the  outlet  temperature T6 i n   t h e  0.125-inch quadrant 
and o n l y  loo F higher i n   t he  0.500-inch quadrant. It can be seen in 
table I that ,   for   the 0.375- and 0.ZSO-iucb quadrants, T5 is not more 
than 20' F higher  than T6. For even the 0.125-inch quadrant, the  cool- 
ant temperature T5 should therefore be adequate for  heat-transfer COT- 

re la t ions,   in  view -of  the  heated  entrance le-h and the  rapid riae of " 

the  coolant  temperature t o  a uniform  value. " 

la 
43 
0 
M 

n 
As shown in  f igure 5, the  difference i n  temperature between the 

coolant and the  lowest  recorded blade temperature is  on the  order of 30* 
t o  90° F. Because the  coolant-passage  surface  terqperatwe is certainly .4 

lower than any of the measured blade  temperatures and the measured  tem- 
perature  differences between the  coolant and the blade are so small, 
small chsnges i n  the m e t a l  temperature  used would resu l t  i n  large changes 
in   the  temperature  difference and, hence, equally  large  percentage change8 
fn  the  heat-transfer  coefficients. It is therefore necessazy that the 
passage surface temgerature be determined as accurately a8 possible  for 
heat-transfer  correlations. An e lec t r ica l  analog was con8tructed t o  de- 
termine the coolant-passage  surface  temperature by establishing  the tem- 
perature drop between the thermocouple location and the  coolant-passage 
surface due to   t he  blade metal conduction  process. 

" 

Corrected Temperature Data 

Analog corrections. - Figure 6 is a plot  of  temperatwe differences 
between the blade metal and the coolant f o r  the data of figure 5(a). The 
dfp i n   t he  curves i n  the  coolant flow range of. 0.012 is. -probably  -the re- 
sult of the  particular variation of the  coolant  inlet  temperature and the 
effective gas  temperature, which can be  noted i n  table I. I n  terms of 
heat-transfer  correlations, it can be seen that the  temperature  difference 
obtained by analog  corrections will resu l t   in  Grashof  nunibers 60 to 40 
percent of those  calculated from the measured teqerature difference. 
Correspondingly, the  Nusselt mmiber will be 1.7 t o  2.5 times greater than 
obtained wi th  the mearmre-d temperature  difference. 

- .  

- 

c 
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Heat-transfer  correlation. - A typical heat-transfer  correlation ob- 
tained  with  corrected  temperatures is shown in  figure 7. For simplicity, 
the  calculations f o r  this figure w e r e  based upon relat ively few data 
points  believedto be representative of the  entire  data schedule. The 
data chosen were  for  the  blade  quadrants having the minimum and maximum 
leadLng-edge coolant-passage  diameters,  the 0.125- and 0.500-inch qad- 
rants,  respectively, a nominal effective gas  temperature of 80O0 F, 
intermediate  coolant  flows from 0.0082 t o  0.0126 pound per second per 
blade, and minimum and maximum turbine speeds of 4000 and 10,OOO rpm, 
respectively, as shown in   t ab l e  I. The blade  temperatures measured by 
thermocouples 0.067 inch from the  coolant passage  (thermocouples 1 and 
3 i n   f i g .  4)  w e r e  correctedby  the  electrical-analog  factor t o  obtain 
the coolant-passage Burface temgerature. Data corrected in  t h i s  manner 
are  shown to   s ca t t e r  about the  correlation  l ine  theoretically  predicted 
f r o m  reference 5 fo r  natural  convection. It is obvious that the  percent- 
age sca t te r  is much greater than  for any one blsde-metal temperature i n  
figure 5. It appears  possible, however, that   the  theoretical   correlation 
l i n e  from figure 7 can be  used  for  predicting  natural-convection  heat 
transfer.  Because the experimental  temperature  differences are small 
(fig. S ) ,  any calculated heat-transfer'coefficient equal t o  o r  larger  
than  the  experhental   coefficfent would be  expected t o  result i n  calcu- 
lated coolant-passage  surface  temperatures not much different f r o m  the  
coolant  temperature. Inasmuch as the temperature  difference between the 
coolant-passage  surface and the  coolant  resulting from the analog  cor- 
rections is  so small that small errors   in  temperature measurements r e su l t  
in  disproportionately  large  errors  in  the  temperature  difference, it is 
impossible t o  determine 812 exact  heat-transfer  correlation  for  the  in- 
s ta l la t ion  used  in  this investigation. 

Blade  Temperature Comparisons 

Thus far, it has been shown tha t  small er rors   in  m e t a l  temperature 
can resu l t  i n  very large  errors,in  calculated  heat-transfer  coefficients 
for  liquid-cooled blades. It follows that, because of the small temper-, 
ature  differences between coolant and coolant-passage  surface in   l i qu id -  
cooled  blades, k g e  errors in an assumed value o f  heat-transfer  coeffi- 
cient  should  result  in only a small error in  a calculatedblade temper- 
ature  based on this  heat-transfer  coefficient. It was therefore assumed 
that blade-to-coolant  heat-transfer  coefficients.cazld be represented  by 
the  theoret ical   correlat ion  l ine of f igure 7 f o r  all coolant-passage di- 
ameters investigated  herein. With the use of these  blade-to-coolant  heat- 
transfer  coefficients,  the measured coolant  temperature T5, the measured 
heat f lows apportioned by the  f ract ion shown in   t ab le  11, and the 
electrical-analog  corrections from the coolant-pasaage surface tempera- 
tu re  t o  the  blade  metal  temperature at the  thermocouple location,  turbine 
blade temperatures were calculated and compmed with  experimentally meas- 
ured  temperatures. The complete data range f o r  the 0.250-inch  quadrant 
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was considered 88 typical for t h i s  comparison. Arbitrarily  selected data 
were used for   the  comparisons i n   t h e  0.125- and 0.500-inch quEtdrants. e 

The resu l t s  are shown i n  figures 8 and 9. 

Calculated  turb'ine-blade- leading&age~'t&i@era€wie6;~ - Figure 8(  a) 
. .  

shows the  calculated  blade  temperatures in   the   v ic in i ty  of the  leading- 
. .  

edge c001an-k passage.(themcouple 1 i n  fig. 4 )  fo r  a passage diameter of 
0.125 inch. The calculated b m e  temperatures  average  &aut Wo F lower 
than  the measured temperatures and, with  the  exception of two points, K) 

the maximum scat ter  is about &loo F about the mean. These predicted 
blade  temperatures  are  well  within  the  accuracy that would be required 8 
for practically all turbine  applications.  ..In f i g r e s  8(b) and fc )   for  
the 0.250- and the 0.500-inch quadrant, the data sca t te r  is &out the 
same as i n  figure 8(a), but on 8.a average the  calculated blade tempera- 
tures more nearly  agree  with  the measured temperatures. 

The solid  points  in  f igure 8(a> were  conrputed on the assumption that 
the  heat i s  transferred to   the  water at a temperature T6 rather  than 
T5. These calculated blade temperatures me 30' t o  50' F lower than  those 
predicted  with a coolant  temperature of T5. Thia indicates  that   there is 
interference between the radially inward and outward flowing coolant  with- 
in   the  blade passage, which resul ts  i n  heat transfer predictable only 011 .. 
the  basis of a coolant-passage temperature T5. . ." 

h 

Calculated  turbhe-blade  trailing-edge ' temgeatures . - The tempera- 
- . . . . - - 

ture  near  the  trailinn-edge  coolant passage (thermocouple 3 i n  fig. 4 )  
was also calculated and is shown in  f igure 9. Because the  trailing-edge 
passage was 0.100 inch i n  diameter i n  all qmdrants,  the quadrant would 
not  be  expected t o  have a significant  effect on the  calculated  trail ing- 
edge temperature.  .There is some effect, however, because the  division 
of total.  blade  heat flow t o   t h e  two blade  passages is differed f o r  dif- 
ferent  quadrants. For example, in the 0,SOQ-inch guadrant, a greater 
proportion of t h e   t o t a l  blade hest flow goes t o   t h e  leading-edge  passage 
than  in   the @ant where the leading-edge passage is  0.125 inch i n  
diameter. 

Figure 9 shows the  comparison between calculated and measured 
trailing-edge  temperatures for the quadrants with 0.125-, 0.250-, and 
0.500-inch-diameter-  leading-edge passages. The data sca t te r  about the 
l i n e  for 1:l correlation,  but  the  scatter i s  roughly twice aa great aa 
it w a s  for   the leading-edge  passages. For the  0.125-inch  quadrant (fig. 
7(a)), the  calculated  temperatures were a l l  lower than  the measured tem- 
peratures.  This effect i s  not sham a t - t h e   t r a i l i n g  edge,  even though 
the  coolant-passage  dfameter is only 0.100 inch. The calculated  trailing- 
edge blade  temperatures of the 0.125-inch guadrant are higher than the  
measured temperatures. As shown earlier, when the  actual  peripheral var- 
i a t ion  of  the  outside  heat-transfer  coefficient is considered, a higher - 
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proportion of the t o t a l  heat flow is t ransfer red   to   the   f lu id   in   the  

w o u l d  improve the agreement of  the  calculated  values  with  the measured 
values for  the  temperature ne= both  the  leading- and the  trailing-edge 
passages in   t he  0.125-inch  quadrant, but  the magnitude of the change is  
not  sufficient  to  bring  the  temperatures  into 1:1 agreement. Therefore, 
it is unl ikely  that   the   resul ts   for  the 0.125-inch  quadrant are due, t o  
any large degree, t o  the heat-flow distribution  established by the  analog 
constructed  with a constant  outside  coefficient. In addition,  the  trend 
in   the  0.125-inch  quadrant w a s  not  obtained in   e i ther   the 0.250- o r  the  
0.500-inch quadrant. 

” leading-edge  coolant  passage. The difference s h m  by such calculations 

Since  the  calculated temperatures agree  with  the measured tempera- 
tures   near . the  t ra i l ing edge in   the   th ree  quadrants checked, the  coolant 
temperatures assumed in these passages are- adequate. 

. I . . 

Boundary-layer t h i c h e s s .  - A qualitative check of the   res t r ic t ion  
of the  coolant flaw within  the blade coolant  passages was  made.  The in- 
terference between the   f l u id  streams  flowing radially outward and inward 

3 within  the same passage was indicated by the  thickness of the boundary . 
layer formed by the  heated  coolant flowTng &ally inward as  calculated 
from equation (27) of  reference 5. O f  the particular points checked, 
the maximum calculated displacement thickness  (equivalent  thickness f o r  
constant  velocity  in  the boundary layer) was 0.032 inch i n   t h e  0.100- 
inch  passage. This forms an anrmlus tha t  is about 87 percent of the pas- 
sage  cross-sectional area. As seen fromthe  resul ts  of the comparison of 
calculated  with measured blade  temperatures, this degree of r e s t r i c t ion  
of the  coolant flow into  the passage does not result in  blade  temperatures 
appreciably different fipm those  predicted by available theory. 

- 

Use and Limitations of Theoreticd Natural-Convection 

Heat-Transfer  Correlations 

From the  results  presented  thus far, a direct  experimental  proof has 
not  been  obtained that  the  theoretical  natural-convection  heat-transfer 
correlation  presented  in  reference 5 is accurate  for  coolant-passage di- 
ameters from 0.100 t o  0.500 inch  (length-to-diameter  ratios from 25.5 t o  
5.1). With the use of this   correlat ion and cbrrectlons f o r  the tempera- 
t u r e  differences due t o  the.conduction  process in   the  blade metal, how- 
ever, it i s  indicated that blade  temperatures can be  predicted  with  suf- 
f ic ien t  accuracy f o r  most engineering  applications when coolants t h a t  
give  high  heat-transfer  coefficients, such as water, are  used. The 

ant  passages s t i l l  rewire   invest igat ion.  The data obtained f o r  t h i s  
turbine show that coolant-flow res t r ic t ion  due t o  boundary-layer  growth 

- effects  of  even smaller  diameter  (larger  length-to-diameter r a t i o )  COOL 
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with  natural convection does not  result  i n  serious  error  in  blade- 
temperature  calculation  and  that use of the  theoretical  equation of ref- " 
erence 5 does not  result   in serious e r r o r   i n  temperature calculation 
where passages of length-to-diameter r a t i o  less than  or  equal  to 25.5 
are used. 

In the  present  investigation  the  blade  temperature  range w a s  limited 
by the  coolant  boiling  temperature. In  ligula-cooled  turbines, it is. de- 
s i rable   to   operate  at blade  temperatures of 1000° F or  higher degending m 
on the  turbine material. With these  higher  blade temperatures, metal 
strength is  st i l l  high and the  quantity of heat  rejected from the  engine 8 
cycle due to  turbine  cooling is reduced. Operation a t  these  higher tem- 
peratures  requires  the  use of coolants  with  high  boiling  points,  such  ae 
the liquid metals, m e t a l  salts, and metal hydroxides, or  water at super- 
cri t ical   pressures.  . " 

This  experimental  investigation did not  give information concerning 
possible  accuracy i n  calcillating blade temgeratures at higher  temperature 
levels. An indication of possible  errors  to be expected is  shown i n  
figure 10. Blade  temperature is  plotted  against  the  coolant  core t e m -  L 

perature  obtained  analytically  for a range of coolant  core  temperatures 
from ZOOo t o  looOo F. The blade temperature w a s  taken t o  be  the temper- 
ature at a point similar t o   t h e  position of  thermocouple 1 i n  figure 4. 
The temperature Tl was calculated for the  leading-edge part of the 
blades having 0.250-inch-diameter  leading-edge coolant  passages,  using 
water as the  coolant at a pressure of about 4000 pounds per square Inch 
so that  boil ing of the  coolant up t o   t h e   c r l t i c a l  temperature is pre- 
vented. Properties of the  coolant at thie  condition were obtalned from 
references 7, 9, 10, and 11. The blade-to-coolant  heat-transfer  coef- 
f ic ien t  was  obtained from the  natural-convection  correlation of reference 
5, and the  Nusselt nuniber w a s  varied k50 percent from the value obtained 
by  the  correlation. The gas temperature for heat  transfer was chosen 8 s  
1850' F, with a constant  outside  heat-transfer  coefficient of 0.0556 
Btu/(sec)  (sq f t )  ( O F )  (200 Btu/(hr) (sq ft) (OF)) which is consFdered av- 
erage  for  present-day  turbine  designs. For the  ent i re  range of  calcula- 
tions, E S O  percent  error  in  Nusselt nuniber will affect  the  calculated 
blade temperatures by no more than 30° F. This error  is well  within the 
accuracy  required  for most engineering  applications. 

* 
- 

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

To determine the  effect  of a higher outside  heat-tranefer  coefficient 
on the  error caused by a 6 0  percent  error i n  the  assuqption of the 
Nusselt number, calculations similar to  those made for  f igure 10 were 
repeated far a range of coolant  core  temperatures from 40O0 t o  500' F fo r  
an outside  heat-transfer  coefficient of 0.1389 Btu/(sec)(sq ft)(OF) (500 
Btu/(hr) (sq ft) (?I?)), which might be attained in a turbine w i t h  a very 
high mass flow. It w a s  found tha t   the  error band w a s  W t e  similar   to  
tha t  determined for   the  lower coefficient. 
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The errors of 6 0  percent i n  Nusselt number shown in   f igure  10 are 
4 estimated t o  cover a range large enough t o  permit use of the  correlation 

of reference 5 fo r  passage  length-to-diameter ra t ios  up t o  at least 25.5. 
Even larger  variations, which might be  encountered  with smaller diameter 
passages,  should not have a large  effect  on calculated  blade  temperature 
because of the  relative  insensit iveness of the  calculations  to Nusselt 
number so long as coolaats  with  high  heat-transfer  coefficients are used. 

An investigation of the  effect of coolant-passage  length-to-diameter 
r a t i o  on natural-convection  heat  transfer  in  water-cooled  turbine  blades 
produced the following resul ts :  

1. Very high heat-transfer  coefficients and small temperature dif- 
ferences between coolant and passage  surface were characterist ic of  t h i s  
turbine. Because of the  errors  associated  with  the measurement of tem- 
perature,  errors  in  the small temgerature  difference were quite  large. 
As a  result ,  no differences i n  the nondimensional heat-transfer  correla- 
t ion could be shown for   the various length-to-diameter ra t ios   invest€-  
gated. 

a 

2. A theoretical  natural-convection  correlation  for flat plates  
and tubes. of small length-to-diameter ratio was  found t o  be  adequate t o  
define  the  heat-transfer  coefficients  for purposes of blade-temperature 
calculation. It was possible t o  calculate  turbine  blade temperatures 
near the le-g-edge coolant  passages  within  about 15O F at blade tern- 
peraturea of approximately 300° P without  regazd t o  length-to-diameter 
ratio for  values of t h i s  r a t i o  from 25.5 t o  5.1. There w a s  a larger  
scatter i n  the calculated results for temperatures  near  the  trailing- 
edge coolant  passage of 0.100-inch diameter. 

3. It w a s  shown analytically  for  blade temperatures up to 1270° F 
that errors of &SO percent in  the  theoretical  natural-convection  Nusselt 
nlzniber would resu l t   in   e r rors  of less than 30° F in  calculated  blade 
temperatures for high  heat-transfer  coolants, such as water. 

4. Because of the  large ternperature  gradients  within  liquid-cooled. 
turbine  blades, it i s  necessary to take  into account the  temperature 
dlfferences  between,the  coolant-passage  surface and the  place of measure- 
ment i n  order t o  calculate  local blade-metal temperatures o r  t o  use ex- 
perimental data t o  obtain  heat-transfer  correlatione, 

- 
L e w i s  Flight  Propulsion  Laboratory 

National Advisory Committee fo r  Aeronautics 
Cleveland, Ohio, October 27, 1955 - 
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SYMBOLS 

area, sq f t  

length of blade  coolant passage, ft 

specific  heat of  coolant at constant  pressure, Btu/(lb 1 (OF) 

diameter, f t  

Function 

heat-transfer  coefficient, Btu/( sec) (sq f t )  (9) 

thermal conductivity, Btu/( set) ( f t 1 ( 9) 

thermal conductivity, blade and rotor rim niaterial, 
0.00439 BtU/( BeC) (f t) ( 9) 

length of coolant passage i n  blade and rotor rim3 f't 

Nusselt nuniber, hZ/k 

Prandtl rmniber, c#/k 

heat-flow rate, Btu/sec 

radius, f t  

temperature, OF 

weight-flow rate, lb/sec 

coefficient of thermal expansion of coolant, 1/OF 

temperature  difference, T5 - Ti,ze or Ts - Ti, tej  OF 

temperature  difference between outer' and inner turbine rim thermo- 
couples, OF 

dynamic viscosity of coolant, lb/( sec ) ( f t ) 
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P density of coolant,  lb/m f t  
-, 

z metal  thickness, ft 

a, angular velocity,  radians/sec 

$- analog correction  factor defined i n  appendix B 

w Subecripts: 
0 
0 

w a arbitrary  location 

B blade 

7 C coolant 
d 

i inside  (coolant  passage) 

i n  inlet 
a 

'be leading-edge part of blade 

R rim 

T t o t a l  

t e  %railing-edge part of blade 

17 

1 t o  6 %hemnocouple locations (see fLg. 4)  
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C0OLAKC"PASSAGE W A L L  TEMpERATiTRF: CORRECTIONS 

l!he follarrtrigequation fl-om reference 12  defines the heat flow 
through a tube when the  outer and inner walls have-different  temperatures: 

& = k -  2'b (Ti - Ta) 

In - r, 
"i 

Rearranging terms yields 

This equation  states  that  the terq?ersture difference  in a tube of  length 
b depends on the radius and the- heat f l o w .  

. .  !E " 

For the  ease -of a cylindrical passage i n  EL noncyli-ndrical body, a& 
i n  a liquid-cooled  turbine  blade, it is appe-ent  -that this equation is. n o t  
valid,  since  the passage is s y . r o w e d  by nonconcentric  isotherms. In  t h e  
present  investigation,  equation (1) is d i f i e d  by a correction  factor t o  
account for.the  nonconcentrbity of the  isotherm. .The equation is then 
valid  only  locally  and,-because of -this  restriction,  the  correction  factor 
must .be  determined for specific  locations on specific  configurations. 

L .  
" 

Since  electrical  analogs have been  used'previCusIy i n  turbine-blade 
- 

temperature  studies  (ref. l3), such a device was constructed t o  determine 
the  correction  factors needed in  this  investigation. For corn-truction of 
t h e  analog, the  outside  heat-transfer  coefflcient uas assum& on-the basis - 
of  average over-all  values f 'rom the  ent i re  experimental  range. For the 
ins ide  heat-transfer  coefficient, an  estimate wa6 made. The accuracy of 
the  estimate was considered adequate, -since  -€Xe-hest flow is largely de: 
termined by the  outside  heat-transfer  coefficient. : 

" . - 

Since the  correction was desired in the form 

In - ra 
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the  correction  factor was determined as - 

19 

where (‘i a ’.) analoa 
is measured f rom the  analog and 

The f i rs t  analog  comtruct’ed was 10 times  the  blade  size and was fab- 
ricated. of 24-gage chromel w i r e  i n  a 1/2- by 1/2-Fnch grid. The,locationk 
of t he  thermocouples i n  the  actual  blade w e r e  represented as accuratelyras ’. 
the  grid spacing ‘would permit,  since  the thermocouple locations ’in the  
analog must occur at grid junctions. . On the  basis of approximate calcula- 
tions of the thermal resistance of the  enclosed  ceramic-insulated thermo- 
couple a s s d l y ,  the thermocouple ins ta l la t ion?  in the  blade was simulated 
by an electr ical   res is tance 100 times tha t  of’ t h e  same span of the  normal 
analog wire. 

. I  

Although the  ,IO-times-size  analog.  allowed the  placemeit  of thermo- 
couples  accurately &ugh f o r   t h e  leading-edge. part of the analog, it was . 
found that the thermocouples in the, trailing--*e portion of t he  analog 
could not be  placed  with.  required accuracy, owing t o   t h e   r e l a t i v e l y  few 
=id  junctions in that tw-sec t ion   reg ion  .of the  analog. .Consequently, 
a 20-times-size  analog  of the  trailing-edge part of the  turbine  blade was 
constructed. This analog. is. shown in figure 11. The extent of the 
trailing-edge ‘pa?t of .the blade.  (the curved. left  grid  extremity  in f ig .  
ll) was determined  by  establishing  the line across which there is a zero 
temperature gradient on the  10-times-size analog f o r  the blades  that have 
.0.250-inch-diameter -1eading-edge coolant  passages. -. That p’articulaz  blade 
type was chosen for  the  design O f  the  ZO-$imes-size analog because i ts . .  e 

zero-thermai-gradient line f e l l  between and w e l l  represented  those of the  ’ 

other  blade  types for which analogs Were constructed. No h a l o g  was con- 
s t ructed  for   the blades with a 0.375-inch-diameter coolant p&sage because 
no additional  information would be gained. 
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speed, 
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~ EZf ec- 
t ive 
&ss 
temper- 

ccmibus 
t ion 

flaw, 
lb/sec 
Per 

blade 

Cool- 
ant 

lb/sec 
Per 

blade 

flow, 

Temperaturea, % 
N e a r  Mid- N e a r  Tra i l -  Cool- Cool- Cool- Outer Inner 
lead- chord trail- ing ant ant ant rFm rim 

edge 

524 
559 
586 
561 
557 
543 
538 

767 
730 
749 
864 
724 
721 
751 

858 
83.l 
826 
816 
844 
831 
821 
858 
824 
847 
825 
867 
84 7 

. 8% 
831 
862 
827 
833 
845 
1012 
1023 
1026 
1040 
1029 
1030 

1227 
1221 
1222 

~ 

0.107 
.lo7 
.lo8 
.lo8 
.lo8 
.lo8 
.lo8 

.lo9 

.lo9 

.lo8 

.lo7 

.lo9 

.lo8 

.lo8 

.lo5 

.lo6 

.lo6 

.lo6 

.lo6 

.lo6 

.llO 

.lo8 

.UO 

.UO 

.lo4 

.loo 

.ll4 

.lll 

.UO 

. l l O  

.113 

.lll 

.llO 

.llo 

.llo 

.UO 

.U3 .ll2 

.ll3 

.ll2 

.ll3 .ll3 

l-T 

L 

0.022 
.016 
.013 
.010 
.0083 
.0052 
.OO32 

.022 

.016 

.013 

.010 

.0084 

.OO52 

.OO32 

.022 

.015 

.013 

.010 

.0085 

. E 2  

.0043 

.022 

.015 

.013 

.010 

.om3 

.0052 

.022 

.015 

.013 

.010 

.0082 

.0052 

.022 
,016 
.012 
.010 
. m 5  
.a373 
.022 
.016 
.013 L 

- 
194 
207 
215 
217 
222 
238 
255 

257 
255 
265 
212 
287 
292 
336 

257 
255 
274 
282 
296 
327 
340 

267 
2 70 
288 
294 
305 
335 
252 
2 75 
300 
29 7 
310 
335 
302 
332 
324 
321 
321 
335 
344 
367 
369 - 

207 
220 
227 
230 
233 
245 
267 

272 
273 
282 
316 
289 
3la 
335 

275 
2 73 
282 
287 
302 
330 
344 

267 
275 
293 
302 
310 
339 

280 
291 
302 
302 
321 
347 
319 
335 
350 
350 
356 
368 
313 
330 
336 

181 
193 
201 
205 
2 n  
224 
250 

242 
245 
255 
293 
262 
285 
320 

245 
245 
255 
260 
274 
301 
317 
234 
246 
257 
261 
277 
310 

242 
255 
265 
266 
283 "- 
"- "- 
"- -" 
" - 
-" 
"- -" 
" - 

220 
241 
250 
250 
256 
265 
284 

305 
300 
310 
355 
317 
335 
351 

306 
305 
319 
320 
335 
357 
365 
290 
295 
318 
320 
325 
350 

280 
289 
305 
302 
322 
347 
325 
339 
352 
355 
353 
350 

359 
377 
382 

70 
70 
70 
71 
7 l  

I 68 
76 

70 
70 
71 
73 
72 
72 
76 

73 
74 
74 
75 
76 
81 
87 

69 
75 
86 
77 
71 
72 
74 
74 
75 
76 
76 
74 
72 
72 
74 
71 
72 
72 
72 
72 
72 - 1 

135 94 
140 100 
146 108 
150114 
175  137 
202  175 

154 95 
163 LO8 
175 118 
207 142 
192 140 
225 175 
270 W 5  

163 EL6 
165 122 
190 132 
195 145 
210 162 
244 203 
262 217 
152 104 
170 127 
194 142 
211 L57 
212 169 
255 a0 
160 112 
177 130 
192 148 
197 157 
215 180 
246 209 
177 ll9 
200 144 
213 164 
219 167 
227 180 
237 193 
201 135 
220 160 
239 180 

- %umbered thermocouples refer to thermocouples of fig. 4; others t o  thermocosrples 

%o thermocouple here in this quadrant. 
of f ig .  2. - 
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TABU3 I. - Continued. 0- DATA FOR WATER-COOIED TUKBINE 

524 
559 
586 
561 
557 
543 
538 
767 
730 
749 
864 
724 
721 
751 

858 
8ll  
826 
816 
844 
831 
821 

858 
824 
847 
825 
867 
a47 

858 
831 
862 
827 
833 
845 
1012 
1023 
1026 
1040 
1029 
1030 
1227 
1221 
1222 

0.107 
.lo7 
.lo8 
.lo8 
.lo8 
.lo8 
.lo8 

.lo9 

.LO9 

.lo8 

.lo7 

.lo9 
' .lo8 
.lo8 
,106 
.lo6 .'lo6 
.lo6 
.lo6 
.lo6 
.l lo  
.lo8 
.m 
.llO 
.lo4 
.loo 
.ll4 
.lll 
. l lo  
.llO 
. ll3 .Ill 
.110 

.llO 

.EL0 

.110 

.u3 .u2 .ll3 

.xL2 

.ll3 

.u5 

- 

1.022 151 
.016 161 
,013 166 
,010 170 .0083 175 
.0052 193 
.0032 218 

.022 188 

.016 192 

.013 200 

.010 229 .0084 2 l l  

. W 2  237 

.0032 281 

.022 192 

.ol5 200 

.ol3 '209 

.010 215 .0085 231 

. o s 2  268 .0063 282 

.022 191  

.015 205 

.013 227 

.010 233 

.m3 238 

.ME2 285 

.022 200 

.OE 212 

. o s  225 

.010 230 

.0082 247 

- 

. a 2  278 

.022 225 

.016 242 

.OX? 258 

.010 270 

.0085 292 

.0073 304 

.022 258 

.016 277 
.OX3 292 

177 169 
188 1 9 0 .  
195 197 
197 198 
202 201 
220 221 
242 246 

232 227 
233 232 
244 243 
281 280 
252 252 
275 277 
315 318 

242 228 
247 235 
255 246 
262- . 254 
278. 269 
3u 302 
326 319 

240 225 
2 s  235 
272 255 
277 265 
287 275 
320 317 

257 227 
265 237 
282- 253 
285 260 
300 279 
332 316 

292 260 
309 279 
325 295 
328 308 
350 325 
358 335 

332 300 
352 320 
364 336 

70 
70 
70 
71 
71 
68 
76 

70 
70 
71 
73 
72 
72 
76 

73 
. 74 

74 
75 

~ 76 
81 
87 

69 
75 
86 
77 
71  
72 

74 
74 
75 
76 
76 
74 

72 
72 
74 
71 
72 
72 

72 
72 

- 
94 

105 
3-09 
122 

152- 
185 

ll4 
x50 
L38 
162 
l55 
190 
232 

125 
139 
146 
157 
175 ' 
214 
228 

120 
140 
155 
166 
180 
215 

125 
142 
157 
157 
16 7 
190 

122 
140 
151 
161 
183 
19 2 

131 
146 
161 

129 

85 
97 

102 
I l l  
1 2 1  
150 
182 

98 
ll3 
120 
147 
144 
180 
219 

108 
125 
32% 
150 
167 
W O  
222 

105 
132 
146 
160 
173 
212 

114 
135 
150 
164 
186 
220 

122 
1so 
170 
191 
213 
222 

139 
168 
L87 - 

. -  

- 
120 
133 
l39  
144 
150 
172 
200 

E1 
160 
168 
198 
185 
213 
253 

156 
169 
178 
188 
204 
240 
255 

151 
174 
192 
204 
2 u  
255 

165 
179 
193 
201 
223 
255 
178 
200 
219 
238 
257 
266 

209 
235 
251 - 

%umbered thermocouples refer t o  thermocouples of fig. 4; others to thermocauples 

%io thermocouple here In t h i s  quadrant. 
of fig. 2. - 

- 
9 1  
100 
107 
I s  
122 
14 7 
181 

la 
11.6 
125 
150 
145 
177 
224 

110 
125 
136 
148 
162 
207 
222 

107 
130 
144 
156 
168 
212 
x15 
1.33 
147 
160 
181 
220 

122 
146 
1.65 
185 
210 
222 

140 
165 
184 - 
-7 
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4,000 

4,- 

6,000 

8, OOo 

10, m 

10, OOO 

10, OOO 

524 
559 
586 
561 
55 7 
543 
538 

76 7 
730 . 
749 
864 
Ti4 ' 
721 
751 ' 

858 
8sL 
826 
816 
844 
831 
821 

858 
824 
a47 
825 
86  7 
847 

858 
831 
862 ' 

827 
833 . 
845 
1012 
1023 
1026. 
1040 
1029 
1030. 

122 7 
1221 
1222 

. 

Leading-edge coolant-passage dfameter, 0.375 in. 
0. IO7 

.lo7 

.lo8 

.lo8 

.lo8 

.lo8 

.lo8 

.lo9 

.lo9 

.lo8 

. lo7 

.lo9 

.lo8 

.lo8 

.lo6 

.lo6 

.lo6 

.lo6 

.lo6 

.lo6 

. u o  

.lo8 

. n o  

.llO . lo4 . loo 
in4 

.lll 
-.llO 

. l l 3  

.Ill 
... n o  
_. - . 110 

. n o  

.llO . sL3 

.m 

.u3 

. -..no 

.Ira 

. ll3 

. l l3  

I. 022 
.016 
.013 
.010 
.ala3 
.O52 
.0032 

.022 

.016 

.013 

.010 .am 

.0052 

.0032 

.022 

.015 

.013 

.010 .oms 

.mt 

. a 3  

.022 

.015 

.013 

.010 

.m 

. a x 2  

.022 . O B  

. on .  

.010 

.om2 

. E 2  

.022 ~ 

.016 

.012 

.010 

.m5 
,0073 

.022 

.016 

.Ox3 

- 
143 
l50 
160 

170 
187 
213 

182 
182 
195 
225 
205 
233 
272 

165 

182 
194 
201 
209 
224 
257 
268 

183 
196 
209 
215 
22 7 
262 

188 
19 7 
212 
21Q. 
238 
264 

209 
223 
237 
251 
262 
277 

240 
260 
278 - 

155 
164 
175 
178 
L83 
200 
227 

203 
200 
217 
250 
227 
252 
293 

205 
W6 . 
225. 
232 
249 
280 
292 

210 
220 
240 
247 
253 
288 

216 
225 
240 
247 ' 

264 
289 

239 
252 
-269 
280 
28 7 
302 

276 
294 
310 

. 

177 
18 7 
200 
203 
207 
225 I 
250 

235 
230 
248 
284 
258 
282 
318 

234 
244 
251 
258 
275 
303 
317 

233 
244 
258 
263 
277 
309 

243 
251 
263 
275 
293 
320 

mi 
295 
309 
317 
325 
338 

3522 
337 
355 

- 
70 
70 
70 
7 1  
71 
68 
76 

70 
70 
71  
73 
72 
7? 
76 

73 
74 . 
74 
75 
76 
81 
87 

69 
75 
86 
77 
71 
72 

74 
74 - 
75 
76 
76 
74 

72 
72 
74 
71 
72 
72 ' 

72- 
72 
72 - 

- 
95 
100 
109 
116 
124 
150 
180 

108 
113 
127 
E 5  
150 
185 
225 

uz 
130 
140 
151 
169 
210 
225 

119 
136 - 
157 
167 
177 
223 

-127 
140 
155 
167 
190 
220 

135 
152 
17l 
189 
202 
218 

15i 
175 
195 

- 
87 
92 
104 
1113 
120 
145 
177 

101 
105 
123 
150 
145 
180 
212 

105 
127 
137 
149 
165 
204 
213 

u1 
132 
152 
162 
172 
215 

120 
136 
152 
164 
185 
209 

126 
147 
165 
183 
19  7 
211 

144 
168 
18 7 - 

'%umbered thermocouples re fer   to   themocouples  af fig. 4; others  Go thermocouples 
of f ig .  2. - 

" .. 

bNo thermocouple here i n  t h i s  quadrant. - 
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524 
559 
586 
561 
557 
543 
538 

76 7 
730 
749 
864 
724 
721 
751 
858 
e l l  
826 
816 
8 4 4  
83l 
821 

858 
824 
847 
825 
867 
84 7 
858 
831 
862 
82 7 
833 
845 

1012 
1023 
1026 
1040 
1029 
1030 

1227 
1221 
3222 

0.107 
-107 
.lo8 
.loa 
.lo8 
.loa 
.lo8 

109 
.lo9 
.lo8 
.lo7 
.lo9 
.lo8 
.lo8 
. lbs 
.lo6 
106 
.lo6 
.lo6 
.lo6 
.llO 
.lo8 
.llO 
.UO 
.lo4 
.1m 
.xi4 .- 
.UO 
.llo 
.ll3 .u1 
.llO 
.llO 
.llO 
.llO 
.ll3 
.ll2 
.u3 

.u2 

.ll3 

.u3 

).022 137 147 
.016 150 160 
.Ol3 157 170 
.010 161 172 
. W 3  165 176 
.0052 180 .l97 
.0032 212 225 

.022 172 193 

.ol6 180 194 

.OB 188. 210 

.010 213 243 

.0084 202 218 

.0052 227 247 

.om2 265 283 

.022 183 207 

.015 185 208 

.013 192 218 

.010 201 226 

.0085 2L5 242 

.0052 252 273 

. a 3  267 287 

.022 173 204 

.015 187 217 

.OW 200 232 

.010 207 242 .0083 225 253 

.0052 257 286 

.022 177 2 l l  .015 la5 218 
,013 201 233 
.010 210 240 
.Om2 227 260 
.0052 256 283 

.022 194 229 

.OM 209 243 

.012 225 257 

.OC%5 250 283 

.0073 258 292 

.022 214 260 

.016 232 277 

.013 246 287 

.ole 228  268 

lage d 

165 
180 
190 
194 
200 
222 
250 

227 
225 
242 
273 
252 
275 
306 
220 
222 
230 
240 
255 
282 
297 
210 
217 
232 
242 
257 
286 
210 
217 
233 
241 
260 
285 

229 
243 
259 
270 
283 
292 

259 
275 
283 

L ?iter 
190 
202 
215 
217 
220 
232 
275 
310 
310 
317 
36 7 
334 
346 
385 

279 
277 
283 
287 
300 
320 
X 9  
290 
254 
268 
284 
362 
393 

270 
306 
220 
335 
370 
409 
407 
425 
435 
448 
858 
464 

500 
520 
525 - 

. _ .  

L 

70 
70 
70 
71 
71 
68 
76 
70 
70 
n 
73 
72 
72 
76 
73 
74 
74 
75 
76 
81 
87 
69 
75 
86 
71 
71 
72 
74 
74 
75 
76 
76 
74 

72 
72 
74 
71 
72 
72 

72 
72 
72 - 

89 
100 
105 
lll 
130 
150 
185 

106 
1LO 
129 
152 
140 
185 
225 
125 
129 
139 
158 
167 
2 l l  
225 
116 
135 
153 
166 
m 2  
22 7 

125 
136 
3-51 
165 
182 
217 

130 
147 
165 
185 
206 
2l5 

148 
170 
187 - 

- 
85 
96 
105 
110 
118 
148 
177 
98 
107 
125 
151 
142 
180 
215 
120 
125 
137 
15q 
165 
204 
217 
lll 
132 
14 7 
162 
173 
210 
120 
135 
150 
162 
183 
2 u  

127 
146 
162 
180 
198 
210 

144 
166 
181 - 
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m w 
0 w 

25 

Leading- 
cage edge 
T r a i U n g -  

diameter, diameter, 
passage  passage 
coolant- coolant- 

in. Fn. 
0.125 

. 100 ,250 

0,100 

. 100 .500 

fraction of 
total current 
,flow through 
~ leading-edge 
I c o o ~ t -  
IpEbssage walls 

0.576 

. 613 

.647 

Fraction of 
tim t o w  current 
Correc 

coolant- 
trdling-edge 

factor flow through 

passage w a s  ( 4  

0.424 

1 . 151 0387 

0.755 

1.669 .353 

Correc- 
tion 
factor, 
*te 

(b) 

""_ 
1.415 

""e 

qhese analogs have 8 scale of 10 times blade size. 
bAnalog Jms a scale of 20 times blade size. 
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CD-4440 

Figure 4.  - Thermocouple locations on rotor blade of n&ural-comection liquid-cgoled turbine. 
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I . .  L 

o M e a k e a  &mgert&re difference 
7 

between coolant  core and thermo- 
couple 0.067-in. froan coolant- - 
passage wall (T3 - Tg) 

0 Calculated  temgerature  difference 
120 .' between coolant  core and coolant- -' 

. passage wall (Ti,%* - T5) 
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Coolant weight flaw, wC , lb/sec  per blade 

Figure 6. - Temperature differences f o r  heat tranefer 
for  0.100-inch-diameter  trailing-edge  coolant pas- 
sages in blade quadrant with 0.125-inch-diaxeter 
leading-edge  coolant  passage8 at ro tor  Bpeed of 
8000 r p m .  

. .  
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(a)  Leading-edge  coolant-passage  diameter, 0.125 inch. 

Figure 8. - Comparison of measured and calculated  blade 
temperatures in leading-edge  part of blades with water 
as coolant. 
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Actual blade teeratwe, TI, OF 

(b) Leading-edge  coolant-passage  diameter, 0.250 inch. 

Figure 8. - Continued. Comparison of measured and calculated 
blade  temperatures in leading-edge part of blades vith 
water a8 -coolant. 
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Actual blade temperature, T1, ?I? 

(c)  Leading-edge  coolant-passage  diameter, 0.500 inch. 
Figure 8. - Concluded. Comparison of measured and calculated 
blade temperatures in leading-edge part of blades with 
water as coolast. 
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Leading-edge 
coolant-passage 
diameter, ih. 

0 100 200 300 400 500 
A c t u a l  blade  temperature, Tg, OF 

Figure 9. - Comparison of measured and calculated  blade 
temperatures In trailing-edge part  of blades with 
water as coolant for range of turbine  speeds. 
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c 

Based on 
Nu = 0.0210 (GrPr) 2/5 

600 

Coolant  core  temperature, T5, ?F 

Figure 10. - Effect  of  error in assumption of 
Nusselt  number on calculated  blade  tempera- 
ture for natural-convection  coollng with 
water.  Effective gas temperature, 1853' F. 
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