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By Anthony J. Diaguila and John C. Freche

SUMMARY

Blade-to-coolant heat-transfer data and operating data were -
obtained with a natural-convection water-cooled turbine over a range
of turbine speeds and inlet-gas temperatures. The blade-to-coolant
convection coefficients were correlated by the general relation for
natural-convection heat transfer that expresses Nusselt number as a
function of Grashof and Prandtl numbers. Blade-to-coolant heat-transfer .
data were obtained over a range of the product of Grashof and Prandtl

numbers from 3.00 X lO12 to 1.20 x 1014. Scatter of the heat-transfer
data was less than that obtained in an earlier investigation with the
same turbine. The data are displaced from a theoretical equation for
natural-convection heat transfer in the turbulent region and from
natural-convection data obtained with vertical cylinders and plates.

The displacement indicates possible disruption of natural-convection
circulation within the blade coolant passages. A constant rate of heat .
transfer exists for this turbine over the major portion of the Grashof -
Prandtl number range investigated. Coolant flow rate has no significant
influence on blade-to-coolant heat transfer for this turbine over the
range of operating conditions considered.

Comparison of the cooling effectiveness of the blade leading-edge,
midchord, and trailing-edge sections by means of a nondimensional
temperature-ratio parameter indicates the blade cooling effectiveness
is greatest at the midchord and least at the trailing edge.

INTRODUCTION

In order to design cooled turbine blades, blade temperatures must
be calculated for the desired design operating conditions. Although
blade temperatures can be calculated from theoretically derived
equations, it is necessary to know gas-to-blade and blade-to-coolant
heat-transfer coefficients. Operating data for similarly cooled blades
are also desirable for design purposes. An investigation was. therefore
conducted to determine blade-to-coolant heat-transfer and operating
data for a natural-convection water-cooled single-stage turbine. The
results of this investigation are described herein. :

"
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A general theoretical relation for natural-convection heat transfer
along flat plates is presented in reference 1. 1In this relation,
surface-to-coolant natural-convection heat transfer is expressed by
dimensionless parameters. The relation expresses Nusselt number as a
function of the Grashof and Prandtl numbers. Experimental investigations
of natural-convection flow on vertical cylindrical surfaces and along
plane vertical surfaces have been made by other investigators and are
summarized in references 1 and 2. In these investigations, correlation
of the heat-transfer data was achieved by the general relation for
natural-convection heat transfer.

The application of natural-convection flow to the cooling of gas-
turbine blades has also been studied analytically. A theoretical
analysis (reference 3) shows that in the design of natural-convection
water-cooled turbine blades the minimum diameter for a passage of a
given length is important with respect to coolant circulation within
the passage. The analysis (reference 3) indicates that coolant
circulation within the passage may be restricted by the heated boundary
layer which builds up around the cylindrical surface of the passage.

Application of natural-convection cooling to an eXperimental
single-stage turbine has also been investigated previously (reference 4).
A limited range of operating conditions was covered in that investigation
and the blade-to-coolant heat-transfer data obtained were correlated by
the general relation for natural-convection heat transfer.

The natural-convection turbine described in reference 4 was
redesigned to eliminate rotor coolant leakage and was reinstrumented.
The investigation was then continued at the NACA Lewis laboratory to
determine (a) blade-to-coolant heat-transfer data over an extended
range of Grashof numbers, (b) if the coolant circulation restrictions
indicated by theoretical analysis in reference 3 were apparent in this
turbine, and (c) turbine operating data.

Blade-to-coolant heat-transfer data were obtained over a range of
turbine speeds from 2546 to 9107 rpm and over a range of inlet-gas
temperatures from 523° to 836° F. Coolant flow rates of approximately
1.5 to 5.6 gallons per minute were employed. Blade temperatures, -
coolant temperatures in the blade coolant passages, and cooling
effectiveness of various sections of the blade are.also presented.

: Yo &
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SYMBOLS
The following symbols are used in this report:

specific heat of coolant at constant pressure, (Btu/(1b)(°F))-

°p
: 13p2Balr (T - Ty,1)
Gr Grashof number, 7P é B,av iyl
M
H heat-transfer coefficient, (Btu/(°F)(sq ft)(sec))
k  thermal conductivity of coolant, (Btu/(oF)(ft)(sec))
1 characteristic length of coolant passages, (ft)
Nu Nusselt number, Eil
k
. ‘ c“
Pr Prandtl number of coolant, _i}
Q heat flow, (Btu/sec)
r radius to centroid of water column, (ft)
S surface area, (sq ft)-
T temperature, (OF)
w  weight flow, (1b/sec)
B coefficient of thermal expansion of coolant, (1/CF)
absolute viscosity of coolant, (1b/(ft)(sec))
p density of coolant, (lb/cu ft)
P coollng effectiveness parameter _5;________
-7
g: 1,t
®» angular velocity, (radians/sec)
Subscripts:
av average
B Dblade
e effective
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g combustion gas
i inside
1 liquid

(o} outside

R rim
r root
T total
t tip

1 entering rotor

2 leaving rotor

APPARATUS

Turbine. - The natural-convection water-cooled single-stage turbine
operated for this investigation is fully described in reference 4. The
test facility consists of a turbine coupled to a dynamometer through
a gearbox. The turbine, the turbine installation, and the combustion-
gas system are also described in reference 4. A cross section of the
turbine rotor and the rotor coolant supply assembly are shown in
figure 1. The rotor was fabricated from stainless steel (AISI type 403).
The turbine has 31 reaction blades; these blades are of constant cross
section with a chord of 1.74 inches, span of 2.44 inches, and no twist.
Five blind radial passages extending to within 0.060 inch from the
blade tip and ranging in diameter from 0.060 to 0.125 inch are drilled
in each blade as indicated in figure 1. The rotor tip diameter is
13.88 inches. The coolant flow path through the rotor is shown in
figure 1, and the coolant flow path through the entire turbine is
shown in figure 2. Figure 2 indicates that the nozzle blades were
provided with coolant passages and a coolant supply system separate
from that of the rotor; however, in this investigation the nozzle blades
were not cooled. Cracks which could not be repaired and which permitted

‘coolant leakage had developed in the welded nozzle ring construction

as a result of previous operation.

Instrumentation. - Coolant inlet and outlet temperatures were
obtained with stationary thermocouples as shown in figure 1. Combustion-
gas conditions were measured at the inlet-gas measuring station shown
in figure 2. Rotor-blade temperatures were obtained with chromel-alumel
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thermocouples in conjunction with a rotating thermocouple pickup con-
sisting of a slip-ring and brush system. ZLocations of the thermocouples
on the rotor blades and within the rotor-blade coolant passages are
shown in figure 3. 1In order to obtain coolant temperature measurements
in the blade coolant passages, the rotor thermocouple ‘instrumentation
was altered from that described in reference 4. A thermocouple was

. inserted at the tip section of the central coolant passage of one

blade; a second thermocouple was inserted at the midspan section of the
central coolant passage of another blade; and a third thermocouple was
inserted at the root section of the central coolant passage of a third
blade. The thermocouples, each of which was enclosed in a 0.060-inch
tube, were supported along the center line of the passage by a per-
forated spacer, which contacted the passage wall. The thermocouple
leads were brought out of the coolant passage at the blade root. This
method of measuring coolant-passage water temperatures caused a flow
restriction within the passage; however, an indication of the coolant
temperature at several pertinent points of blade-to-coolant heat trans-
fer was nevertheless provided. Inlet-gas temperatures were measured by
four shielded chromel-alumel thermocouples spaced in equal radial
increments along the blade span 90° apart in a plane 1/4 inch upstream
of the nozzle blades. Total and static pressures were measured at the
same locations 'in the same plane as the temperatures. Turbine speed
was measured by an electric tachometer and checked with a chronometric
tachometer. Rotameters were used to measure fuel and coolant flow
rates. -

METHOD OF CALCULATION

Evaluation of blade-to-coolant heat-transfer coefficients. - For
this turbine, the total heat absorbed by the coolant consisted of the
heat transferred to the coolant by convection in the blade coolant
passages and the heat transferred to the coolant from the peripheral
disk rim area exposed to the hot gases. Heat transferred by the turbine
shaft was considered negligible. The total heat transferred to the
coolant was determined from the coolant welght flow and coolant tempera-
ture rise by the expression

Qp = ché(Tz,z - Ty,1) o . (1)

) In order to calculate the heat flow to the coolant within the turbine -
blade, it was first necessary to obtain the heat transferred from the hot

gas to the turbine blade. For the determination of heat transfer from
the gas to the turbine blade, the required average gas-to-blade heat-
transfer coefficient was obtained from the equation

.
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B, 2 (@)

SB,O(Tg,e.' TB,av)-+ ?R,O(Tg,e - TB,r)

It should be noted that the coefficient obtained by equation (2) is an
average for the blade and the disk rim between the blades. Because of
the uncertainty of the -heat flow path and the limited rotor instrumenta-
_tion, an average coefficient was used. A separate evaluation of the
amount of heat absorbed by the coolant through the blade and through
the disk rim requires more elaborate instrumentation than was available.
The outside blade surface area SB,D included the area of the blade

tip. The effective gas temperature T was obtained from equation (3)

g,e
of reference 4. The integrated blade temperature TB,av was determined

from plots of chordwise and spanwise blade temperature against the blade
periphery and blade span, respectively. The temperature of the rim
section was considered to be the same as the blade root temperature TB re
. | J

By use of the average gas-to~blade heat-transfer coefficient, heat
flow from the gas to the blade was obtained from the equation

Qp = HoSB,o(Tg,e - TB,av) : (3).
Average blade-to;coolant convection coefficients were then calculated
by the equation '
= Q'B
8p,1(Tp av = Ty,t)

In equation (4) the area term Sp,i consists of the coolant-passage
surface area in the blade. The coolant temperature Tz,t was measured

Hy

(4)

at the tip of the coolant passage. Consideration of the natural-
convection flow characteristics within the passage indicates the reason
for using the coolant temperature at the passage tip. The flow within
the coolant passage probably consists of a cooled core of fluid flowing
radially outward and a heated column of fluid flowing radially inward
along the passage walls. Since flow reversal probably occurs at the
tip of the passage, the tip.thermocouple provides a more representative
average of the coolant temperature affecting heat transfer.

Correlation of blade-to-coolant heat-transfer coefficients. - Blade-
to-coolant convection heat-transfer coefficients obtained over a range -
of Grashof numbers were correlated on the basis of an expression for
natural-convection heat transfer

Nu = £(GrPr) ' - (5)
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Fluid properties were based on a film temperature which was an average
. of the integrated average blade temperature TB,av and the temperature

of the coolant at .the tip of the coolant passage Tl,t- Use of a film

temperatufe is a general method of correlating natural-convection data
as cited in reference 1. The acceleration term w?r in the Grashof
number replaced the gravity term since the centrifugal forces acting
on the fluid far exceed the force due to gravity. The radius r was
considered to be the radius to the centroid of a column of water with
a length equivalent to the average coolant-passage length. The average
coolant-passage length was used as the characteristic dimension 1 in
the Nusselt and Grashof numbers in accordance with natural-convection
theory (reference 5). '

. Determination of blade-temperature effectiveness parameters. - The
calculation procedure for correlating cooled blade temperatures developed
in reference 6 was used in this investigation except for determination
of coolant flow rate. Because of the coolant reservoir at the base of
the blades and natural-convection circulation employed in this turbine,
some of the coolant flow through the turbine rotor can bypass the blades.
Because the coolant flow rate through the blade cooldnt passage could
not be measured in this installation, total flow through the rotor was
used in determining the blade cooling.effectiveness. The blade tempera- -
ture data were correlated by the expression g B

QP = f(wl, Wg) , ‘ (6)'
where _
¢ } Tg,e - TB
Tg,e = Tq,¢

‘Separate temperature ratios or cooling effectiveness parameters
were determined for the blade midchord, leading-edge, and trailing-edge
sections. Midchord blade temperatures were obtained from an arithmetic
. average of the temperatures on the blade surface near the midchord '
(thermocouples 2, 3, 5, 6, 8, 9, 11, 12, 14, 15, 17, and 18 of fig. 3).
The leading~ and trailing-edge-temperatures were determined from an
arithmetic average of the three leading-edge thermocouples (l, 7, and
13 of fig. 3) and three trailing-edge thermocouples (4, 10, and 16 of
fig. 3), respectively. The coolant temperature TZ,t was measured by

thermocouple 21 (fig. 3). The effective gas temperature was determined
from equation (3) of reference 4. The weight flow of the combustion
gas - wg was determined by the summation of turbine air flow and fuel
flow. Coolant flow w; was considered to be the total coolant flow
rate through the turbine rotor. : :
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PROCEDURE

The turbine was operated to obtain blade-to-coolant heat-transfer
coefficients and operating data over a range of coolant flows, speeds,
and inlet-gas temperatures; however, the range of turbine operation is
not indicative of turbine design conditions. Turbine speed range was
determined by the maximum permissible surface speed of the large diameter
carbon seal at the rotor coolant inlet and by the minimum (base) speed
of the dynamometer. Maximum inlet-gas temperature was determined by
structural limitations of welded sections of the nozzle blade assembly.
Minimum gas temperature was fixed by the burner design. The range of
turbine operating conditions is given in table I.

In order to obtain blade-to-coolant heat-transfer data, it was
necessary to vary the Grashof number. The acceleration term °r in
the Grashof number was varied by alterations in the turbine speed. The
difference between the average blade and entering coolant temperature
TB,av - Tl,l was varied by altering the turbine-inlet-gas temperature.

These terms are the major factors affecting the magnitude of the Grashof
number. At each Grashof number the coolant flow was independently varied
to determine if coolant flow rate had a measurable effect on blade-to-
coolant heat transfer. : ' >

As shown in table I, turbine operating data were also obtained for
very low coolant flow rates and for slightly higher gas temperatures
than were included in the portion of the investigation dealing with
blade-to-coolant heat transfer. Partial steam formation in the rotor
coolant’ discharge at flows less than.1l.50 gallons per minute prevented
accurate evaluation of the heat flow to the coolant. Consequently,
heat-transfer coefficients could not be calculated accurately for these
runs. Mechanical limitations of the test installation prevented opera-
tion of the turbine at coolant flows higher than 5.61 gallons per
minute.

RESULTS AND DISCUSSION

Blade-to-coolant heat-transfer results. -. Turbine blade-to-coolant
convection data for various coolant flows correlated by the general
relation for natural-convection heat transfer are shown in figure 4(a).
Over the entire range of the product of Grashof and Prandtl numbers GrPr
investigated, from 3.00 x 1012 to 1.20 x 1014, the heat-transfer rate
increases slightly as indicated by a Nusselt number increase from 280
to 500. The data indicate a trend of slightly increasing heat transfer
up to a GrPr value of 1013, 1t appears that a constant rate of heat
transfer exists for this turbine at GrPr above this value. Although
the turbine data were obtained at several coolant flows, separate curves
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for individual coolant flows are not discernable. Also, no significant
increase in Nusselt number is apparent for increasing values of coolant
flow, which indicates that coolant flow rate does not affect blade-to-
coolant heat transfer for this turbine over the range of operating
conditions investigated. As stated previously, coolant flow runs -less
than 1.50 gallons per minute could not be included in these data because
partial steam formation within the water discharge prevented accurate
determination of the heat transferred to the coolant.

Blade-to~coolant heat-transfer results obtained in an earlier
investigation with this turbine (reference 4) are shown in figure 4(b).
An appreciable reduction in scatter can be observed in the results of
the present investigation when compared with the data of reference 4.

The reduction in scatter is attributed to the elimination of rotor

coolant leakage, additional instrumentation which permitted determination
of coolant temperature within the blade-coolant passages, and refinements
in the calculation procedure for determining the heat flow to the coolant.

The effect of very low coolant flows upon blade-to-coolant heat
transfer is shown in figure 5, in which it is further emphasized that
coolant flow rate does not significantly affect blade-to-coolant heat
transfer for this turbine over the .normal coolant flow range. A plot
of integrated blade temperatures and coolant temperatures measured within
the blade passage at the blade tip against coolant flow rate for nearly
constant turbine speed and gas conditions is presented in figure 5.
Throughout the entire coolant flow range investigated, from 0.24 to
5.61 gallons per minute, a temperature difference of approximately 115° F
between blade and coolant temperature exists, which indicates a constant
rate of heat flow from blade to coolant. From a consideration of basic
heat-transfer equations, it is apparent that for constant gas-to-blade
heat-flow conditions the rate of heat flow from blade to coolant is
dependent upon the temperature difference between blade and coolant.

The turbine data are compared in figure 6 with a theoretical
equation for natural-convection heat transfer in the turbulent range
(reference 3) and with data obtained by other investigators (references 1
and 2) for natural-convection heat transfer outside vertical cylinders
and high plates in the turbulent region. Vertical-cylinder and high-plate
data were used for this comparison because of a lack of published data for
natural-convection heat transfer inside vertical cylinders. The turbine
data indicate a scatter of similar magnitude to that of the stationary
investigations. The GrPr range investigated with this turbine extends
beyond that covered in the stationary investigations. As indicated
previously, various factors inherent in the test facility limited turbine
operation to a certain range of conditions. Consequently, accumulation
of data over a comparable GrPr range could not be achieved. The
turbine data are displaced below the theoretical equation for natural- ,
convection heat transfer, as well as below the experimental results
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of investigations with vertical cylinders and plates. The turbine date
do not follow the trend of the theoretieal relation and appear to
display a constant heat-transfer rate for values of GrPr between

1013 and 1.20 x 101%. This lower constant rate of blade-to-coolant
heat transfer indicates a possible disruption of natural-convection
circulation within the blade coolant passages and thus corroborates the
analysis of reference 3, in which an analysis was made for a coolant-
passage length-to-diameter ratio of 25, such as exists for this turbine.
The analysis indicated the possibility of a build-up of the heated
boundary layer adjacent to the coolant- passage wall and a resulting
coolantc flow restriction.

Operating results. - Values of one minus a cooling effectiveness
parameter (1 - ®) for various coolant-to-gas flow ratios for this
turbine are presented in figure 7. This method of plotting deviates
from that of reference 6, in which the parameter ® 1is plotted directly
against the coolant-to-gas flow ratio. A more favorable comparison is
effected since displacement between the individual curves is more pro-
nounced and the relative cooling effectiveness of the various blade por-
tions is readily apparent when plotted in this manner. The section of
the blade with the lowest values of 1 - @ represents the most effec-
tively cooled portion. A comparison of the effectiveness parameters
for various sections of the blade indicates the cooling effectiveness
to be least at the trailing edge, slightly greater at the leading edge,
and greatest at the midchord, a distribution similar to that obtained
with air-cooled blades (reference 7). The cooling effectiveness para-
meter @ for the natural-convection water-cooled turbine blades is
higher than for air-cooled turbine blades as reported in reference 7.
However, a direct quantitative comparison of these air-cooled-blade data
with the water-cooled-blade data obtained from this turbine cannot be
made for several reasons. For example, much higher gas flow per unit
area at the turbine inlet (three to seven times greater) passed through
the air-cooled turbines investigated. Also, the total flow through the
rotor was used. in determining the blade cooling effectiveness.

Typical chordwise temperature distributions at the tip and the root
section of the turbine blade are presented in figure 8. For relatlvely
constant gas flow, an average trailing-edge temperature of 515° F and an
average leading-edge temperature of 470° F at the blade tip occur for
coolant flows of 3.10 and 5.61 gallons per minute. At the rogt section
the blade temperature distribution is approximately 150° F lower than
around the blade tip except for the trailing-edge temperature. A marked
decrease of about 350° F in the trailing-edge temperature occurs at the
blade root. This decrease in temperature may result from increased
cooling by conduction near the trailing edge at the blade root. As
indicated in a cross section of the turbine rotor in figure 1, the rim
thickness at the trailing edge is considerably less than at the leading
edge. Consequently, cooling by conduction through the rim at the
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trailing edge should be more effective. The general decrease in tempera-
ture at the blade root may be attributed to rim cooling because of a
full flowing coolant reservoir at the blade base. Displacement between
the two chordwise temperature-distribution curves around the blade root
for two coolant flows is probably the result of more pronounced rim
cooling as the flow rate through the rotor is increased. It should

be noted that, although the leading- and trailing-edge temperatures

at the blade-tip section considerably exceed midchord temperatures, they
are well below the temperature level of approximately 1000° F permitted
by the strength properties of the turbine material.

Coolant temperature levels at three radial locations in the blade
coolant passage are shown in figure 9 for constant gas mass flow and
for relatively constant turbine-speed conditions. For increasing gas
temperatures and decreasing coolant flow rates, the temperature level
of the coolant in the passages increases. At coolant flows of 3.10 gal-
lons per minute or greater, the coolant .temperature increases uniformly
from root to tip. For coolant flows of 1.50 gallons per minute or less,
a marked increase in coolant temperature from midchord to tip can be
observed. Displacement between temperature curves for different coolant
flows results from the rotor design characteristics together with the
method of coolant circulation employed and changes in the gas tempera-
ture. As the amount of coolant entering the rotor decreases, the
temperature level within the rotor coolant reservoir increases; the
temperature. of the coolant entering the blade coolant passages is thus
increased. It appears from consideration of figure 9 that coolant flow
rate affects the temperature level of the coolant more than does gas
temperature. 'This influence is evidenced by the large increase in
coolant temperature that results from increasing the coolant flow from
1.5 to 3.1 gallons per minute while the gas temperature is held at
approximately 809° F.

SUMMARY OF RESULTS

The following results were obtained from an investigation with a
natural-convection water-cooled single-stage turbine:

1. Blade-to-coolant heat-transfer data were correlated by the
general expression for natural-convection heat transfer, which expresses
Nusselt number as a function of Grashof and Prandtl numbers. Scatter
of the data was reduced from that obtained in an earlier investigation
with this turbine.

2. Displacement of the turbine data from a theoretical equation
for natural-convection heat transfer in the turbulent region and from
vertical cylinder and plate data indicated the possibility of disruption
of natural-convection circulation within the blade coolant passages.:
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3. A constaht rate of heat transfer existed for this turbine over
the major portion of the range of the product of Grashof and Prandtl .
numbers investigated.

4. Coolant flbw rate had no significant effect on blade-to-coolant
heat transfer for this turbine over the.range of operating conditions
considered.

5. Cooling effectiveness of the turbine blade was greatest near
the blade midchord and least at the trailing edge.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautlcs
Cleveland, Ohio, September 5, 1951
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Figure 1. - Cross section of rotor and rotor-coolant system of natural-

convection water-cooled stainless-steel turbine.
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Figure 3. - Diagrammatic representation of blade thermocouple locations on natural-
convection water-cooled turbine.
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Figure 4.

convection water-cooled turbine.

- Correlation of blade-to-coolant heat-transfer data for natural -
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2.5 pounds per second.

Turbine speed, 8912



19

NACA RM ES1I17

*oanjesadwa) WIS 1B PIIENTBAS JUBTOOD JO soT3xadoad
TeoTsAyd -uoIFax JuUsSTNQan] UT SISPUTTAD pue so3eTd TBOTLISA UO I9JSuUBI] 3BSY UOTIOSAUOCD
-Teanjeu J0J BIBP UJ}TH PUB UOTYBNDS TBOTISI09YZ VOVN UITM BIBD SUTQINg JO uostIedwo) - ‘g 2andtJd

IdTH ‘sJLqunu TPUBIJ PUB JOUSBIH JO 3.0MpPOId
y10t ¢tot 210t ot o010t

N _ 70T
~VIVNTS
2
a0 q o o e g \.\.l.nV\ ° 3
O pld oo "~ 8 v
PN
- 8
. > _ ¢O0T
(¢ sousaa Jax) . g g aupqQIng o .
m?m%ovoamo..o = Ny _ \ - (T sousasjaa) oqerd
> N - TBOT3JI9A "UT-T0'6 O 2
P . (2 2ousIe o)
R JI9PUTTLO TBOTISA ©
-~ B1BP TBluswiIadxy
= . : _ [N A T T T 9

NN ‘asqumu Tassny



NACA RM E51117

20

9° ﬁ.

b

o

*89PBTQ SULQING PITO0D
-J998BM UOTR09AUOCO-TBINGBU JO BUOTR098 99JYq JO0J SSOUSATA09JJO BUITO0D - * ) oINSTd

3\N3 ‘0T8I MOTJ 8B8-0%-3UBTO0)

oT" 80°

90° 1298 20"

10"

R
8 o

&

H@®° »

- o

PIOYODTH ©

98ps BuiTreIl O

agps BurpseT ©

GOHPomW

] ]

&b - T “ssousATiyo93Is JurTOO)



NACA RM E51I17

ﬁffectgve gaé 'Liquid weigﬁt
flow, Wy ‘m

temperature, Tg,e

600 |— (°F) (gal/min)
o . 812 3.10
o 788 5.61
Tip
————— Root
500 \
n\\\, . N\, Jﬁ
CD" 400 \‘ :
R \\E// | \/
f; a AN o
%ﬂ \\ 1\ N //
+ U\ \ ] ] : / P
300 N 1
9 \
g N //
3 N
m « O~ __ ‘ /
\ —
\:l -‘o\- - - g I
= o~ — \ /o /
200 PN _ 40
N v P -
. N S - =
\ ~1T
h/
Suction surface Pressure surface
100 l : | I .
Leading Trailing Leading
edge : edge edge
N L1 | ||
13 14 15 16 17 . 18 13
1 -2 3 4 5 6 1
Thermocouple numbers
(fig. 3)

Figure 8. - Typical chordwise temperature distributions around
tip and root sections of natural-convection water-cooled tur-
bine blade. Turbine speed, 8912 to 9107 rpm; gas flow,

* 2.5 pounds per second.
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Figure 9. - Radial coolant. temperature distribution in
blade passage. Turbine speed, 8912 to 9107 rpm; gas
flow, 2.5 pounds per second. -

NACA-Langley - 11-26-51 - 375



E i
[
ST

L

s
i o
-

ey

3 : IJ__ h ) ¥
g eI
S AN
B R L
|
T

=

Tt
._13' ;-|II ~
e o e
T aCrsa Tt
AR

i

vigal

SHE TR

o b SR T SRR L E
ip H 2 i nrl ?l_ [0 gL

q a
oy S

: [ ey e :
=) - - - s (A . |
- i K o <5 e ai
!E': a:]ﬁ.' A R S gt e "‘I'_:' ]

) T

. Ol 2= PL . L'y
P S PR
il k : /

3
' 3
.

Y T 2 T PRt
K
e e JilL -
"h‘r:—.fﬂ;?sr_- :
Ay W




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25



