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EFFECT OF DIAMETER OF CLOSED-END COOLANT PASSAGES ON NATURAL-
CONVECTION WATER COOLING OF GAS~TURBINE BLADES

By Arthur N. Curren and Charles F. Zalsgbsk

SUMMARY

An experimental investigation was conducted on a water-cooled gas
turbine with blade coolant-passage diameters rangling from 0.100 to 0.500
inch, corresponding to length-to-diasmeter ratios from 25.5 to 5.1, in
various quedrants of the turbine. The investigation was conducted to
determine (1) whether coolant-passage length-to-dismeter ratio has a sig-
nificant effect on natural-convection heat~trensfer correlation, and (2)
whether turbine blade temperatures could be calculsted with reasonsgble
accuracy from a theoretical natural-convection heat-transfer correlation.

Because of large temperature gradients within liquid-cooled turbine
blades, it was found necessary to account for the conduction process in
order to determine the temperature difference between the coolant passage
surface and the place of blade temperature measurement. By use of an
electrical anslog to make the conduction correction, it was found possi-
ble to calculate turbine blaede leadlng-edge temperstures within about
15° F of the measured temperatures for a water-cocled blade operating at
a tempersture of spproximastely 300° F with coolesnt passagee from 0.125
to 0.500 inch in diameter. A larger scatter in calculsted temperatures
resulted for the blade tralling edge with a passage dlameter of 0.100
inch.

No significant differences in the heab-transfer results could be
shown for the verious length-to-diameter ratios investigated. For cool-
ants that have very high hest-transfer coefficients, such as water, the
blaede temperatures can be calculated from the heat-transfer coefficients
obtained from a theoretical natursl-convection heat-transfer correlation
without considering length-to-dlameter ratio for values of thls ratio

from 25.5 to 5.1.

INTRODUCTION

The experimental investigation reported hereln was made to deter-
mine the effect of closed-end coolant-passage length-to-dlameter ratio
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on the natural-convection heat-transfer chsracteristics of liquid-cooled
turbines, and to determine whether blade temperature could be calculsted &
wlth reasonable accuracy. A correlation of experimental natural-
convection heat-transfer data with alir as the coolant is reported in
reference 1 for flat plates and large-diameter tubes with length-~to-
diemeter ratios up to 5.0. In referencée 2, this correlstion satisfacto-
rily describes the hest-transfer data for upward water flow in vertical
tubes of length-to-dlameter ratio as high as 40 when the water through-
flow rate 1s sufflciently small. In references 3 and 4, heat-transfer
investigations of a turbine with netural-convection water-cooled blades
having closed-end coolant passages covered a range of coolant-passsage
diameters from 0.060 to 0.125 inch (corresponding to a length-to-diameter
ratio range of 43.5 to 20.9). The coolant-passage heat-transfer coeffi-
cients calculsted from the turbine data were much smaller than those in-
dicated from the results of reference 1. Better agreement could be ob-
tained if coolant-passage surface temperatures were used rather than the
temperatures measured near the outer blade surface, as reported.

3803

In & nebural-convection liquid-cooled rotating turbine blade with
closed-end coolant passages, the heated boundary layer adjacent to the *
coolant~pessage waell flows radially inward, belng replaced by cooler
fluid flowing radlally outward as a central core. Where the passages
are small (large length-to-diameter ratio), the heated boundary layer
could easily take up so much of the passage cross-sectlonal ares that the
circulatlion of coolant outwerd in the central core of fluild would be re-
stricted. Where the flow is through tubes with large diameter with re-

- gpect to length, no blockage due to boundary-layer thickness is expected.
An analytical investigation reported in reference 5 shows that, for the
conditions of the tests of references 3 and 4, the nastursl-convection
cooling effects would be conslderably decréased for coolant-passage di1-
smeters less than 0.146 inch. However, this conclusion is based on cal-
culations using the previously mentioned outer surface temperatures. Use
of coolant-passage surface temperestures in the calculation of the degree
of blockage would result in the same conclusion but for a passage of
smaller diameter.

In order to obtaln additionsal informstion on the effects of coclant-~
passage length-to-diameter ratio on heast transfer and blade temperature
for turbine bledes cooled by natural-convection circuletion of the cool-
ant, an experimental liquid-cooled turbine was bullt. The coolant-passage
dismeters ranged from CG.100 to 0.500 inch, which corresponded to length-
to-diameter ratios from 25.5 to 5.1. Since no suitable method of messur-
ing blade coolant-pessage surface temperatures was known et the time of
fabrication, thermocouples were located near the coolant passages and an
electrical analog was used to obtain empirical constants for correcting -

temperatures.
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The turbine was operated with water as coolaent over the following
range of conditions:

Coolant-paessage diameters: 0.100, 0.125, 0.250, 0.375, and
0.500 inch, corresponding to length-to-diameter ratios of
25.5, 20.4, 10.2, 6.8, and 5.1, respectively

Turbine inlet temperature: 600° to 1200° F

Coolant inlet temperature: 68° to 87° F .

Turbine speed: 4000 to 10,000 rpm, corresponding to blade tip
speeds of 245 to 61l feet per second =nd Grashof-Prandtl num-
ber products of the order of 10l2

The corrected temperature data were used to obtain heat-transfer corre-
lations and were compared with analyticsally predicted blade metal tem-
pergtures. .Calculated boundary-layer thlicknesses together with the com-
parisons of calculated and measured blade temperatures were used to
determine the extent of passage choking.

APPARATUS

The test sebtup of references 3 and 4 was retained for this investi-
gation. The turbine 1s coupled to a dynamometer through az gearbox and
combustion gas is supplied. The installstion is shown in figure 1, and
is described in detail in reference 3.

Turbine. - The present turbine (fig. 2) was designed with a thick
blade cross section to permlit coolant-passage dlemeters up to 0.500 inch.
An airfoil shape was spproximsted by circular arcs In s manner that would
permit ease in machining the blades on & single ring. As a result, the
profile of these blades is not considered a good aerodynamic design.

Blade chord and span were of the order of 2 and zé-inches, respectively.
The turbine meterial was AISI-403 stalnless steel.

Ag shown in figure 3, the turbine rotor was divided into guadrants
of five blades each. All the blades had trailling-edge coolant passages
of 0.100-inch diameter but the leading-edge coolant passages dlffered
in each quadrant, having diameters of 0.125, 0.250, 0.375, or 0.500 inch.
Hereinsfter, the quadrants will be referred to as the 0.125-inch quadrant,
0.250-inch quadrant, end so forth. The quadrants were separated by dams
in order that the heat rejected to the coolant from each quadrant could

be separately measured.

Instrumentation. - Inlet-gas temperatures were messured by chromel-
glumel thermocouples spaced in four equal radisl increments along the
blade span et circumferential positions S0° apart. The measurements were
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made in a plene L/é inch upstream of the nozzle blades {fig. 1). The
coclant inlet temperature was measured by iron-constantan thermocouples
where the coolant entered the turbine wheel (fig. 2).

Rotating chromel-alumel thermocouples measured all blade metal tem-~
peratures shown schemetically in figure 4, and cooclant temperatures at
the tip of the leading-edge coolant passage (thermocouple 5) and at the
coolant discharge (thermocouple 6). A rotating thermocouple pickup con-
sisting of a slip-ring and brush system was utilized for transferring
the electromotive force generated by the thermocouples to tempersture-
measuring equipment. The instrumentation indicated in figure 4 was du-
plicated in each of the quadrents, with the exception of thermocouple 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 1In the center of the leading-edge coclant passage at
the blade tip were installed in the following manner. The 0.080-inch-
diameter thermocouple tube, which enclosed the ceramic-lnsulated thermo-
couple at the tip of the tube, was held in position by means of a slot
which extended slong the surface of the covlant passage. This slot was
formed by drilling a 0.062-inch-dismeter hole parallel to the center line
of the coclant passage and spaced so that the center line of the drilled
hole was 0.025 inch from the coolant-pasgage wall. This spacing resulted
in a "breskthrough" into the cooclant vaessage, the width of the break-
through being less than the 0.060-inch-dismeter thermocouple tube. One-
half inch of the sealed, temperature sensing end of the thermocouple tube
was formed so that it was parallel to, but offset from, the remainder of
the tubing by the dlstance between the center lines of the coolant pas-
sgge and the drilled hole. The short transition section of the tube
between the two parallel parts was then flattened to allow the sensing
end of the tube to project from the slot into the coolant passage as the
tube was slid along the installation slot to the desired radial position
as determined by the radial length of the slot. To keep the sensing end
of the tube centered in the coolant paessage and provide minimm 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 tc the
coolant-passage wall In a manmer to serve as spscing struts when the in-
stallation was complete.

Other rotating thermocouples were Iinstelled near the ocubter and lnner
rotor rim surfaces, as shown in figure 2. The angular position was mld-
way between two adjacent blades in the Q.250-inch guadrant. The differ-
ence in tempersture ¢ between these two locations is an indication of
the heat flow through the rotor rim.

3803
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EXPERTMENTAL PROCEDURE

Rig operation. - Turbine rotor speed was controlled by means of an
electric dynamometer to which the rotor was comnected through a gearbox.
Power was either supplied or ebsorbed, as necessary, by the dynamometer
to maintaln a constant turbine speed during a particular run. The inlet
temperature was controlled by varying the amount of fuel to the two
direct-flow burners, while the air flow was maintained practically con-
stant. A range of coolant flows was supplied to the turbine for each
operating condition, and pertinent data were recorded at each weight
flow.

Coolant temperature control. - The coolant temperature was con-
trolled by regulating the coolant flow to the blades, The coolant flow
supplied to the blades is not necessarily s mesasure of coolant circula-
tion in the coolant passages, since the coolant is supplied to a reser-
voir in the blade base (figs. 1 and 2) and circulation occurs as & result
of natursl-convection forces. The primary effect of varying the coolant
flow wes to influence the temperature of the coolant entering the blade
coolant passages by changing the mixture temperature in the reservoir.

Experimental range. - Table I summarizes the range of turbine oper-
ating conditions. The minimim coolant-flow requirement was established
as Just enough flow to prevent vaporizetion of coolant in the coolaunt
passages. Since the turbine, owing to its unsymmetrical internal con-
figuration, was dynamicelly balanced with sll the cooclant passages filled,
veporlzation of the coolant in the passages during operation would seri-
ously affect this balance,

CALCULATION PROCEDURE

Heat flow. - The coolant temperature at the entrance to the rotor
and the temperatures of the coolant in the discharge passages from each
of the quadrants were measured. The heat-flow rate from each of the
guedrants was calculated by the relation

Qp = Woop(Tg - Tc,in)

The symbols are defined In sppendix A. It was assumed thet the totel
measured coolant flow was divided equally among the quaedrants. In the
range of temperatures Investigated, Sp for water was assumed tc be 1.0.

No corrections were made to account for the temperasture rise of the cool-

ant in bringing it to the rotational speed of the coolant outlet. For
this reason the calculated heat flows are gbout 3 percent or less too

high.
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Since the calculated heat-flow rate Qp represents the heat flow

from the blade and from the rotor rim, a calculation of the heat flow
from the rotor rim Qg = kmARéftR was mede. The average peripheral

area was obtained in the following way: The area abede bounded by the
dashed lines in figure 2 was reduced in order to simlate the rotor rim
by & parallel-walled plete. On a layout of this section, & line was
faired through midpoints of the radial distances between the rotor rim
ae and the surface in contact with the coolant bed. The cross-sectional
area between the rotor rim and this faired line was determined, then di-
vided by the width of the rim. By subtracting the resulting dimension
from the outer radius of the rim, an averasge radius for the fajred line
was obtained. The area Ap was then calculated as the surface area of

a cylinder of length equal to. the length of the faired line and of radius
equal to the average radius of the faired line. The thickness Ty for

this equatlon was obtalned by dividing the area sbede by the width of the
outer rim of the rotar. In addition, the following assumptions were made:
(1) temperatures are a distence Ty apart; (2) temperatures from the

thermocouples located in the 0.250-inch quadrent spply all around the rim;
and (3) the cross-sectional ares of the coolant passages can be neglected.

The heat flow through the rim Qp was subtracted from the total
heat flow Qp 1n order to obtain the heat flow to the coolant from the
blade only QB m. For the conditions investigated, the heat flow through
the rim was of the order of 10 percent of the total heat flow.

As a check of the heat-flow correction for conduction from the blade
to the rim, a spanwise temperature distribution for the blade and rim
section was determined by the analytical method of reference 6 in which
temperature variations normal to the span were neglected. It was assumed
that the temperature of the inmer rim surface (bed, fig. 2) was the same
as the temperature of the coolant within the blade passage. The conduc-~

tion heat flow was then calculated with the aid of the calculated temper-

ature gredient at the blade base. For the point checked, the heat flow
determined by the measured temperature gradient in the rim agreed within
30 percent of that calculsted with the temperature gradient at the blade
base. In addition, the heat transfer from the blede by conductlon was
found to be about 4 percent of that transferred to the coolant by con-
vection. For this reason, the heat flow calculated from the rim temper-
ature gradient was considered to be sufficlently accurate.

Blade-metal temperature for heat-transfer correlation. - Preliminary
results indicated the necesgsity of using a coolent-passage surface tem-
perature for heat-transfer correlations. A means was devised to deter-
mine surface temperatures from'blade-body tempersture measuiements by
using resulis from an electrical snalog to describe the conduction

|
n
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process. The construction and operation of the ‘analog are described in
appendix B. The surface temperature is implied by the equations for the
temperature difference

Ty - . _ wle QB,le 1n 1
1 lJze - Zthmb I‘i,ze

and

_ _ Ve 9B, te T3
3 i,te = 7 2xkgb ri,te

which are the same as equation (2) in appendix B. The radil for these
equations are now the radius of the coolant-passage surface and the radius
of the thermocouple location in the actusl blade. On X-ray photographs
the distances were measured from the thermocouple bead to the coolant-
passage surface. For both the leading and the trailing edge, this dis-
tance was 0.067 inch for all the quadrants. The temperatures T; and

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

ature profile determined In the previous section was found to be essen-
tially constant throughout the midspan region. Table ITI lists the cor-
rection factors V¥, which ere defined in appendix B and were determined
from the electricsl analogs. No asnalog was constructed for the 0.375-
inch quadrant. The hest flows QB,Ze and QB,te are the heat flows

into the fluid in the coolant passages at the leading and trailing edges,
respectively, and the sum is equal to the total heat flow QB,T' These

heat flows were determined by the fractional division of the current flow
through the leading- and trailing-edge sections of the analog (teble II).

These electrical analogs were constructed with & resistance to sim-
ulate a constant outside heat-transfer coefficient. The effect of a
variable heat-transfer coefficient is illustrated in reference 6. Tem-
perature profiles were computed by relaxatlion methods for a cross section
of a liquid-cooled turbine rotor blade. For the present report, the
effect of the coefficient on the variation of the division of heat Fflow
to the two coolant passages of reference 6 was determined. Where the
coefficient was constant, 48 percent of the total heat flow to the blade
was transferred to the coolant in the passage nearest the leading edge.
With a peripheral variation of the coefficient, 50 percent of the total
heat flow was transferred to the coolant in the leading-edge passage.
Because the difference in division of heat flow was so sm&ll, the pe-
ripheral variation of outside hest-transfer coefficient was neglected
for the purposes of this report.

Datas correlation. - The blade-to-coolant heat-transfer coefficient
was calculsted as
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e = Q@
17 A (T; - T5)

where Qp represents the heat flow to the coolant within the leading-

or treiling-edge passage, as determined in the previocus paragraph. The
temperature of the coolant in the tip of the blade passage Tz was used

to represent a core temperature in the calculation of heat transfer for
the followling reasons. The geometry of the turbine is such that the
water entering the reservoir has an angular velocity less than that of
the water in the reservolr owing to the difference in radil between the
coolant entry to the rotor cavity and to the reservoir. The dams divid-
ing the varicus quadrants serve to bring the water to the rotor speed,
and, in doing so, considereble mixing must take place. In addition,

local turbulence due to heated water flowing radially inward from the
blade passages promotes mixing in the reservoir. These condltions coupled
with the observation that the temperstures Ts and Tg are not greatly

different (see table I) justify the use of Ts as the temperature of the

water flowing radially outward in the blade passages. In any given blade,
the coolant temperature at the tip of the trailing-edge passage was as-
sumed to be the same as that in the leadlng-edge passage. The accuracy
of this assumption will be discussed lster. ..

While Ty represents the best available value for the temperature

of the fluild to which the heat 1s transferred, the outlet temperature

Tg 1is more often known in a design problem. If Tg were used in the
computation of heat-transfer coefficlents, lower values of the coefficient
would be calculated when Tg becomes grester than Tg. This condition
might arise when the coolant passage 1s so small that the coolant flow
rate in the passage 18 lessened by interference between the radially ocut-
ward end inwerd flows.

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

Nu = £{GrPr)

The property values (refs. 7 and 8) of the coolant were evaluated at the
film temperature (T + T5)/2 (ref. 4). In the calculation of the Grashof

nuber the gravity term was replaced by the accelerstion term o?r. The
redius r was taken as the radius to the midpoint of the coolant passage
within the blade. The characteristic dimension 1 in the Russelt and
Grashof numbers was taken as the average length of the coolant passage,
ineluding the pasrt in the rim. The temperature difference 6 was that
used for the heat transfer Ty - Tge

I»
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Calculated blade teqperatures. - Because of the high heabt-transfer
coefficients and hest-flow rates encountered in this investigation, the
temperature difference between the wall surface and the coolant was
small. If random errors occur in the temperature data, correlgtions in-
volving small temperature differences are subject to scatter that is not
representative of the actual temperature of the body under consideration.
For this reason it was decided to 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 cen be described

by

. No = 0.0210(Grpr)2/5

which was developed in reference 5. The exponent of the Grashof-Prandtl
numbers product involves the assumption that the passages are large
enocugh that the heated boundary lsyer does not interfere with the flow
into the passage. The numerical coefficient 1s the one resulting in the
best fit of the equation with data obtained on vertical plates and cyl-
Inders iIn the range 1010 < GrPr < 10'2. It is also shown in reference
1 that points determined from the form of this equation that describes
the local coefficient agree quite well with data from experiments with
turbulent free convection of air in a tube of I/D = 5.0 over a range
109 < GrPr < 3x10'2. In order to calculate the blade temperature, it is
first necessary to evalusite the coolasnt-passege surface-to-coolant tem-
perature difference © from this equation, using the experimentally
measured values of rotor speed, coolant temperature Tg and heat flow

rate QB, and fluid properties based on an assumed average of coolant

and wall temperature. When a first approximation of & has been deter-
mined for a given set of turbine data, a new approximation of the average
of the coolent and wall temperature can be made. This is usually accu-
rate enough to proceed with the calculetion of 6. The temperature dif-
ference T - Ti,Ze or Tz - Ti,te’ which is necessary to the conduction

of the measured heat flows, is then calculated with the analog correctlons
already described. :

RESULTS AND DISCUSSION
Measured Temperature Data

In figure 5, the blade temperatures and the heat flow to the coolant
for the 0.125- and the 0.500-inch quadrants are plotted against the flow
raete of coolant supplied to the turbine for what is considered represent-
ative data. The calculated heat flow to the coolant on a per blade basis
is included. The coolant flow rate is not necessarily the quantity of
coolant that was circulated through the coolant passages. No large change

o
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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. Nelther the temperature level of
the blade nor the coplant varied greéatly with the range of coolant flows
used. As mentioned previously, the primary effect of varying the quantity
of coolant supplied to the turbine was to vary the coolant tempersture in
the reservolr in the rotor rim by mixing with the coolant that had circu-
lated through the passsges and removed heat from the blgdes. Figure 5 _
1llustrates the degree of mixing of the coolent in the reservolr and the
temperature rise within the passages by the agreement of the two coolant
temperatures. The temperature af the coolant at the blede tip Ts is

50° F higher than the outlet temperature TG in the 0.125~inch quedrant

and only 10° F higher in the 0.500-inch quadrant. It can be seen in
table I that, for the 0.375- and 0.250-inch quadrants, Tg is not more

then 20° F higher than Tg. For even the 0.125-inch quedrant, the cool-
ant temperature Tz should therefore be adequate for heat-transfer cor-

relations, in view of the heated entrance length and the rapid rise of
the coolant temperature to a uniform value.

As shown in figure 5, the difference in temperature between the
coolant and the lowest recorded blade tempersture 1s on the order of 30°
to 90° F. Because the coolant-passage surface temperature is certainly
lower than any of the measured blade temperatures and the measured tem-
perature differences between the coolant and the blade are so emall,
small changes in the metal temperature used would result 1n large changes
in the temperature difference and, hence, equally large percentage changes
in the heat-transfer coefficlents. It is therefore necessary that the
pessage surface temperature be determined as accurately as possible for
heat-transfer correlations. An electrical analog was constructed to de-
termine the coolant-passage surface temperature by establishing the tem-
persture drop between the thermocouple location and the coolant-passage
surface due to the blade metal conduction process.

Corrected Temperature Data

Analog corrections. - Figure 6 is a plot of temperature differences
between the blade metal and the coolant for the data of figure 5(a). The
dip in the curves in 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 in table I. In terms of
heat-transfer correlations, it can be seen that the temperature difference
obtalned by analog corrections will resuli in Grashof numbers 60 to 40
percent of those calculated from the measured temperature difference.
Correspondingly, the Nusselt number will be 1.7 to 2.5 timee greater than
obtalned with the measured temperature difference.

3803
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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 for this figure were based upon relatively few dsta
polints believed to be representative of the entire data schedule. The
date chosen were for the blade quadrants having the minimim and maximum
leading-edge coolant-passage diameters, the 0.125- and 0.500-inch quad-
rants, respectively, a nominal effective gas temperature of 800° F,
intermediate coolant flows from 0.0082 to 0.0126 pound per second per
blade, and minimum end maximum turbine speeds of 4000 and 10,000 rpm,
respectively, as shown in tsble I. The blade temperatures measured by
thermocouples 0.067 inch from the coolant passage (thermocouples 1 and
3 in Pig. 4) were corrected by the electrical-analog factor to obtain
the coolant-passage surface temperature. Data corrected 1In this manner
are shown to scabter szbout the correlation line theoreticelly predicted
from reference 5 for nabural convection. It is obvious that the percent-
age scatter is muich greater than for any one blede-metal temperabture in
Pigure 5. It appears possible, however, that the theoretical correlation
line from figure 7 can be used for predicting nsatural-convection heat
transfer. Because the experimental temperature differences are small
(fig. 6), any calculated heat-transfer coefficient equal to or larger
than the experimental coefficient would be expected to result In calcu-
lated coolant-passage surface temperatures not mmch different from the
coolant temperature. Inasmuch as the tempersture difference between the
coolant-passage surface and the coolant resulting from the anslog cor-
rections 1is so small that small errors in temperature messurements result
in disproportionately large errors in the temperature difference, it is
impossible toc determine an exact heat-transfer correlation for the in-
stallation used in this investigation.

Blade Tempersature Comparisons

Thus far, it has been shown that small errors in metal temperature
can result in very large errors in calculated heat~trensfer coefficients
for liquid-cooled blades. It follows that, because of the small temper-—
ature differences between coolant and cooclant-passage surface in ligquid-
cooled blades, large errors in an assumed value of heat-transfer coeffl-
cient should result in only a small error in a calculated blade temper-
ature based on this heat-transfer coefficlient. It was therefore assumed
that blade-to-coolant heat-transfer coefficients could be represented by
the theoretical correlation line of figure 7 for ell coolant-passage di-
ameters investigated herein. With the use of these blade-~to-coolant heat-
transfer coefficients, the measured coolant temperature Tg, the measured

heat flows apportioned by the fraction shown in table IT, and the
electrical-analog corrections from the coolant-passage surface tempersa-
ture to the blade metal tempersture at the thermocouple locabtlon, turbine
blade temperatures were calculsted and compared with experimentally meas-
ured temperatures. The complete data range for the 0.250-inch quadrant

SO
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was considered as typical for this comparison. Arbitrarily selected data
were used for the comparisons in the 0.125- and 0.500-~inch quadrants. B

The results are shown in figures 8 snd 9.

Calculated turbine-blade léading-edge tempérabures. - Figure 8(a)
shows the calculated blade temperatures in the vicinlty of the leading-
edge coolant passage (thermoccuple 1 in fig. 4) for a passege diemeter of
0.125 inch. The calculated blade temperatures average sbout 15° F lower
than the measured temperatures and, with the exception of two polnts,
the meximum scatter is sbout +10° F sbout the mean. These predicted
blade temperatures are well within the accuracy that would be required
for practically wll turbine applications. In figures 8(b) and {(c) for
the 0.250- and the 0.500-inch quadrant, the data scatter is about the
same as in figure 8(a), but on an average the calculated blade tempera-
tures more nearly agree with the measured temperstures.
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The solid points in figure 8(&) were computed on the assumption that
the heat 1s transferred to the water at a temperature Tg rather than

Ts. These calculated blade temperastures are 30° to 50° F lower than those
predicted with & coolent temperature of Tg. This indicates that there is

interference between the radially inward and ocutward flowing coolant with-
in the blade passage, which results in heat transfer predictable only on
the basis of a coolent-passage temperature Tg. . S . -

Calculated turbine-blade trailing-edge temperatures. - The tempera-
ture near the trailing-edge coolant passage (thEEﬁbcouple 3 in fig. 4)
was also calculated and is shown in flgure 9. Because the trailing-edge
passage was 0.100 inch in diameter in all guadrants, the quadrant would
not be expected to have & significant effect on the calculsted tralling-
edge temperature. There is some effect, however, because the division
of total blade heat flow to the two blade passages is different for dif-
ferent quadrants. For example, in the 0.500-inch quadrant, a greater
proportion of the totel blade hest flow goes to the leading-edge passage
than in the quadrant where the leading-edge passage 1s 0.125 inch in
dlameter.

Figure 9 shows the comparison between calculated and measured
trailing~edge temperatures for the quadrants with 0.125-, 0.250-, and
0.500~1nch~diameter leadling-edge passages. The data scatbter sbhout the
line for 1:1 correlation, but the scatter is roughly twice as grealt as
it was for the leading-edge passages. For the 0.125-inch quadrant (fig.
7(a)), the calculated temperatures were all lower than the measured tem-
peratures. This effect is not shown at the trailing edge, even though
the coolant-passage diasmeter is only 0.100 inch. The calculated trailing- -
edge blade temperatures of the 0.125-inch quadrant are higher than the
negsured temperatures, As shown earlier, when the actual peripheral var-
iation of the outside heat~transfer coefficient ls comsidered, a higher
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proportion of the total heat flow is transferred to the fluld in the
leading-edge coolant passage. The difference shown by such calculations
would improve the agreement of the calculated values with the measured
values for the temperature near both the leading- and the trailing-edge
passages in the 0.125-inch quadrant, but the magnitude of the change is
not sufficient to bring the temperstures into 1l:1 agreement. Therefore,
it is unlikely that the results for the 0.125-inch quedrant are due, to
eny large degree, to the heat-flow distribution estsblished by the analog
constructed with a constant outside coefficient. In addition, the trend
in the 0.125-inch quadrant was not obtained in either the 0.250- or the
0.500-inch quadrant.

Since the celculated temperatures agree with the measured tempera-
tures near the trailing edge in the three quadrants checked, the coolant
temperatures assumed in these passages are adequate.

Boundary-layer thickness. - A qualitative check of the restriction
of the coolant flow within the blade coolant passages was made. The in-
terference between the fluld streams flowing radially outward and inward
within the same passage was indicated by the thickness of the boundary
layer formed by the hegted coolant flowing radially inward as calculated
from equation (27) of reference 5. Of the particular points checked,
the maximum calculated displacement thickness (equivalent thickness for
constant velocity in the boundary layer) was 0.032 inch in the 0.100-
inch passage. This forms an annmulus that is sbout 87 percent of the pas-
sage cross-sectional area. As seen from the results of the comparison of
calculated with measured blade temperatures, this degree of restriction
of the coolant flow into the passage does not result in blade temperatures
appreclgbly different from those predicted by availsble theory.

Use aund Limitations of Theoretical Natural-Convection
Heat-Transfer Correlations

From the resulits presented thus far, a direct experimental proof has
not been obtained that the theoretical nsfural-convection hegt-transfer
correlation presented In reference 5 is accurate for coolant-passage di-
ameters from 0.100 to 0.500 inch (length-~to-diemeter ratios from 25.5 to
5.1). With the use of this correlation and corrections for the tempera-
ture differences due to the conduction process in the blade metal, how-
ever, it is indicated that blade temperatures can be predicted with suf-
ficient accuracy for most engineering applications when coolants that
give high heat-transfer coefficients, such as water, are used. The
effects of even smaller diameter (larger length-to-diameter ratio) cool-
ant passages still require investigation. The data obtained for this
turbine show that coolant-flow restriction due to boundary-layer growth



14 . L R, NACA RM E55J18a

with ngtural convection does not result in serious error in blade-~

temperature calculation and that use of the theoretlcal equation of ref- -
erence 5 does not result in serlous error in temperature calculation '

where passages of length-to-dlameter ratioc less than or equal to 25.5

are used. ’ - :

In the present investigation the blade temperature range wass limited
by the coolant boiling temperature. In liquid-cooled turbines, it is de-
sirgble to operate at blade temperstures of 1000° F or higher depending
on the turbine material. With these higher blade temperatures, metal
strength is still high arnd the guantity of heat rejected from the engine
cycle due to turbine cooling is reduced. Operation at these higher tem-
peratures requires the use of coolants with high boiling points, such as
the liquid metals, metal salts, and metal hydroxides, or water at super-
critical pressures.

This experimental investigatlion did not give information concerning
possible accuracy in calcdulating blade temperatures at higher temperature
levels. An indication of possible errors to be expected 1s shown in
figure 10. Blade temperature ls plotted against the coolant core tem- "
perature obtained analytically for a range of coolant core temperatures
from 200° to 1000° F. The blade temperature was teken to be the temper-
ature at & point similar to the poslition of thermocouple 1 1n figure 4.
The temperature Ty was calculated for the leadigg-edggwpa;t 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 squere inch
so that boiling of the coolant up to the critical temperature is pre-
vented. Properties of the coolant at this condition were obtained from
references 7, 9, 10, and 1l. The blade-to-coolant heat-transfer coef-
Plclent was obtained from the natural-convection correlastion of reference
5, and the Russelt number was varied 50 percent from the value obtained
by the correlation. The gas tempersature for heat transfer was chosen as
1850° ¥, with a constant outside heat-transfer coefficient of 0.0556
Btu/(sec)(sq £t)(°F) (200 Btu/(hr)(sq ft)(°F)), which is considered av-
erage for present-day turbine designs. For the entire range of calcula-
tions, a 50 percent error in Nusselt number 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-tranasfer coefficlent
on the error ceused by a 50 percent error in the assumption of the
Nusselt number, calculstions similar to those made for figure 10 were
repested for a range of coolent core temperstures from 400° to 500° F for
an outside hest-trensfer coefficient of 0.1.389 Btu/(sec)(sq £t)(°F) (500
Btu/(bhr) (sq £t)(°F)), which might be attained in a turbine with a very -
high mass flow. It was found that the error band was qulte similar to
thet determined for the lower coefficient.

3803
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The errors of x50 percent in Nusselt mumber shown in figure 10 are
estimated to cover a range large enough to permit use of the correlation
of reference 5 for passage length-to-diameter ratios up to at least 25.5.
Even learger variations, which might be encountered with smaller dlameter
passages, should not have a large effect on calculated blade temperature
because of the relative insensitiveness of the calculations to Nusselt
number sc long as coolants with high heat-transfer coefficients are used.

SUMMARY OF RESULTS

An investigation of the effect of coolant-passage length-to-diameter
ratio on natural-convection hest transfer in water-cooled turbine blades
produced. the following results:

1. Very high hegt-transfer coefficients and small temperature dif-
ferences between coolant and pessage surface were characteristic of this
turbine. Because of the errors associated with the measurement of tem-
perature, errors in the small temperature difference were quite large.
As a result, no differences in the nondimensional heat-transfer correls-
tion could be shown for the various length-to-diameter ratios investi-
gated. ' ) '

2. A theoretical natural-convection correlation for flat plates
and tubes of small lengbth-to-diameter ratio was found to be adequate to
define the heat-transfer coefficients for purposes of blade-temperature
calculation. It was possible to calculate turbine blade temperatures
neer the leading-edge coolant passages within about 15° F at blade tem-
perstures of aspproximately 300° F without regerd to length-to-diameter
ratio for values of this ratio from 25.5 tc 5.1. There was & larger
scatter in the calculated results for temperatures neasr the trailing-
edge coolant passage of 0.100-inch dismeter.

3. It was shown analytically for blade temperstures up to 1270° F
that errors of x50 percent in the theoretical natursl-convection Nusselt
number would result in errors of less than 30° F in calculated blade
temperatures for high heat-transfer coolants, such as water.

4. Because of the large temperature gradients within liquid-cooled
turbine blades, it is necessary to take into account the temperature
differences between the coolant-passage surface and the place of measure-
ment in order to calculate local blade-metal temperstures or to use ex-
perimental deta to obtailn heat-transfer correlstions.

Lewis Flight Propulsion ILaboratory
Netlional Advisory Committee for Aeronsutics
Cleveland, Ohio, October 27, 1955
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AFPENDIX A

SYMBOLS
area, sq ft
length of blade coolant passage, ft

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

dismeter, £t

function

2 2503
Grashof number, ELEIEEEEL
V)

heat-transfer coefficient, Btu/(sec)(sq £t)(°F)
thermal conductivity, Btu/(sec)(£t)(°F)

thermal conductivity, blade and rotor rim material,
0.00439 Btu/(sec)(£t)(°F)

length of coolant passage in blade and rotor rim, ft
Nusselt number, hl/k

Prandtl number, cpu/k

heat-flow rate, Btu/éec

radius, £t

temperature, OF

weight-flow rate, 1lb/sec .
coefficlent of thermal expansion of coolant, l/°F

temperature difference, Tg - Ti,Ze or Tg - Ti,te: °F

temperature difference between outer and inner turbine rim thermo-
couples, °F

dynamic viscoslty of coolant, 1b/(sec)(ft)

3803
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density of coolant, 1lb/cu ft

T metal thickness, ft.‘

® angular velocity, radians/sec

¥ analog correction factor defined in appendix B
Subscripts:

a arbitrary location

B blade

c coolant

i inside (coolant passage)

in Iniet

le leading-edge part of blade

R rim

by total

te trailing=edge part of blade

1 to 6 +thermocouple locations (see fig. 4)
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APPENDIX B
COOLANT-PASSAGE WALL TEMPERATURE CORRECTIONS

The following équaetion from reference 12 defines the heat flow
through a tube when the outer and inner walls have different temperatures:

2
Q =k Iﬂ;_ (Ti - Ta)

In 2
Ty
Rearrangling terms yilelds
r
p .9 4,2 :
T1 - Ta = im0 T : (1)

This equation states that the temperature difference in a tube of length
b depends on the radius and the heat flow. s ’ h

For the case of a cylindrical passage in a noncylindrical body, as
in a liquid-cooled turbine blade, it 1s apparent that this equation is not
valid, since the passage 1s surrounded by nonconcentric isotherms. In the
present investigation, equation (1) is modified by a correction factor to
account for.the nonconcentricity of the isotherms. The equation is then

valid only locally aid, because Of this restriction, the correction factor

must be determined for specific locations on specific configurations.

Since electrical analogs have been used Prévicusly in turbine-blade
temperature studies (ref. 13), such a device was constructed to determine
the correction factors needed in this Iinvestigation. For construction of
the analog, the outside heat-transfer coefficlent was assumed on-the basis
of average over-all values from the entire experimental range. For the
inside heat-transfer coefficient, an estimate was made. The accuracy of

termined by the outslde heat-transfer coefficient.

Since the correction was desired 1n the form

I'i .
Ti - Ta = WQ " (2)

3803
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the correction factor ¥ was determined as .

Q analog .

B
Q calculated

Ty - Ty
is measured from the analog and

where { ———— = =
Q calculated

Q )analog
is calculated from equation (1).

The first analog constructed was 10 times the blade size and was fab-
ricated of 24-gage chromel wire in =& 1/2- by 1/2—inch grid. The locations
of the thermocouples in the actual blade were represented as accurately-as
the grid spacing would permit, since the thermocouple locations 'in the :
analog mist occur at grid junctions.  On the basis of approximate calcula-
tions of the thermal resistance of the enclosed ceramic-insulated thermo-
couple assembly, the thermocouple installation:in the blade was simlated
by an electrical resistance 100 times that of the ‘same span of the normal
analog wire. s

Although the 10-times-size analog allowed the placement of thermo-
couples accurately encugh for the leading-edge part of the analog, it was
found that the thermocouples in the trailing-edge portion of the analog
could not be placed with required accuracy, owing to the relatively few
grid junctions in that thjin-section region of the anslog. .Consequently,

a 20-times-size analog of the tralling-edge part of the turbine blade was
constructed. This analog  is shown in figure 11. The extent of the
trailing-edge part of the blade. (the curved left grid extreémity in fig.
11) was determined by estsblishing the line across which there is a zero
tempersture gradient on the 10-times-size analog for the blades that have
0.250-1nch-dlameter leading edge coolent passages. ' That particular blade
type was chosen for the design ¢f the 20-times-size analog because 1ts.
zero-thermal-gradient line fell between and well represented those of the
other blade types for which analogs were constructed. No &nalog was con-
structed for the blades with a 0.375-inch~-diasmeter coolsnt passage because
no additional information would be gained. .
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TABLE I, - OPERATING DATA FOR WATER-COOLED TURRINE
Tur- |Bffec- | Cambus-| Cool- Temperature®, °OF
bine |tive |tlon a0t  INear [Mid- [Near |Trail-|Cool-|Cool-|Gool-|oOuter|Inner
speed, |gas gas flow, l1ead-|chord|tratl- ing ant [ent |ant |rim |rim
rpm | temper-| flow, | 1b/sec ing ing |edge |inlet|at |out-
ature, |1b/sec | per edge edge tip |let
per |blade | 3 | 2 | 3 4 5 | 6
blade
Leading-edge coolant-passage diameter, 0.125 in.
4,000| 524 0.107 |0.022 | 194 | 207 | 181 220 70 125 82| () | (v)
559 107 | .016 | 207 | 220 | 193 241 70 135 94
586 .108 | .013 | 215 | 227 | 201 250 70 140 | 100
561 .108 .010 217 230 205 250 71 146 108
557 .108 .0083] 222 233 211 256 71 150 | 114
543 .108 .0052 | 238 245 224 265 ‘68 175 137
538 .108 .0032 | 255 267 250 284 76 202 175
4,000 767 108 022 a57 272 242 305 70 154 85
730 .109 .016 255 273 245 300 70 163 108
749 .108 013 265 282 255 310 71 175 118
864 .107 .010 272 3186 293 355 73 207 | 142
724 109 .0084 | 287 289 262 317 72 192 140
721 .108 | .0052| 292 | 310 | 285 335 72 225 | 175
751 .108 0032 | 336 335 320 351 76 270 215
6,000 858 106 .022 257 275 245 306 73 183 | 116
811 106 .015 255 273 245 305 74 185 122
826 <106 .013 274 282 255 318 74 180 | 132
816 106 .010 282 287 260 320 ™ 185 145
844 .106 .0085 | 296 302 274 335 76 210 162
831 .106 .0052 | 327 330 301 357 81 244 203
821 <110 .0043’| 340 344 317 365 87 262 217
8,000 858 .108 .022 267 267 234 290 69 152 104
824 .110 .015 270 275 246 285 75 170 127
847 <110 013 288 293 257 318 86 184 142
825 .104 .010 294 302 261 320 77 211 t 157
867 100 .0083 | 305 310 | 277 325 71 212 169
847 14 .0052 | 335 333 310 350 72 255 210
10,000 |. 858 JJ113 .022 252 280 242 280 T4 160 12
831 110 .015 275 291 255 289 74 177 | 130
862 110 .013 300 302 265 305 75 192 148
827 JA13 .010 297 302 266 302 76 197 157
833 111 | .0082[ 310 | 321 | 283 322 76 215 | 180
845 110 0052 | 335 347 -— 347 74 246 209
10,000 1012 .110 .022 302 319 —-— 325 72 177 119
1023 .110 .016 332 335 -— 339 72 200 144
1026 110 .012 324 350 - 352 74 213 164
1040 113 .010 321 | 350 — 355 71 219 167
1029 112 .0085 | 327 356 —— 353 72 227 180
1030 113 0073 335 368 -—— 350 72 237 | 193
10,000 | 1227 d12 .022 344 313 —-—— 359 72 201 | 135
1221 Jd13 .0l6 367 330 -— 377 72 220 160
1222 113 .013 369 336 -— 382 72 238 180

S Rumbered thermocouples refer
of fig. 2.

PNo thermocouple here in this quadrent.
]

to thermocouples of fig. 4; others to thermocouples
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TABLE I, - Continued. OFERATINRG DATA FOR WATER-COQLED TURBINE

Tur- | Effec~ |Cambus-|Cool- Temperature®, CF _
oot o’ e |2low, |Mear [Mia- Near ~[rrai1-coo1-[coo1-coo1-outer| Taner

’ - ! |lead-|chord|trall-|ing ant ant |ant Jrim (rim

rpm | temper-|fTlow, lb/ sec|y _
- eture, |lb/sec. | per = [ & .. |8 jedge inletiat  |out-
edge edge tip |let
per |Plade | Ty | 2 |73 e 5 | 6
blade )
Leading-edge coolant-passage diameter, 0.250 in. ’

4,000 524 | 0.107 {0.022 | 151 | 177 | 169 | (b) 70 94 | 85 {120 | 91
559 - .107 .018 16l 188 190 . 70 105 97 133 100

586 .108 013 166..| 195 197 70 109 102 139 107

561 .108 .010 170 197 198 7L 122 111 144 115

557 .108 .0083| 175 202 201 . 71 129 121 150 122

543 .108 .0052| 193 220 221 - 68 1527 | 150 172 147

538 .108 .0032| 218 242 246 76 185 182 200 181

4,000 767 109 022 188 232 227 70 114 98 151 105
730 .JO9 | .0l6 192 233 232 70 130 113 160 116

749 .108 .013 200 244 243 71 138 120 168 125

864 107 010 229 281 280 73 le2 147 198 150

724 109 L0084 | Z211 252 252 72 155 144 185 145

721 " .108 .0052 ]| 237 275 aT71 72 180 180 213 177

751 .108 .0032} 281 315 318 76 232 219 253 224

6,000 858 .106 022 192 242 228 73 125 108 158 110
811 106 .015 200 247 235 T4 138 125 169 125

828 .1086 013 } 209 255 246 74 - | 146 136 . 178 136

816 106 .010 215 2627 | 254 s 157 150 .88 148

844 .108 .0085 | 231 278. | 269 - 76 1751 167 204 162

831 .106 .0052 | 268 311 302 81 214 210 240 207

821 .110 00435 | 282 326 319 87 228 222 255 222

8,000 858 .108 .022 '} 191 240 225 69 120 105 151 107

824 110 .015 205 254 235 7S 140 132 174 130

847 110 .013 227 272 255 86 155 146 192 144

- 825 104 .010 233 277 265 7 166 160 204 156

867 100 .0083 | 238 287 275 - 7L 180 173 211 168

847 14 0052 285 320 317 72 215 212 255 212

10,000 858 <111 .022 200 257 227 T4 125 114 165 115
831 <110 015 212 265 237 74 142 135 179 133

862 .110 .013 225 282 | 253 75 157 150 183 147

827 113 .010 230 285 260 76 157 164 201 160

833 <111 .0082 | 247 300 279 76 167 186 223 181

845 +110 0052 | 278 332 316 74 190 220 255 220

10,000| 1012 <110 .022 225 292 260 72 122 laz 178 122

1023 .110 .016 242 309 279 72. 140 150 200 146

1026 .110 .012 258 325 295 74 151 170 219 165

1040 J13 010 270 328 308 71 161 191 238 185

1029 2112 .0085 | 292 350 325 T2 183 213 257 210

1030 113 0073 | 304 358 335 72 192 222 266 222

10,000| 1227 172 022 | 258 332 300 72 131 138 203 140
1221 113 .016 277 352 320 72 146 168 235 165

1222 <113 013 292 364 336 . 72 161 187 2561 184

@Numbered thermocouples

of fig. 2.
PNo thermocouple here in this quadrant.

refer to thermocouples of fig. 4; others to thermocouples

o e

co8e
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TABLE I. ~ Continued. OFERATING DATA FOR WATER-COOLED TURBINE
Tur- |Effec- |Combis-|Cool- | * * " Temperature®, °F
2;226., zia:? : gg.n ?Ezw Near |Mid- |Near -|Trail-|Cool-[Cool-|Cool~|Outer|Inner
’ |lead-{chord|trail-|ing - {ant |ant |ant |rim |rim
rom  |temper-|flow, |1b/sec|;;
ature 1b /s ec | per ing ing edge inlet|at out-
E
edge edge tip |let -
per (blade |77 | 5 |3 " 5 | 6
blade -
Leading-edge cooclant-passage dlameter, 0.375 in.
4,000| 524 0.107 [0.022 | 143 | 155 | 177 () 70 95 87 | (b) | (b)
559 107 .016 | 150 | 164 | 187 70 100 92
586 .108 |- .013 | 160 | 175 | 200 70 100 | 104
561 .108 010 | 165 | 178 | 203 71 116 | 113
557 .108 .0083| 170 | 183 | 207 7L 124 | 120
543 .108 .0052 | 187 | 200 | 225" 68 150 | 145
538 .108 1 .0032} 213 | 227 | 250 76 180 | 177
4,000] 787 «108 .022 | 182 | 203 | 235 70 108 [ 101
730 - .109 .016 | 182 | 200 | 230 70 113 § 105
749 .108 013 | 195 | 217 | 248 71 127 | 123
864 .107 {-.010 | 225 | 250 | 284 73 155 .| 150
Ted - 108 0084 | 205 | 227 | 258 72 150 | 145
721 .108 .0052 | 233 ) 252 | 282 - 72 185 | 180
751 .108 } .0032 | 272 | 293 | 318 78 225 | 212
6,000{ 858 J108 | .022 | 182 [ 205 | 234 73 112 | 105
811 .106 015 [ 194 | 216 -| 244 | 74 .| 130 | 127
826 .1086 .013 | 201 | 225. | 251 74 140 | 137
816 .106 .010 | 209 -| 232 | 258 75 151 | 149
844 1086 0085 | 224 | 249 | 275 76 169 | 165
831 .106 .0052 | 257 | 28C | 303 81 210 | 204
821 110 | 0043 | 268 | 292 | 317 87 225 | 213
8,000| 858° .108 .022 | 183 | 210 | 233 69 119 | 111
824 110 015 | 198 | 220 | 244 75 136. | 132
847 .110 013 | 209 | 240 | 258 86 157 | 152
825 <104 010 | 215 | 247 | 263 - 77 167 | 162
867 .100 .0083 | 227 | 253 | 277 7L 177 | 172 ¢{.
847 w114 .0052 | 262 | 288 | 309 72 223 | 215
10,000| 858 111 .022 [ 188 | 216 | 243 74 127 § 120
831 -.110 015 | 197 | 225 | 251 74- | 140 { 136
8862 - 110 0I3- | 212 | 240 | 263 75 155 | 152
827 2113 010 | 218 | 247 | 275 76 167 | 164
833 | 11 0082 | 238 | 264 | 283 76 190 | 185
845 ..«110 .0052 { 264 | 289 | 320 74 220 | 209
10,000} 1012 | .-.110 022|208 | 239 | 28L 72 135 | 126
1023 / ' .110 .018 | 223 | 252 | 295 72 152 | 147
1026° .110 012 | 237 | 269 | 309 74 17r | 165
1040 113 .010 251 | 280 | 37 71 189 | 183
1029 112 .0085 | 262 | 287 | 325 72 202 | 197
1030. ° 113 0073 1277 | 302 | 338 72° [ 218 | 211
10,000 | 1227 . J12 .022 | 240 | 276 | 322 72 151 | 144
1221 113 .018 | 260 | 294 | 337 72 175 | 168
1222 L1113 013 | 278 | 310 | 355 72 -195 | 187

BNumibered thermocouples

of fig. 2.~
bNo thermocouple here in this quadrant.

refer to thermocouples of fig. 43 others to thermocouples
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TABIE I. - Concluded. OFERATING DATA FOR WATER-COOLED TURBINE
Tur- |Effec- |Combus-|Cool- Temperature®, °F
B;ZZd, Zi:e zign 22t |Wear [Mia- [Near [Trail-|Cool-]Cool-]Coal-] Outer|oner
by e v/ ’ |lead-| chord|trail~|ing ant |ant |ant |rim |rim
rpm | uemper-)1lcw, 8€Cling ing |edge |inlet|at |out-
ature, lb/sec per
oF per |blade |S9€° edge tip |let
1 2 3 4 5 6
blade
Leading-edge coolant-passage diameter, 0,500 in. . _
4,000] S24 0.107 [0.022 | 137 | 147 | 165 190 70 83 85 | () | ()
559 .107 | .016 | 150 | 160 | 180 | 202 70 | 100 | 96
586 .108 | .013 | 157 | 170 | 180 | 215 70 | 105 | 105
561 .108 | .010 [ 161 | 172 | 194 217 |76 | 111 | 120
557 .108 | .0083| 165 | 176 | 200 | 220 71 | 130 | 118
543 .108 | .0052( 180 {. 197 | 222 252 | 68 | 150 | 148
538 .108 | 0032 212 | 225 | 250 | 275 76 | 185 | 177
4,000| 767 .109 | .022 | 172 | 195 | 227 | 310 70 | 106 98
730 103 | 016 | 180 | 19¢ | 225 |30 |70 | 110 | 107
749 .08 | .013 [188.| 210 | 242 | 317 71 | 129 | 125
864. L107 | .010 | 213 | 243 | 273 | 367 73 | 152 | 151
724 .109 | .0084| 202 | 218 | 252 | 334 72 | 140 | 142
721 .108 | .0052| 227 | 247 | 275 | 346 72 | 185 | 180
751 .108 | 0032|265 | 283 | 306 | 385 | 76 225 | 215
6,000| 858 .106 | 022 | 1835 | 207 | 220 | 279 73 | 125 | 120
811 .106 | .015 | 185 | 208 | 222 277 74 | 129 | 125
826 .106 | 013 | 192 | 218 | 230 | 283 74 | 139 | 137
816 .106 | .010 | 201 | 226 | 240 | 287 75 | 158 | 150
844 .106 | 0085|215 | 242 | 255 | 300 76 | 167 | 165
831 .106 | .0052| 252 | 273 | 282 320 |81 | 211 | 204
821 .110 | .0043| 267 | 287 | 297 | 349 87 | 225 | 217
8,000| 858 ,108 | .022 | 175 | 204 | 210 | 290 |69 | 116 | 211
824 110 | 015 | 187 | 217 | 217 | 234 75 | 135 | 132
847 .110 | .013 | 200 | 232 | 232 268 86 | 153 | 147
825 104 | 010 [ 207 | 242 | 242 | 284 77 | 166 | 162
867 .100 | .0083 | 225 | 255 | 257 | 362 71 | 182 | 173
847 .114 | .0052| 257 | 286 | 286 393 |72 | 227 | 210
10,000! 858 JAI1 | 022 | 177 | 211 { 210 | 270 74 | 125 | 120
831 110 | 015 | 185 | 218 | 217 | 306 74 | 136 | 135
862 J10 | .013 | 201 | 233 | 233 [ 220 |75 | 151 | 150
827 .113 | .010 | 210 | 240 | 241 | 335 76 | 165 | 162
833 211 | o082 227 | 280 | 260 | 370 76 | 182 | 183
845 ,110 | .0052 | 256 | 283 | 285 | 409 74 217 | 211
10,000| 1012 JA10 | 022 194 | 229 | 229 | 407 72 | 130 | 127
1023 .110 | 016 | 209 | 243 | 243 | 425 72 [ 147 | 146
1026 110 | 012 {225 | 257 | 259 | 435 T4 | 165 | 162
1040 113 | 010 | 228 | 268 | 270 | 448 71 | 185 | 180
1029 112 | .0085| 250 | 2835 | 283 | 458 72 206 | 198
1030 113 | 0073|258 | 292 | 292 | 464 72 | 215 | 210
10,000| 1227 Jd12 | .022 | 214 | 260 | 259 500 72 | 148 | 144
1221 213 | .o16 | 232 | 277 | 275 | 520 72 | 170 | 166
1222 J13 | 013 | 246 | 287 | 283 | 525 72 ] 187 | 181

8Numbered thermocouples

of fig. 2.
bro thermocouple here in this

quadrant.
> i

refer to thermocouples of fig. 4; others to thermocouples

~oe”
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TABIE II. - SUMMARY OF ELECTRICAIL ANALOG RESULTS
Leading- | Trailing-|Fraction of Fraction of Correc~| Correc-~
edge edge total current|total current|tion tion
coolant- | coolant- |flow through |flow through |factor,|factor,
passage passage leading-edge |trailing-edge wle *te
diameter, | diemeter, | coolant- coolant-

in. in. passage walls|passage walls| (a) (b)
0.125 0.100 0.576 0.424 0.755 | —=====
.250 .100 613 387 1.151 1.415
500 100 647 353 1.869 | =—=m=-

8These analogs have

b

Analog has a scale

g scale of 10 times blade size.
of 20 times blade size.
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Figure 1. - Cross Bechion of netwral-convestion liquid-cooled turbins.
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Composite view
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showing 0.125",
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and 0.500" diems

Axis]l reference line

0.25"~

27

Plene of blade
Instrumentation -7

Thermocouples rotated
Into position from

locations midway

between two adjacent Outer rim

blades in quadrant Imer rim

having 0.250"-diam
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Disk
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Flgure 2. - Cross sectlon of rotor and blade coolant system of netural-convection liguid-
cooled turbine showing imstrumentation locatilons.
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Thermocouples 1 and 3 are
located 0.06T7 in. from
coolant passage walls on
line from centers of coolant
passages to leading and
trailing edges, respectively

CD-4440

Figure 4. - Thermocouple locations on rotor blade of naturel-convection liquid-cooled turbine.
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T T T L t v

o Measured temperature differenée
between coolant core and thermo-
— couple 0.067 in. from coolant- —
passage wall (Tz - Tg)
_ o0 Calculated temperature difference
120 — " between coolsnt core and coolant-
passage wall (T - T
( i,te 5)

[05]
O

) o
N

T -

g

5

Temperature difference, Op
>)

o .
\005 .010 .015 .020 .025
Coolant weight flow, w,, lb/sec per blade

Figure 6. - Temperature differences for heat transfer
for 0.100~inch-diemeter tralling-edge coolant pas-
sages in blede quadrant with 0.125-inch-dismeter
leading-edge coolant passages gt rotor speed of
8000 rpm.
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500 T T |
Rotor speed,
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o 4,000 i
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400 A 8,000
v 10,000
Solid symbols
calculated with
coolent temper-
ature Tg Efb
300 o &~
i
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200
100 -
0] 100 200 300 400

Actual blade temperature, Ty, °F

(a) Leading-edge coolaent-passage dlemeter, 0.125 inch.

Figure 8. - Comperison of measured and calculated blade
temperatures in leading-edge part of blades wlth water
as coolant.
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o 4,000
o 6,000
400 & 8,000
v 1C,000
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X )
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Actual blade temperature, T;, 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 with

water as-coolant.



NACA RM ES5J18e SRR

500
Turbine speed,
ropm
) 4,000
o 6,000
400 2
3 a 8,000
- v 10,000
jary
B
]
2 300
2
%’, A
- +
© oy
| 7
. 3 200 St
Lo
[]]
5 00
o
3
© 100
0 100 2 300 4

Actual blade temperature, T, Op

(c) Leading-edge coolant-passage diameter, 0.500 inch.

Figure 8. -~ Concluded. Comparison of measured and calculsted

water as coolant.

blade temperastures in leading-edge part

of blades with
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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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Figure 10. - Effect of error in assumption of

Nusselt number on calculsgted blaede tempera-
ture for natural-convection cooling with

water. Effective gas temperature, 182)° F.
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