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SUMMARY

Analytical methods are available for calculating cooled-blade tem-
peratures, but the calculations sometimes are tedious, complex, and time-
consuming, especially if results are required for many sets of conditions
and blade designs. As a consequence, an investigation was conducted to
develop simple, inexpensive electric analogs for determining temperatures
of cooled turbine blades. The accuracy of such analogs was determined by
fabricating three for specific blade configurations and comparing values

* of blade temperatures obtained with them with calculated values of tem-

perature when air-cooled blades were considered, and by relaxing the
analog vaelues for liquid-cooled blades and determining whether the resid-
uals were acceptable. Analogs were made for a 13-fin shell-supported
air-cooled blade, a strut-supported air-cooled blade, and a liquid-cooled
blade.

In general, good agreement was achieved between calculated and analog
values of blade temperatures. Average blade temperatures obtained from
55- and 3l-element fin-blade analogs showed excellent agreement with cal-
culated average values of temperature. ZILocal values of calculated and
analog blade temperatures differed somewhat, although the analog was con-
sidered more accurate on the basis of unpublished experimental data. For
the strut-supported-blade enalog, the results indicated that either a
six- or a two-element analog (shell, primary fin, and strut divided into
six or two elements) could be used to give excellent results. The dif-
ference between the calculated temperature-difference ratio and the six-
element-analog values was less than 3/4 percent, well within the estimated
+3 percent considered permissible with respect to stress. Results ob-
tained with an analog that had a grid network representing the liquid-
cooled blade were considered generally.satisfactory. Use of such a
grid-type analog can reduce the time required to obtain temperature
distributions from 4 weeks or more to approximately 1 day. Also included
in this report are the techniques used to develop the analogs as well
as general information useful to those interested in utilizing such
analogs.
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INTRODUCTION

The design of cooled turbines requires a knowledge of the blade tem-
perature distributions for given coolant-flow rates, especially for the
load-supporting members of the blades. Knowledge of the blade tempera-
tures under imposed operating conditions and the corresponding strength
characteristics of the proposed blade material indicates the limitations
that must be placed on the performance of the engine.

Much work has been done at the NACA Lewis lgboratory on the develop-
ment of temperature-distribution equations for both alr-cooled and
liquid-cooled blades. The equations for the air-cooled blades are for
those in which the blade load due to centrifugal force is supported by
the blade shell (refs. 1 and 2). The equations are dependent upon the
gas-to-blade and blade-to-coolant heat-transfer coefficients. Equations
have been developed for gas-to-blade coefflcients for laminar flow and
constant wall temperature that are applicable to impermeable-wall turbine
blades (refs. 3 to 5). This work is partially summarized in reference 6;
an equation for turbulent flow and constant wall temperature, based on
the results of reference 7, is also given. For the case where the wall
temperature varies considerably, as is true for some trailing and leading
sections of turbine blades, expressions have been derived by the NACA for
correcting the constant-temperature coefficlients on the basis of the re-
sults glven in references 8 and 9.

Forced-convection cooling attained by passing air or liquids through
blade coolant passages is similar to forced-convection cooling processes
in pipes and channels. Because of this fact, heat-transfer equations for
flow of ges and heated liquids in tubes are used to determine the surface
blade-to-coolant heat-transfer coefficients for turbine blades.

In another type of air-cooled blade, the load-supporting member is
a strut surrounded by the shell. The strut is attached to the base, and
the shell 1s attached to primary fins integral with the strut at many
locations along the blade span. The strut may have secondary fins (which
are not in contact with the shell) to augment the cooling, if required.
Expressions have been derived by the NACA for the temperature distribu-
tions of the shell, primary fins, and strut near the midchord region of
a particular blade of such a configuration. No attempts to obtain ex-
pressions for temperatures near the leading and trailing sections of such
a blade have been made as yet.

Use of the foregoing equations and coefficients for liquid-cooled
and shell-supported air-cooled blades to calculate blade temperatures has
resulted in reasonasble agreement with experimental trailing-section,
leading-section, and average midchord temperatures of a few blades for a
range of conditions usual in present-day gas turbines (see ref. 6). Simi-
lar results have been obtained in England (refs. 10 and 11). Very little
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has been done in this respect for strut-supported air-cooled blades.
Although these analytical methods for calculating blade temperatures are
avallable, the calculations sometimes are tedious, complex, and time-
consuming, even for one set of conditions. It is usually necessary to
make calculations for many sets of conditions, because altitude and
engine conditions vary appreciably, and the design must be checked for
the range of conditions involved. In eddition, when a design is initil-
ated, many cooling configurations are explored. The calculations for

a liquld-cooled blade may be especially time-consuming, because a large
amount of metal must be left bebtween the coolant holes and the outer
boundary of the blade because of high stress due to the rotating liquid;
and the heat-transfer problem at any chordwise cross section becomes
two-dimensional for most of the cross section. The Laplace equation for
this case must be solved numerically by application of the relaxation
method. This calculation tekes weeks for one solution. In the case of
a strut-supported blade, a series of six equations involving 12 constants
that muist be determined by simultaneous solution of 12 equations is used
to determine the temperatures of the various parts of the blade. This
method results in an especially long process of calculation. Methods
that would reduce the tediousness, complexity, and time for calculating
some blade temperatures would be very beneficial.

Some work has been done by other investigators to represent the heat
flow through complex-shaped walls, tubes and other members embedded in
walls, tubular heat exchangers, and alrcraft propellers by use of electric
analogs that reduce apprecigbly the complexity and time for heat-transfer
calculations (refs. 12 to 17). A brief rdsumé of these analogs and their
use is given later. Good results were obtained in these investigations.
Such analogs, which are based on the general similarity between heat flow
and electric flow, use either a network analyzer fwhere the heat-flow
path is "represented by & number of electrical resistors arranged in the
form of built-up network to simulate through the resistance concept the
thermal resistance of the original heat-flow form" (ref. 14)) or a model
having the same geometrical configuration as the original structure and
made of electrically conductive materieal.

Because of this work with electric anelogs, a great possibility
existed that such devices could be applied to bodies of such complicated
shape as cooled turbine blades to aid in obiaining the blade temperatures.
Of great advantage, however, would be much simpler and less expensive
analogs than those sometimes used for the problems mentioned previously.
Consequently, a number of analogs of the more simple electric-resistor-
network type were developed for specific blade configurations, and tem-
peratures were obtained with them. As an outcome of this work, it is
the purpose of this report to:

(1) Describe blades considered
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(2) Present in a general manner the heat-transfer theory used to
calculate blade temperatures

(3) Present techniques used for developing the electric analogs
(4) Describe electric analogs and their development

(5) Compare temperatures obtained with analogs with those calculated
from heat-transfer theory

(6) Give general discussion of results, variations of methods and
analogs to use to speed determination of temperatures, factors of
value in construction of analogs, and other information of use in

this field

Three blades were considered: a shell-supported air-cooled blade
with fin~-type internal cooling surface, an air-cooled strut-supported
blade, and a liquid-cooled blade usling water as a coolant. Only one
chordwise cross section was considered in each case, because application
of methods to other chordwise cross sections along the span would be
identical to those shown. In the case of the shell-supported alr-cooled
and liquid-cooled blades, temperatures were obtained for all regions of
the shell. For the strut-supported blade, temperatures were obtained
for only the midchord reglion for the reason given previously. A general
conclusion as to the efficacy of the analog for turbine blades will
probably not be changed by neglect of some regions of the strut-supported
blade. A wide range of gas-to-blade and blade-to-coolant coefficients
was used to determine the effect of these coefficlients on the accuracy of
the analog temperatures as compared with the calculated temperatures.

DESCRIPTION OF TURBINE BLADES ANALYZED

Chordwise cross sections of the three blades, a 13-fin shell-
supported air-cooled blade, a strut-supported air-cooled blade, and a
liguid~cooled blade, are shown in figure 1. The liquid-cooled and 13-
fin air-cooled blades were of constant cross section from root to tip and
were untwisted. The air-cooled strut blade (fig. 1(b)) was untwisted and
unchanged in outer profile, but the fin depth varied slightly from root
%0 tip. Inasmich as spanwise conduction was neglected in all cases and
the changes in the strut-blade cross sectlion were small, the root section
of this blade was chosen for analysis; a similar analysis would be appli-
cable for any spanwise location.

Geometric factors of the blades are given in table I. Reference to
the symbol list (appendix A) and figure 1 will clarify some of the dimen-
sions given in this table. The coolant in the liquid-cooled blade flows
from root to tip through the two holes nearest the leading section,
crosses over, then flows from tip to root in the other three holes. In
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the air-cooled blades, the cooling alr enters at the base of the blade
and leaves at the tip. Further details of the internal coolent passages
are given in the following sectilomns.

Shell -Supported Air-Cooled Blade

The 13-fin shell-supported blade is machined in two parts divided
essentially at the mean camber line, and the parts are brazed together
at the leading and trailing edges. As & consequence, the 13 fins are
not continuous (see fig. 1(a)). The fins have an average thickness of
0.036 inch, and the average fin spacing is 0.046 inch. The blade metal
is high-temperature alloy S-816.

Strut-Supported Air-Cooled Blade

The strut-supported air-cooled blade used herein is shown in fig-
ure 1(b). The cooling air passes through the spaces provided between
the fins, the strut, and the shell. The blade has both primary and
secondary fins; the primary fins for the midchord section to be con-
gidered are 0.040 inch thick, end the secdndary fins are 0.020 inch
thick. The spacing and depth of the fins are 0.080 and 0.086 inch, re-
spectively. The strut is made of Timken 17-22A(S) steel and the shell
of Inconel.

Liquid-Cooled Blade

The liquid-cooled blade has five holes (fig. 1(c)), the length of
each being 2.38 inches. The total free-flow area of the internal coolant
passages (table I) is an average of the sum of the areas of the two holes
nearest the blade leading sectlon and the sum of the areas of the three
holes nearest the trailing section. The hydraulic diameter is e similar
average. Generally, use of average values, as given, to get an average
coolant heat-transfer coefficient is adequate. The span of the blade
serodynamic section is 2.44 Inches. The blade metal is ATIST-403 stain-
less steel, because a rust-resistant metal must be used.

ANATYTICAL EQUATIONS FOR TURBINE BLADE TEMPERATURES
Air-Cooled Blades with Load Supported by Shell
In the following section, the heat-transfer theory that has been
used to calculate turbine blade temperatures is presented in a general

manner. A more detailed discussion on the heat-transfer theory is given
in reference 18. This theory is used herein to calculate temperatures
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for specific conditions that are imposed on the electric analogs to be
described. The calculated temperatures are used as a basis for compari-
son with the temperatures obtained with the electric analogs. The heat-
transfer theory is given first, because knowledge of the factors involved,
such as heat-transfer coefficients, is necessary for a basic understand-

ing of what 1s required of an electric analog to obtain blade temperatures.

Midchord-section temperatures. - Blade temperatures for the midchord
region of the shell-supported air-cooled blade were obtained from an equa-
tion similar to equation (22) of reference 1. (The blade section between
AA and BB of fig. 1l(a) is considered the midchord region, in front of AA
is the leading section, and downstream of BB is the trailing sectlon of
this blade.) This equation, which is an approximate one-dimensional
temperature-distribution equation for bledes either hollow or with in-
ternal heat-transfer surface and which neglects radiation and heat con-
duction in the shell in any direction, was shown (ref. 1) to give almost
the same spanwise temperature distribution as one that includes the radi-
ation and radial conduction in the shell (in the case of a rotating tur-
bine blade) except near the root of the blade. Since the critical tem-
perature as concerns failure of the blade usually occurs between one~third
and one-half of the span from the base, and since radiation effects become
appreclable only at sbout 3000° F gas temperature (ref. 1), the equation
is adequate for most of the blade shell as regards these two assumptions.

This equation also assumes that there is no temperature drop through
the blade wall, which would correspond to infinite conductivity in a
direction normal to the blade wall. This assumption is adequate for a
wall thickness not exceeding sbout 0.15 inch. Most air-cooled blaedes now
being made satisfy this condition except in the leading and trailing sec-
tions. The neglect of chordwise conduction in the shell leads to some
error in local shell temperatures in the midchord region. Because of the
present limited knowledge of the effect of combined stresses on cooled-
blade 1life, however, only the average temperatures are generally used
for estimating such life, although some knowledge of temperature gradients
is required so that excessive thermal stresses can be avoided. Good
agreement has been obtained between such calculated average and measured
temperatures. As knowledge of factors affecting blade life improves, it
will probebly become necessary to improve the equation for chordwise
thermal conduction in order to obtain more exact chordwise temperature
distributions.

In the notation of this report, the equation for local temperature
is

Tg,e - TB,m 1
= == TEw (1)

H

g,e ~ Té,z
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where A= hozo/hfzi, and 1, eand 14 are the local outside and inside

perimeters, respectively, of the blade shell at the point being considered
(see £ig. 1(a); typical point denoted by small circle). It is usually
sufficient to use in equation (1) the ratio of the total length of inside
and outside surface between AA and BB of figure 1(a) for all points be-
tween these two lines along the surface being considered (either suction

or pressure surface). The effective gas temperature Tg e is the tem-
2

perature the blade would assume if there were no heat transfer to or from
the blade, and its relation to the total and static gas temperatures is
given in equation (2) of reference 6. The static temperature used for

calculating Té,e is obtained from the total temperature and the average

relative velocity around the blade. Thus, Té o
2
for all points along the blade shell, because the varistion of Tg,e

around the blade due to variations of a local gas velocity is too small
to warrant use of a local value of Tg,e st each point. The temperature

Tg 1 is the average total temperature of the air in the coolant passages
g4

is an average and is used

at the local spanwise position being considered.

Local gas-to-blade heat-transfer coefficients hy 1in equation (1)

for the pressure and suction surfaces between AA and BB (fig. 1(a)) are
determined from equation (18) in reference 3 when the flow is laminar.
Vhen the flow is turbulent in the same region, equation (22) from refer-
ence 7 is used. A complete discussion of the accuracy of these formilas
for turbine blades, the range of conditions for which they appear ade-
quate, and the basic assumptions involved are given in references 3 and 6.
The equation used to calculate the local blade-to-coolant coefficients

hy in equation (1) end its basis are given in reference 18.

Trailing-section temperatures. - As pointed out previously, the
assumption in equation (1) of no temperature drop through the blade wall_
and the neglect of chordwise conduction in the blade wall were fair for
the midchord region of the blade with shell thicknesses not exceeding
ebout 0.15 inch. For air-cooled blades having leading- and trailing-
section lengths greater than 0.15 inch, chordwise conduction is considered
in these sections. The leading and trailing sections are usually approxi-
mated by trapezoids (see fig. 1(a)), although some very few leading sec-
tlons must be considered as segmente of concentric-circle anmuli. ZEqua-
tlons for one-dimensional chordwise temperature distributions through such
sections are given as equations (20), (22), (23), and (24) of reference 2,
which neglect radiation, radial conduction, and conduction across the
metal between the pressure and suction surfaces of the blade.

For blades with a long trailing section that are made of material of
relatively low thermal conductivity (such as steel), the metal tempera-
ture of this section will vary rapidly as the distance from the coolant
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passage increases. According to reference 8, gas-side heat-~transfer
coefficients for such a case could be quite different from the coeffi-
cients based on a constant wall temperature as in equation (1). This
difference is accounted for by use of a curve for the turbulent boundary
layer (fig. 2(a)) thaet is based on approximate analytical results of
reference 8. The assumptions used in the analysis of this reference
were: no pressure gradient, constant property values, and no frictional
dissipation of energy within the boundary layer. Since trailing sections
of turbine blades can be assumed to have a negligible pressure gradient
and the effects of the other two assumptions are quite small, the analy-
sis should be appliceble to trailing sections of blades that have an
appreciable temperature gradient. Figure 2(a) presents the ratio of the
gas-to-blade coefficient for variable wall temperature to that for con-
stant well temperature as a function of n, where n 1is given by the
relation

T, . - Th
_gze B,t ~ X0 (2)
Tg,e - TB,m

and X is measured along the profile from a reference point where the
trailing section of the blade is considered to stert (fig. 1(a)). The
general basis for the derivation of figure 2(a) is given in appendix B,
along with the method of using the heat-transfer coefficients in the
trailing-section temperature equation. The method of determining the
blade-to-coolant coefficient to use in the equations of reference 2 is
given in reference 18.

Leading-section temperatures. - The leading-section temperatures are
calculated in a manner similar to that for the trailing section, the
equations of reference 2 being used to calculate the leading-section
temperature also. The inside heat-transfer coefficient is determined
in exactly the same manner as for the traliling section, except that a
different hydraulic diameter is used, as explained in reference 18.

As in the case of the trailing section, the effect of chordwise
variable wall temperature in the leading section is teken into considera-
tion in obtaining the gas-to-blade coefficient for this section. Here
laminar flow prevails, and the analysis of reference 9 for wedge flows,
flat-plate flow, and stagnation flow, with the assumption of constant
property values, was used to account for the effect of varisble wall
temperature. Figure 2(b) gives the relation between the outside heat-
transfer coefficients for variaeble and constant wall temperatures as a
function of the exponent n (see eq. (2), wherein X is replaced by x
for this case). The values used in constructing figutre 2(b) were ob-
tained from teble I (Buler number of zero) and table II (Euler number
of 1.0) of reference 9 for a Prandtl number of 0.7 by dividing the out-
side coefficients for various values of n (variable wall temperature)
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by the value for n equal to zero (constant well temperature). Since
the leading sections of turbine blades are in the laminar region and
have Euler numbers ranging from 1.0 (stagnation point) to zero (transi-
tion from laminar to turbulent flow), figure 2(b) is usually applicable
+to blade leading sections. For positions other than at the assumed
stagnation point, ho,x in figure 2(b) is determined in exactly the same
manner as for the midchord reglon. At the assumed stagnation point,
equation (4) of reference 6 is recommended.

As is pointed out for the trailing section in appendix B, n is
unknown because the leading-section temperatures are unknown. There-
fore, after h, x velues are obtained, n must be assumed, hg,x values

obtained from figure 2(b), and the procedures described in appendix B
for the trailing section repeated until the n assumed and the n cal-
culated from an equation similar to equation (2) check. For the leading
section, TE,L replaces Tﬁ,t’ and x replaces X in equation (2).

Air-Cooled Blades with Load Supported by Internal Strut

The importent temperatures of a blade such as that illustrated in
figure 1(b) are those of the supporting stress member (i.e., the strut),
of the shell with respect to its expansion relative to the strut, and of
the place of attachment of shell to primary £in. The heat-flow paths
through a typical section of such a blade from the gas to the blade,
through the blade, and to the coolant are indicated in figure 3(a). In
the following section, the methods are given for determining the perti-
nent temperatures of a typical section such as that between the lines AA,
BB, and CC of figure 3(a) or 1(b) (such a section is repeated throughout
most of the blade).

Midchord-section temperatures. - The typical midchord section of the
strut blede with its mumoering system for the shell, weld, primary fin, ~
and so forth (fig. 3(a)) 1s repeated in figure 3(b) with the elements
correspondingly numbered. The problem 1s made one-dimensional by re-
arranging the elements shown in figure 3(a) in the form shown in figure
3(b) with heat being added or withdrawn from the sides of the elements.
The lines AA, BB, and CC in figure 3(a) are lines @bout which the tem-
perature distribution 1s symmetrical, and there i1s no heat flow across
them. It is therefore permissible to analyze the temperatures of one
section enclosed by these lines and assume it is representative of the
blade between the lines DD and EE of figure 1(b). In figure 3(a), the
element between stations 2 and 3 represents the spanwise average of the
areas of intimate thermal contact in the nuggets of the spot welds or
braze points between the shell and a primary fin. That is, the sum of
the areas of all the conf;act points divided by the blade span is used.
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The secondary fin has no contact with the shell and only conducts heat
from the strut. The element between stations 1 and 2 in figure 3(b)
represents the segment of the shell between AA end BB. All the heat
flowing into the representative section enters through this element.
Some of the heat is conducted directly through the shell and transferred
to the cooling air; the rest is conducted parallel to the shell toward
the primary fin, where it is conducted through the contact points and
’nto the primary fin. As the heat is conducted along the primery fin
from stations 3 to 4 and into the elements of the internal supporting
structure (from station 4 to 7), some of it is transferred from the sur-
faces forming the coolant passage to the cooling air. In making the
analysis, radiation and radial conduction are neglected for the same
reasons as those given in the analysis of the shell-supported blades,
and a l-inch span is considered. Details of the heat-transfer equations

follow.

The equations for elements 1-2, 3-4, 4-5, 5-6, and 6-7 can be de-
rived from basic equations involving the heat-transfer coefficients and
conduction. (The equation for element 2-3 is different.) Thus, for any
smell increment of length dL of any element (e.g., see fig. 3(b), ele-
ment 1-2), the heat coming into the increment is that from the gas and
from the metal gbove, and that going out is that to the cooling air and

to the metal below. From a heat balance

9% T %,1 T U T %o (3)

where

ag = By (%) Ty o - T p) (4)

1) T,
q—k,i = - kB (TZ-) T ———dLm (5)

gi = by (%5) A (Tp,m - T, ;) (8)

- - x, (_l_> r (@B’m R dl.) (7)

q'k; (o] 12
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These equations refer to a l-inch span. Substitution of equations (4),
(5), (8), and (7) in equation (3) and simplification of the, resulting
differential equation lead to

aar
——Bm _ g2 Tg o = - b2 (8)
dLZ 2
where
+ h
oo [P0t hi 9)
kBT
BTy g + hoaé e
— 2 2
b _/\/ BT (10)
The solution of equation (8) is
alL, ~eL , b?
Tg,m = Cy €** + Cy e +;2- (11)

This equation gives the metal temperature at any distance L from the
initial point of the element in question. The conductivity of the metal
kg in equations (9) and (10), of course, should be that of the material

used for the element being considered. For elements 3-4, 4-5, 5-6, and
6~7, all terms in equations (9) and (10) involving h, are deleted,

because these elements are not in direct contact with the hot gases.
For element 5-6, h; in these two equations is replaced by hf, the

effective coefficient, if a secondary fin is used. The coefficients hg
and Ef and the temperatures Eé,e and Tg,z have the same significance

and are determined in the same manner as in thg case of the shell-
supported blades. The method of determining hy is given in refer-

ence 18.

-

For element 2-3, equation (8) is not applicable. For this element,

dTg
—Z% =G (12)
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Tg,m = Cul + Cy (13)

With equations (8) and (13) a set of six equations cen be set up, one
for each element being considered. In these equations are 12 unknown
constants that must be determined before the temperature can be calcu-
lated. The method of solution of the equations so that temperatures

of each element of the blade can be determined is given in appendix C.

Trailing- and leading-section temperatures. - No heat-transfer
analysis has been developed as yet for the positions of the blade up-
stream of section EE and downstream of section DD of figure 1(b). In
this region chordwise temperature gradients in the shell will probably
be large; and, as a consequence, the theory will be quite difficult.
Therefore, in order to illustrate and verify the use of electric analogs
to determine the temperatures, only the midchord section between DD and
EE will be considered herein. The heat-transfer equations for this sec-
tion were given in the preceding section of the report.

Liquid-Cooled Blades

Calculation of liquid-cooled-blade temperature distributions with
forced-convection blede-to-coolant heat transfer has shown (ref. 2) that
temperatures change little along the blade span, at a given chordwise
position, when the blade geometry and gas temperature are uniform span-
wise and vhen rim cooling is insignificant. Conduction to the rim has
been found to have a negligible effect on blade temperatures except very
near the rim. As a consequence, conduction spanwise is usually neglected
(ref. 2). Temperatures are then obtained for a cross section such as

shown in figure 1(c).

For such a blade cross section, where large masses of metal are in-
terposed between the gas and the coolant, the probiem of solving for the
temperature becomes one of two-dimensional heat conduction. The tem-
perature at any point in the cross section can be found by solving the
Laplace differential equation given in terms of the temperature difference
6, which is equal to Té,e mimis the blade temperature at the point in

question (ref. 2), or,

—S +——5=0 (14)

N
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where X and Y are the Cartesian coordinates in the blade cross sec-
tion (see fig. 4, which is a repetition of the blade section in fig.
1(c)). The boundary conditions, expressed in terms of the partial de-
rivative of 6 in the directlion normal to the boundary, are

d6 bo
S eE (15)
at the outer boundary and
% _Big = :
-5 Tse ~ Tig - ©) (16)

at the coolant-passage boundary. Except for the simplest geometric
shapes and boundary conditions, the analytical solution of equation (14)
is a most cumbersome, if not impossible, task. Consequently, a two-
dimensional relaxation solution is used (ref. 19). A sketch of a 50-
times-gize blade cross section is made and is covered by a network of
points. (A reduced illustration of such a sketch is shown in fig. 4.

A square network is chosen.) Large net spacings & are recommended at
first, and the insertion of additional net points may be made at any
time during the solution, that thus permits the use of a final network
of any desired size. It is advantageous to have some estimate of the
temperatures before starting the relaxation so as to reduce the time of
solution. The heat flow in the leading and trailing sections is essen-
tially one-dimensionael, and the equations used for these sections with
the 13-fin blade are applicable (with the use of the tempersture and
heat-transfer coefficient of the liquid in the equations) for obtaining
approximate temperatures for these regions. For the regions around the
coolant holes, an equation similar to equation (1), but with Ti3q ond

Eiiq and an average outslde coefficient hy, will give an approximate

average temperature around the holes that is adequate for use at the
start of relaxation. The reason such an equation gives a temperature
close to that prevailing near the cooling holes is that the gas-side
thermal resistance is high, the metal thermal resistance is comparatively
very low, and the liquid thermal resistance compared with the gas re-
slstance 1s low, so that the temperature drop from gas to blade is the
greater ‘part of the drop from gas to liquid. The networks can be solved
by working away from the coolant passages and center lines of the trail-
ing end leading sections and toward the outer boundary.

Residuals can be calculated at each net point by methods given in
texts such as reference 20. For net points the immediate neighbors of
which remasin within the boundary, the residuals are calculated with the
equation

Qy =61 + 63 + 03 + 6, - 46, (17)
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where the subscripts apply to the points shown in figure 4. Equation
(17) would be applied to the network shown with numerals nearest the
leading edge in figure 4. As point 3 for this network is near a coolant
passage, some idea of the temperature would be obtained by the method
explained in the previous paragraph. For points 1, 2, and 4, some guess
would be made of the temperatures. For net points O, for which some of
the immedistely neighboring points lie outside the boundary, equation
(17) must be modified. For example, if point 1 lies outside the bound-
ary, as shown for the network at the lower surface of the blade in
figure 4, and point 5 is the boundary point between O and 1, the fol-

lowing equation applies:

C
= S 1

where the distance 9g.5 1s that between point O and 5 and & 1s the

net spacing. Cases are worked out in reference 20 for irregular bound-
aries when more than one of the neighboring net points is less than B
distance from O, and coefficients are given from which equations like
(18) can be solved for such cases. Temperatures st points near the

boundaries (both inner and outer) of the blade shown in figure 4 could
be determined with little error in residuals if the ratios of the dis-
tances of the boundary point from the net point O to the net spacing

(89-5/8 in eq. (18)) are large. If the ratio &y_g/8 is small, how-

ever, use of equations like (18) leads to errors; the coefficients of
80, 93, and so forth, are no longer uniity, because the heat-flow paths

are reduced in width. Because of such errors, and because of the great
number of such points encountered near the boundaries of the liquid-
cooled blade considered, the method reported in reference 21 was em-
ployed herein for solving the Laplace equation near the boundaries.
Tables of coefficients for all the possible arrangements of the points
around point O are given In reference 21. For equelly spaced net points,
these coefficients correspond to those in equation (17); that is, a
change in temperature of 1° at the point O results in a change of 1 in
the residuals at points 1, 2, 3, and 4 surrocunding point O, and a change
of -4 in the residual at point O. For unequally spaced points, the
coefficients taken from reference 21 result in different changes in the
residuals at all points 0, 1, 2, 3, and 4 for & unit change in tempera-
ture; in many instances a unit chenge in temperature at point O results
in a residual change of as much as 87 at point 0. Actual residuals,
together with changes in residuals resulting from a unit change in tem-
perature, will be presented when results of the present blade are glven.
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As the outer boundary is approached, equation (15) can be used to
estimate temperatures in this region. For instance, suppose through use
of equation (17) or equations from reference 21, first estimates of tem-
peratures at points 6, 7, and 8 of figure 4 have been obtained. Now an
estimate of the temperature at point 9 on the boundary end on a normal
from the boundary to point 6 can be obtained by putting equation (15) in
the form

6q - 0 h
9 6 0,9
= e 19

The accuracy of this method will be verified later. The distance 1 1is
that normal to the boundary at point 9 and connected to point 6. When
69 1s known, more accurate estimates of the temperatures at 7 and 8 can
be made. A similar procedure can be used near the coolant passages with
equation (19) for net points like 10, 11, 12, and 13 in figure 4. In
this case,

)
910 - 14 _Muig G -7, -8 )
1 kg g,e lig 14

(20)

Knowledge of 914 gives better estimates of 911 and 913 for another

relaxation trial. Continued relaxation eventually reduces all the resid-
uals as desired, and the blade temperatures can finally be obtained
from the definition of 6:

0 =Tg o - T

The local outside heat-transfer coefficients are determined in
exactly the same manner as described previously for the air-cooled blades.
For forced-convection cooling, correlations of heat-transfer coefficlents
for liquid in stationary tubes can be used to obtain inside coefficients
for liquid-cooled turbines on the basis of data determined with one tur-
bine (ref. 6). For laminer flow, & curve in figure 7 of reference 6 can
be used; it is a correlation curve for data obtained with laminar flow
of heated liquids through stationary tubes. The length of tube is re-
quired to obtain the coefficient from the curve. For the liquid-cooled
blade, this was the length of the coolant holes, 2.38 inches. For tur-
bulent flow, equation (4c) of reference 22 can be used to obtain the
blade~to-1liquid coefficient. The liquid properties used are based on
the average coolant temperature. Use of an average geometry for the
holes in the blade, as explained previously in connection with table T,
gives a coefficient accurate enough for present-dey temperature predic-
tions.
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The foregoing discussion refers to one spanwise sectlon of a blade.
For a complete picture of the temperatures, when the blade geometry
varies in the spanwise direction, appropriately selected spanwise blade
sections and compatible relations of fluld tempersture and heat-transfer

coefficients can be employed.

TEMPERATURE CALCULATIONS FROM HEAT-TRANSFER THEORY

The foregoing heat-transfer theory was used to calculate temperea-
tures of the blades shown in figures 1(a) and (b). For the blade shown
in figure 1(c), the theory was used to determine only the heat-transfer
coefficients used to calculete the analog resistances representing the
thermal resistances from gas to blade and blade to coolant. The condi-
tions for which the calculations were made, the specific blade tempera-
tures celculated, the methods of using the conditions and blade geometry
to obtain various factors required in the equations given in previous
sections, and the thermal conductivities of the blades and the heat-
transfer coefficients finally obtained are given in detall in the follow-
ing sections and in appendix D. The conductivities and coefficients are
required in laying out the analogs in addition to calculating.the tem-

peratures,

Conditions for Calculations

The conditions used in meking the calculations for the three Dblades
are given in teble II. The 13-fin air-cooled blade was to be used in a
static cascade, so the turbine speed is zero for this blade. The condi-
tions on the gas side were kept nearly constant for this blade while the
coolant-flow rate was varied. For most of the calculations for the strut
blade, the gas conditions were held constant and the coolant-flow rate
was varied., Series IV and V for the strut blade are for the case of no
secondary fins in the blade, and series VI to VIII are for the case with
secondary fins. Series IX and X conditions are based on pure assumptions
and have no connection with a specific turbine. For these two series,
the gas-to-blade coefficients used were arbitrarily assumed to be 1.5
and 0.5, respectively, times the average coefficient used for series IV
to VIII with & cooling-air-flow rate fixed at the value used for series
VII. The inside and outside coefficients were varied in order to explore
the effect of theilr magnitude on the agreement between analog and cal-
culated temperatures.

The coolant temperatures given in table IT are those reguired in
equation (1), (Cl2) to (C17), or (20), and are for the blade span posi-
tion being analyzed. In the case of the strut blade (for series IV to
VIII), it is the temperature at the root of the blade that 1s teken as
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the compressor-outlet temperature, because the air is bled from the com-
pressor. For series IX and X, the temperatures were assumed to be the
same as for the other series. The equations for calculating the coolant
temperature at any spanwise position are given in appendix D.

Methods for Determining Various Factors Required

Bffective gas temperature. - In determining the effective gas tem-
perature, the static and total temperatures are required. For & turbine
rotor blade, the total temperature to use is that relative to the moving
blade. Substitution of the static temperature at the stator exit for
the average static temperature around the blade in the calculation of
effective gas temperature will result in a very close epproximation to
the correct average value. The methods of determining the approximate
static and total temperatures for rotor blades are given in appendix D.

Euler numbers and gas veloclties. - In determining the gas-to-blade
heat-transfer coefficients, the local Euler numbers and velocities around
the blade are required. These factors are obtained from a calculation of
the velocity and pressure distributions around the blade. In order to
determine these distributions (ref. 23), the gas-flow rate and the total
pressure and temperasture relative to the blade are required. The tem-
perature used is that given by equation (D9), and the pressure p'

&:R,1
is determined from
g
Y.-1
51 .f! \ &
gR,1 _( Z8R,1 (21)

T
pg:S:O g,5,0

the statlc pressure in this equation being obtained from equation (D5)

and the static temperature from equation (D6). The pressure ‘pé Roi and
b aaldd

the temperature T& R.1 are assumed constant around the blade. With
P add

these values, Ve from teble II, and the blade geometry, the velocity

distribution is calculated.

The blade-to-coolant heat-transfer coefficlent is a function of the
blade geometry and the coolant-flow rate. Taebles I and II give the in-
formation required for such calculations.

Effective heat-transfer coefficient. - The method of determining the
effective coefficient hp for the 13-fin blade is relatively simple and
1s described in reference 18. Tor other types of internal surfaces in
shell -supported blades, it is usually the practice to change the surface
geometry into equivalent fins for purposes of calculation.
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For the case of the air-cooled strut-supported blade, the effective
coefficient acting over surface 1-2 (fig. 3) was evaluated by dividing
the product of the inside coefficient and the length over which it acts
(Ly_p - 1/2 primary-fin thickness - secondary-fin thickness) by the

length from 1 to 2 (Ll—z)' This approximation was employed, since the

blade-to-coolant coefficient is not acting over the entire blade-shell
length because of the nearness of the primary and secondary fins to the
shell.

2985

Blade Temperatures Calculated

Temperatures for the 13~fin blade were calculated for the leading
and trailing sections as well as for numerous blade-shell locations on
the pressure and suction surfaces. These positions will be apparent when
plots of the results are given. Because of the neglect of chérdwise con-
duction in the blade shell, the temperatures in this region are approxi-
mate.,

The temperatures of the shell, the point of attachment, the primary
fin, and the strut were determined only ait the midchord region for the
strut blade for reasons given previously. The positions, which were the
same as those where analog values were obtained, will be defined pre-
cisely in the description of the analog.

For the water-cooled blade, no analytical values of temperature were
calculated. The analog values were checked for accuracy by relaxation
of these values by the methods given previously. The amount of residual
at each position where an analog value was obtained indicated the degree
of accuracy, inasmich as the residuals should be approximetely zero if
the analog values are correct.

Values of Heat-Transfer Coefficient and Blade Thermal Conductivity

The heat-transfer coefficients and thermal conductivities of the
blades that were finally used are given in tables III and IV and in fig-
ure -5. The coefficients shown in figure 5 were based on average gas-flow
conditions. In the case of the 13-fin blade, local gas-to-blade coeffi-
clents, including effects of variable wall temperature at leading and
trailing sections, and local effective blade-to-coolant coefficients as
determined by the analysis given previously were used for the heat-transfer
calculations and for the analog. The gas-veloclity distribution curve
from which the gas-to-blade coefficients were determined is shown in

figure 6.

As pointed out, only the midchord region of the strut blade is con-
sidered. Conseqpently, an average E and an average hi were used
(teble ITI) for both the heat-transfer calculations and analog applica-
tions. Variations of ho and h; were explored for both cases. For
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series VI to X, effective coefficients hp are given for section 5-6,
(fig. 3), because secondary fins were used in the blade for these calcu-
lations. The coefficient (hj)j_o in the teble is for section 1-2

of the shell (fig. 3) and tekes into account the fact that part of this
section is Inactive because of the fins.

Average coefficients were used in the case of the liquid-cooled
blade for all applications, even though temperatures of the entire blade
are consldered. These were used for convenience, since a demonstration
of variable-coefficient effects on temperatures obtained with an analog
could be obtained from the 13-fin blade results; and, further, a demon-
stretion of the adequacy of the analog results as compared with the re-~
laxation results would be satisfactory if both were based on the same
coefficients regardless of whether they were local or average.

DEVELOPMENT AND DESCRIFPTION OF ELECTRIC AWALOGS USED TO
DETERMINE BLADE TEMPERATURES
Simple Theory of Analogy Between Heat and Electric Flow
Flow analogy. - The analogy between the flows of heat and electricity

cen be observed from the brief study of the basic equations for each. The
electrical-flow equation for elements in series can be represented by

; A
i= kEi-g- Ae (22)

where kp represents the reciprocal of the electrical term "resistivity."
The equation can be simplified to

Ae

i= (23)

In the terminology of heat transfer, the heat flow through a body may be

expressed. as
q = (Z k %)AT (24)

where AT is the temperature difference along the length considered.
Equation (24) may also be reduced to

AT
q = iﬁ (25)
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where

R = % (26)

From equations (23) and (25) it is evident that for a given current
flow and heat flow,

1
Aez ZRE
Ae * ZBp (21)
and.
1
AT-L ZR '
AW (28)

1
where 2XZR 1is the summation of resistances to the local point considered.
Thus, if the electrlc resistances are chosen so that at any local point
1 in the heat-flow path the ratio of the heat-flow-path resistance %o
point 1 +to the over-all heat-flow-path resistance is equal to the ratio
of electric resistance to the corresponding point to the over-all elec-
tric resistance of a similated electrical-flow path (or the right sides
of eqs. (27) and (28) are equal), then

AT T, - T Ae
1 Tg =Ty Aey
AT T AT 7 Ae (29)

Consequently, if an over-all electromotive force Ae 1s imposed on the
electrical system and velues of Ae; are measured at various statious,

the temperature T; at each station of the heat-flow system can be ob-

tained from equation (29) when the over-all temperature difference of the

system AT and the hot-side temperature Tg are known.

Equation (24) is for the flow of heat through a body. If the trans-
fer of heat is between a body and a gas, the following equation is
applicable:

q = hSAT (30)
where h 1is the heat-transfer coefficient, S is the surface area con-

gldered, and AT is the temperature difference between the gas and the
body. The resistance concept can be used again by letting

1
i =R (31)
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so that equation (30) becomes

(32)

| B

—-AT-—
9= 17pg =

Simple exemple of use of analogy. - Before proceeding to the analogs
for the more complicated turbine blade shapes, the application of the
foregoing analogy to the simple case of a fin attached to a wall will be
demonstrated. The more complicated cases will probably be more easily
understood through such an application.

Consider a fin attached to a wall, as shown in figure 7(a), with no
heat transfer from the free end of the fin. The fin is 4 inches long and
1 inch square. It receives heat from hot ges around it and transmits it
to the wall. The heat-transfer coefficient h, from the gas to the fin

is assumed to be 0.030 Btu/(sec)(sq £t)(°F), the conductivity of the fin
material is 0.075 Btu/(sec)(£t)(°F), and the ges and wall temperatures
are 1000° and 100° F, respectively. The resistance representing the gas-
to-surface heat transfer for the four sides of the fin (if the fin is
divided into four equal segments as shown in fig. 7(a)) is

1

()

1
R, = = = 1200
(o]
bolele (0.030) )

where

l¢ perimeter of fin segment receiving heat (4 sides of 1l-in. length =
4 in.) .

Ly length of segment receiving heat (1 in.)

The thermal resistance through each segment of the fin is

Rp = Le _ 1/12 = 160
kpAr  (0.075) £L>(£§>
Thus,
Ro 1200 _
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Consequently, in an electric network, if Ry 1is arbitrarily set at 15
ohms, then Ry is 2 ohms. The wiring disgram to use with a resistor-
network analog is shown in figure 7(b). The fin is indiceted with
dashed lines to show how the thermal and electric resistances match.
Both the heat flow and the electric flow in the fin in this example are
treated one-dimensionally. In any segment, the measuring position is at
the middle of the segment, such as points b, c, d, and e in figure 7(Db).
Measurements are also made at a, the wall position. If an electro-
motive force Ae (measured from points £ to a) is imposed on the system
by a voltage source, and Aej; 1s measured from f +o any of the posi-
tions mentioned, then T at that position can be calculated with equa-
tion (29), because AT (1000° - 100° F), and Tg (1000° F) are assumed

to be known. Details of accuracy involved because of the number of seg-
ments assumed will be discussed along with the turbine blade analogs.

The purpose of this section has been to give those generally unfamiliar
with the use of electric analogs in heat-transfer studies a brief, simple
idea of the principles involved before proceeding to the more complicated
turbine blade analogs.

2985

Description of Analogs Used by Others

In order to aid in the choice of the type of analog to use for
determining turbine blade temperatures, a survey of availeble references
on this subject was made. The more significant results are cited herein
along with some of the possible operational problems.

Reference 24 described the use of an electric bath in a shallow tank
for model study of different heat-flow shapes, as, for example, & thick
corner. Here, the outside and inside surfaces of the corner in two-
dimensional heat flow were represented in the model by metal corners
forming the vertical walls of the tenk. In reference 13 is given a dis-
cussion of one-, two-, and three-dimensional steady and unsteady heat
flows represented by electric-network analogs. A simple analog, com-
prised of a series of resistors and condensers, was used to represent
unsteady-state heat transfer through an insulated pipe. The resistors
and condensers represented the thermal resistance and the heat capacity
of the insulation. Favorable agreement was achieved between the analog
and experimental values of insulation temperature.

The utilization of low-resistance metallic foil to approximate ther-
mal resistance of a wall of composite material between isopotential
boundaries is described in reference 25. The sheet was cut to include
straight thin strips of foll analogous to the resistance of the layer of
insulating material. In reference 26 electrically conductive flat sheet
was employed in the analogy of heat flow through e "thick" corner com-
prised of two different materials. The difference in the materisel thermal
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conductivities was accounted for by cutting slots or squares in the foil
g0 as to reduce the electric conductivity in the corner section having
the lower thermal conductivity. Surface heat-transfer-~coefficient re-
sistances acting on the sides of the corner were included by introducing
an "equivalent length of foil." A resistor-type network was also used
for comparison with this conductive-sheet analog and with values ob-
tained by relaxation. All three showed good agreement. Commercial con-
ductive papers are available and have been used for field-mapping; re-
sistance values of this type of paper eare relatively high. Conductive-
coated glass plate 1s also being developed; its resistances are likewise

high.

These references indicate certain requirements of an analog for
application to cooled-turbine-blade temperatures. The more important
include (1) good accuracy in setting or adjusting resistances, (2) ver-
satility, so that a wide range of operating conditions and geometry can
be readily investigated, (3) electrical simplicity and low cost, and
(4) ease of fabrication.

The bath type described in reference 24 was not used, because opera-
tional difficulties were expected, such as spillage, vibrational effects,
and pickup of stray a-c voltage. Alternating current is required to
prevent polarization. Use of a low-resistance, metallic material similar
to that used in reference 25 would require very small values of contact
resistances between the surface conductance resistances and the foll
representing the turbine blade, Experimentally, this requirement is
difficult to satisfy. In order to minimize the number of batterlies re-
quired or the generation of heat in the analog resistances, or both, it
is desirable to have a moderately high analog over-all resistance that
willl result in low current. The application of a slotted foil (ref. 26)
to a blade analog would lead to serious errors in setting values of sur-
face conductance resistances, because the foll representing the thermal
resistance would be very narrow and long. Because of the narrowness of
the foll, a slight error in measuring or cutting the foil to the desired
width could easily result in a lO-percent error in resistance values
(ref. 14). Conductive paper, which has a high electric resistance, might
have a 10-percent variation in resistance per unit length and, conse-
quently, was not used herein. Glass plates with a conductive coating are
st111l in the experimental stage (ref. 27) and require the use of complex
electronic equipment to check resistance variation. To date, the varia-
tion in a good plate is of the order of 1 percent or less. The resistance
of the plates, however, is very high and would consequently require very
large values of surface conductence resistors that may or may not be com-
mercially available. The resistor network (ref. 26) with modifications
thereof as reported herein appeared to be the most promising method to
use for the turbine blade problem.
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As a result, it was felt that good accuracy could be obtained with
the use of wire-wound variable resistors (hereafter called variable re-
sistors) in conjunction with calibrated resistance wire to represent the
various thermal resistances. Their use would facilitate large variations
in operating conditions and blade geometry. The variable resistors and
resistance wire are relatively inexpensive, and their circuits are easy

to understand and use. Batteries (l%—volt, number 6 dry cells) in con-

Junction with a voltage divider (resistance tap) furnished the voltage
for the analog in the simplest manner possible. Voltages were measured
by a commercial potentiometer, because the current drain on the analog
circuit due to this "voltmeter" would be zero. A more detailed de-
scription of the analogs developed for the three blades used is reported

in the following sections.

13-Fin-Blade Analog

General description of resistance network. -~ A schematic illustra-
tion of the wiring diagram of the analog used for the 13-fin blade is
shown in figure 8(a). The network shows that the shell of both the suc-
tlon and the pressure surfaces is represented by a series of electric
resistances analogous to thermal resistances to the flow of heat by
chordwise conduction. Connected to this series of resistances at theilr
Junctions are varlable resistors that are analogous to the thermal re-~
sistances to the flow of heat from the hot gas to the blade shell and
from the shell to the cooling air. The ends of the variable resistors
representing the outside surface resistances to heat flow are all con-
nected to a common bus bar whose relative electric potential represents
a constant chordwise effective gas temperature arcund the blade profile.
The ends of the variable resistors representing the inside surface re-
sistances to heat flow are all connected to another common bus bar whose
relative electric potential represents a constant cooling-air temperature

Té 7 Thus the electric potential or voltage spplied across these two
3

bus bars represents the temperature difference between gas and cooling

air Tg e Té 7° The junctions of the resistances representing inside
) g

and outside thermal resistances and chordwise conductive thermal re-
sistances are at the center of segments of the blade shell, as was the
case for the simple fin illustration of figure 7(b). The leading and
trailing sections of the blade are represented by what are called equiva-
lent resistances in figure 8(a). Details of these resistances will be

given later,

Determination of resistances. - The method of calculating the resist-
ances used in the fin-blade analog was similar to that used for the sim-
Ple fin problem described previocusly. Conductive thermal resistances were
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calculated with equation (26), and convective thermal resistances with
equation (31). A1l the required physicel dimensions of the blade were
measured on an enlarged cross-sectlonal sketch.

The blade cross section was divided into three major subdivisions,
leading section, trailing section, and midchord section. The leading
and trailing sectlons were considered to be the areas of the blade beyond
the last coolant passages nearest the leading and trailing sections.
Thus, the midchord region consisted of a 1.466-~inch length of shell on
the suction surface approximstely 0.0988 inch thick and a 1.198-inch
length of shell on the pressure surface approximately 0.0872 inch thick.
For purposes of the analog, the midchord suction-surface shell length was
divided into 28 segments, while the pressure-surface shell length was
divided into 27 segments. The division was made so that the length of a
segment coincided with either the width of the base of a fin or the width
of a coolant passage (fig. 8(a)). The chordwise conduction length L
for each segment was measured on a line at the midthickness of the shell.
The conductlve cross-sectional area A was teken as the product of the
shell thickness T and unit spanwise length in inches. The convective
surface area 8 was the product of unit spanwise length in inches and
the segment chordwise length measured on either the inside or outside
surface of the shell, depending on whether the inside or outside resist-
ance was being calculated. The outside coefficient hy used with the

outer chordwise length of the segment was a local value obtained from
figure 5. The inside coefficients (either bhp or hj, depending on

whether a segment at the base of a fin or at a coolant passage was con-
sidered) used with the inner chordwise length of a segment were also
local values and were calculated by theoretical methods. These coeffi-
clents are presented in table IV. TFor the leading and trailing sections,
fictitious convective coefficients were calculated similar to the effec-
tive coefficient acting over the base of a rectangular fin. These regions
were treated as trapezolds, and the effective coefficients at the base of
the trapezoids indicated the heat being conducted toward the midchord
region of the blade. The derivation of the equation for these coeffi-
cients is given in appendix E. The thermel resistances associated with
these effective coefficlents acting over the base of the leading- or
tralling-section trapezolids were then calculated in the same manner as
the convective thermal resistances.

The next step was to choose a basic velue of resistance to represent
chordwise conduction in the shell. For ease of fabrication, a length of
bare "bright-drawn" chromel resistance wire wes used, 24 gage being the
slze that was readily workable snd available. Bright-drawn wire was used
to avoid errors thaet an oxide coating might have introduced at spot-
welded junctions as well as between junctions. The resistance of this
wire at 70° F was measured as 1.061 ohms per foot. The length of 24-gage
wire used was influenced by the ratio of convective thermal resistance to
conductive thermal resistance as well as by the over-all resistance of
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the analog as measured between the bus bars representing the gas and
cooling-air temperatures. The magnitude of this over-all resistance of
the analog was important for reasons cited earlier. From these considera-
tions, a 50-foot length of 24-gage chromel wire was selected to represent
the chordwise thermal resistance of the midchord region of the suction
surface of the shell. The length of this section of the suction surface
was 1.466 inches, with an average thickness of 00,0988 inch. The required
length of chromel wire to represent the thermal resistance of the midchord
region of the pressure surface was 46.29 feet as determined by means of
ratios of thermal and electric resistances as follows:

Ls/kpTy 50 (Rg ./ft)
Lp/kpTp  Ly,p (Re,u/Tt)

The variation of thermal conductivity of the blade midchord reglion with
temperature was neglected. The portion of the total length on either
suction or pressure surface used to represent each segment was readily
calculated from a ratio of lengths for the suction surface as follows:

Aly _Algeg
50 ~ 1.486

and for the pressure surface as follows:

ALy Algeg

46.29 ~ 1.198

The lengths Al, thus calculated were used to determine the distances

between Junctions of the varilsgble resistors attached to the 50~ and
46.29-foot lengths of chromel wire. Since a junction represents the
center of a shell segment, the distance between junctions on the wire is
therefore half the sum of the Al,, for any two adjacent segments. These

distances between Junctions were used in the fabrication of the analog.
Once the proper length of wire to represent the thermal conductive length
in the blade shell was selected, the ratioc of electric to thermal re-
sistance at any point in the blade was estgblished as a constant. This
ratio was then used to calculate the electric resistances to represent
the convective thermal resistances on both external and internal shell
surfaces. This ratio was also employed to determine the electric re-
sistances representing the leading-~ and the trailing-section equivalent
thermal resistances. A rough check calculation using the average value
of these resistances indicated that the over-all analog resistance would
be of the order of 2 to 3 ohms. This over-all resistance was large enough
to avoid excessive currents in the ansalog.
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Description of electric analog evolved. - All the components of the
analog for the 13-fin blade were mounted on a sheet of L/z-inch-thick
plywood, 4 by 5 feet, as shown in the dilagrammatic sketch in figure 8(b)
and in the photograph in figure 8(c). The two long pieces of 24-gage
chromel wire representing the shell midchord had l/4-inch lengths of
chromel wire spot-welded to them normal to their length, and thus formed
Jjunctions representing the centers of the blade segments. The short
lengths served as means of attachment to terminel strips. To the
terminal-strip junctions were connected one end of the varieble resistors
representing inside, outside, and leading-~ and trailing-section coeffi-
cients. The lengths of chromel wire between adjacent Junctions were
stretched taut and fastened to the board with nails. The longer lengths
representing the longer segments near the leading and trailing sections
were wrapped around wooden spools mounted on the board. The variable
resistors used for setting resistances representing midchord convective
thermal resistances were mounted on sheet-metal strips on both sides of
the terminal strips representing the blade-shell. The varigble resistors
into which were set the resistances representing the leading- and
trailing-section equivalent thermal resistances were each mounted sep-
arately on the analog near thelr respective ends of the length of chromel
wire. The other ends of the varigble resistors were also connected to
terminal strips. The maximm resistance value of a variable resistor
was chosen so that the resistance value could be set to within 1 percent
of the calculated resistance value, For good accuracy it is desirgble
to use resistors having many turns, since the settings are usually
accurate to within 1 turn. Resistors having approximately 150 turns were
used in the analogs reported herein; ll-gage copper wire was used for the
bus bars in order to minimize voltage gradients. The bus bars were
soldered along famning strips that were also fastened to the terminal
strips to which the variable resistors were attached. Using fanning
strips served as a convenient means for attaching and removing the bus
bars. The voltage supply consisted of a pair of number 6 dry cells con-
nected in parallel across a voltage divider. The voltage that could be
applied to the analog was limited to 100 millivolts, because this was the
meximm range of the precision potentiometer used to measure the local
applied voltage. Consequently, a voltage divider was necessary to select

1
the voltage required for the analog from the 15 volts supplied by the

batteries. The same voltage supply was employed with the strut-blade and
the liquid-cooled-blade analogs.

Method of operating analog. - The fin-blade analog was operated in
a room with a temperature kept nearly constant at 70° F. This precaution
of operating at a known fixed tempersture was taken because fixed lengths
of chromel wire were used for the electric resistance representing the
resistance to chordwise thermal conduction. These lengths were calculated
with the value of resistance per unit length determined at the chosen
operating temperature of 70° F. A change in temperature of the wire, how-
ever, from 70° to 90° F, the usual range in room temperature, introduces
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only about 0.50-percent change in resistance of the wire. A similar
effect was expected for the variable resistors. This deviation is less
than the l-percent tolerance allowed in adjusting the varieble resistors.

The first step in the operation of the analog was to set the resist-
ance in each of the varisble resistors to the required calculated value,
which necessitated the disconnection of the bus bars whose potential
represents the gas and cooling-air temperatures. Then the probes from a
precision bridge-type ohmmeter were connected across each variable re-
sistor while the proper resistance weas set. The bus bars were then con-
nected to the anelog, and the applied voltage was commected across the
two bus bars and adjusted to a value as near 100 millivolts as possible.
The voltage drops from the bus bar to each of the junctions on the ter-
minal strip representing the center of a shell segment were then measured.
These measurements were analogous to the difference between the effectlve
gas temperature and the blade temperature at the center of each segment
Eé,e - TB. Thus, the ratio of this voltage drop to the applied voltage
is equivalent to the temperature-difference ratio ® or
(Té,e - TB)/(Té,e - Té,1)° Thus, when the effective gas temperature and

the cooling-air temperature are known, the blade temperature can be cal-
culated for each segment and for the base of the trapezolds representing
the leading and trailing sections.

The temperature-difference ratio ¢c at the base of the leading-
or trailing-section trapezoid determined from the analog was also used
to calculate temperatures at any point within the leading- or trailing-
section trapezoids by means of the following equation:

Qy Qy,analytical

c,analog ¢c,analytical

J]

where analytical values of ® were evaluated with the heat-transfer
theory. It can be shown that the ratio of ®'s on the right side of the
equation is a function of the trapezoid geometry, the gas-to-blade heat-
transfer coefficient, and the thermal conductivity of the metal in the
trapezoid, and is independent of the manner of heat removal from the base
of the trapezoid. The analog temperature-difference ratio ¢c,analog at

the base of the leading- or trailing-section trepezoid is influenced by
the conditions of heat transfer in the remainder of the blade. Thus, it
was possible to calculate the temperature at any point within the leading-~
or trailing-section trapezoid from a solution for ¢y from the preceding

equation.
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Calculation of resistances for reduced nunmber of segments in
analog. - It is convenient to reduce the mmber of resistances in any
analog in order to simplify its fabrication and operation. Of course,
some accuracy is sacrificed each time the number is decreased. In order
to determine trends in this direction, the number of blade-shell seg-
ments in the fin-blade analog was reduced from 55 to 31, and temperatures
were obtained with this rediuced-element analog.

The suction- and pressure-surface midchord shell lengths were divided
into fewer segments, the length of & new segment being made up of a former
fin segment plus helf.a former passage segment on each side of the fin
segment. The exceptions to this division were the segments next to the
leading~ and trailing-section coolant passages. Here the new segment
length was that of the fin segment plus a length on each side of it
equal to half the length of the passage segment between it and the adja-
cent fin segment. Thus, the longer shell segments forming two of the
wells for the coolant passages next to the leading and trailing sections
were diminished by only half the passage segment adjacent to the other
slde of the last fin segment. This redivision reduced the mumber of
segments from 55 to 31 and allowed the use of the original length of
chromel wire representing the resistance to chordwise conduction in the
midchord region. The variable resistors previously connected to the
passage segments between fins were disconnected from the analog, and the
newly calculated resistances representing the resistances to convective
heat transfer acting over the wilder segment widths were set into the
variable resistors connected to the centers of the new segments. The
resistances were calculated in a menner similar to that described for
the 55~-segment analog. The ocutside local coefficients used were those
at the centers of the new segments. Since the new segments included a
fin projected on the internal shell surface plus half a passage width
on either side of the fin, a new inside effective heat-transfer coeffi-
cient for each segment was determined and used to calculate the resist-
ances representing blade-to-coolant thermal resistances. The method of
calculating these local effective coefficients was given in the
enalytical section.

Strut-Blade Analog

General description of resistance network. - The analogy of thermal
and electric resistances used in the strut-blade analog is similar to
that described for the fin-blade analog. In like manner, the thermal
resistance of the heat-flow path (conduction and convection) shown in
figure 3 was replaced by electric resistors as shown in figure 9(a). The
electric network was divided into four mein sections: (1) blade shell,
(2) weld attachment, (3) primary fin, and (4) strut body. For the pur-
pose of the analog, sections (1), (3), and (4) were each subdivided into
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six segments or elements. The weld-attachment section (2) was not sub-
divided nor a blade-to-coolant coefficient resistor attached directly to
it because of its relatively short length. Since, at points 1 and 7 of
figure 3, the temperature gradient was assumed equal to zero, provision
mist be made In the circuit to represent this condition. Termination
of the shell and strut electric resistances at these points satisfies
this condition, since the analogous voltage gradient is likewise zero.

Determination of resistances. - Resistances for this analog were cal-
culeted in a manner similar to that for the simple fin problem discussed
earlier. The conductive thermal resistance of each blade element was
calculated by equation (26), and the surface thermal resistance by equa-
tion'(Sl). A 1-inch span was assumed. These thermal resistances were
then converted to electric resistances by a ratio arbitrarily chosen as
follows: The thermal resistance of each of the equal-length elements of
the shell was based on one-sixth the total length of the shell (Lj._p =
0.1608 in.) and on a 0.018-inch shell thickness. The weld-attachment
resistance was based on & length I, _z of 0.0048 inch and assumed con-
ductivity and width. The conductivity of the weld was evaluated as an
average of that for the shell and the primary fin. The width of the
equivalent weld material must be divided by two, because the planes of
symmetry divide the weld as shown in figure 3(a). One-half the heat flow
through the weld is assumed to flow in the fin material to the right of
line AA, and the remaining half, to flow to the left of this line. This
factor should be considered in the calculation of thickness T <for the
primary fin and strut (see line CC in fig. 3(a)) as well, both for use
here and in equations (C12) to (Cl7) of appendix C. The equivalent weld
thickness, which was substituted directly into the anslog and the ana-
lytical equations, was assumed to be 0.0093 inch or approximately one-
half the shell thickness. The thermal resistance of each of the equal-
length primary-£in elements was calculated in a manner similar to that
for the shell. For the series in which secondary fins were not consid-
ered, the foregoing method was also applied to the strut portion. In
the series considering the secondary fins, however, the strut distance
L5 was divided into four equal segments, and ILg_g and Lg_;, into
one each. In order to obtain & ratio of thermal to electric resistances,
a value of blade-~to-coolant surface electric resistance for each segment
of the primary fin was assumed to be 1500 ohms. Thus, by use of equation
(31), the ratio of electric to thermal resistance for an element of the

primary fin is

Bg _ 1500
R 1

T
bi,3-4~l34 (ﬁ)
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The area term S in equation (31) was replaced by the product ALz_4
end a l-inch span. The term ALz , represents one-sixth the total
length ILz_4 of the primary fin, since the latter was divided into six

elements in figure 9(a). The surface thermal resistances for the shell,
the primary fin, and the strut body were then calculated and converted
to equivalent electric resistances by the foregoing relation. For pur-
pose of the analog, the secondary fin was replaced by en effective blade-
to-coolant coefficient he and thereupon converted to electric resist-
ance by the preceding ratio. Values of coefficients used are listed in
table IIT.

The selection of the rated resistance values of the varisble re-
sistors, used for all of the analog with the exception of the precision
resistors of 1500 ohms representing the blade-to-coolant thermsal re-
slstances of the primary fin, was determined by assuming a typical strut
configuration and estimating the range of variables to be considered.
These resistance values were also selected so thet the over-all analog
resistance would be high. The rated resistance values used were as
follows: shell conductive resistance, 50 ohms; weld attachment, 10 ohms;
primary fin, 10 ohms; strut body, 5 ohms; blade-to-coolent surface re-
sistance, other then the primary fin, 3000 ohms; and gas-to-blade re-
sistance, 1000 ohms. In the course of calculating the resistances to be
set in these chosen resistors, it was noted that the calculated values
were low compared with the rated values of the chosen resistors in some
cases, with the result that the accuracy of setting the resistances would
not come within the l-percent value cited previously. When this in-
accuracy was apparent, the precision resistors of 1500 ohms were replaced
when possible by similar resistors of greater resistance; all individually
calculated resistance values were thus increased by a fixed ratio, and
increased accuracy was attained in setting resistances. Even with this
improvement, some difficulty was encountered in adjusting the resistor
representing the thermal resistance containing the secondary-fin effective
coefficient hp for the run with the largest coolant-flow rate. This

difficulty resulted when the desired resistance value was low relative to
the rated resistance value of the resistor. Shunting & second varisble
resistor of lower rated resistance across this resistor by means of a
switch eliminated this difficulty. This switch provided a means of
cutting out the effect of the second resistor when this vernier control
was not needed.

Description of electric analog evolved. - A wiring diagram of the
analog for the strut blade is shown in figure 9(b), and a photograph of
the enelog is shown in figure 9(c). The parts are lined up the same
in both figures. The 2-watt wire-wound resistors representing the thermel
resistances were mounted on a 17- by 13- by 3-inch box with all soldered
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connections below the surface. These resistors were attached, as in the
case of the Fin-blade analog, by means of terminal strips to l4-gage
copper bus bars whose potentials represented the gas and coolant ‘tempera-
tures. The terminal strips served two purposes: (1) supplied convenient
points (a, b, ¢, etc., of figs. 9(b) and (c)) at which the voltages could
be measured by means of the probe, and (2) provided an easy means of
reducing the nunmber of elements by merely short-circuiting the unnecessary
resistors with copper wire. The bus bars were soldered to spade lugs,
which were held by screws to the terminal strip. Spade lugs were used in
order thet the bus bars could be easily removed by loosening the screws
and slipping the assembly out. Removal of the bus bars was essential so
that the resistors could be adjusted to the desired values. The shaft

of each resistor was slotted so that a screw driver could be used for
this adjustment. During analog operation, the box was mounted on soft
rubber pads to reduce the possibility of changes in the adjusted
resistance values by vibrations.

Method of operating analog. - The general operating procedure for
the strut-blade analog was similar to that for the fin-blade analog.
The voltages between the bus bar whose potential represents the gas tem-
perature and points a to t (fig. 9(c)) were measured. They are
analogous to Tg,e - Tg. The voltage between the gas- and coolant-

temperature bus bars was measured before and after the local readings
of a to t were taken. The average value was used in evaluating the
local temperatures. This procedure minimized the effect of the very
small drop in the supply voltage resulting from the small but finite

drain on the batteries.

Calculation of resistances for reduced number of elements. - As
discussed in the description of the fin-blade analog, it 1s convenient
to reduce the muber of elements and consequently the number of resistors
in an analog. In order to investigate the corresponding effect on accu-
racy, the number of elements per section in the strut-blade analog was
decreased from six to two. The general resistance calculation procedure
for the two-element analog was similar to that for the six-element analog.
The weld material was represented by one element as before. The number
of resistors was reduced only for the series in which there were no

secondary fins.

Estimation of accuracy of calculated over-all resistance for primary
fin and strut body used in analog. - As a check on the principle of the
analog used for the strut blade, a comparison was made of the over-all
resistance for the primary fin and the strut body calculated from the
values of the resistances used in the analog with the resistance cal-
culated from heat-transfer theory. Theoretically, some difference would
be expected, because the analog assumes that heat is given off to the
coolant at one point in an element, whereas the heat-transfer theory
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integrates the heat given oif along the whole surface of the element.
Thus, the greater the number of elements, the more the analog over-all
resistance value should agree with the heat-transfer-theory value. The
accuracy expected of the analog results can be judged in pert by such
comparisons.

For this comparison, an equivalent resistance to replace the re-
sistances of the primsry fin, the strut body, and the blade-to-coolant
coefficient was calculated (points 3 to 7 of fig. 3, or h to t of
fig. 9(c)). Because of the complexity of obtaining an equivalent re-
sistance for the shell, only the resistance between these points was
considered. The equivalent resistance obtained from the heat-transfer
theory wes determined by the following relation:

k: T L % = hi T L (T -~ Tt )
B, 3-4'3-4 \712 dLz_4 Ls_,=0 se/3-4 \12 B,1 a,l

The left side of this relation represents the conductive heat flow
across point 3 of figure 3 or h of figure 9(c). A l-inch span was
assumed. The value of (&PB,m/dL3—4)L3_4=O was evaluated by use of

equation (C14). The right side represents the replacement of this heat
flow (from point 3 to the coolant) by the product of an effective blade-
to-coolant coefficient hji e, & temperature difference TB,1 - Té,l, and

an area term Tz_4 <i§>; TB 1 represents the primary-fin temperature at
J
point 3. The term hi,eT3_4 (ié) was solved for and converted to elec-

tric resistance by the ratio described earlier. This value represents
the equivalent over-all electric resistance as determined from the heat-
transfer theory.

The equivalent resistance for the values of electric resistance set
into the six-element strut-blade analog was determined with these analog
resistance values in the formlas for series and parellel connections
of resistors. That is, the electric resistance representing the thermal
resistance from s to t of figure 9(c) was numerically added to the
blade-to-coolant surface resistance connected to point + (series con-
nection). This sum was then "paralleled" with the surface resistance
connected to point s. This procedure was repeated, moving from point
to point h, until the analog resistance valués were replaced by one
equivalent resistance between point 3 (fig. 3) and the coolant tempera-
ture. This value was compared with that obtained from the heat-transfer
theory. For simplicity, the equivalent resistance comparison was made
for a run without secondary fins, although the case of secondary fins
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could also have been considered. The calculations were repeated for a
two-element and a one-element analog; that is, the primary fin and the
strut body were each first divided into two elements and then considered

as one element.

Liquid-Cooled-Blade Analog

Type of analog chosen. - The type of analog used for the liquid-
cooled blade was a resistance network representing the thermal resistance
of the blade material, since the heat-flow path in the blade was con-
sidered to be two-dimensional (spanwise conduction being neglected). An
inexpensive network consisting of 24-gage bright-drawn chromel wire was
developed. A photograph of a typical network of wires that were spot-
welded together by means of a 6- by 12- by 1/4—inch copper template is
shown in figure 10. This template, febricated from copper plate, con-
tained slots to hold the wire in position during the spot-welding opera-
tion. The vertical slots had a depth one-half the wire diameter, while
the horizontal slots had a depth one and one-half the diameter. The
cutter was approximately the width of the wire diameter. This template
served as one of the two electrodes used in the spot-welding cycle. A
small, round-tipped copper rod insulated by a wooden handle served as the
other electrode. Counterbores in the template were provided so that the
electrode tip could meke electrical contact with the chromel wires to be
spot-welded without making contact with the template and thereby shorting
the current flow.

Before this type of wire grid was used, two calibrations were made
to determine the effect of spot-welding and the use of the template on
the accuracy of the resulting grid. In the first calibration, a spot
weld was made between two lengths of 24-gage chromel wire overlapped and
normal to each other. The over-all resistance of wlre and spot weld were
then measured. The resistance measured across the two wires of the sample
was the same as that of a wire of the same length without a spot weld.
The second calibration was performed on the wire grid shown in figure 10
to check whether use of the template could cause uneven grid spacings and
consequently an unsymmetrical voltage distribution throughout the grid.
If a voltage is supplied to opposite grid cornmers (say, points a and b),
voltages at a set of points (e.g., ¢ and d) chosen so that each is equi-
distant from a, and likewise from b, should be identical. This should
also be true for any other such set of points, because of the symmetry of
the grid. Consequently, the voltage differences between the two points
in each set (similar to c and d) were measured. The resulting largest
error was 0,16 percent, based on the voltage difference divided by the
absolute voltage at either point. Most of the points had no measurable
difference in voltage. Therefore, it was concluded that spot-welding
and use of the template had negligible effects on the accuracy of the

grid.
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Preliminary investigations. - Before a wire-grid analog could be
successfully applied, certain problems had to be considered and solved.
Of the two more important problems, the first concerned the application
of the heat-transfer boundary conditions to the analog; that i1s, the
correct method of determining and attaching the surface resistances to a
grid-type analog had to be established. The second problem concerned
the mathematical relaxation procedure, the solution of which related to
the first problem. This problem was to determine how closely the approxi-
mate boundary equation (19) compares with the exact boundary equation (15).

The easiest way to solve these problems, it appeared, was to study
the heat flow through a simple shape, one for which an exact analytical
solution of the Laplace equation was available. Inasmch as a turbine
blade has curved surfaces, it was desirable that the simple shape also
have curved surfaces; and for this reason a pipe was chosen, which was
subjected to gas-to-outer-surface and inner-surface-to-coolant heat-
transfer conditions. As a result of this dtudy, a wire-grid analog wes
fabricated in which the heat flow through a portion of a pipe could be
represented. A photograph of this "pipe analog" is shown in figure 11(a).
Inasmich as the plipe is symmetrical about any radial line, only a 45°
segment was investigated. Thermal resistance for this segment was repre-
sented by a l-inch grid of 24-gage, bright-drawn chromel wire cut into
the shape of the pipe segment as shown in figure ll(a). This size wire
was readily available and had sufficient strength to be handled. The
grid was connected to a series of insulated 24-gage lengths of bright-
drawn chromel wire analogous to the surface reslstances. These insulated
wires were spot-welded to the smaller of two bus bars at both the inner
and outer surfaces of the pipe. Attached to the small bus bars were
large bus bars. The small bus bars were made of 8-gage, bare chromel
wire, while the large ones consisted of 1/8- by 1/2-inch strips of copper.
It was necessary to use the small chromel bus bars, because it was not
possible to spot-weld the 24-gage chromel wire used for the surface re-
sistances to the copper bus bars. The chromel bus bars (relatively high,
resistance) were connected to the copper bus bars (relatively low re-
sistance) by means of small lengths of ll-gage copper wire soldered to
both bars. The heavy copper bars served to reduce the voltage gradient
in the chromel and copper bus bars. Such a voltage gradient is analogous
to a gas- or coolant-temperature gradient along the surface being inves-
tigated. For the same reasons, the surface resistance wires were also
spot-welded as closely as possible to the soldered copper wires (11 gage)
connecting the chromel to the copper bus bar.

The methods of attachment and of calculating surface resistances to
assist In solving the first problem mentioned previously were determined
as follows: A full-size drawing of the wire grid for the pipe segment
described was made as shown under the wire grid in figure 11(a). Lines
normel to the surface (radial in this case) were drawn from the surface
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through the grid junctions nearest the surface. The peripheral surface
distances between consecutive normals were measured and each divided
Into two parts in order to obtain a wvalue of S for substitution into
equation (31). TFor each normal, S was based on the sum of half the
distances from it to adjacent normals. A span of 1 inch was assumed.
The thermal resistances obtained by using such values of S and the
surface coefficients were then converted to electric resistances by a
fixed ratio. This ratio of electric to thermal resistance was evaluated
by dividing the electrlic resistance of 1 inch of grid wire by the thermal
resistance of a cube of the pipe material of the size represented by the
l-inch length of the grid wire. The surface electric resistances were
then converted to equivalent lengths of 24-gage chromel wire. The
thermal resistance of the pipe material between a grid junction near the
surface and the surface (point at which the surface resistance is
attached) was determined by use of equation (26). The I term in the
equation was equal to the normsl distance between the grid junction and
the surface point mentioned, and the A +term was assumed equal to the

B8 term used to get the surface resistance from equation (31). It was
assumed that the heat flow through the surface must be conducted into or
out of the pipe by a heat-flow path of the same width. The thermal re-
sistance from each junction to the surface was then converted to electric
resistance and to equivalent length of 24-gage chromel wire in a menner
similar to thet for the surface resistances. The equivelent lengths of
surface resistance and pipe-material resistance were then added together
to determine the length of wire to place between a grid junction and the

small bus bar.

The electtric resistance of a l-inch length of wire in the grid repre-
sents the conductive thermal resistance of a path 1 inch wide (1/2 inch
on either side of the wire). The width of the radial path at the top of
the grid shown in figure 11(a) is, however, only 1/2 inch wide, since
the other half of the path would be located in the adjacent 45° pipe seg-
ment. For this reason, the thermal resistence of this 1/2-inch-wide path
is twice as large as that of a l-inch path and is, therefore, represented
by the resistance of a 2-inch length of 24-gage chromel wire as showm.

The accuracy of the method described (of determining the surface and
pipe-material resigtances and attaching the length wires so determined
for these resistances to the grid junctions) was checked by comparing the
temperatures obtained with this analog with those calculated from a for-
mila for temperatures in the pipe. The temperatures obtained with the
analog are shown in figure 11(b) at the grid junctions for which they
apply. The conditions used for determining them were: gas temperature,
1000° F; coolent temperatures, 0° F; gas-to-surface and surface-to-
coolant coefficients, 0.00694 and 0.01388 Btu/(sec)(sq £t)(°F), respec-
tively; thermal conductivity, 0.00347 Btu/(sec)(ft)(OF); outer pipe
radius, 12 inches; inner pipe radius, 6 inches. These conditions were
chosen so that the ratios of gas-to-surface and surface-to-coolant
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coefficients approximated those for the blade. In addition, the con-
ductlivity of the pipe material, as well as the values of gas and coolant
temperatures, was selected so that a large temperature gradient would
occur between the plpe outer and inner surfaces. It was felt that a
large gradient was necessary in order to detect any errors in the use of
the epproximate boundary equation, expressed by equation (19). For com-
parison purposes, the temperatures for the same radial locations as the
Junctions were calculated with analytical equations (22), (24), and (25)
of reference 2. The differences between analog and calculated values
are presented in nondimensional form in figure 11(c). The largest error,
which occurred near the inner surface, was -1.88 percent, which is eguiv-
alent to an error of 122 F for a calculated temperature of 362° F at

the junction in question. The larger errors were expected to occur near
the inner surface, because the entire heat flow across this surface was
represented by five surface resistors, while there were nine surface re-
sistors attached to the outer surface. Nevertheless, the good agreement
achieved, generally 1 percent or less, indicated that the methods of
attaching the surface resistance wires and of calculating their values
were fairly accursate.

The solution of the second problem, which was to determine whether
the boundary equation (19) is a close approximation to the exact equa-
tion (15) for use in relaxation work for the liguid-cooled blade, was
dependent upon the analytical temperatures for this pipe segment. Equa-
tion (19) was used to calculate the pipe outer-surface temperatures when
the analytical temperatures of the Junctions near the surface and the
normel distance from the junction to the surface were known. The error
in this caltulation for the entire outer surface of the 45° segment is
shovn in figure 11(d). The curve shows the difference between the correct
analytical temperature at the outer surface (704.68° F) and the value
calculated with equation (19) T,gi. for each position on the outer sur-
face at which a normal from a grid junction intersected the ocuter surface.
The results indicate that the error increases as normal distance in-
creases, vwhich is to be expected. Even for the point of largest normal
distance, however, the error is less than 2° F for a surface temperature
of 705° F. The good agreement achieved indicates that the finite-
difference boundary equation (19) is a good approximation of the exact
boundary equation (15) and can be used with little error to evaluate the
temperatures on the boundaries of a liquid-cooled blade for use in the
relaxation procedure, if the normal distances are not too great (i.e., if
the wires of the grid are reasonsbly close).

General description of resistance network. - A schematic sketch of
the 1iquid-cooled-blade analog is presented in figure 12(a). The blade is
represented electrically by a network of 24-gage, bright-drawn chromel-
wire grid cut into the shape of the blade profile. The circular areas
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where the grid has been removed represent the liquid-coolant passages.
Such a grid network is useful for the study of two~dimensional heat con-
duction in the blade material. As in the case of the pipe analog, the
gas~-to~-blade and blade~to-coolant surface resistances were represented
by lengths of chromel wire attached to the grid at the junction points
near the boundary surfaces. The other ends of these wires were spot-
welded to bus bars whose potentials were analogous to the gas and coolant
temperatures acting on the cooled blade. Only a few such outer-surface
wires are illustrated in figure 12(a). These, of course, are placed
around the entire outer surface.

Determination of resistances. - The method of attaching and deter-
mining the surface resistances and the electric resistances representing
the thermal resistances between the grid Jjunctions and the surface for
the liguid-cooled blade was similar to that described for the pipe analog.
It was advantageous with respect to accuracy and measurement, as in the
case of the 13-fin-blade analog, to meke a large-scale analog. Conse-
quently, in determining the resistances, consideration had to be given
to the scale factor, which is defined as the ratio of the size of the
electric wire grid to the actual size of the blade. In order to determine
the values of the electric resistances mentioned, it was necessary to draw
an enlarged profile (enlarged by the scale factor) of the blade. A
square grid was projected onto the surface representing the blade ma-
terial, as shown in figure 12(a). This penciled grid was later replaced
by a wire grid having the same spacing. The electric resistances were
calculated with this sketch and a ratio of electric to thermal resist-
ance. Thus, if the individual thermal resistances are known, they can
be converted to equivalent electric resistances from this ratio. The
value of this ratio was determined by equating the electric resistance
of the wire connecting two adjacent grid points on the large-scale sketch
(points at which the grid wires cross) to the equivalent blade thermal
resistance between the two corresponding points on the actual blade.

(The distance between these latter two points, of course, mist be multi-
plied by the scale factor to equal the distance between the grid points
on the large-scale sketch.) Thus, the ratio can be expressed as

Electric resistance of wire
§§ between adjacent grid points on analog
R

- (L/kpA) actual blade

The denominator expresses the thermal resistance between the two points
measured on the actual-size blade. The L term represents the distance
and the A +term the area through which the heat flows as measured on the
actual blade. A l-inch span was assumed. If a square network is employed,
it is apparent that A divided by L 1is equal to the heat-flow area per
l-inch span. Thus, the preceding ratio reduces to

%? = (kB) (E:EBiEEEEE) (electric resistance between analog grid points)
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Thls equation shows that the only way of varying the ratio is to alter
the electric-resistance term either by chenging the analog grid spacing
or verying the wire size. For the liquid-cooled-blade analog, the grid
spaecing was chosen as 1 inch, with a corresponding electric resistance
of 1.061/12 ohm.

The inner- and outer-surface thermal resistances were evaluated with
equetion (31), in which the S term was the product of peripheral dis-
tance affecting heat flow at the point considered (this distance was
described under pipe-analog discussion) on the actual blade and a l-inch
span. This peripheral distance could be accurately measured on the
large-scale sketch and divided by the scale factor to get the value re-
quired in the equation. The values of thermal resistance so determined
were then converted to electric resistences by the foregoing ratio and
then into equivalent lengths of wire.

The thermal resistences of the normal heat-flow paths between the
grid junctions and the surface were calculated with equation (26). The
L term used in the equation was that of the length of the normal on the
actual blade. It, too, was more conveniently and accurately determined
by measuring the distance on the large-scale sketch and then dividing
this distance by the scale factor. The value of A used was the same
as S wused In the equation for determining the surface resistance at the
same peripheral position. These values of thermal resistance were also
converted to electric resistances with the ratio described previously and
then converted into equivalent lengths of wire.

Description of electric analog evolved. - A photograph of the elec-
tric analog evolved 1s shown in figure 12(b). The l-inch wire grid,
which was 25 times larger than the actual blade, was mounted on plywood
board. The wire used for the grid was the same as that used for the grid
described previously in connection with the pipe-~segment analog. The
gas~to-surface and surface-to-coolant resistances were made from insulated
28- and 24-gage chromel wire, respectively. The blade-meterial resist-
ances for the normals were made from bare 24-gage chromel wire. The in-
sulated wire was selected for the surface resistances because it could be
formed into coils without danger of short circuits. Also, a different
gage wire wae used for the gas-to~surface resistance, because it had an

electric resistance per unit length approximately 2% times that of the

grid; and, consequently, a shorter length of wire could be used.

The gas-to-surface resistances that were connected to the resistances
representing the normals were spot-welded to 8-~-gage chromel wire surround-
ing the grid. This wire in turn was soldered to a 1/2- by 1/8-inch copper
bus bar that also extended around the grid. The relative potential of
this bar represented the gas temperature. The coolant temperature was
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gimilarly represented by the relative potential of a copper bus bar and
chromel wire formed as shown in figure lz(b). Because the chromel wire,
analogous to the inner-surface thermel resistances, was too short to
extend to the coolant copper bar for one run considered, an ll-gage
copper wire was formed approximately 2 inches over the grid for this run.
This wire extended across the five coolant passages as shown in figure
12(b). The inner-surface resistance wires were then spot-welded to an
8-gage chromel wire attached to thls 1ll-gage copper wire over the grid.
Connections were then made from this copper wire direct to the copper
bus bar whose potential represented the coolant temperature.
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The voltage input to the analog was connected to the upper right and
lower left corners of the "gas-temperature" bus bar in order to reduce
the voltage gradient. Preliminary investigation of this analog with 11-
gage copper wire as the main bus bar instead of the heavy L/Z— by 1/8-
inch bar resulted in apprecisble voltage gradients in the wire. The
gradients in the bar used were negligible.

Method of operating enalog. - Operation of this analog was similar
to that of the other anmslogs. Voltages were measured at each junction
by means of a probe and a precision potentiometer. However, the value
of the supply voltage decreased slowly during enalog operation because
of the relatively higher current drain on the voltaege source. Conse-
quently, before and after the junction voltages were measured in each .
vertical grid row, the voltage between bus bars was measured. This per-
mitted an accurate determination of junction temperatures that were to
be used to obtain residuals by the relaxation method. As brought out
previously, the method of checking the accuracy of this analog was to
relax the temperatures determined from the analog and to note the resid-
uals obtained.

COMPARISON OF TEMPERATURES OBTAINED FROM HEAT-TRANSFER
EQUATIONS AND ELECTRIC ANATOGS

The merit of the analogs and the accuracy of the results in the case
of the two asir-cooled blades were determined in part by comparison with
temperatures calculated from heat-transfer theory. For the 13-fin blade,
an exact check with theoretical local midchord temperatures was not ex-
pected even if the analog were perfect, because the theory neglected
chordwise conduction, as mentioned before. The general trends and average
values were expected to be verified if the analog were designed and
operated correctly. For the strut blade, good agreement was expected if
this analog were also designed and operated correctly, because, in gen-
eral, the heat-transfer theory and the principle of the analog were simi-
lar. In the case of the liquid-cooled blade, the values of the residuals
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obtained from a relaxation of the analog temperatures were the criteriea
used to determine the accuracy of the results of the analog. The follow-
ing sections discuss the results obtained.

13-Fin-Blade Anslog

Comparison of analog and calculated Q. - The data obtalned from the
enalog, as mentioned before, are in the form of the temperature-difference
ratio @ for each position on the blade at which a measurement is made.
Therefore, in order to determine the accuracy of the results of the analog,
comperisons of theoretical and analog values of @ are made, rather than
the temperature of the metal at the position chosen, because & fixed dif-
ference between analog and celculated ¢ values will result in varying
difference between analog and calculated metal temperatures, depending on
the values of the gas and coolant temperatures chosen.

The vaelues of ¢ for the 13-fin-blade, 55-element analog are com-
pared with the calculated values for a cooling-air-flow rate of 0.0204
pound per second in figure 13. The analog values are shown by the solid
curve with the eircle points; the dashed curve with the cirele points
shows extensions of the analog data determined by the method described
previously. The calculated temperature ratios obtained from heat-transfer
theory are shown by the solid curve with the square points. The circle
and square points denote the positions on the blade where measurements
were made with the analog or where calculations were made. The calcu-
lated values of ¢ are apprecisbly higher than the analog values (which
means the metal temperatures are lower) in the midchord region and lower
near the leading and tralling sections. This difference is to be ex-
DPected, because the midchord-temperature theory neglects chordwise con-
duction, which would bring heat into this region and raise the tempera-
tures above the values obtained. The three points on each side of the
ordinate line representing the leading edge and the four points on the
pressure surface and the four points on the suction surface nearest the
trailing-edge ordinate line were calculated by analytical methods dis-
cussed earlier that considered chordwise conduction toward the base of
the trapezoid or toward the coolant passage. The analytical methods,
however, assume that all the heat is removed from the base of the trape-
zold by convective heat transfer to the coolant and neglect the conduc-
tion from the base of the trapezoid toward the midchord region through the
blade shell. It would be expected then, as shown in figure 13, that the
calculated ¢ values would be higher (and the temperature lower) than
the analog values in the midchord region. These statements are based on
the fact that the analog considers chordwise conduction. The trends of
the curves of the analog values and the calculated values, however, are
similar. Unpublished experimental datae show that the analog values are
more accurate than the analytical values in the midchord region. The
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thickness of the shell of the 13-fin blade was greater than that pres-
ently used for air-cooled blades, with the result that chordwise conduc-
tion would have a greater effect on midchord temperatures for the fin
blade. As a consequence, better agreement would be expected between
analog and analytical values of & for present blades than is shown in
figure 13. No effect of coolgnt flow on the accuracy of results was
apparent, as the differences between theoretical and analog values for
coolant-flow rates of 0.0049 and 0.0122 pound per second remained about
the same as those shown in figure 13.

Comparison of blade temperatures from calculated and analog values
of ®. - Although a comparison of & values from the analog and from
heat~transfer theory gives a measure of the accuracy of the analog, a
better physical picture of the results can be obtained by comparing blade
temperatures calculated from the @ values, even though the differences
are also dependent on the level of gas and coolant temperatures chosen.
Such blade temperature comparisons are given in figure 14, where the
values were calculated from the data of figure 13 (0.0204-pound-per-
second coolant-flow rate) for an effective gas temperature of 1000° F
and a coolant total temperature of 128° F, which are values normally
used in the static cascade for which the blades were made. The results
have the trends mentioned previously, the calculated midchord tempera-
tures being lower and the calculated trailing- and leading-section tem-
peratures being higher than the analog values. Except for the middle
of the suction-surface midchord region and the leading section, the dif-
ferences between the theory and the analog velues are thought to be in
close enough agreement that use of either to estimate operating life of
a blade would be satisfactory with the present knowledge of factors
affecting blade life. In any event, a more rigorous theory would be
developed.

Comparison of ® values from 55- and 3l-element analogs. ~ The
effect of reducing the nmumber of elements in the fin-blade analog from
55 to 31 (and thus the number of resistors) on the temperature-difference
ratios @ of the blade shell as determined by the analogs is shown in
figure 15. The results are given in percentage difference in ¢ of the
two analogs at each position on the blade shell, with the ® values of
the S55-element analog as the basis fcr comparison, becsuse they had been
considered accurate’ enough, on the basis of comparison brought out in
the previous section, for the purposes required of the analog tempera-
tures. The difference is well below 1l percent on either pressure or
suction surface. The permissible limit of error is considered to be +3
percent, as noted on the figure. [This latter error was evaluated on
the basis of a +10-percent error in a stress-ratio factor of 2.0 applied
to a calculated centrifugal stress of 31,400 Ib/sq in. at a three-eighths-
span position on the blade, the usual critical point. The blade material
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considered was Timken 17-22A(S) steel because of its high strength and
low critical-material content. The stress-ratio factor is the ratio of
the allowable stress for the blade material (based on stress-to-rupture
data for a normal life and the blade temperature) to the centrifugal
stress. The factor of 2.0 is considered appropriate for present bladesJ
For an effective gas temperature of 1750° F (turbine-inlet temperature
about 2000° F) and & coolant temperature of 540° F at the three-eighths-
span position, the 3-percent permissible analog error amounts to gbout
20° F allowable error in blade temperature. From the results of figure
15 it is apparent that the number of resistors can be reduced appreciably
from that used in the original S55-element fin-blade analog, and the
results will be consistent with those obtained on the original analog.

Comparison of calculated and analog average values of ®. - As was
pointed out earlier, the average blade temperatures are generally ade-
quate for determining whether a blade is sabisfactory in regerd to stress.
Consequently, even though locel temperatures are useful in determining
the existence of any extreme temperature gradients that may cause thermal
stress falilures, a comparison of average values of temperature-difference
ratio obtained by integrating the calculated and analog local velues of
® of previous curves is of greater Interest. Such a comparison is shown
in figure 16, where average calculated values of @ are plotted against
average analog values of ®. A 450 line is drawn on the figure to indi-
cate perfect agreement. The circle points for the 55-element analog were
obtained from the results of figure 13 and the data for 0.0049- and
0.012z2~pound-per-second coolant-flow rates. Inasmuch as conduction has
an averaging effect on the chordwise temperature distribution, it would
be expected that if the analog were designed and operated correctly, the
results shown in figure 16 would agree fairly well.

The agreement between the calculated and analog average values for
either analog (55- or 3l-element) is excellent and indicates that either
theory or analog can be used equally well to determine the adequacy of
a blade with respect to stress. The stress is determined through use of
a stress-rupture curve and compared with an allowsble stress on the basis
of criteria used at present. The mich better agreement between average
calculated and average analog temperatures than was obtained for local
temperatures i1s to be expected, since conduction was not taken into
account in the calculated temperatures. When thermal stresses are im-
portant, it seems to be better (on the basis of comparison with experi-
mental date mentioned previously) to use the analog to obtain tempera-
tures unless the present theory of calculating blade temperature for the
midchord region is modified to include chordwise conduction, especially
if the shell is thick.

One run on the 55-element analog, which was repeated to check the
accuracy of repetition, shows good agreement with the original run (fig.
16). The agreement between the 55- and 3l-element analog average values
was also good.
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Strut-Blade Ansalog

Comparison of calculated and analog temperatures and P for six-
element analog. ~ The comparison of analog temperature-difference ratios
¢ (obtained from the analog in which the number of resistors was such
as to divide each part of the strut blade into six elements) with the
calculated values of ® 18 shown in figure 17(a) for three representa-
tive blade-to-coolant coefficients. The differences between ¢analog

and ®_ ;. velues are shown in percentage of $.57, for the various

positions along the shell, the primary fin, and the strut body. The
letters denoting the positions in figure 9(c) are repeated in fig-

ure 17(a) along the ebscissa. The errors or differences are less than
3/4 percent for the 20 positions at which measurements were teken for
all three blade-to-coolant coefficients used. This error is well within
the permissible error of +3 percent noted on the figure, which was deter-
mined for this blade in = manner compareble-with that for the fin blade.

No trend of the data with varying, Ei could be noted. The general

trend of the curves is similar. The largest change in the curves is in
the blade shell near the weld between points £ and g in figure 9(c).
These points represent locations on the shell and adjacent to the weld
attachment. It is between these points that the temperature gradients
are largest for those series in which secondary fins are considered. For
this reason, one would expect an increase in error, because basically the
analog is replacing the hyperbolic temperature distribution as obtained
by equation (Cl2) by a linear equation.

Curves similar to those in figure 17(a) are shown in figure 17(b)
for a constant hj value but for three values of gas-to-blade coeffi-

cient hy. No trend with hgy 1s observed. The three curves have the

same general shape as those in figure 17(a), the largest error again
being about 3/4 percent and the greatest change in the percentage dif-
ference values of ® being observed between blade locations f and g.

In order to illustrate the magnitude of the errors shown in fig-
ures 17(a) and (b), the actual blade temperatures obtained with analog
data and by calculftion from theory are shown in figure 18 for selected
locations. A high effective gas temperature of 1750° F and a blade-root
coolant temperature of 450° F (compressor bleed temperature) were chosen
as representative cooled-turbine conditions for the calculation. The
comparisons are shown for two coolant-flow ratios with and without
secondary fins. The difference in calculated and analog temperatures is
only a few degrees for all points and conditions shown, the largest 4if-
Perence being about' 5° F in 700° F. Use of secondary fins had an appreci-
able effect on strut temperatures. For the 0.005 coolant-flow ratio, the
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strut temperature decreased from 1450° to 1281° F, a reduction of about
1709 F. TFor most materials, a reduction of this amount at elevated meteal
temperatures can increase blade 1life considerably. For the 0.05 coolant-
flow ratio, this reduction is approximately 150° F.

Reproducibility of results. - In order to determine whether the
errors shown in figures 17 and 18 were experimental inaccuracies in
adjusting analog resistors to the desired values, reruns on the analog
for series VII, IX, and X conditions were made. Comparison of the re-
sults from the reruns with the original runs indicated that the greater
part of the error between the calculated and analog values of ® can be
attributed to inaccuracies in the analog circuit, because the difference
in results between the initial run and the rerun was very small. The
inaccuracies in the analog may be due, as noted before, to the substi-
tution of linear equations when the analog is used for hyperbolic equa-
tions of the theory for temperature.

Effect of reduced number of elements in analog. - As mentioned
earlier, a comparison was made of the over-all resistance for the primary
fin and strut body calculated from the values of the electric resistances
uged in the analog with the electric resistances calculated from heat-
transfer theory. This comparison was made in order to determine in part
the effect of the number of elements on analog accuracy, since it can be
expected that better accuracy can be achieved with an increase in the
number of elements. For this comparison, equivalent resistances were
calculated to represent the strut by six elements, then two, and one.

The results of the calculations are shown in the following table:

Number of Equivalent Difference,
elements resistance, percent
ohms
Heat- Analog
transfer
theory
6 118.05 | 1i8.11- 0.04
2 354.16 | 355.59 40
1 708.32 | 719.71 1l.61

The comparison between the two equivalent reslstances for the six- and
two-element cases shows that good accuracy should be expected from these
analogs, based on the part representing primery fin, strut body, and
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blade-to-coolant coefficient. The accuracy should not be so good for a
one-element analog, as the differencé between the equivalent resistances

for this case is approaching 2 percent.

The effect of a reduction in the number of elements (and thus the
number of electric resistors) .in the analog on the temperature~difference
ratios at the various positions on the blade is shown in figure 19. Com-
parison is made for series IV conditions gno secondary fin) for blade
sections divided first into six elements (as shown in fig. 9(a)) and then
into two elements. The average error for the two-element analog was 2
percent, while that for the six-element analog was 1 percent. Both ana-
logs give results within the calculated permissible error of 3 percent
shown in the figure. A reduction from six to two elements reduced the
pumber of resistors from 43 to 15. It should be noted that the tempera-
ture gradient between f and g 1is smaller with no secondary fins than
with secondery fins, and, as a consequence, there is no larger change in
error between these points in figure 19 for the six-element analog than
between other points on the curve. A comparison of a rerun of the two-
element analog with the initial run indicates that the errors are in-
herent in the analog and are not in the operation of it. The comparison
between the six- and the two-element results verifies the accuracy of
these analogs predicted when the analog over-all electric resistances
for the primary fin and strut were compared with the over-all resistances
calculated from heat-transfer equations. The results of figures 17(a)
and 19 indicate that either analog can be used to give excellent results
when strut-blade temperatures are required.

Liquid-Cooled-Blade Analog

Relaxation residuals obtained from analog data. - The accuracy of
results of the liquid-cooled-blade analog was indicated by relaxing the
values of blade temperature obtained with the analog; the data generally
were considered satisfactory when the residuals were less than 8. The
final evaluation of the data, however, also depends on the coefficients
of the relaxation theory at each local point. The coefficients may be
defined as the changes in the magnitude of the residual resulting from a
1° temperature change in any of the four points surrounding the center
point for which the residual is beilng calculated. Polnts very near
boundaries can have high coefficients, and then residuals as high as 20
do not mean that the analog data are insccurate. It should be noted that
analog temperatures rather than temperature-difference values 6 (eq.
(17)) were used to calculate the residual values. Consequently, a posi-
tive residual value as calculated would become negative if determined by

means of equation (17).
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The residuals determined from the anslog temperatures for the medium
blade-to~-coolant coefficient run are shown in figure 20. Also shown in
the figure below some of the residuals are the coefficients at the local
points considered; where no coefficient values are shown, the value was
always 4. (The value should be 4 when a central point is surrounded by
four points in the blade proper all equidistant from the central point.
It is obtained from eq. (17).) The residuals of figure 20 were con-
sidered very satisfactory for most of the blade. The residnals for the
high and low blade-~to-coolant coefficient runs that were determined but
are not shown herein were equally as good for most of the blade. The
largest residuals occurred near the surface, as expected, because the
coefficients are large here and only & small inaccuracy in temperature
is required to obtaein a large residual, Nevertheless, the residusls in
this region are effectively small enough that this type analog appears
satisfactory for determining temperatures for the greater part of the
blade.

The residuals in the trailing section of the blade near the last
coolant hole were somewhat large, and an attempt was made to find a means
of obtaining more accurate temperatures for this region. In order to do
s0, a 100-times-size analog of this trailing section was built, and thus
what amounted to a finer grid of wires was obtained than that for the
whole blade analog, although & l-inch grid was used. A photograph of
this anslog is shown in figure 21. The residuals obtained from data of
this analog are compared in figure 22 with the residuals from the 25-
times-size analog. Except for one location, all residuals beyond the
last coolant passage were reduced to values close to zero. However,
several residuals around the coolant passage did increase, the increase
being magnified by the relatively large coefficients at the points con-
pldered. The fact that, for most polnts, the residuals for the 100-
times-size analog were considered satisfactory indicates that the tem-
peratures were also satisfactory. Because these temperatures were not
very different from the trailing-section temperatures of the 25-times-
glze anslog, the latter temperstures appear to be of sufficient accuracy
for stress design purposes.

Blade temperature distributions. - Temperature distributions in the
liquid-cooled blade obtained from the analogs are shown in figure 23 for
the three blade-to-coolant coefficients used. The effect of this coeffi-
clent can be found by comparing figures 23(a) to (c). An analysis of
this nature would take months of tedious work involving relexation solu-
tions if the temperatures were calculated from heat-transfer theory. The
isothermal lines have the same general shape in the three figures. These
isotherms indicate that for the central section of the blade an increase
in blade-to-coolent coefficient reduces the blade temperatures by a large
amount. Near the trailing edge, a tenfold increase in the coefficient
reduced the trailing-edge temperature 320° F. For the blade leading edge,
the resultant change was approximately 360° F. For the low coefficilent,
the temperature drop from the trailing edge to the nearest coolant passage
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is approximately 120° F, while for the high coefficient it is approxi-
mately 250° F. A gradient of this amount could induce unfavorsble thermal
stresses. It is epparent that the use of the wire-grid analog is a rela-
tively rapid method of obtaining detall temperature distributions of
liquid-cooled blades for stress analysis of various designs and conditions.

GENERAL INFORMATION OBTATINED FROM FABRTCATION AND OPERATION OF ANALOGS

In the fabrication and operation of the analogs, various items of
useful information concerned with improvement of the analogs became avall-
able. In using the variable resistors, indications were that there should
be considereble pressure between the sliding contact and wire so as to
obtain a good contact. This pressure would eliminate the possibility of
affecting the resistance values already set into the resistor as a result
of accldental rubbing, unnecessary vibration, or some other disturbance.
This pressure can be "felt" from the effort required to turn the shaft.

In the case of the fin-blade analog, reduction of the elements from 55

to 31 required disconnecting many variable resistors. This operation can
be eliminated by using commercisl resistors that have an attached "on-
off" switch or an off-position. Use of this type of resistor would make
the analog more versatile. In the strut-blade anaslog, varieble resistors
rather than fixed precision resistors (the type used herein) would make
the analog more versatile, inasmuch as the variable resistors would not
have to be replaced if the thermal resistances were changed.

In the fin-blade analog, lengths of 24-gage chromel wire of approxi-
mately 50 feet were used to represent the thermal resistance of the shell
material. Such lengths require wooden spools cr similar apparatus to
hold the wire and result in a rather large analog. If 28-gage chromel
wlre were used instead, this length would be reduced to epproximately 20
feet, with a corresponding slight increase in inaccuracies in measuring
desired lengths between elements. In like manner, the liquid-cooled-
blade analog was rather large, because of the desired accuracy, with use
of a l-inch grid of 24-gage chromel wire. A reduction in analog size can
again be achieved with 28-gage chromel wire spaced in a l/z-inch grid.
Wire of 28 gage, or possibly 26 gage, however, would require more careful
handling in the spot-welding operation and during installation in the ana-
log because of the small wire size.

A simple and inexpensive but less accurate type of voltage-measuring
device could be used in place of the precision type. Basically, it would
consist of a slide-wire system, used to compare the voltage at a particu-
lar junction being considered with the entire voltage drop between the
"gas- and coolant-temperature"” bus bars. The slide wire of arbitrary
length, which would be connected to the gas—~ and coolant-temperature bus
bars, would have sufficient resistance so as not to cause excessive cur-
rent drain on the voltage source. A galvanometer would be connected to
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the probe used to measure local Jjunction voltages and also to a device
of some sort that slides along the slide wire. In order to operate this
unit, the slider would be moved along the wire until there is no gal-
vanometer deflection. Thus the local voltage is balanced against the
voltage drop in the resistance wire hetween the gas- and coolant-
temperature bus bars. The ratio of the length of wire between this
point and the gas temperature bus bar to the over-all length of the re-
sistance wire is merely the value of @. Local blade temperatures can
then be calculated from this value. This method is also applicable to
the strut- and liquid-cooled-blade analogs. Since this device considers
similtaneously the local voltage at a point on the analog and the over-
all applied voltage, the problem of compensating for the falling-off of
applied voltage with time is eliminated.

In general, the analogs developed could be made in a relatively
short time and were inexpensive compared with some commercial apparatus
used by others. It is estimated that any of the analogs can be made in
gbout 4 days at a maximm cost of around $200. The time for complling
and enalyzing temperature data was also reduced appreciably as compared
with the time for calculating the temperatures analytically. This saving
will be appreciable when a lerge number of designs and conditions are
needed for the air-cooled blades. For the liquid-cooled blade, even for
one design and one set of conditions, the time could be reduced from
about 4 weeks of calculation to g@bout 1 day. About 3 more days would be
required to relax the analog values if a check on the residuals were

required.

SUMMARY OF RESULTS

The investigation was conducted to develop simple, inexpensive elec-
tric anaslogs for determining temperatures of cooled turbine blades. The
accuracy of such analogs was determined by febricating three for specific
blade configurations (a 13-fin shell-supported air-cooled blade, a strut-
supported air-cooled blade, and a liquid-cooled blade) and comparing
values of blade temperatures obtained with them with calculated values of
temperatures for the alr-cooled blades and by relaxing the analog values
for the liquid-cooled blade. The results of this investigation were as
follows:

1. A review of the various types of analogs led to the conclusion
that the network type, with calibrated resistance wire used in conjunc-
tion with variable resistore that facilitated large varlations in oper-
ating conditions and blade geometry, was the cheapest and simplest and
was sufficiently accurate for the purpose required.
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2. Comparison of calculsted average blade temperstures for the 13-
fin blade with those obtained from the analog that divided the blade
shell into 55 elements showed excellent agreement. Because of the
present limited knowledge of the effect of combined stresses on cooled-
blade life, only average temperatures are generally used for estimating
such life; and as good agreement has been obtained hetween average cal-
culated and average experimentally measured temperatures, it was con-
cluded that the analog values would be satisfactory for this purpose.

3. Comparison of calculated local blade temperatures and local tem-
peratures measured by the 13-fin-blade analog showed the former to be
lower in the midchord region and higher in the leading and trailing sec-
tions. Although tHe differences were thought to be in enough agreement
that elther the calculated or the analog temperatures could be used to
estimate operating life of a blade, the analog values were more accurate
in the midchord region on the basis of comparison with unpublished experi-
mental data.

4, The number of elements in the 13-fin-blade analog could be reduced
appreciably and the errors remain within acceptable values. For instance,
reduction from 55 to 31 elements led to differences in the temperature-
difference ratios of the two analogs of well helow 1 percent.

5. The results from the strut-supported-blade analogs indicated that
either the six- or two-element analog (shell, primary fin, and strut body
divided into six or two elements) could be used to give excellent results.
The differences between the calculated temperature-difference ratios and
those measured on the six-element analog, for instance, were less than
3/4 percent, well within the estimated +3-percent error considered per-
missible with regard to stress. Comparisons of temperatures obtained with
the six- and the two-element analogs showed a maximm difference of 5° F

in 700° F.

6. Results obtained with an analog having a grid network represent-
ing the liquid-cooled blade, which was 25-times-size of the blade, were
considered generally satisfactory for blade design purposes.

7. It is estimated that any of the analogs can be made in about 4
days. The maximum cost of labor and materials for any of them is esti-
mated at around $200. Much time can be saved if meny conditions end
blade designs are to be explored for any of the blade types evaluated.
For & liquid-cooled blade, even for one set of conditions and one design,
the estimated time to obtain temperatures at e given span position can bhe
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reduced from gbout 4 weeks of calculation with the relaxation method to
gbout 1 day with the analog.

If the temperatures obtained on the analog
are relaxed for checking the residuals, another estimasted 3 days are
required.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, September 28, 1953
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APPENDIX A
SYMBOLS
The following symbols are used in this report:

A cross-sectional area, sq ft unless otherwlse noted

A, coefficients of power series

a N (v, + By) /g7, 1/£%

b VBT, 7 + by, o) /5pT) ot/ z/ft

Cy constant in eg. (12)

Cy constant in eq. (13)

CysCy constants in eq. (11)

Cs,C3,

.,C12 constants in égs. (C2) to (C1ll), appendix C

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

dy, hydraulic diameter, 4 times flow area/wetted perimeter, £t

Eu Euler number, (x/W)(aW/dx)

e electromotive force (emf), volts

g acceleration due to gravity, ft/sec?

h local heat-transfer coefficient (constant-wall-temperature
basis), Btu/(sec)(sq £t)(°F) unless otherwise noted

he effective blade-to-cooling-air heat-transfer coefficient,
Btu/(sec) (sq £t)(°F)

Ei average blade-to-cooling-air heat-transfer coefficient
(based on tempersture and area of total cooling surface),
Btu/(sec) (sq £t) (°F)

i current, amp (indicates A/-1 when used with Bessel functions)

2985



G862

NACA TN 3060

18,
J

J

Jl

Bessel functions
mechanical equivalent of heat, f£t-1b/Btu

Bessel functions

chordwise distance from blade trailing or leading edge to
coolant passage, ft unless otherwise noted

3+ (1./2), £t

[5%/(iey stn )1%/2
constants used in eq. (ES) in appendix E

thermal conductivity, Btu/(sec)(ft)(°F)
electric conductivity, 1/(£t)(ohm)
length, £t

perimeter, £t

turbine speed, rpm

exponent defined by eq. (2)

static pressure, lb/sq £t

total pressure, 1b/sq £t

residual temperature difference, °F
rate of heat flow, Btu/sec

thermal resistance, L/kA or 1/hS, (sec)(°F)/Btu
electric resistance, ohms

gas constant, £t-1b/(1b)(°R)

radius, £t

surface area, sq ft

b
temperature or static temperature, °F or °R
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T! total temperature, °F or °R

U wo (1 + A) /By, (1b)(£4)(°F)/Btu

v velocity relative to stator blade, ft/sec

W local velocity in free stream relative to rotor blade, f‘b/ sec

W welght flow, lb/sec

X distance along blade surface as shown in fig. 1(a), £t (also
Cartesian coordinates of blade cross section in eq. (14)
and fig. 4)

x distance along blade surface from assumed stagnation point
as shown in fig. 1{(a), £t

Y Cartesian coordinates of blade cross section in eq. (14) and
fig. 4

X, function defined by eq. (B2)

¥y distance from blade trailing or leading edge to blade element,
£t (see fig. 1(a))

¥ ¥+ To/2, TE

ZagasZgbs

.« .,255 coefficients of strut-blade heat-transfer equations, (see
table V)

Z&ao'z:'ab:

. . ,Zj 3 coefficients in table VI based on Z-coefficients

z distance from blade root to span position being considered,
£t

a stator blade exit angle at midspan of blades (relative to
plane normal to engine axis), deg

r denotes usual gemma function

T ratlio of specific heats

3 relexation network spacing, £t (see fig. 4)

5.5 distance between point on outer or inner (coolant-passage)

boundary of blade and one on blade near boundary (see fig. 4)
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¥

w

Subscripts:

&

55

T 1oL - tan )2

2 tan ¥

2Ky +

To(1 - tan y) /2
2 ten ¥

-
2K{j' +

[‘_Te(l - tan ¥) 1/2
ZK__ 2 tan ¥

normal distance to blade surface, ft (see fig. 4)

Tg,e - Tps F

Bolo/hels
thickness, ft
thickness of leading- or trailing-section trapezoid at

coolant passage and at leading or trailing edge, respec-
tively, £t unless otherwise noted (see fig. 1(a))

(Tg,e - TB)/(Tg,e - _5.,7,)

T, - T
tan'l(:fijziig), deg

angular velocity of turbine wheel, radia.ns/sec

sir

blade

at coolant passage
calculated
electric

effective, or trailing and leading edge when used with T
or TB )

fin, except when used with h

gas
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inside (on coolant side) or "in" when used with A, p, q,
T, and V
conductive heat
leading section
local point or section
liquid
midchord section

outside (on gas side) or "out" when used with A, p, q, T,
and V

pressure surface
rotor

blade root
stator

suction surface
segment
trailing section

wire

evaluated at distance X along blade surface (see fig. 1(a))
eveluated at distance x along blade surface (see fig. 1(a))
any chordwise section within leading or tralling edge

free stream

refers to elements of strut blade (see fig. 3(b)); when used
with L gives distance to any point within element
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0,1,2,3 when used with L give total lengths of strut-blade
. - elements; otherwise denote stations in relaxation-
network system of liquid-cooled blade

Superscripts:

* variable wall temperature

denotes linear dimension increased by T /2 except when used
with p or T, where denotes total values, denotes effec-
tive coefficient at base of leading-section or trailing-
sectlon trapezolds when used with hp

- average value
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APPENDIX B

-

METHODS OF DETERMINING GAS-TO-BLADE HEAT-TRANSFER COEFFICIERTS
FOR TURBULENT FLOW ON VARIABLE-WALL-TEMPERATURE BASIS

The curve in figure 2(a), from which can be obtained the gas-to-
blade heat-transfer coefficients for a turbulent-flow boundary layer
based on a variable-wall temperature, was derived by the NACA from equa-
tion (67) of reference 8. The assumptions used in this analysis were
glven previously. This equation is

n* . ;,AUYH(X/ )t :
2= = Bl
by x %,‘An(x/:,)n :

where Z;rAn(X/j)n is a power-series expansion of the temperature ratio
(TB,X/Tg,oo) -1, and Y, is a relation among certain I' functions
defined as

=I‘%g—n+l>l"(§—§-

n
40n 32
‘ Nz + 35)

(B2)

In the calculations necessary for the construction of figure 2(a), only
one term in the series expansion was considered, so that equation (Bl)
simplifies to

h* %
SZE (B3)
ho‘,X o

Values of n were inserted in equation (B2) to obtain a set of ratios
of the variable-wall-temperature to constant-wall-temperature heat-
transfer coefficients.

Figure 2(a) cannot be directly applied to the calculation of
tralling-section temperatures, because n, which depends on the tempera-
tures sought (see eq. (2)), is unknown. Values of hy % (based on con-

stant wall temperature), however, are obtained by the method employed in
calculating similar coefficients, for the midchord region, for the vari-
ous positions X distance from an arbitrarily selected station CC near
the trailing section. With these values of bo,X and an assumed value
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of n, h;’x values are obtained from figure 2(a). The temperature
distribution 1s then calculated with the equation for temperature dis-
tribution in a trapezoidal section and an average of these h0 X
values. A logarithmic plot of Tg e TB ¢ against X 1is made to
determine n. If this value equals the assumed n, the temperature

distribution is the required one; if not, the procedure 1is repeated
until the two values of n agree.
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APPENDIX C

METHOD OF SIMULTANEOUS SOLUTION FOR CONSTANTS IN STRUT-BLADE
TEMPERATURE -DISTRTBUTION EQUATIONS

The numerical expression of the temperature distribution in each
segment of the strut blade requires the solutlon for the numerical value,
for each segment, of the two constants in the general temperature-
distribution relations given by equations (11) and (13). The method of
simultaneous solution of the 12 constants for the six elements of the
strut blade considered herein is as follows:

2985

At point 1 of figure 3(b), dTB,m/dL and Iy o equal O. Conse-
quently, when equation (11) is differentiated for element 1-2 and set
equal to O, and L;_o = O is substituted in it, the two constants C;
and C2 1n the equation are equal. At the junction of elements 1-2
and 2-3, TB,m of the first element at I5_, = Iy, and TB,m of the
second element at Ip_z = O, are equal. With this knowledge and equa-

tions (11) and (13), another equation can be obtained with two constants
in it, C; and C4. Also, at the Junctions of these same elements, the

heat flowing out of element 1-2 equals the heat flowing into element
2-3, or for a.l-inch span:

; UTp,m) 1 ATy o)z
“ph2hi-e (}lﬁ—d%fz%ﬁ = -()z-572-5(3z) 611?;32 Y

Differentiating equation (11) for element 1-2 and equation (13) for ele-
ment 2-3 and substituting the boundary velues Iy o =14 and Iy z =0
in the resulting equations give equations for d(TB,m)l-Z/dLl-z and
d(TB,nJZ—S/dLZ-S for use in equation (Cl). Substituting for these
terms in equations (Cl) results in another equation involving two con-
stants C; and Cz. Applying the same procedures to the Junctions of
elements 2-3 and 3-4, 3-4 and 4-5, 4-5 and 5-6, and 5~-6 and 6-7 ylelds
ten equations, two for each junction, that have 11 unknown constants in
them. Therefore, the constants must be reduced by 1 1f only the ten
equations are to be used. At point 7 of figure 3(a), dTB,m/dL6-7 = 0
and ILg_7 = Lg. Differentiating equation (11) for this element and
including the foregoing conditions result in an equation whereby one

constant in the equation for this element can be determined from the
other. Thus, one constant can be eliminated from the ten equations

mentloned.
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The ten equations must be solved simultaneously to determine the
constants. This can be done by applying the rule of reference 28, which
is an improved method of solving many equations simultaneously. The
equations in simple form are given in teble V. The coefficients Z in
the equations are defined at the bottom of the table. These coefficients
can be formed into a matrix, and then another matrix of coefficlents Z!
can be formed based on the Z coefficients as shown in table VI, which
is the application of this rule to the series of equations presented.

The constants can be determined from the Z' coefficients with the
following equations:

Cs = Zix (c2)
Ce = Zix - CsZi, (c3)
C3 = - CsZhy - CoZhs (ca)
Cy = Zly = CaZpy ' (c5)
Cp = - CZL (ce)
Cg = - Cszég - Gzl (e7)
Cq; = - CgZie . | (c8)
Cg = - Cg?ee ~ Cr2ca (c9)
C10= - Ce%pec (c10)
Ci2 = = Co%ac - C10%ap (c11)

These constants are then substituted in the following equations, which
have been obtained by methods given previously and which were used to
get the equations given in table V, from which the temperatures at any
position I in each element of figure 3(b) can be determined:

Element 1-2:
2
a L -8, L b
1-2+1-2 1-241-2 -
Ty =02<e + e >+ %‘2 (c12)
o a
1-2
RBlement 2-3:

T8,m = Calz.3 + C4 (c13)
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Element 3-4:

Element 4-5:

Element 5-6:

Element 6-7:

NACA TN 3060

(C14)

(c15)

(c1e)

(c17)
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APPENDIX D

METHODS FOR DETERMINING LOCAL COOLANT TEMPERATURES, STATIC GAS
TEMPERATURE, AND RELATIVE TOTAL GAS TEMPERATURE

In the calculation of heat-transfer parameters for use in obtaining
blade metal temperatures, either by calculation or by electric analog,
values of local coolant temperature, static gas temperature, and total
ges temperature relative to the rotor blade are required. The pro-
cedures for obtaining these values are as follows:

Local spanwise coolant temperature. - For air-cooled shell-
supported blades with constant cross-sectional area, the cooling-air
temperature at any span position other than the root 1s obtained from
the following formula obtained from equations in reference 1:

mzr 2 m?cp
= = T w°z a .2
T! T + U + U - = U° +
8,1 g Jg Jg Jg
. 2. 2
. z/Ucp,a T T 0Ty Ua wcp g U%)
a,l,r g,¢e, Jg Jg
(D1)
where
Té 1.7 cooling-air temperature at blade root, °F (compressor-outlet
282 temperature) ‘

T radius from center line of turbine wheel to blade root, ft

r

and the other terms are defined in appendix A. In the case of a static
blade, the terms with ® are deleted. The temperatures in table II for
the 13-fin blade were calculated in this manner. The gas-to-blade coef-
ficient in equation (D1) is the average for the whole blade, and the
perimeter 1, 1is the total for the outside surface.

Although the temperature of the air at the root of the blade,
assumed equal to the compressor-outlet temperature, was used in table II
for the strut blade, cases arise when this temperature must be known at
other spanwise sections. For these cases, equation (D1) does not appear
to be directly appliceble. It is based on a constant value of A over
the blade span, which may not be true for the strut-supported blade
because of the spanwise change in the effective blade-to-coolant coeffi-
clent as a result of strut taper. Therefore, a finite-difference equa-
tion for the temperature rise of the coolant can be used. It can be
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shown from a balance of heat entering a differential element Az along
the span and the addition of rotational effect on coolant temperature

that

AT hgl 2
8 0“0  /m = w Dz
& e (Tg,e - Tp,7) + Teoya (rr + 7 - -2—) (D2)

The temperature T in this equation is the integrated average of the
B,1

shell temperature between lines AA and BB of figure 3(a) for the spanwise
section being considered. Thus, teking small increments Az and summing
the resulting coolent-temperature changes AT, with the coolant inlet
temperature result in the spanwise coolant-temperature distribution.

This procedure is an iteration process, since the local blade tempera-
ture is dependent on the local coolant temperature. It should also be
noted that a spanwise variation in hgl,. in equation (D2) may also be
considered in this process.

The coolant temperature generally used for liquid-cooled blades is
the average of the inlet and outlet temperatures. 1In general, the tem-
perature rise for water is small, and estimates of coolant temperature
at each span position considered are not warranted. Consequently,
average values of coolantc temperature and Cp,liq Were assumed for the
case herein. The inlet coolant temperature being known, an estimate of
the outlet temperature can be obtained from

Y119 = ®p,1iq V1iq\T11q,0 " Tliq,i> (D5)

where Uiq is calculated from

G11q = B (g’e - TB) (D4)

In this formula, Tﬁ is an estimate of the blade outer-surface average
temperature. After the blade temperatures are calculated, the accuracy
of the assumed temperature Ty can be obtained. If there is a large

difference, iteration may be necessary.

Static gas temperature and relative total gas temperature. - In
order to determine an effective gas temperature around a rotor blade, it
1s necessary to calculate the static temperature at the stator exit and
the relative total temperature on the rotor blade. In making these cal-
culations, the total temperature and total pressure of the gas at the
stator outlet are assumed equal to those at the stator inlet. Then

T +1

2
T Y-l
g,5,0\8 g,5,0 ) g =
K ) K > 2Yog Rg Té,S,i (D5)
50 g,S i &

g S,1

@
&
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Values of 5& 5,17 Vg and Té 5.4 @re glven in teble IT. The area at
S AP ] I
the stator outlet As,o 1s calculated from the geometry of the stator

blades, that is

Ag,o = (piteh at midspan)(number of blades)(sine a)(span) -
(number of blades)(thickness of stator blades at

trailing edge)(span)

Values of Ag o used herein are glven in table I. Thus, the static

pressure at the stator outlet can be obtained from equation (D5). The
static temperature at the stator outlet, one of the terms required to

get Tg,e for a rotor blade, is determined from
-1
Te
_ _ - - Tg
1 1
Tg:SJO = Tg,S,i (Pg,S,o/Pg,S,i) (Ds)

All terms on the right side are known. The velocity at the stator outlet
is next obtained from
Wéﬁéfg S0
v o 2 8 BIbYs (D7)
- 85,0 ASJOPE)S:O

The relative inlet velocity to the turbine rotor is then calculated from
the formula

2
SO @M} - o7 (%E_ Par)cos .
g,R,1 ~ g,5,0 © 60 g,5,0 60

(D8)

This formula assumes no expansion of the gas between the stator and rotor
blades. When Wg,R,i is known, the total temperature of the gas rela-

tive to the rotor can be obtained:

WZ

mt m ng,i
Tg:R:i = Tg:s:o * ZchP g (D9)
2

This total temperature is used to get Tg,e for a rotor blade.

In the case of a cascade blade such as the 13-fin, the area Ag o
to use in equation (D5) can be obtained from a relation involving t
geometry of the cascade of blades:
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Ag,o = (pitch at midspan) (number of blades + 1)(sine flow-inlet angle)
(span)

The area obtained by this relation is strictly not a stator-outlet area,
since, in static cascade investigations, blades analogous to the stator
blades of a turbine are generally not used. This area for substituting
into equation (DS) is effectively the area normal to the gas-flow
channel preceding the test blades. The static temperature to use in
calculating effective gas temperature is cbtained as before from equa-
tion (D6) after g g , 1is calculated from equation (DS) with the

modified area. The values of g,5,1 in table ITI for this blade are

used directly in calculating the effective gas temperature, as this is
the total temperature relative to this static blade.
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APPENDIX E

DERIVATION OF EQUATION FOR EFFECTIVE COEFFICIENT AT BASE OF
LEADING~ OR TRATLING-SECTION TRAPEZOID

Let h% be a fictitious coefficient whose product with the areas of

the base of the trapezoid (representing the leading or trailing section)
and with the difference between the effective gas and blade temperatures
at the base of the trapezoid is equivalent to the heat being conducted
through an element of infinitesimal thickness at the base of the trape-
zold towerd the midchord .region of the blade. The area at the base of
the trapezoid, or at the coolant passage, is T, times unit spanwise

length. The formula for this heat flow is then

T (=)
heTe (Tg,e - TB,e) = - KT &y (£1)

Solve for hf:

k at
be= -3 = dy]?) (E2)
gy IIlB,C c

Since 6 equals Tg,e - T,

dTg de
(63 '>c B -~ dy '>c ‘ . (E3)
Then
. Egfag\

From equation (D7) of appendix D of reference 2, the temperature differ-
ence 6, at the base of the trapezoid becomes (in the notation of this

report)
6, = KlJo(igc) + KziHO(igc) (B5)

and from equation (D17) of the seme reference, the temperature-gradient
parameter at the base of the trapezold or coolant passage can be written

as
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ae e [as
8. - = (&,
or
ZKZ dae
(&), - &= (=), =e)
According to equation (D18) of reference 2,
gg.)c = K13 (3L,) + KE (1) (&7)

When equations (E7), (E6), and (ES) are substituted in equation (E4),

2K kp[-K1 191 (18c) + KpHy(ile)

s (s6)

Dividing numerator and denominator by Kl yield.s

ZKZkBr-iJ (¢, )+ H1(1§ )
ht = (r9)

gc Lo(igc) + (igc)

Equation (D19) of reference 2, resulting from boundary conditions at the
trapezoid tip, can be written

Ko 1J4(18.)
K~ R (=20)
Substituting equation (E10) in equation (E9) gives
, o 13(at))
- -idy(1t,) + W Hy(16,)
By = —p ° (E11)
gC! ]_( ge)

Jo(it,) + (I 18, (1t,)
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TABIE I. - GEOMETRY OF BLADES

NACA TN 3060

Item Alr-cooled Liquid-
blades cooled
13-Fin | Strut | 02238
Pitch at midspan, in. 1.4 1.28 | 1.158
Number of blades 7 54 31
Span, in. 3,00 4,00 2.44
Flow inlet angle, deg 52°12' | 58°0: | 57%20°
Flow exit angle, deg 46°12* | 50°0°' | 34%10"
Chord (axial), in. 1.97 | 1.86| 1.74
Suction-surface length, in. 2.47 2.31| 2.250
Pressure-surface length, in, 2.05 1.94} 1.775
Thickness of stator blades at trailing -~== | 0.040} 0.068
edge, in.
Chordwise distance from trailing edge to| 0.543 | ----- 0.221
coolant passage, J, in. (see fig. 1)
Chordwise distance from leading edge to 0.217 | =====| 0.130
coolant passage, j, in. (see fig. 1)
Trapezoidal thickness at trailing edge 0.050 | ==ww= 0.068
Tes in. (see fig. 1)
Trapezoidal thickness at leading edge 0.128 | —wem- 0.144
Te, In. (see fig. 1)
Trapezoidal thickness at trailing-edge 0.250 | =;me-- 0.100
coolant passage, T., in. (see fig. 1)
Trapezoidal thickness at leading-edge 0.237 | ===w= 0.234
coolant passage, T,, in. (see fig. 1)
Total free-flow area of internal coolant} 0.0962 | 0.241 | 0.023
passages, sq in. (per blade)
Hydraulic diam. of internal coolant 0.0670 |0.0886 | 0.112
passages, 4y, in.
Length of coolant holes in liquid- = | ~-ceec |ocemaa 2.38
cooled blade, in.
Stator-outlet gas-flow area, Ag o, 0.183 | 0.833| 0.242
sq ft
Thickness of shell, in, 80.0988 | 0.018 | w—---
b o872

aSuction surface.
bPressure surface.

S862



CR=-10

2985

TABLE II. - CONDITIONS FOR TEMPERATURE CALCULATIONS
Blade |Calcu-|Turbine |Turbine-inlet|Turbine-inlet |Total gas{Coolant-flow|Coolant
lation|speed, |total temper- taotal pressure, |flow rate|rate per temperature,
series| rpm eture, p/ for all |blade, T! or Tqi4,
fy g,8,1’ . a,l liq
Tg,8,1 in. Bg sba | g’ |'e 2 MMar ) R
OR g’ Ib/sec
Ib/sec (a)
13-Finp I 0 1465 42,01 5.98 0.0049 720
it 0] 1469 42,33 6.00 .0122 608
ITT 0 1469 42,32 8.07 . 0204 588
o 0.0070
v .0700
VI 11,500 2460 113.7 75.5 . 0070
VII J l .0419 L 910
VIIT . 0700
X See text for explanation of .0419
X lack of conditions .0419 J
Liquid- XT €0.00125
cooled XI1 14,000 1693 38.71 7 €, 000144 593
XI1T €,03860

8Coolant temperature at blade cross sections considered in analysis.
PThese bledes for etatic cascade experiments.

®No secondary fins used in series IV and V.
dSecondary fins used in series VI to X, inclusive.
®Water used as the liguid.
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TABLE III. - HEAT-TRARSFER COEFFICIENTS AND MBTAL CONDUCTIVITIES USED FCR BOTH HEAT-TRANSFER

AND ANAT.OG RESISTARCE CATLCULATION

|Unlese otherwise notad; all heat-transfer coefficlente are average va,.lms]

Blade |Calcu-| Gas—to-blade |Blade-to-coolant|Effective Blade metal ﬁ?‘éii‘iﬁ“ﬁ?iﬁe
lation| coefficient, |surface coeffi- |blade-to~coolant|conductivity, cefficient
series By, cient, hy, coefficient, he, kg, c () ’

Btu Biu Btu Btu %ti-zl
(eec](OF)(aq £t) |(eec](°F) (sq £t) | (eec) {°F)(sq £t) |(sec)(°F) (FY) 3767 (aq £t)
] A
13-Fin T 0. 0066 ] 0. 00539
. . .a o Local (see (T,i‘,ifmhgﬁd)
IT F ( Local ﬁ 0.0128 table IV (le;.é.;;v‘;nd
sae fig., 5
1g. 5) and text) trailing
ITT 0.0196 J sections)
I/ \J
N ﬁ fl
Strut Iv 0.00456 | = mmme=e- Q0,00398
v Q.,0888 |  m=meen C.0851
vI 0,0800 1 0, 00562 00,0478 0.0040 0,0042
rrT N NoOTC N1 ann r (Bbe.:!-l) O N17R
¥Yill Veado Ve LIUW 0.0,0666 AR E N g
VIII 0.0355 0.2760 (strut) 0.0261
P
IX 0.0900 0.0235 0,1800 0.0176
X 0.0300 0.0235 0.1900 J \ 0.0176
liquid-| XI 0.135 1

ooled

¢ XIT 0.0211 0.045 0.00441
XIIT 0.405

aVaria.ble—wa.J_'L-—temperature coefficient used over leading and trallipg sections.

G864
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NACA TN 3060 75

2985

TABLE IV. - LOCAL EFFECTIVE BLADE-TO-COOLANT HEAT-TRANSFER
COEFFICIENTS FCR 13-FIN BLADE
(2) Suction surface (b) Pressure surface
Segment | Coolant flow, wg, lb/sec Segment | Coolant flow, w,, Ib/sec
0.0204 | 0.0122 | 0.0049 0.0204 | 0.0122 | 0.0049
Heat-transfer coefficient, Heat-transfer coefficient,
.g hi or he, hi or he,
3 Btu/(sec)(sq £t)(°F) Btu/(sec)(sq £t)(°F)
%3 1 0.0184 0.0125 0.0065 29 0.0184 0.0125 0.0065
g§ 2 .0313 .0206 .0107 30 .0520 .0343 .0178
3 .0196 .0128 . 0066 31 .0196 .0128 .0066
4 . 0625 .0415 .0218 32 .072¢ .0484 .0254
5 .0196 .0128 . 0066 33 .0196 .0128 . 0066
6 .0726 .0484 .0255 34 .0806 . 0537 .0282
7 .0196 .0128 . 0066 35 .0196 .0128 .0066
8 . 0904 . 0609 .0323 36 .0961 . 0647 .0343
9 .0196 .0128 .0066 37 .0196 .0128 .0066
10 .0992 .0668 .0354 38 .0992 .0668 .0354
11 .0196 .0128 .0066 39 .0196 .0128 . 0066
12 .0961 . 0647 . 0343 40 .0961 . 0647 .0343
13 .0196 .0128 . 0066 41 .0196 .0128 .0066
14 .0961 .0647 .0343 42 .0946 .0637 .0338
15 .0196 .0128 . 0066 43 .0196 .0128 . 0066
16 .0961 . 0647 .0343 44 .0946 .0637 .0338
17 .0196 .0128 . 0066 45 .0196 .0128 . 0066
18 .0809 .0545 .0289 46 .0891 .0600 .0319
19 .0196 .0128 . 0066 47 .0196 .0128 . 0066
20 .0831 .0559 .0297 48 .0904 .0609 .0323
21 .0196 .0128 . 0066 49 .0196 .0128 . 0066
22 .0640 .0428 .0226 50 .0765 .0511 .0270
23 .0196 .0128 .0066 51 .0196 .0128 .0066
24 .0501 .0333 .0175 52 .0707 .0470 .0247
25 .0196 .0128 . 0066 53 .0196 .0128 .0066
26 .0363 .0240 .0125 54 .0616 .0408 .0213
27 .0184 .0125 .0065 55 .0184 .0125 . 0065
28 .0184 .0125 .00865




TABLE V. - STRUT-SOPPCRTED-BLADE HEAT-TRAWSFER EQUATIONS AND DFFINITIONS OF COMSTANTI 2 USED IN BQUATIORS

Bquations
DBelrs * Zglig + Zglg + O + O +# 0O 4+ 04 0O + O + 0 = 0
B lln - Bl * Bpelg * O + O + 0O 4+ 0+ O 4+ O 4 0O = 0
0 + 24010 ZoCy * Zeal7 - Zoglg + O + O+ O + 0 + 0 0
0 - Gy - Oy o+ BgC, + ZgCs + O 4+ O 4 O + 0 + 0 = 0
o + 0 + 0 - DTagly + Beglg + O+ 0 4 0 - Zylg + Fylp = 0
o} + o] + 0 + o] + 0 + EBpeCp + 0 - ZpCux + [o] + o] P [s]
2
b2
0 + (o] + 0 + (o] + Q + ZE;fCa - C‘ o o] + o] + 0 L] "‘T—
8i-2
o] + Q + 0 + 0] + 0 + 0 + 0 - Zhhc5 - Z‘hics -+ Zhdos ] Q
0 + 0 +o+c>+0+<:»+c4+1r.lhcg,-cﬂ-cﬁni;,71
0 4] - 07 - CB 0 0 + o) + ZJiCB + ZJJCE = Q
Dafinitions
~Zag_7lg ‘ 84504 oy gly _ eyl
2, e +1 Zoa™ (kB)4_5 Te5 %46 ° Zpp = (k.B)l-Z Ti2 5.2 (e -8 )
u o 85.808 - ey 5y -
Zap = 9 Bog = (kp)y 5 T45 845 ® Zoy = (kplp s Too3
L,
7y, = 2565 Zag = 24504 Zgp = (331-21-1 + ,'ﬂluzl'l)
-2ag_qLg -
Tog = (¥pdg-7 Teo7 867 (8 ©7 0 -1) Zgame o4-5h4 Znp = (kplz-x To-3
. (K)o o T o"5-613 Z,u(k), T, 8 2w (k) T,
op = (Epls s Ts.g B5-8 ed = (Bylas Taos 845 Ty = (sple g Tog P2y
83_gls
Zype = (¥p)5_5 5.6 5.8 © Zoe = (Kpla-5 Ta-5 846 Zpy = (Bplsg Ts4 B34
-ag_4Lx
Zep = (Epls 6 T5-g &5-6 Zog = (kplx g T5yg 854 @ Zyp = Ip
a. -A A
Zee = (¥B)5¢ T5-6 85-5 Zog = (kp)g_y 754 B34 ® 413 By =e ek Zyy=e 4"
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TABLE

VI. - COEFFICIENTS FOR DETERMINING CONSTANTS IN STRUT-BLADE TEMPERATURE BQUATIONS

2985

c-un C-ln Cn C"} §¥a)
A LU ] f <
Zha = Zga | Zdb = Zen/Dha Zhe = Zao/Dha 0 0
- (ZI t )
Mo = e | By = - Tap - () | e = 2 ,,bz"’a 0 0
b
Y Z&p = Zep Zge = 'ch'(zllaczéb) 254 = ch/Z(':c Z¢g = "an/z
Zge - (Zéezi"ic)
| S | X B t - (w71 t
¢ Zay, L Zie = dpe "~ L Z3a = Zaa-(ZaZic) Ze Z]
0 0 0 Zia = = Zeg Ziy = Zpa-(ZLo2hs)
0 0 0] 0 o]
0 0 C 0] 0]
O o O O o]
0 0 0 0 (o}
0 0 0 Zyg = - 1.0 2y = B - 1
U [
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TABIE VI. - Concluded. COEFFICIENTS FOR DETERMINING CONSTANTS IN STRUT-ELADE TEMPERATURE EQUATIONS
Cz Cy Cx Cq Cs (a)
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 Zy = ~Zu1/Zlc Ziy = z.ﬁ‘j/z,gie 0
Lbp = Dpp 0 Ly = Zey/ Dby 0 o 0
R
~Zb 2! s,/
Bip = B | 2L = - 10| B = Zﬁ'} gt 0 o 2t - l;? 8.2
gg 88
A N 7t - I’ oy _ ) fe7 7t _ - I
- - “nh T 7 “hb nt ™ “n1/Zon 57 Iy ©
- 1.0 -(2} 7! T -(2! 2 )
- - - - - - - J'ih . 8,1 1g gk
0 Z:i.g 1.0 Zih Zih Zéh Z:i.i 1.0 (Zﬁizi!.h) Zfll,j Z.‘:.'i Zf}.k : 21y
] —_ - t 1 1 = - 1 1
0 0 0 25 =Dy (24,24) Ziy = 23y ~(Zgslie) . -ZiyBYy
- 1 1 = 1
(234254 JE 235
871  coefficients, from right side of equations in table V.
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Typical point

Asaumad
stagnation
point

b 4

: ) )

v \ N

Gas- flcnr = 0.2807 /i‘\ r\
' discharg p
angle To |_/,\

Trapeeoldal approximation
of trailing section

Trapezoidal approxima.tion

T

of leafing seotion — \(
Te = 0,128"
Te = O. 050 ,1 2 0.545" K ¢
AS . J = o0.227"
W (a) 13-fin blagde.
Figure 1. - Cross sections of cooled turbine biades analyzed,
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80 NACA TN 3060

A B
E
D 1
]
c - c\
A B \Camber 1lin
t
.
kPrimary fin
Secondary E
D fin

(b) Strut blade.

(c) Liquid-cooled blade.

Figure 1. - Concluded. Cross sections of cooled turbine blades analyzed.
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CR-11

NACA TN 3060

1.2
’///’f”,/f,,—
1.0
A
.8
M
e
&
o}
* O
.6 /
04 //
.2
-.8 -4 0 .4 .8
n
(a) Turbulent boundary layer. (Exponent n is
defined by eq. (2).)

Figure 2. - Correction factor for gas-to-blade heat-
transfer coefficients for variable wall temperature.




82 NACA TN 3060

2.0
e
/
/ L. — -
—/ -
1.6 // P .
- »]
-
-~
P
-+
1.2
H
o
<
N
H Euler number,
*'do EU.g
.8
// —_— 0
—-——=—= 1.0
Ve
~ /
/
/
.4 ~ //
0
-1.0 -.5 0 .5 1.0 1.5 2.0

n

(b) Laminar boundary layer. (Exponent n 1is defined
by eq. (2) with X replaced by x.).

Figure 2. - Concluded. Correction factor for gas-to-blade heat-transfer
coefficients for variable wall temperature.
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Q

Camber line

() Representative section of blade showing heat-flow paths.

Figure 3. - Schematic sketch of representative section frem strut-supported blade
showing locations of statione analyzed and heat-flow paths.
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NACA TN 3060

1
) . {::-Shell Denotes direction
of heat flow
—
’71-2-
— - ——
—— i
—— dL
——— * ——
— ‘
—— —
i 2 Weld
! * 3 —
Lz 1-2_3_.. /-—Primry fin
—
L3z I hy
' ,73_4-‘»

L
T

-—1}‘_".<—

(b) Elements in representative section rearranged
to permit solution as one-dimensional heat
conduction.

Figure 3. - Concluded. Schematic sketch of representative
section from strut-supported blade showing loeations of
stations analyzed and heat-flow paths.
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Figure 4, - Illustration of relexation method with liquid-cooled turbine bleds.
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86

Local gas-to-blade heat-transfer coefficlent, hgp,
Btu/(hr) (sq £t)(°F)

200
I [ | |
Wall temperature

:
B2
il

== lENEN

NACA TN 3060

P Constant
‘/\ —_—— Varlable

U

40 o/
Pressure surface Suction surface
0 ] | ] 1 I
1.0 .8 .6 .4 .2 0 .2 .4 .6 .8 1.0
Ratio of distance from stagnation point to surface
length, x/L

Figure 5. - Local gas-to-blade heat-transfer coefficients for
13-fin blade. Gas flow, 6.0 pounds per second; turbine-
inlet total temperature, 1468° R; turbine-inlet total pres-
sure, 42.2 inches of mercury absolute.

S862



=
<

o=}

Gas velocity ratio, WE/T'IE
o

2985
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/ bro-0oq_
Yi ™
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/ \ fllament
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/ \ check
/ \
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/ o
V \ A
7
\ pi
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\ |
V1
T
4 Ly
**l-Trailing I Tralling
edge \ ! edge
|l
il
!
1.0 .8 .6 .4 .2 0 .2 ! .6 .8 1.0
Buction surface x/L Prassure surface

locity distribution used to determine gas-to-blade heat-tranefer coefficients and
ion

pointa for 13-fin blade.
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88 ‘ ‘ NACA TN 3060

Gas temperature, 1000° F
// // // T
// 7 -
P // P :|.rl
| | I
temperature, l — Lf——l
100° F l | | /4
] 1 | 1"
_____lll _4‘_ lﬂ ! ln —! l"___./
4!’1
lp perimeter of section = 4"
T (a) Fin illustration.
Voltage source /— Potentiometer to
to supply measure voltage at
+ 'M"“" over-all potential local position
Gas temperature, 1000° F - +
f
Lls ohms 15 ohms 15 ohms 15 ohms |
Wall
temperature,
100° F

(b) Analog wiring diagram.

Figure 7. - Analog wiring disgram for simple case of fin attached to wall.
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[.raprenantﬂ gag tempera-~
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1

Resgimtanoces
/rrﬁpreuanting
1

Q
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HE, -ri"!I, m&::l [ & Gad

2985

Rasistances representing
blade-wall thermal

L
resistance, —
kph

Resistances
repregenting
1 1

BB °7 EgSy

\-Resigtance represanting

leading-seation equiv-

glent thermel reaistance,
1

h{Te

(a) Behematic illustration of mnalog wiring diagram.

Figura 8. - Analog for 13-fin blade.
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Bus bar whowe potential ropresents
EAS tamperature, Tg,e/

Terminal stri
] J Suction surfane /_ P
Reslstances reprs
I—,r BPEEISEEESEEPEEESFEEEEEEEREE ¥ u—l/“nntiu 7. o
,,,,, L strip— . Wirs ropressnting
Torming L ~ blade-wall tharmal
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Ragintance Depae- VA \ v \/ \/ \/ Resistanc
senting treiling- E'W. h”gm
saotion equivalent rfl on 1
thermal resistanos
1 . 4 1 i ¥ ¥ L,’ 4 "' f’( J’ L{’ 4 2B 4 I’ A’ A :’ Al{ A’ f” .1’ -" d o Y m o HEI
RI7,
ol
M| 4 |~Bus bar whooe potantial re ants \ercinel
kad soeling wir temperaturs, 3,1 strip
L —TN 4
b ql i
- =1
'r_é_, Terminal
: Voltage oource 4“1.1?
Reslstance =
F A ‘x ¥ oy ¥ ¥ /? F A A A 2N ' X ri iy 4 | :éggiiﬁ oquj.l val:mh
the in
A~ ‘A ~ rmal rm: tapocs,
YA ANAN A AlA v D D
Resistanaas [N 2 S| J
repr\utn:inql ¥Wire representing blage-i 1
TEISI o . thermal rea.un.anua.
r ¥ ¥y rrxr Vo ¥ ¥ ¥ ) Y ¥ ¥y ¥y ¥y r ) ¥ w\/ ‘L_l_ Resintanaa NN‘G'
. A sontind g
t = } 2 |
Fressure ourface ’ %\1‘ inal strlp
be

(b) Analog wiring diagram.
Figure 8. - Contlmued. Analcg for 13~fin blade.
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CR-12 back
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(o) Photograph of analog.
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Bus bar whose potentlal represents
gas temperature, Tg o

ik

WACA TN 3060

so

__/

Potentliom-

NES:

% ¥

[
*

M%H

e

X
e
X

x

Primary fin <

Strut body <

(a) Schematic illustration of analog wiring diagram.

;

Kjr‘

Resistances representing
1

hySy

he81

Figure 9. - Strut-blade analog.

Zgus bar whose potentlal
represents cooling-air
temperature, T

Resistances representing
1

Resistances representing

Voltage
gource
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NACA TW 3060

Bus bar whose
potential rep-
resents gas

temperature
Eye _\
Resistances representing —— hOS I 3 1 - J
-]

element of blede-shell thermal
L
resistance, YA <

Léh s i? ,fedgc

Resistanc
representing
blede shell AN M
Resistance thermal
representing resistance p

3

Resistance representing on.e-ha]i /%/

Reslistance representing spot-weld
one-half element of thermal L 2
primary-fin thermal i resistance, — LLX 8 3 { ]

i J
\Resistancea representing 5,8

-
L
resistance, ___ o4
\F

primary-fin thermal Voltage
™~ source

J I
L VVVH — {1 l~| l‘§
Resistances repreaenting k .%*

AN

I

resistance, — \/?f \-@L @
2/ n Potentiometer

N |_——}— Resistance equivalent to one-half the sum
, of thermal resistance of one element of
— primary fin and of one element of strut

L
body,kBA

8

|

\ 8 3]

1
| __+— Resistances representing h—is;

1 1
heSy hySy

. |— Resistance representing
Resaistances represent-
ing strut-body thermal

L
resistance, —
kBA

g\

[\~ Bug bar whose

potential represents

cooling-air temperature,
Ta,t

oo tApK—
Ases
T
My
T
N

L3

{b) Analog wiring diagram.

Figure 9. - Continued. Strut-blade analog.




NACA TN 3060

94
Resistances representing _i_
‘ ; oSo
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i potential
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-(c) Photograph of analog.

Figure 9. - Concluded. Strut-blade analog.

Resistances

© representing
- blade-ghell

thermal resis-
tance, _L
kph —

Resistances
l representing

X
hySy

Voltage term=
inal (~)

Bus bar whose
potential repre-
sents coolinge
air tempera-~
ture, T&,Z

c-31697_

G863



2985

NACA TN 3060
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Figure 10. - Template nsed to make wire grid for ligquid-occolsd-blade analog,



96 NACA TN 3060

7 Bus bars whose  p—Resistance wire ~_Reslstance wire |
* potential rep~ repl:qsentjng :gepresenting u
resents cool- 1 - |
ant temperature, hy8y h S, ‘[

ikl
Ta,’l,

8 bars whose |
potential repro- [
sents gas temperw—
ature, Tg,e

See text

Pencil lines repre-
genting inner and outer,
boundaries of pipe

| .- - C—— .

Pencll line indicating _;_.l
end of plpe segment ohosen'

N o/

! L yoltage divider ; C-32556
(a) Photograph of analog.
Figure 11. - Pipe analog.
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NACA TN 3060 97
/N
7/ N\
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/ AN
/ \
/ 670 628 '\ 586
V'd
/ \
\ 14
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Figure 11. - Continued.

Pipe analog.
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(c) Differences between calculated and analog values of temperature-
difference ratio along radial lines at various angular positions.

Figure 11. - Continued. Pipe analog.
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Figure 11. = Concluded. Pipe analog.
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Figure 12. - Liquid-cooled-hlade analog.
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(») Photograph of analog.

Lignid-cooled-blads analog.

Flgms 12, - Conoludad.




Temperature-difference ratio, &
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Figure 13. - Comparison of calculated temperature-difference ratios with those determined by

55-element analog for 13-fin blade. Cooling-air-flow rate, 0.0204 pound per second; effec-
tive gas temperature, 1000° F; coolant local total temperature, 128° F,
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Figure 14, - Conparison of calculated blade temperatures with those determined by 55-element

enslog for

13-fin blade.
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Figure 15. - Differences between values of temperature-difference ratlio of 55-element and 31-element

analogs for 13-fin blade. Cooling-air-flow rate, 0.0204 pound per second; effective gas tempera-
ture, 1000° F; coolant local total temperature, 128° F.
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average temperature-difference ratio for 13-fin blade.
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Flgure 17. - Effeat of heat-transfer soefficients on differences between ocalcu-
lated ard analog values of temperature-difference ratio for strut blede.
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Figure 18. - Effect of secondary fins on strut-blade temperatures at two
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(b) Downstream portion of blade.

Figure 20. - Concluded. Schematic dlagram of liquid-cooled blade showing grid, relaxation residuanls, and
coafficients for series XI. (Conditions for series XI presented in table II.)

It



Wirs grid repressnting trailing section of blads -

Constant=potential bus bar representing
igothermal gection of blade -

3 -

»
,f
'

T

‘ICo:maotion to ge

pamt-éiy
controlled voltage source

Resistance wires representing ‘h_;'_i

Bua bar whose potentlal L W
represents ocoolant temperature, Tiig __j—_:-'—— T

| N < Bus ber whose potentizl represents
g@mﬁgﬁ;‘;ﬂvggjfw_ rately Lt e t) . em—————effeotive gas temperature, T, o
Wb BudLue e —— Y . o

A tat
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(a) Ineide heat-tranefer coefficient, 0.045 Btu/(sec)(sg ft)(°F).

Figure 23, - Temperature dlstribution in liguid-cooled blade., Effective gas temperature, 1159° F;
coolent temperature, 133° F; outside heet-transfer coefficient, 0.0211 Btu/(sec)(sg ft)(oF)
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(b) Inside heat-transfer ccefficlent, 0.135 Btu/(sec){sq £t)(°F).

Figure 23. - Continued., Temperature distribution in liquid-cooled blade. Effective B8 temperature,

1159° T3 coolant temperature, 133° F; outside heat-transfer coefficlent, 0.0211 Btu/(sec)(sg £t)(°F).
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(c) Inside heat-transfer coefficient, 0.405 Btu/(sec)(sq £t}{°F).

Figure 23, - Concluded. Temperature distribution in liguid-cooled blade. Effective gas temperature,
1159° F; coolant temperature, 133° F; outside heat-transfer coefficient, 0.0211 Btu/{sec)(sq ft)(

°F).
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