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D~TION~OFAVERAGEBEAT-TRAIITSFER  COEFFICIENTS FCRA

CASCADE OF -CAL SMPCTLSETURBINEBUDES

I- HFATTRAN~FRWBLAD~TOCOLDAIR

By Gene L. Meyer

-= .

Results of an investigation to determine average outside surface
heat-transfer coeffioients  for a cam&e of symmetrical impulse tur-
bine blades are given. It has been theoretically shown that the
effectiveness of both direct and indirect turbine-blade aooliug
methods depends to a great extent on the value of the heat-transfer
ooeffioient  between the gaaee and the blades. Because of the laok
of data necessary to establish fundamental heat-transfer lawa appli-
cable to turbine blades, the NACA ha8 started a comprehensive pro-
gram that will meet these needs. Ass part of this pro@mm, the
heat tmnsfer in a cascade of rim-cooled symmetrical impulse turbine
bladeswas investigated. The bl8des were heated at the roots and
cold air was exhausted past thsaa. Adiabatic tests were first made
to determine the thermal recovery faotor for the blade, so that the
heat-transfer coefficients could be based on the difference between
the blade and effective gas tqperatures=

The recovery factor was found to vary cz0y slightly (from 0.78
to 0.89) with an exit Mach number rengingfrom  0.3 to 1.0 and was
independent of the Reynolds number. The Nusselt number based a the
effective gas temperature was independent of the Maoh number in a
range frcm 0.3 to 1.0. The results of the heat-transfer teete can
be represented within f10 percent by

Nu P 0.14 (Re)ioo68 (Pr) 113

where Nu is Nuseelt number, Re is Reynolds number, and Pr is
Prandtl number. The charaoteristic dimension is arbitrarily taken
as the blade perimeter divided by d and the inlet Reynolds
number is used. This equation‘expresses  equally well the results
of investigations  made by the General Eleotric Ccxnpany on a cascade
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2 NACA IW No. E8Hl2

of impulse blades five times the size of the NACA blades. No effectdue to the difference in ourvature of the two blades was evident.
The results of the low-teanperature runs are shown to be applicable
to the prediction of the effectiveness of rim cooling at elevated
temperatures for the blades used.

INPRODUCTION

Cooling methods for gas turbines can ordinarily be classified
as either indireut or dire&. With the indirect method a coolant
ie applied to the blade root-or the tip, the rest of the blade
being cooled by conduction; with the direct method, a coolant is
forced through passages in the blade. Results of theoretical
analyses made at the NACA Cleveland laboratory (references 1 to
to investigate both types of cooling indicate that the amount as

3)

well as the effeotiveness  of the cooling depends to a great extent
on the convection heat-transfer coefficient between the hot gases
and the blades.

With indirect methods, the cooling effectiveneee, as measured
by the allowable increase in effective gas temperature, increaees
with a decrease in the heat-transfer coefficient. With direct
cooling, the dependenoe of the oooling effeotiveness on the heat-
transfer coefficient is more complex, involving the ratio of the
coefficient on the hot-gas side to that on the coolant side. How-
ever, the same general trend as that for indirect cooling applies.
It is then clear that accurate oooling calculations for either
direct or indirect methods depend upon knowledge of the heat-
transfer laws between the gases and the blades.

Althou& a great  deal of heat-transfer data is available on
the flow of fluids past plates, cylinders, and airfoils, none has
beenpublzkhed onturbineblades. The citmer&l Electric CalQany,
however,rantests on&turbine-blade cascadeusingroam-air-
and steam-heated hollow blades end obtsined .

Nu = 0.14 (Re) o*68 (pr) 1/3

where

Nu Nusselt number, based on blade perimeter divided by .a~

Re Reynolds number, based cm blade perimeter divided by a~

Pr Prandtl number
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The temperature at .which the air properties were tsken w&s not given;
however, the temperature range involved was so small that either the
bulk or film temperature could be used uithout appreciably changing
the results. It was recognized In this work that there might be &II
effect due to the reversal of heat flow, that is, heat transfer from
the blade to the ejas instead of frcm the gas to the blade, end a
correction factor was applied. This correctian, which was
originally suggested for heat- or cooling of fluids flowing through
pipes, was estimated to have decreased Nu by only 3.4 percent.
(The correctian  does not appear in the previous equation.) Similar '
work has undoubtedly been performed in other countries, but reports
of the results me unavailable at present.

Because of the lack of correlated data necessary to establish
fundamental heat-transfer laws applicable to turbine blades, a
comprehensive program has been initiated at the NACA Cleveland
laboratory that will meet these needs (reference 4). The problem
is being experimentally attacked in two ways, by.studying the heat
transfer (a) in static turbine-blade cascades, and (b) in full-soale
gas turbines. Casoades allow elaborate instrumentation, easy
control of the factors Involved in the convection and radiation
processes, and rapid investigaticns  of many blade configurations.
The extremely large buoyancy forces due to rotation, which tend to
Increase free oonvecti.cBI, end possible flow disturbances caused by
the blades passing stationary nozzles era abeant in cascades. The
magnitude of these effects, though they are probably small, must be
determined frcxn research with actual turbines.

The Over-811 program of research cn turbine cooling conducted
at the Cleveland laboratory includes an investigation of the laws
governjng the heat transfer by convection between the gasee
surrounding a cascade of symmetrioal  impulse blades and the blades.
The results obtained by using cold air as the fluid and by heating
the blade roots are presented herein. Cold air, rather then hot

, g&888, w&s used because its properties sre well known, and there
is no possibility of osrbcn deposits forming 09 the blades. By
maintaining low blade temperatures, the influence of radiation was
made negligible, end thus & fundsmental relation for the convection
heat transfer could be obtained. The blade temperature distribution
was measured and the results were used in conjunction with a theory
for the heat flow to.comput8 the heat-transfer coefffcient.

The purpose of this tiv8stigation is (a) to present for the
blades tested a relaticar between the Nusselt and Reynolds numbers
describing the heat transfer over a variation of inlet Reynolds
numbers (based on the blade perimeter divided by x) of from
10 000 to 130,000 and a range of Mach numbers from 0.3 to 1.0,
d to correlate and conqsre the results with those for other
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turbina-blade Oaeoad88, oYlinde??S,  end S-lined bOdie8, aad
(0) to apply the result6 to predict the eff8ctivenese
by using the theory of reference 1.

NACA m No. E8El2

of rimcooling

The general relatlool for forced-couvection heat transfer is
often written in the dimensionless  farm

--

where

Nu

ha

d

ks
Re

%

%I

%
Pr

"P&

Nk - f (Re, Pr) - C (Re)r (Pr)s (1)

hGdNusselt nuniber,  -
ks

cmmecticm h88t-transf8r coeffici8nt, (Btu/(hr)(sq ft)(%))

characteristic  dimansian of body, (ft)

thermal conductivity of es, (Btu/(k?)(ft)("P))

Reynolds number, VBdpg
b

gem velocity, (ft/sec)

gas density, (slug&u ft)

gas viscosity, (slu&ft-sea)

Prandtlnumber, cl,
kg

specific heat of gas at aamhmt Ewessure, (Btu/(slug)(OB))

The symbols ueed in the analysis are defined In appendix A.

ThePrandtlnllniber  canbe oonsidered sphysicalpropertyfa~.
a given gas and it varies a~lly slightly with temperature. Thus the
geometrical shape does not SFfeot it. Forturbulantflcw,  the gas
ww~~es vgt OPrgt d kg that are needed for Pr, Re,
and Nu are evaluated at the film tmperature tf, which is
assumdtobe themeanofthe  av8ragebodytemperaturs  and the gas
statio temperature. The characteristio  dimensicm d for a turbine
blade is not immdiately apparent and must be found by correlating
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he&t-transfer data for a number of different blades. 'The blade per-
imeter or perimet8r divided by d has been catmlonlyused. The heat-
transfer ooefficient  is defined as the rate of heat transfer per unit
area per unit temp8rature difference between the ga.~ and the blade
surfsce

ho = ASAt (21

where

Q rate of heat transfer, (Btu/hr)

S swsce axea, (sq ft)

At temperature difference between gas and blade surface, (ol?)

The value of At depends upon the method bywhich it is evaluated,
aS will be Indicated.

The surface temperature is usually well defined and at low
Mach numbers little difficulty is encountered in choosing a gag tm-
per&tUre because the static and td8lt~~tll28S8Xe  very nearly
equal. However, at high Mach numbers, these temperatures differ
appreciably and different coeffiaients  can be obtained, depending
upon whioh temperature is used. Regardless of which temperature
(tot81 or statlo) is us8d, h, may be positive or negative for the
same direction of heat flow and a due of zero must be assumed
for h, for the adiabatic case.

In order to overcome these disadvantages, the he&t-transfer
Goefficient is based cm an effeotive  gas temgerature tgle, whidh
is defined as the t8mpersture a b&y assume8 in the absence of
heat transfer (the adiabatic body temperature). A coefficient
based on this'temperature is always positive and greater than zero.
Furthermore, it has been Shown to be independent of the Mach number
and the temperature difference At. (See references 5 and 6.)

For any partiouleu.  gecsaetrical confQuration, the effective
@as temperature Can be r8tited to the total and St&tic temp8rStUr8S
by a recovery f&&or a, deftied by the equation

u=
tR e - tg s t, e - tg s

%,t, - %,s
=

Vg2/2Jcp,g
(3)
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Uh82-8

%,s statlctenLper&ture  of gas, (%)

tg,t total tauxperature of gas, (9)

J mechanioal e&vale& of heat, 778 (ft-lb/Btu)

.

In a th~oretloal study, Pohlhausen derived an 84ression for
the reooveryfactorforflou  past plates as a funotion of cmlythe
Prandtl number (reference 7). Numerous experhents have been per-
formed with air flaKJng paet plates, parallel to wires, normal to
single cylinders, and Inside cylindrioaltub8s to obtain recovery
factors. (See bibliography listed 0~1 p. 4 of reference 5,) Resulte
of these experiments indicatethatthereie  only& am8llReynolde
number effect; the prinoipal. variable is the Mach number for a
fixedPrandtlnuniber. E&m-k and Weise (reference 8) tasted three
ShEbp8El of turbine blades, for whioh they determined a. They found
mm8 variation with blade shape and Mach nuniber, but made no mentiaol
of a Reynolds number effeot.

lit equaticn (2), it is seen that ace a is known for 8 par-
tloular setup, At c-811 b8 based OP tg,e by use of qU8tim (3),
and it is only neoessary to determine Q in order to find b.

. However, it was diffioult tomeasure Q aoaurat84  in the test
apparatus used and sn alternate method of canputing hc was devised.

The one-dimenslonaltamperature  distribution  for &turbine blade
heated or oooled at the root cmnbe found Fmrnaheatbalance of the
blade (appmdix B). If radi8tion is neglected,

e - e cash m (L - I)
0 cash mL (4)

where

8 excess of blade temperature  over effective es temperature
at blade poslticxa x, W

*0 excess of blade tempreture at x = 0 (blade root) over
effeative gastemgerature, (9)

c

m =
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L di8i%nC8 from blade root to point at which de/dx is
zero, (ft)

X radial position m blade measured fram the root, (ft)

hc,b oonvection heat-transfer coefficient from gas to blade,
(Btu/bd (sa fi) (9))

7

b blade perimeter, (f-t)

ha average thermal uonductivity of blade material,(Btu/(hr)(ft)(°F))

A cross-sectional axea of blade, (sq ft)

The 8x88s of the blade temperature over the effective gas tem-
perature 8 is a function only of x, th8 quantities Co, L,
and m being constants for a given set of omditions. If the tem-
perature distribution is known, that is, 8 88 a funotion of x,
then Go can be found by inspection, and m and L can be computed
by use of the method of least squares. Because

the heat-transfer coefficient aan ultimately be determined.

In deriving the expression for the temperature distribution
(equakion (4)), the foUcrr?iw aaaumptions a~% made:

1. The blade is of uniform cross-sectional area and perimeter
over the blade height.

2. The thermal conducrtivity of the blade metal, the average
he&t-transfer coefficient, and the effectivs  gas temperature are
constant over the blade height.

3. The temperature gradients in any cross section of the blade
perpendicular to the radius are negligible.

4. R&i&tiOn o&n b8 negl8Chd.

5. At so3118 position on the blade L, there is no h88t flow
and de/dx = 0.

It will be shown later that these assumptions are actually
experimental conditions in the setup used.
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By using the eqleX'l-m#ntd Vdtl8 Of ho,br RU 08n be CCmguted
basedcmanarbifx~dimensicmfor d. Theerpcmentof  Pr in
eguatioa (1) has been found to have a value af approxizmtely one-
third fortheflowaFagaserrowDdabody.  The constants C
can be det8-8d by plotting Nu/(Pr)l/3  se a fuuctictn of Re.

and

-IoN OF APPARA!cus

The g8ner81 arrmgamt of the apparatus is shown in figure 1.
Refrigerated air, under a positive pressure (5 in. Rg), passed
euoo8sslvely throu& a heater, a VDI orifice, a throttling valve,
a cudming sect&m, an inlet nozzle, a test seation, another throttling
valve, and into the laboratory erhsustsystem. The air temperature
oould be held ccnstmtwithinf0.5°F.

Details of the test seotion are shown in figures 2 and 3. The
blades aremade of Dmoneland are of a symmetrical impulse desigu
with a oonstant cross-seotional  area aml perimeter to oonfom to
the first assumption of the temperature-distribution derivation;
they are brazed to a bronze dummy-wheel se&ion with a pitoh-line
radius of 5.50 in&es. The blade solidity, defined as the ratio of
the blade chord to the pitch, is 1.92. The blades are shrouded at
the tip to form a flow passage 1 inoh in height.

The blade assembly fits between a split Emmel nozzle block,
oxily the exit half of which is shown in figure 3. The blade roots
oea be heated by omducticm throu& the bronze wheel se&ion. The
heat Is supplied by means of an eleotrio fumace, the bronze pro-
trudingdoun into the furnaoe.

The temperature dlstrlbutlon of me blade is measured by means
of a radiation-type thermoouple probe shown in figure 4 and desaribed
in appendix B. A hole, l/16 inah in diameter, extended radially f'rm
tip to root t&au& the center of one blade. A l/16-inoh-inside-
diameter tube, which acts as 8 gulUe for the probgis fitted flush
with the blade tip so that the two holee are oonoentric. By mvlng
the probe in the blade, the temperature at any point can be detemined.
Probe positions are measured with a oalibrated screw aoourate
within &I.001 inoh. Calibratiopls  of the probe (appendix C) insu??8d
th8 SCVCY Of the l=dtll@3.

In order to cheek the validity of the assumption of a one-
dimensional temperature distribution, fixed thermooouples  were
installed on thre8 bhde8. Three themmoouples  peened into l/32-inah-
diameter holes were in a plane perpendio~hr to the e@an of the blade

t

.
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on each blade. The distances  of the three planes from the tips are
0.23, 0.63, and 1.20 inches. Chordwise locations of these thermo-
couples are indicated by circles in figure 2.

Air inlet and exit total temperatures were measured in g-inch
ducts immediately before and after the test section. These ducts
ar8 large enoLlgh, comm8d to the t8St aeotion, that the totaltem-
per&tare can be read directly. The thermoOoUpl8  probe and inlet
tot&l t8mp8r8tUre  were 3%&d diff8r8ntiall.y on a pOtentia8ter in
conjunction with a light-beam galvanometer. Lnlet total pressure
was measured by means of a probe located at the nozzle throat.
Inlet stat10 pressure was measured tith wall taps. Exit total and
static pressures were measured with two fixed calibrated tubes placed
between two blades at their trailing edges, as shown in figures 1
and 2.

p- .

Adiabatic runs to measure the blade recovery factor as well as
heat-transfer runs were necessary in order to obtain heat-transfer
coefficients based on the effective gas temperature. In both kinds
of run, however, th8 same meaSurements were taken, II&U8& orifice
conditions, blade inlet and exit pressures and temperatures, and
the difference between the blade tsmperature  and the inlet-gas
total temperature as a function of the probe position.

For the adiabatic tests, the air temperature was so adjusted
that the blades assumed room temperature, and thus heat losses were
minimiz8d. The Reynolds ntmiber was held constant by holding the ma88
flow fixed, while the Maoh number was varied from 0.3 to 1.0 by
&anging the pressure ratio acroSs the test section. RUlS WBT8 made
with three different Reynolds numbers.

For the heat-transfer runs, the blade roots were heated with
an electric furnace as previous4  described, and unheated air was
exhausted past the blades. Runs were made at: (a) fixed Reynolds
number in which the Mach number was vari8d as in the adiabatic runs,
and (bj variable Reynolds and Maoh number with a ten-fold range of
Reynolds nuuiber.
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CALCWLATION OF RF&JILTS

Adiabatic Runs

It is advantageous to write the recovery factor in the form

a=l- tg,t - $,e =I- tg,t - tg,e
%,t - %,s 3r2

(5)

2JcP,f3

beCaLM the term (tg t - tg e) was experimentally measured, and
in th8 adiabatic run &he eff<otive gas temperature was the average
blade temperature. The gas velocity Vg is a function of the total-
temperature and pressure ratio

where

g acceleration due to gravity, 32.17 (ft/S8C2)

Y ratio of specific heat at constant pressure to that at
con&ant volume for air, 1.395

R gas constant for air, 53'.30 (ft/OR)

T&t total gas temperature, (OR)

P static gas pressure, (in. Hg)

P total gas pressure, (in. Eg)

Beoause the total temperature was constant through the blade passage,
either the Inlet or exit velocity could be oomputed by equation (S),
using the pressure ratio at that position.

Reeults of total- and static-pressure surveys indicated that
Where86 the velocity distribution was uniform at the blade inlet,
separation was occurring at aoae point in the passage; therefore
a velooitg gradient resulted fran inlet to exit. The small size of
the blades made it impossible to determine at whioh point the separa-

tion took place. However, in analyzing the test data, it became
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apparent that the conditions measured at the blade exit were con-
trolling the thermal processes in the blades. Recovery factors were
therefore computed ueing the exit velocity and correlated with the
exit Mach number M.

MO =/m (7)

.

Heat-Transfer Rune

The average heat-transfer coefficient has been related to the
blade-temperature distribution by equation (4). In order to oheck
the theory experimentally, the test setup muet agree with the
assumptions upon whiuh equation (4) is developed. These conditions
were met in the following manner:

1. The blade was desieped with a constant cross-section area
and perimeter over its entire height.

2. The temperature differences from blade tip to root were kept
small enough that thermal-conductivity variations were negligible,
less than 7 percent. A ccxnparison of a mor8 exact derivation in
which the thermal conductivity was oonsidered a function of the tem-
perature and equation (4) where the average conductivity for th8
temperature range was used resulted in a negligible difference. Even
at greater temperature differences than those used in the experiments,
the error could be neglected. A ocnstant gas temperature was achieved
by providing ample mixing length in the large duct before the test
section and by the use of unheated air.

3. Fixed thermocouples in the blade, arranged to give 8 two-
dimensional temperature distribution, indicated that gradients
perpendicular to the radius could be neglected.

4. In order to minimize radiation effects, maximum blade tem-
peratures were kept below 200° F. Because of the charaoteristios  of
the temperature distributicn, over half the blade was at a tempera-
ture less than 100° F for all runs; The temperature of the blade
surroundings varied between 50' end 75O F.

5. A point of zero heat flow was obtained by maintaining the
gas temperature below that of the room. In effeot then, the blade

t



12 HACA FM Xo. E8EI.2

was heated at the root by the furnaoe and at the tip by the roopll
air bemuse it aetaumd approxkately the gas temperature at thie
zero heat-flow poeitlon.

The reoovery factor0 found In the adlabatfa rum were ueed to
oonvert the meaeured temperature difference & - tg,t to one baaed
an %,e a8 follows:

For a given Mar .found *an equation (7), a value of a was
ohoem. The exit veloafty wae ocenputed by use of equation (6) by
using the total and statlo preeeures measured at the blade exit.
From equation (5),

tr 26 I (h - tg,e) Se (k - tg,t) + (l - a) e>
%l blade temperature, (9)

%,O veloolty of ejae at exit, (ft/seo)

With 8 known ae a funotlm of x, it was only necemary to
* determine the oonatanta of equation (41 ip oz%ler to detemine &.

However, to apply the method of lea& square8 to a nonlinear
equation, the observation equation (4) had to be tmnsformed  into a
llnetlr equation by expanding In a Taylor'e eerlee, negleoting all
term of powers higher than one (reference 9). The resulting obeer-
vation equation took the form

(g+ +(gJL# -e-e2

where

m', L' oorreotione  to approximate value6 of m and L found by
least squares

(8)

e2 valueof 0 ocmputedf&mapproxlmate m and L

For a given run, approximate valuee of m and L had to be
aeeumed from which 92 for eaoh meaeured value of x wa8
oamputed ueing equatiou (4). The reeulte were substituted in equa-
tion (8) and the normal equatione were famed and eolved for m'
and L'. The correctlcms were added to the aaaumed values to eve
the m and L that beet fit the data points. When either uorrectiiao,
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El’ and L', was large, the process was repeated until a negligible
change occurred. l

An approximate value of L was found by plotting the observed
temperature distribution and picking the position at which de/dx
was equal to zero. The value of L varied from run to run. Because

and b and A are known, only hc,b and %,a must be assumed
to find m. The blade thermal conductivity, based on experimental
data for Inccnel, was chosen for the integrated average blade tem-
perature. The average heat-transfer coefficient can be written

Q =
-%o A (E),,

hc,b =

s

L L (9)
b 8th b

I
edx

0 0

where

Q,O thermal conductivity of the blade material for the temper-
ature at x=0, (Btu/(hr) (ft) (9) )

de
0= x=0

temperature sadient at the point tiJ (Wfw

The numerator of equation (9) is found by measuring the slope
of the observed temperature-distributicn ourve at the position x=0,
and multiplying by -l&o A. The denominator is obtained freon a
graphical integration multiplied by b.

A typical temperature-diatributlm curve calculated frcen the
theoretical equation obtained by least squares as compared to the
observed data points is shown In figure 5.

The total temperature at the blades was assumed equal to the
average of temperatures measured immediately befare and after the
teat section. Reynolds numbers baaed on both blade inlet and exit
conditions were calculated. Inlet Reynolds numbers (Re)i were
computed by dividing the orifice mass flow by the flow area. The
oharacteristic blade dimension was arbitrarfly taken as the blade
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perimeter divided by II. Exit Reynolds numbers (Re)o were based
on velocities and densities acmputed from conditions measured at the
blade outlets. The exit static temperature was canputed fram the
exit gas velocity using equation (6) and the edit pressure ratio.
Gas thermal oonduatlvity, tiaaoalty, and Prandtl number were evalu-
ated at the film temperature taken as the meau of the integrated
average blade and atatic.(inlet  or outlet) teqperaturea.

Recovery faotor. - The recovery factor far the blade inveati-
gatf3d is ahoun in figure 6 as a function of the exit Maoh number.
The average adiabatic blade temperature was obtained by lntegratlng
the local blade temJ?eraturea as measured by the thermocouple probe
and dividing by the blade length. Three sets of variable Mach
number runs were made, each at an approximately conatazt Re. The
exit Mach number was varied from 0.3 to 1.0, and the average erlt
Reynolds numbers were 60,000, 120,000, and 132,000. The results of
all the runs lie about a single curve and there does not appear to
be an appreciable effect due to Re. Foranerlt Machnumberrange
from 0.3 to 1.0, a changes only  fran 0.78 to  0 .89.  Below
-MO of 0.3, the temperature difference (tg,t - tg,e) became
too amall to measure with precisiau. In this renge, the effective
gas temperature aan be assumed equal to the total gas temperature
without seriously ohan&& results.

Also on figure 6 are shown acme results taken fKrm reference 8.
Two impulse blades, designated A and B were tested in a oaacade
using air as the fluid. Blades A and B turned theair l28O
and 1100, reapect~vely. Adlabatia blade temperatures were measured
with thermocouples at the thickest portion of the blade section.
However, it is not stated at what dIetame, say from the tip, the
measurements were made. Iftheblade temperaturewere aonatantfrm
tip to root, this omlaaion would make no difference. However,
additional teats ahowed that heat vae being lost fKIpl the blede ends
to the surrounding auriaaes. Themeasured blade temperatures were
therefore probably somewhat low and, in turn, reduoed a for the
blades. The Reynolds Pumber range of the teats is not stated. Hot-
withstanding these possible dlacrepanalea,  reaawbly good agreement
ma obtained between the tests reported herein and those of refer-
ence 8,. The greatest deviaticm, which is for blade A, is less
than 10 percent.

pohlhauaen (reference 7) has theoretically shown that a is
a function of Pr aud additional  theory haa indicated that this

.

t
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function is A/E!. For these reasons, a/* is also plotted
against M. in figure 6. Because all the data were obtained using
air at rocm temperature, there is no relative displacement of the
curves.

Heat-transfer coefficients. - The reaulta of the heat-trsnsfer
tests are ahown in the ccmventlonal  nnanner, that ie Ru/(Pr)1/3 aa a
function of Re, in figure 7. The &araateriatic blade dimension
is arbltrarlly taken as the perimeter ditided by x for Nu and Re.
The results can be written in equation fom as

Nu = 0.14 (Re)i"'68 (Pr)1/3
with an accuracy of ilO percent. An inlet Reynolds nukber range
from 10,000 to 150,000 and 811 exit b¶aah number range M. from 0.3
to 1.0 are covered.

The inlet Reynolds number is obtained by dividing the mass flow
measured with the orifice by the flow ma, and corresponds to m-
ditions at the blade inlet. If the exit conditicola are used to
define an exit Reynolds number, the dashed curve results, whioh is
baaed on the maxfmum gas velocity through the cascade and the
corresponding density. The slopes of the two mea 87ce approxZ-
mately equal, but Ru/(Pr)l/3 baaed on exit conditIona  is lower by
13 peroent and can be represented by

Nu = 0.21 (Re)oo*63 (Pr)lJ3

with an accuraoywithin kl0 percent.

It was ernalytlcally shown (reference 6) that the Nusaelt number
baaed on the effective gas temperature is independent of the Mach
number. Verification of this the- is &rven in figure 8. Results
of three constant (Re), runs inwhich M. was variedare shown.
Inaemuah as it was impossible to hold (Bejo absolutely flxed,
Xu/(Pr)li3 was corrected for (Re)o variaticmafrananaverage value
for each run. The comecticm was applied by multiplyIng the
observed Nu/(Pr)li3 by the ratio of the average (Re), to the
observed (Re), raised to the 0.63 power. Ingeneral., the experl-
mental scatter for these runa la no greater thanthatahown in
figure 7. In all three caaea, the maximum deviation from the mean
value is ilO percent and only*5 percent for moat of the pointa.

Effective *a temperature. - The use of heat-transfer coeffi-
aiente baaed on the effective gas temperature is a refinement needed
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only when the temperature differenoes  Involved ars small, as was
the ease for these tests. As a rather extreme example, oonsider a
blade at 105O F, the gas total tmperature at 80° F, and a M.
equal to 1.0. me ratio of b,b
in tg,e IS 1.64.

based on t6,t to that based
Iftheblade temperature is timeased to1080°F,

the ratio Is reduced to 1.016. At higher gas-temperature levels,
the general trend is the same, althoughthe peroentage differenoes
lnoreaee.

'turbine oasuades. - The results of this investigation are
oanpared with those of other forced-couveoticm investigations In
figure 9. The oascade data of the General Electrio Caupany uoin-
aide perfectly tith that of the RNA, based m (Rs)i. Because
General Eleotrio based Be on the mass flow measured by an orifice,
the oulg proper basis of ccmrparlson would be (Re)l, whloh is
obtained ina similarmanner. Both blades were Impulse; the blade
used by General Electrla turned the air 134O and had a 3.08-imh
chord; the EACA blade turned the air 106' and had a 0.6%inoh chord.
!l?he solidity of.the two aasoades was the same. General Eleotrlc
Ccmpany also assumed an average reoovery factor a~ equal to 0.85
for all rum.

Botwithstandingthedifferences  in curvature and size of the
two blades, an excellent oorrelation  was obtained by using the
blade perimeter divided by x as the characterlstlo  dimension.
Of course, the blade perimeter or any oonstant times the perimeter
oould have been used equally well. lo effeot due to the amount of
blade curvature was present insofar as these two investigations
reveal. It is quite probable that separation oocurred at about
the same point in each casoade aud thus similar flow was established.
By investigating blades of smaller marvature than those used in
these runs, that is,blades in whiuh sepmaticm is delayed or
eliminated, some effeots of the ourvaturemightbe  found.

Whendlffsrenoes  in shape lnvolvemorethsnmerelythe  amount
of ourvature, stmh as a reactim blade oaupared with au impulse
blade, it seems unlikely that data will be correlated by ouly a
blade dlmensim.

Beoause oonveotim heat transfer is a boundary-layer phenamnon,
there is some likelihood that data of different blades will never be
correlated by the simple mesns outlined. Possibly, mly through
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theoretical boundary-layer studies that take into account the veloc-

rk,rr.-* d ity distributicm about the blade will methods be developed to calcu-
s' _- .,:e:l'I late hsat-transfer coeffIcienta  f=-an 4~bIw shape. Another _...

prcpnising mode of attack is by use of Regnolds'analogy,  whiuh ccnsidere
the similarity between heat tranefer and manentum transfer. Whenwas
neither of these approaches is likely to be simple, they will be
much more satisfactory than eqerimental determkations  fm every
blade shape.

Cylinders and streamline bodies. - The data for air flawing
normalto single cylinders and streamline bodies (reference 10) are
also shoun In figure 9. Again, the elopes for all the curves are
approximately equal, but the magnitudes of Hu/(P~)~/~ differ. Values
for single oylinders  and those for streamline bodies are 20 percent
and10percsntlowerthanthose  fortheaACAbladesbased  on (R~)Q
respectively.

Application to rim-cool- theory - In addition to the cold-
air tests, a high-tsqeraturs  run tith'hot gases was made. The
results of the cold-air runs are used to predict the ooollng
effectiveness of the NACA blades for this run.

The effectiveness  of rim c&Mng detied In reference 1 Is
measured by the allowable increase In effective gas temperature ase limited by the blade stresses. Foraflxedbladellfe, speed, and
amount of cooling, the effectiveness is a functlcn of only the
quantity II&. !Fhe value of mL willnoube predicted frcdatheflo~
conditions and compared with the test value for a high-temperature
l?lUl.

The experimental conditlms are:

Excess of blad6 temperature at root over effective
gas temperature, oF. . . . . . . . . . . . . . . . . . .

InletReynoldsnumber  . . . . . . . . . . . . . . . . . . .
Average blade thermal conduct~vlty, Btu/(hr)(ft)(°F).  . . .
Bladelength,ft  . . . . . . . . . . . . . . . . . . . . .
Rffective gas temperature, 9.. . . . . . . . . . . . . .
Film temperature, oF
Gas thermal cmnduotiti~y~ k/i&)i&)i6’):  : 1 : : : : : :
Prandtl number .t.........*.
Blade 'perimeter tk,%e~ by* ;,'A . . . . . . . . . . . 6 .

.-452
49,600

. 19.7
0.1042
. ll67
. 1000
. 0.036
. 0.65
0.0473
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hq, - 1% b~/bdh f+)(%)

m - 43.4 ft-1

The geometricalbladelengthls  takenas equal to L. The pre-
dicted value af mL Is 4.53. Bram these values of m and L,
ths tiperature distribution can be calculated using equation (4).
The result 18.

8 = -9.73 cash 43.4 (0.1042 - x)
Byusingthe  experImental  tsmpsrature  distribution, themeasured
value of mL can be obtained by applying the msthcd of least
squw.ms, as previously discussed. lphevalueof mL thus obtained
Is 4.26.

!Phe allowable Increase In effective gas temperature for the
two values of J& can be found fPan a cross plot of figure 6 In
reference 1. F&r a constant value of O. equal to -452O F, the
following results are obtained:

The predlcbed value of Atg,e is 4 percsntlowerthanthe
experimental value. Radiatiti effects ars unaocounted  for In the
predicted awe. Also L is taken as the geanetrlcal length of the
blade, whereas actually for this case it is slightly mater. In
spite of these approrimstions, good agreement is obtained. In flg-
urs 10, ths predicted blade temperature distribution Is camgared
withthe experimetntalresults, The'maximum error Is czily 10' F at
a blade temperature of 1047' F or 1.0 percent. The values of x
and L in figures 5 and 10 are given In inches to simglify the
c - s .
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l3xman lnvsstigat~ontode~qlneaverage outside surfaceheat- .
transfer coefficients for a cascade of sym.strical  Impulse turbine
blades, the following results were obtaked:

1. For a range of inlet Reynolds embers fran 10,000 to l50,OCC
and exit Mach nmibers of 0.3 to 1.0, the results of the heat-transfer
tests canbe representedtithin*lOpercentby

Xu - 0.14 (Re)i0.68 (p&3

where Nu fs Nusselt nmibsr, (Re)i is Reynolds number at the
inlet, and Fr is Praz@tl number, The blade perimster divided
by x was used as the chsracteristic  dimension in Nu and Re and
the gas properties were evaluated at the average film temperature.
TheheWwtrsnsfer coefflcientwas based onthedlfference between
the blade temperature and the effective gas temperature.

2. The preceding equation e&presses equally till the result of
cascade tests made by the General Electrfc Cunpany cn impulse blades
five times the size of the NACA blade. Ho effect due to the dlffer-
ence in curvature of thstwobladeswasappa??snt.

3. The effective gas temperature oan be related to the total
and static gas temperatures by a recovery factor, defined as the
ratio of the difference between the effective and static gas tern-
peratures  to the differewe between the total and static gas tem-
peratures. It varied mly sligjhtly (frau 0.78 to 6.89) wZth an exit
Mach number ranging frau 0.3 to 1.0 for the blade used and was
independent of the Reynolds number.

4.TheNusseltnun~berbased onthedifierencebetveenthe  blade
and the effective gas temperature is independent of the Mach amiber
up to a value of 1.0, at least.

CONCSDSIONS

roan the preceding results, the following conclusicms  canbe
drawn:

1. The results k these low-tsmpsratwe testi csn be used to
compute the effectiveness of rim cooliag at elevated gas tempsra-
turesforthe blades investigated.
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2. Although a correlation was obtained between two blade cas-
cades of different sizes by u8e of the blade periztber divided by
r[ as the chmacterlstic  dimension in the Reynolds aud Xmselt
mutibers, it is not clear that this diwensfon till hold for all
blade shapes and configumtions.-  Additional experImenta  are
necessary to add to the limited amount of experTmental  data now
available.

Imts Fli@t PropulsionLaboratory,
National AdxLsory CommIttee for Aeronautics,

Cleveland, Ohio.

.
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SpMBoIs

The following symbols are used in this report:

A area of blade cross section, sq ft

speed of sound, ft/sec

perimeter of thermocouple plug, ft

perimeter of blade section, it

a

B

b

cl, c2
c39 c4

C, rr 8

OP
d

F

g

ho

hc,b

J

k

L

M

m

Nu

P

21

arbitrary ~tants

c.xulstants

speciiic heat at constant prsssure, Btu/(slug)(°F)

chara~rlstio dimension In Beynolas and Nusselt numbers, ft

shape factor for radiatlaa

acceleration due to gratity, 32.17 it/sea2

convection heat-transfer coefficient, gtu/(~)(sp ft)(*)

ccmvectIon  heat-transfer coefficient from gas to blade,
Btu/(hr) (w ft) (9)

mechanical equivalent of heat, 778 ft-lb/Btu

thermal conductivity, Btu/(hr)(ft)(oP)

distance fran blade root to point at which dG/dX is zero, ft

Mach number, vg/a

rY.m-cooling parameter, hc,b b
%,a A' ft

-1

Nusselt number, hcd/kg

total pressure, In.%



22

P

Pr

8

R

Re

s

T

t

v

X

a

B

7

At

At43,e

9

NACA Rd No. E8El.2

static pressure, in. Hg

Praxkdtl number, CLS
kg

rate of heat transfer, Btu/hr

gas constemt for air, 53.30 ft-lb/(lbl("R)

Reynolds nur&sr,
VR d P&

%i?

surfacearea, sqft

temperature, OR

temperature, %

velocity, ft/sec

radial position on blade measured frcm root, ft

thermal recovery factor relating effective, static, am3
total gas temPeraturea

40 ma3

4--
kp Ap t ,ft;-l

ratio of specific heat of airatconstantpressuretothat
at con&ant. volume, 1.395

t~erat~difPerenoebetwe~~sandblade surface, oF

allowable inarease in effective gas tmperaturs due to rim
-line, 9

exoess blade temperature over effective gas temperature at
blade po8fti~ X, (& - tg,e), oF

Ylscosity, slugs/ft-set

density, slugs/cu f?t

Stefan-Boltmann constant, Btu/(hr)(eq ft)(OR)

8o OR
oosh I& .
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.

L

Subscripts:

av average

b blade
. . --

0 oonveotion

e effective

f film

i inlet

2 value calculated for least-squares ccsnputatitms.

m blade metal

0 exit
.

P plug of thermocouple  probe

r radiation

s statio

t

0

total

blade root (x=0)

1 upper surface of probe plug

2 lower surface of probe plug

Primed symbols indioate oorrections to assumed values found by
least squares.
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DERIYATIOIV  OF ONE-DIMENSIOIJAI, TMPERATURE DISTBIBUTION

A steady-state heat berlance for a differential element dx
between two planes perpendicular to the blade length and at a
distance x and x + dx from the blade root till be assumed. The
di'fference between the amount of heat entering the element by con-
duotion dQx and the amount leaving by cmductlon d&(x + dx) is
equal to the heat leaving by conveotion dQc if rsdfat1on can be
neglected: .

dQx - dQ(x + ax) = dQc (Bl)

(-$I.$~) - (-$&g - $&% dx) = hc,b b(b - tg,e) dx (B2)

If

hc,b b
G,a A = m;!

and (tm - tg,e ) is set equal to 9,
cKsnstant,

then because tg,e is

Fquation (B2) beocsnes

d's 2----me
dx2

A solution of this equation Is

. 6 = Cl oosh m (C2 - x) (B3)

It is assumed that at scnna position on the blade L, ds/dx = 0.
(For most actual turbine installations, L is closely equal to the
geometrical blade length.) At x = 0, 6 = 130.

Substitution of these boundary conditions in equation (B3) gives
the flnal equation for the temperature distribution  when radiation  is
neglected

8 = 60 oosh m (L - x)
cash m3.1 (B4)
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APPENDIX c

THlmmcmm PROBE

25

The radiation-tygethemom uple probe used to obtain the blade
temperature distrfbution Is shown in figure 4. A junction is formed
by spot-welding 36.gage chromel-@uueltire  to a small Inconel plug
0.055 inch in diameter and 0.032 Inch high. !Che wires we insulated
by two-hole Alundum tubin@; that has a 0.032.inoh outsIds diameter
and extends to within l/2 inch of the Imonel plug. The gap is
necessary to redme the transfer of heat by conduction between the
plug aud the tubing. For mechanWa1 strength, an Incane tube is
cemented around the upper portion of the Alundum tubing.

Before experimentally calibrating the probe, the effects of
plug dimensions and material, that is, plug height and thermal con-
ductivity, on the indicated temperature were theoretioally Investi-
gated. Because the probe fits snugly into only a l/16-inch-diameter
hole, it was assumed that all the heat transfer between the walls and
the plug and tires occurred by radIatim.

The derfvatian of the temperature  distribution in the themo-
couple probe plug till now be iudfcated. (See fig. 11.) A steady-
state heat balance for a differentIa1 element dx on the plug
between two planes perpendicular to the blade length at a distance x
and x + dx from the blade r-t is assumed. The difference between
the amount of heat entering the element by conduotkn dQx and the
amount leaving by ccmductlon dQ(x + ax) is equal to the heat
leaviug by radiation dQx; if convection can be neglected,

d&r - dQ(x + dx) - dQr

( d2T
-k.#~~ 2 - 0% 2 - ltpAp ---$ dx =oBF (r," - Tp4) dx

>
(Cl)*

By expand- T4 in a Taylor's series about an average temperature
Ta and by using only the first two terms, the result is

+ = 4Ta3 T - 3Ta4 cc21

The wall temperature G can be written

s = Tgre + e. =~&)$y
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Equation (Cl) becanes

+ 4Ta3 e. cash m(L-x)
s,y cash mL (C3)

+cp oosh m(L-x) - Tp1
A solution of equation (C4) is

TP
B2vP Tg,e + 5,Bx + C4eoex + ,2,82 cash m(L-x)

(C4)

(C5)

Thi constants c3 and c4 can be evaluated from the following
boundary oonditions:

(a) At the probe position

x = x1

Measured at the top surface of the plug

TP = TPJ

where Tp,l is the reading of the probe.

(b) Also at

x = Xl

Ql = -
.

The amount of heat radiated to the plug surface at ,x1 is oanputed
by divlding the wall into layers and summing the total heat transfer,
the radiation-shape factor for each position bein@; taken into
account. To this value is added the heat conducted through the
thermocouple wires to give Ql. This amount of heat can be computed
by differentiating equation (C5) using the proper constants for the
wire.

. ”

I
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i
2
4

The reading of the probe Tp,l is assumed for a given position
and blade conditions. As outlined, all the constants of equa-
tion (C5) can be evaluated, and the heat transfer at the bottan of
the plug at x2 can then be calculated

Q2 = -YP (2)x%
The first term Q2 can be calculated tithe same m8M8r as Q1
omitting heat conduction through the wires.
assumed until equation (C6) is satiefied.

Values of Tp,l are

From this type of calculation, it was concluded that: (a> The
temperature drop through the plug was so small (less than lo F)
that the conductivity was of no importance and almost any material
could be used; and (b) As the height of the plug was increased, the
probe error increased. An optimum height of 0.032 inch was
indicated.

With the results of the analyale serving as a guide, several
probes were built and calibrated, as follows: A l/16-inch-diameter
hole was drilled frcm tip to root through the center of a blade.
Five holes, each l/32 inch fn diameter, were drilled perpendicular
to the original hole through the blade at different distances fran
the root. Thermocouples, 36.gage'chromel-alumel,  were inserted in
the small holes so that they Indicated the temperature at the
surface of the l/16-inch hole. A tube was soldered to the blade
rootthroughwhich coolingwaterwas passed. The entire apparatus
wae placed in an electric furnace, and the readings of the probe
compared with those of the fixed thermocouples. By -yIng the
heat input, different @a temperatures could be simulated.

It was found that probes in which the plug height was greater
0 than 0.032 inch read lower than the true temperature, as was

indicated by the analysis. By using a plug height of 0,032 -inch,
very satisfactory agreement was obtained between the probe and the
fixed thermocouples. The probe was very sensitive and attained
thermal equilibrium quickly.
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Y y/I// i\+ \I

E x i t  prer-
s u r e  t u b e

.

0 Ffxed t h e r m o c o u p l e
l o c a t i o n s

H y d r a u l i c  r a d i u s ,  i n . 0 . 0 9 2
C h o r d ,  i n . 0 . 6 8 0
Per~neter, I n . I .785
Cross-sectional area, s q  in. 0 . 0 7 9 7
Pftch-line r a d i u s ,  i n . 5 . 5 0
N u m b e r  o f  b l a d e s  tn 360° 8 4
Solidrty I .92

‘F i g u r e  2 . - C r o s s  s e c t i o n s  o f  symmetricaf i m p u l s e
turbine b l a d e s .

,



NACA RM No. E8Hl2 31

(b) Aeeemblsd.

P%gllre 3. - Special teat r& for heat-tramfem  etudiee of aymtatriual lmwlse turbine.
blade6 .
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Plgllre 4. - Radiatfori-type thv1s probe.
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I

0 2 -4 -6 .8 I.0
Radial blade position frua root, x, in.

Figure 5. - Comparison of experimental blads tmparsture
distribution and theoretica  curve obtained by least
squares. edj.78~~3h~
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A

I I I
f ~7,000~~Re1,<122,000

I I I I I I I I

2 .4 .6 .8 1.0
E x i t  M a c h  n u m b e r ,  Mo

F i g u r e  6 .  - R e c o v e r y  f a c t o r  a n d  ar/m f o r  i m p u l s e

t u r b i n e  b l a d e s  a s  f u n c t i o n s  o f  e x i t  M a c h  n u m b e r .
E x i t  R e y n o l d s  n u m b e r  b a s e d  o n  p e r i m e t e r  d i v i d e d

b y  t. G a s  p r o p e r t i e s  t a k e n  a t  ff Im t e m p e r a t u r e .
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I 04

.
F i g u r e  7. - C o r r e l a t i o n  o f  h e a t - t r a n s f e r  d a t a  f o r  a i r  f l o w i n g

p a s t  h e a t e d  t u r b i n e  b l a d e s . Pr. pg. k g  b a s e d  o n  f i l m  t e m -
p e r a t u r e . C h a r a c t e r i s t i c  b l a d e  d i m e n s i o n  e q u a l  t o  p e r i m e t e r
d i v i d e d  b y  n.
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I
I I I I

A Exit Reynolds number,
A IReIn

E x i t  M a c h  number, M,

F i g u r e  8 . - H e a t - t r a n s f e r  d a t a  f o r  t h r e e  c o n s t a n t  e x i t  R e y n o l d s
numbers and variable exit Mach numbers. C h a r a c t e r i s t i c  b l a d e
d i m e n s i o n  e q u a l  t o  p e r i m e t e r  d i v i d e d  by K. G a s  p r o p e r t i e s
t a k e n  a t  f i l m  t e m p e r a t u r e .
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F i g u r e  9. - C o m p a r i s o n  o f  h e a t - t r a n s f e r  d a t a  f o r ’ t u r b i n e - b l a d e
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