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DETERMINATION OF AVERAGE HEAT-TRANSFER COEFF| Cl ENTS FCRA
CASCADE OF SYMMETRICAL IMPULSE TURBINE BLADES
I - HEAT TRANSFER FROM BLADES TO COLD AIR

By Gene L. Meyer

SUMMARY .

Results of an investigation to determ ne average outside surface
heat -transfer coefficients for a cascade of symmetrical inpulse tur-
bine blades are given. It has been theoretically shown that the
ef fectiveness of both direct and indirect turbine-blade cooling
met hods depends to a great extent on the value of the heat-transfer
coefficlent between the gases and the bl ades. Because of the laeck
of data necessary to establish fundanental heat-transfer laws appli -
cable to turbine blades, the NACA has started a conprehensive pro-
gram that will neet these needs. Ass part of this program, the
heat transfer in a cascade of rimcool ed symretrical inpulse turbine
bl adeswas investigated. The blades were heated at the roots and
cold air was exhausted past them. Adiabatic tests were first nade
to determne the thermal recovery factor for the blade, so that the
heat -transfer coefficients could be based on the difference between
the bl ade and effective gas temperatures.

The recovery factor was found to vary only slightly (from0.78
to 0.89) with an exit Mach nunber renging from 0.3 to 1.0 and was
i ndependent of the Reynolds nunmber. The Nusselt nunber based on the
effective gas tenperature wes independent of the Mach number in a
range from 0.3 to 1.0. The results of the heat-transfer tests can
be represented within £10 percent by

N = 0. 14 (Re);%-58 (pr)*/3

where Nu i s Nusselt nunber, Re is Reynolds nunber, and Pr is
Prandtl nunber. The characteristic dinensionis arbitrarily taken
as the blade perimeter divided by = and the inlet Reynolds
nunber is used. This equation expresses e%ually wel | the results
of investigations nade by t he General Electric gompany on a cascade

JNCLASSIFIED
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of inpulse blades five times the size of the NACA bl ades. effect
duetothe difference in ecurveture of the two bl ades was evident.
The results of the low-temperature runs are shown to be applicable
to the prediction of the effectiveness of rimcooling at el evated

t enperat ures for the bl ades used.

INTRODUCTION

Cool i ng nethods for gas turbines can ordinarily be classified
as either indirect or direct. Wth the indirect nethod a cool ant
ie applied to the blade root.or the tip, the rest of the blade
bei ng cool ed by conduction; with the direct nethod, a coolant is
forced through passages in the blade. Results of theoretica
anal yses made at the NACA Ceveland |aboratory (references 1 to 3)
to investigate both types of cooling indicate that the amount as
wel | as the effectiveness Of the cooling depends to a great extent
on the convection heat-transfer coefficient between the hot gases

and the bl ades

Wth indirect methods, the cooling effectiveness, as neasur ed
by the allowabl e increasein effective gas tenperature, increases
wth a decrease in the heat-transfer coefficient. Wth direct
cooling, the dependence Of the cooling effeotiveness on the heat-
transfer coefficient is nore conplex, 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 cooling cal cul ations for either
direct or indirect methods depend upon know edge of the heat-
transfer laws between the gases and the blades

Although a greatdeal of heat-transfer data is available on
the flow of fluids past plates, cylinders, and airfoils, none has
been published on turbine blades. TheGeneral El ectric Company,
however, ran tests on a turblns-blade cascade using room-sir-
and steam heated hol | ow bl ades end obtained

Nu = 0.14 (Re) 9-68 (pr)L/3
wher e

Nu  Nusselt number, based on bl ade perimeter divided by . x

Re  Reynol ds nunber, based cm bl ade perineter divided by =

Pr Prandt| nunber
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The tenperature at which the airproperties were taken was Not given;
however, the tenperature range i nvolved was so small thet either the
bulk or filmtenperature could be used without appreciably changing
the results. It was recognized In this work that there nmight be an
effect due to the reversal of heat flow, that is, heat transfer from
the blade to the gas instead of from the gas to the bl ade, end a
correction factor waas applied. This correction, Whi ch was
originally suggested for heating or cooling of {1 ui ds flowing t hrough
pi pes, was estimated to have decreased Bu by only 3.4 percent.

(The correction does not appear in the previousequation.) Simlar
wor k has undoubtedly been performed in other countries, but reports
of the resultsare unavail abl e at present.

Because of the 1ack of correlated data necessary to establish
fundamental heat-transfer | aws applicable to turbine blades, a
conprehensi ve program hes been initiated at the NACA C evel and
| aboratory that wll neet these needs (reference 4). The problem
I's being experinentally attacked in two ways, by studying the heat
transfer (a) in static turbine-blade cascades, and (b) in full-scale
gas turbines. Casocades allow elaborate instrunentation, easy
control of the factors Involved in the convection and radiation
processes, and rapi d investigations of many bl ade configurations.
The extrenely |arge buoyancy forces due to rotation, which tend to
Increase free convection, and possible flow disturbances caused by
t he bl ades passing stationary nozzl es are ebsent in cascades. The
magni tude of these effects, though they are probably small, nust be
determ ned from research with actual turbines.

The Over-811 program of research on turbine cooling conducted
at the Ceveland laboratory i ncludes an investigation of the |aws
governing t he heat transfer by convection between t he gases
surroundi ng a cascade of symmetrical inpul se bl ades and the bl ades.
The results obbained by using cold air asthe fluid and by heating
the blade roots are presented herein. Cold air, rather % hot
gases, was used because its properties are well known, and there
IS no possibility of carbon deposits forming on the bl ades. By
maintaining low blade tenperatures, the influence of radiation was
made negligible, end thus a fundemental relation for the convection
heat transfer could be obtained. The blade tenperature distribution
was neasured and the results were used imn conjunction with atheory
for the heat fl ow to.compute the heat-transfer coefficient.

The purpose of this investigation is (a) to present for the
bl ades tested arelation between the Nusselt and Reynol ds nunbers
describing the heat transfer over a variation of inlet Reynolds
nunbers (based on the bl ade perineter divided by =)} of from
10,000 to 130,000 and a range of Mach numbers frem 0.3 to 1.0,

(bs to correlate and compere the results with those for ot her
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turbine~blade cascades, cylinders, and streamlined bodies, and
(c) to apply the result6 to predict the effectiveneas of rim cooling
by using the theory of reference 1.

THEORY

The general relation for forced-comnvectlon heat transfer is
often witten in the dimensionless form

Nu = £ (Re, Pr) = C (Re)¥ (Pr)® (1)
where
hd
Nu Nusselt number, o
g

he convection heat-transfer coefficient, (Btu/(br)(sg £t)(°F))

d characteristic dimension of body, (ft)
kg thermal conductivity of gae, (Btu/(hr)(£t)(°rF))
Re Reynol ds nunber, I%Es
Vg gas vel ocity, (ft/eec)
Pg gas density, (slugs/ecu ft)
g gas viscosity, (sluge/ft-sec)
Pr Prandtl number, f-ﬁif‘-’l-ﬁ
8
op,g SPecific heat of gas at consbant pressure, (Btu/(slug) (°F))

The synbol s used i n the analysis are defined in appendix A

The Prandtl number can be consldered a physical property for
a given gas and it varies only slightly with temperature. Thus the
geonetrical shape does not affect it. For turbulemt flow, the gas
properties Bgs ©p,gs and kg that are needed for Pr, Re,

and Nu are evaluated at the fil m temperature tg, which is

assumed to be the mean of the average body temperature and the gas
gtatic tenperature. The characteristic dimension & for a turbine

bl ade is not immediately apparent and nust be found by correlating

10T
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heat~-transfer data for a nunber of different blades. 'The bl ade per-

i neter or perimeter divided by = has been Commonly used. The heat-
transfer coefficient i S defined as the rate of heat transfer per unit
area per unit temperature difference between the gas and the bl ade
surface

h, = s% (2)
where
Q rate of heat transfer, (Btu/nr)
S surface area, (sq ft)
At tenperature difference between gas and bl ade surface, (°F)

The val ue of At depends upon the method by which itis eval uated,
as W |l be Indicated.

The surface tenperature is usually well defined and at |ow
Mach nunmbers little difficulty i s encountered in choosing a gae tem-
perature because the static and total temperaturesare very nearly
equal .  However, at high Mach nunbers, these tenperatures differ
appreci ably and different coefficilents can be obtained, depending
upon whioh tenperature is used. Regardless of which tenperature
(tot81 or static) is used, h, may be positive or negative for the
same direction of heat flow and a value of zero nust be assuned
for ke for the adiabatic case

In order to overcome these disadvantages, the he&t-transfer
coefficient i s based cman effective gas temperature tg o, Wwhich
is defined as the temperature a body assume8 in the absence of
heat transfer (the adiabatic body tenperature). A coefficient
based on thie temperature i S al ways positive and greater than zero.
Furthermore, it has been Shown to be independent of the Mach nunber
and the tenperature difference At. (See references 5 and 6.)

For any partioular geometrical configuration, the effective
gas tenperature Can be related to t he total and static temperatures
by a recovery factor a, defined by the equation

520 - %ses _Ytse-tas

a = (3)
+ 2
8
2, Vg /ZJcp’

tg,t .
8% g
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where

t static temperature of gas, (°F)

8,8
tg  total temperature of gas, (°F)

J mechanical equivalent of heat, 778 (ft-1b/Btu)

In a theoretical study, Pohlhausen derived an expression for
t he recovery factor for flow past pl ates as a funoction of only the
Prandtl nunber (reference 7). Rumerous experimemnts have been per-
forned with air flowing paet plates, parallel to wires, normal to
single cylinders, and |Inside cylindrical tubes to obtain recovery
factors. (See bibliography listed om p. 4 of reference 5 ) Results
of these experinents indicate that there is only & small Reynolds
nunber effect; the prineipal variable is the Mach nunber for &
fixed Prandtl number. Eckert and Welse (reference 8) tested three
shapes of turbine bl ades, for which they det erm ned a. They found
some vari ati on wilth bl ade shape and Mach nuwmber, but nade no mention
of a Reynol ds nunber effect.

In equation (2), it is seen that onee a is known for & par=-
tioular setup, At can be based on tg e by use of equation (3),

and it is only necessary to determine Qin order to find hgs.

However, it was difficult to measure Q acouratelyin the test
apparatus used and an alternate nethod of computing hg was devised.

The cne-dimensional temperature distribution for a turbine blade

heated or cooled at the root cam be found from a heat balance of the
bl ade (appendix B). If radiation is neglected,

cosh m (L - x)

6 = 6) = cosn mL (4)
wher e
2] excess of bl ade temperature over effective gas tenperature
at bl ade position x,
60 excess of bl ade temperature at x = 0 (bl ade root) over

effective gas temperature, (°OF)

hg y D -
km’,a.

£T0T
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L distance from bl ade root to point at which dg/dx is
zero, (ft)

x radial position on bl ade measured from the root, (ft)

he p  convection heat-transfer coefficient from gas to blade,
(Btu/(nr) (sq £t) (°F))

b bl ade perineter, (£t)

ky s average thermal conductivity of bl ade material, (Btu/(hr)(£+)(°F))
A cross-sectional area of blade, (sq ft)

The excess of the blade tenperature over the effective gas tem
perature @ is a function only of x, the quantities &g, L,

and m being constants for a given set of conditions. If the tem
perature distribution is known, that is, 6 as a function of x,
then e, can be found by inspection, and m and L can be conputed

by use of the nethod of |east squares. Because

m o pllesp®
kn,a &
the heat-transfer coefficient ean ultimtely be determ ned.

In deriving the expression for the tenperature distribution
(equation (4)), t he following assumptions are made:

1. The blade is of uniformcross-sectional area and perinmeter
over the blade height

2. The thernal conductivity of the blade netal, the average
he&t -transfer coefficient, and the effective gas tenperature are
constant over the blade height

3. The tenperature gredients in any cross section of the blade
perpendicular to the radius are negligible.

4.Radlation can be neglected.

5. At scme position on the blede L, there is no heat flow
and as/ax = 0.

It will be shown later that these assumptions are actually
experimental conditions in the setup used.
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By using the experimental value Of he,ps Fu can be computed

based on an arbitrary dimension for d. The expcnent of Pr in

equation (1) has been found to have a val ue of espproximately one-
third for the flow of a gas around a hody. The comstants C ,pg
can be determined by plotting Nu/(Pr)l/3 as a function of Re.

DESCRIPTION OF APPARATUS

The general arrangement of the apparatus is shown in figure 1.
Refrigerated air, under a positive pressure (5 in. Hg), passed
successively through a heater, a VDI orifice, a throttling valve,

a calming mectlom, an inlet nozzle, atest mectiom, another throttling
valve, and into the | aboratory exhaust system. The air temperature
could be hel d constant within *#0.5° 7.

Details of the test mectlon are shown in figures 2 and 3. The
bl ades are made of Ineomel and are of a symmetrical inpulse deaign
with a constant cross-sectlonal area and perineter to conform to
t he £iret assunption of the tenperature-distribution derivation;
they are brazed to a bronze dummy-wheel sectlon with a pitch-line
radi us of 5.50 inches. The bl ade solidity, defined as the ratio of
the blade chord to the pitch, is 1.92. The bl ades are shrouded at
the tip to forma flow passage 1 inch in height.

The bl ade assenbly f£its between a split Ineomel nozzle bl ock,
only the exit half of whieh is shown in figure 3. The blade roots
can be heated by conduction through the bronze wheel section. The
heat 1s supplied by neans of an electric furnace, the bronze pro-
truding down i nt o t he furnace.

The tenperature distribution of one bl ade is neasured by neans
of a radiation-type thermocouple probe shown in figure 4 and described
in appendix B. A hole, 1/16 inch in dianeter, extended radially from
tip to root through the center of one bl ade. A 1/16-inch-inside-
di ameter tube, whilch acts as a gulde for the probe,1s fitted fl ush
with the blade tip so that the two holes are concentric. By moving
the probe in the blade, the tenperature at any point can be determined.
Probe positions are neasured with a calibrated screw accurate
Wit hi n £0.,001 inch. Calibrations of the probe (appendi x C) insured
the acouracy O the readings.

In order to check the validity of the assunption of a ome-

di mensi onal temperature distribution, fixed thermocouples were
instal | ed on three blades. Three thermocouples peened i nto 1/32-inch-

di aneter hol es were i n a planeperpendiculaxto t he apan of the bl ade
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on each blade. The distances of the three planes fromthe tips are
0.23, 0.63, and 1.20 inches. Chordwise |ocations of these therno-
coupl es are indicated by circles in figure 2.

Air inlet and exit total tenperatures were nmeasured in 6-inch
ducts inmmediately before and after the test section. Theae ducts
are | ar ge enough, compared t 0 t he test sectlon, t hat the total tem-
peraturecan be read directly. The thermocouple probe and inl et
total temperature Were read differentially ON a potenticmeter I N
conjunction with a light-beamgelvanometer. Inlet total pressure
was measured by means of a probe |located at the nozzle throat.

Inlet static pressure was neasured with wall taps. Exit total and
static pressures were neasured with two fixed calibrated tubes placed
between two bl ades at their trailing edges, as shown in figures 1
and 2.

PROCEDURE

Adi abatic 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 tenperature. In both kinds
of run, however, the sane neasurements Were taken, nemely, orifice
conditions, blade inlet and exit pressures and tenperatures, and
t he difference between t he bl ade temperature and the inl et-gas
total tenperature as a function ofthe probe position.

For the adiabatic tests, the air tenperature was so adjusted
that the blades assuned roomtenperature, and thus heat | 0sses were
minimized. The Reynol ds aumber was hel d constant by hol ding t he mass
flow fixed, while the Maeh nunber was varied from0.3 to 1.0 by
changing the pressure rati o across the test section. Funs were made
with three different Reynol ds nunbers.

For the heat-transfer runs, the blade roots wereheated with
an electric furnace as previously described, and unheated air was
exhausted past the blades. Runs were nade at: (a) fixed Reynolds
nunber,in which the Mach nunber was wvaried as in the adiabatic runs,
and (bs variabl e Reynol ds and Mach nunber with a ten-fold range of
Reynol ds number.
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CALCULATION OF RESULTS
Adi abati ¢ Runs

It is advantageous to wite the recovery factor in the form

Ye,t = gie Ya.t = Yg,e
[« AN l - t — t = l - 2 (5)
g,t g,8 Vg
ZJOPJS

because the term (tg o - ts,e) was experimentally neasured, and

in the adiabatic run the effective gas tenperature was the average
blede tenperature. The gas velocity Vg is afunction of the total-

tenperature and pressure ratio

pZ2N
Vg = 2“;:1}";5&[1-@)’] (8)
wher e
e accel eration due to gravity, 32.17 (£t/sec?)
y ratio of specific heat at constant pressure to that at
congstent volume for air, 1.395
R gas constant for air, 53.30 (£t/°R}
Tg,t total gas temperature, (°R)
P static gas pressure, (in. Hg)
P total gas pressure, (in. Eg)

Because the total tenperature was constant through the bl ade passage,
either the Inlet or exit velocity coul d be computed by equation (6),
using the pressure ratio at that position

Resulte of total- and static-pressure surveys indicated that
whereas the velocity distribution was uniformat the blade inlet,
separation was occurring at seme point in the passage; therefore
a velocity gradient resulted from inlet to exit. The small size of
the bl ades nade it inpossible to determne at whi oh point the separa-

tion t ook place. However, in analyzing the test data, it became
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apparent that the conditions neasured at the blade exit were con-
trolling the thermal processes in the blades. Recovery factors were
therefore conputed using the exit velocity and correl ated with the
exit Mach nunmber M,

e
A 0

Heat - Transfer Rune

The average heat-transfer coefficient has been related to the
bl ade-tenperature distribution by equation (4). In order to check
the theory experimental |y, the test setup must agree with the
assunptions upon which equation (4) is devel oped. These conditions
were net in the follow ng manner

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

2. The tenperature differences from blade tip to root were kept
smal | enough that thermal-conductivity variations were negligible,
less than 7 percent. A comparison of a more exact derivation in
which the thernmal conductivity was comsidered a function of the tem
perature and equation (4) where the average conductivitg for the
tenperature range was used resulted in a negligible difference. Even
at greater tenperature differences than those used in the experinents,
the error could be neglected. A constent gas tenperature was achieved
by providing anple mxing length in the large duct before the test
section and by the use of unheated air.

3. Fixed thernocouples in the blade, arranged to give 8 two-
di nensi onal tenperature distribution, indicated that gradients
perpendicular to the radius could be neglected

4. In order to minimze radiation effects, nmaxi num bl ade tem
peratures were kept bel ow 200° F. Because of the characteristics of

t he tenper at ure daistribution, over half the bl ade was at a tenpera-
ture less than 100° F for all runs; The tenperature of the blade
surroundings varied between 50° end 75° F

5. A point of zero heat flow was obtained by maintaining }h
a

i e
gas tenperature below that of the room In effect then, the bl ade
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was heated at the root by the furnace and at the tip by the room
alr because it assumed approximately the gas tenperature at this
zero heat-flow position.

eToT

The recovery factorafound in t he adiabatic rum were used to
convert the measured tenperature difference ty - tg,¢ to one baged
on ts e 8sfollows:

2

For a given Mg, .found from equation (7), a value of a was
chosen. The exlt wvelocity was computed by uee of equation (6) by
using the total and static pressures neasured at the bl ade exit.
From equation (5),

eE(tm-tg,e)=(tm'tg,t)+(l'°")'é.%o'%;

where
t, bl ade tenperature, (°F)

v

g,0 Velocity of gas at exit, (£t/sec)

Wth €& known as a funotion of x, it was only necessary to
" determne the comstants of equation (4) in order t0 determine h,. .
However, to apply the nmethod of least squaxres to a nonlinear
equation, the observation equation (4) had to be transformedinto a
linear equati on by expanding in a Taylor's series, neglecting al | L]
terms of powers hi gher than one (reference 9). The resulting obser-
vation equation took the form

(?:?) m' +(%§) L'=0 - 6 (8)
wher e

m', L' corrections to approxi mte valwes of m and L found by
| east squares

8, value of € ocomputed from aspproximate m and L

For a glvenrun, approxinmate wvaluea ofm and L had to be
assumed from which 8; for each measured val ue of x was
computed ueing equation (4). The results were substituted in equa-
tion (8) and the normal eguations were formed and sclved for m!'
and L'. The corrections were added to the assumed values to give
the m and L that best £i1t the data points. \Wen either correctiom,
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m' and L', was large, the process was repeated until a negligible
change occurred. .

An approxi mate value of L was found by plotting the observed
tenperature distribution and picking the position at which ée/ax
was equal to zero. The value of L varied fromrun to run. Because

. b, 4 D
Kn,a &

and b and A are known, only hg,p and ky e nNust be assuned

to £find m The blade thermal conductivity, based on experinental
data for Inconel, was chosen for the integrated average bl ade tem
perature. The average heat-transfer coefficient can be witten

m

de
Q 'km,O A (E)no
Bop = T = : ()
bf 6 dx bf g dx
0 0
wher e
ko thermal conductivity of the blade material for the tenper-
? ature at x=0, (Btu/(hr)(ft)(°F))
49 tenperature gradient at the point x=0, (°F/ft)
ax/x=0 )

The nunerator of equation (9) is found by neasuring the slope
of the observed temperature-distributlon curve at the position x=0,
and multiplying by -ky o A The denonminator is obtained from a
graphical integration multiplied by b.

A typi cal temperature-dlstributlon . ..o ool cylated from the
theoretical equation obtained by least squares as conpared to the
observed data points is shown in figure 5.

The total tenperature at the blades was assuned equal to the
average of tenperatures neasured immedi ately before and after the
teat section. Reynolds nunmbers baaed on both blade inlet and exit
conditions were calculated. Inlet Reynolds nunbers (Re); Were

computed by dividing the orifice mass flow by the flow area. The
characteristic bl ade dimension was arbitrarfly taken as the bl ade
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perinmeter divided by 11. Exit Reynolds nunbers (Re), were based
on velocities and densities computed from conditions neasured at the
bl ade outlets. The exit static tenperature was computed from the
exit gas velocity using equation (6) and the exit pressure ratio.
Gast hermal condmetivity, viscosity, and Prandtl nunber were eval u-
ated at the filmtenperature taken as the mean of the integrated
aver age blade and static .(inlet or outl et) temperatures.

DISCUSSIOR OF RESULTS

Recovery faotor. = The recovery factor forthe bl ade investi-
geted is shown in figure 6 as a function of the exit Mach nunber.
The average adi abatic bl ade tenperature was obtained by integrating
the local bl ade temperatures as neasured by the thernocoupl e probe
and dividing by the blade length. Three sets of wariable Mach
nunber runs were nmade, each at an spproximately constamt Re. The
exit Mach number was varied from0.3 to 1.0, and the average exit
Reynol ds nunbers 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. For an exit Mach number range
from 0.3 to 1.0, a changes only fram 0.78 to 0.89. Below
an My of 0.3, the tenperature difference (& - tg,e ) becane
too small to neasure with precision. In this ra.nge, the effective
gas tenperature can be assumed equal to the total gas tenperature
W thout seriously ochanging results.

Al so on figure 6 are shown acne results taken fream reference 8.
Two inpul se bl ades, designated A and B were tested in a ca.sca.de
using air as the fluid. Blades A and B turned the air 128°
and 110°, respectively. Adiabatic bl ade tenperatures were neasured
with thernocouples at the thickest portion of the blade section.
However, it 4s not stated at what distance, say fromthe tip, the
measurenents were made. If the blade temperature were conatant from
tip toroot, this omtssion woul d make no difference. However,
addi ti onal teats showedthat heat was being | ost from the blade ends
to the surroundi ng surfaces. The measured bl ade tenperatures were
therefore probablly somewhat | ow and, in turn, reduced a forthe
bl ades. The Reynol ds number range of the teats is not stated. Not-
wi t hstandi ng t hese possi bl e discrepancies, reasonably good agreenent
weasa Obtained between the tests reported herein and those of refer-
ence 8. The greatest deviation, which is for blade A, is | ess
than 10 percent.

Pohlhausen (reference 7) has theoretically shown that a is
& function of Pr and additiomsl theory bhas indicated that this

g1t ~



NACA RM No. ESH1Z 15

function is_l\h? . For these reasons, o/ NPr is also plotted
against Mg in figure 6. Because all the data were obtained using
alr at room tenperature, there is no relative displacement of the
curves.

Heat-transfer coefficients. - The reaulta of the heat-txransfer
tests are shown in the conventionsl mammer, that is Nu/(Br)}l/3 as a
function of Re, in figure 7. The characteristic bl ade di nension
i s arbltrarily taken as the perineter divided by = for Nu and Re.
The results can be witten In equati on form as

Nu = 0.14 (Re);0+68 (pr)/3

Wi th an accuracy of *l0percent. An inlet Reynol ds number range
from 10, 000 to 150,000 and an exit Mach nunber range Mg from 0. 3
to 1.0 are covered.

The inlet Reynolds nunber is obtai ned by dividing the nmass flow
nmeasured with the orifice by the flow area, and corresponds to con=-
dltions at the blade inlet. |If the exit condltions are used to
define an exit Reynolds nunber, the dashed curve results, which is
baaed on the maximum gas vel ocity ‘through the cascade and the
corresponding density. The slopes of the two curves ere approxi-
metely equal, but Fu/(Pr)l/3 baaed on exit conditions is | ower by
13 percent and can be represented by

Nu = 0.21 (Re) 083 (pr)2/3
Wi th an accuracy within &0 percent.

It was analytically shown (reference 6) that the Nusaelt nunber
baaed on the effective gas tenperature is independent of the Mach
nunber. Verification of this theory is given in figure 8. Results
of three constant (Re)y runs in which M, was variedare shown.

Inesmuch as it was inpossible to hold (Be), absol utely fixed,
Nu/(Pr)1/3 waes corrected for (Re), variations from an average value
for each run. The correction was applied by multiplying the

observed Na/(®r)L/3 by the ratio of the average (Re)o to the
observed (Re), raised to the 0.63 power. In general, the experi-
mental scatterfor these runs | a no greater then that shown In
figure 7. In all three cases, the maxi mum devi ati on frem the nean
value is #10 percent and only*5 percent for noat of the points.

Effective gas tenperature. = The use of heat-transfer coeffi-
clents baaed on the effective gas tenperature i S a refinenent needed
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only when the tenperature differemces | nvolved are small, as was

the case for these tests. As a rather extrems exanple, consider a

bl ade at 105° F, the gas total temperature at 80° F, and a M,

equal to 1.0. The ratio of hy 3 based on tg,¢ to that based

on tg’e is 1.64. If the blade tenperature i S increased to 1080° P,
the ratio is reduced to 1.016. At higher gas-tenperature |evels

the gemeral trend is the same, althoughthe percentage differences
increase.

COMPARISON OF RESULTS

Turbine cascades. ~ The results of this investigation are
compared with those Of ot her forced~convection investigations in
figure 9. The cascade data of the CGeneral Electric Company coin-
oide perfectly with that of the HNACA, based on (Re}y. Bacause
Ceneral Eleotrio based Be on the nmass flow neasured by an orifice,
the only proper basis of comparison woul d be (Re)s, which is
obtained In a similar manner. Both bl ades were |npul se; the bl ade
used by General Rlectric turned the air 134° and had a 3.08-inch
chord; the MACA blade turned the air 106° and had a 0.68-inch chord.
The solidity of.the two cascades was the game. General Electric
Company al so assuned an average recovery factor & equal to 0.85
for all runs.

Notwithstanding the differences in curvature and size of the
two bl ades, an excellent correlation was obtai ned byusing the
bl ade perineter divided by =« as the characteristic di nension.
O course, the bl ade perineter or any constant tinmes the perineter
ooul d have been used equally well. No effect due to the ampunt of
bl ade curvature was present insofar as these two investigations
reveal. It iIs quite probable that separation occurred at about
the same point in each cascade and thus sinilar flow was established.
By investigating blades of smaller curvature than those used in
these runs, that is,bladee in which separation is del ayed or
el i m nated, sonme effects of the curvature might be found.

When differences i n shape Involve more than merely the anpunt
of curvature, such as a reaction bl ade ocampared with au inpul se
bl ade, it seens unlikely that data will be correlated by only a
bl ade dimension.

Because convectlon heat tramsfer is a boundary-| ayer phenomenon,
there is some |ikelihood that data ofdifferent blades will never be
correlated by the sinple means outlined. Possibly, omly through
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t heoreti cal boundary-layer studi es that take into account the vel oc-
ity dlstribution about the blade will nethods be devel oped to calcu~

=¥+ | at e heet-transfer coefficients for_ an arbitrary shape. Another .. ..

pronising mode of attack is by use of Reynolds'analogy, which considers
the simlarity between heat transfer and momentum transfer. Whereas
neither of these approaches is likely to be sinple, they wll be

much nore satisfactory than experimental determinaticns for every

bl ade shape.

Cylinders and streanline bodies. = The data for air flowing
normal to single cylinders and streantine bodies (reference 10) are
al so shown iIn figure 9. Again, the elopes for all the curves are
approxi mately equal, but the magnitudes of Hu/(Pr)l/5 differ. Values
for single eylinders and those for stream ine bodies are 20 percent
and 10 percent lower than those Tfor the NACA blades based on (Re)s;
respectively.

Application to rim-cooling theoty.——™n addition to the cold-
air tests, a high-temperature run with hot gases was made. The
results of the cold-air runs are used to predict the cooling
ef fecti veness of the WACA bl ades for this run.

The effectiveness of ri mecooling defined In reference 1 Is

neasured by the allowabl e increase in effective gas temperature as
limted by the blade stresses. For a fixed blade life, speed, and
anmount of cooling, the effectiveness is a functlion of only the
quantity mL. The value of mL will now be predicted from the flow
conditions and conpared with the test value for a high-tenperature
run.

The experimental condltions are:

Excess of blede tenperature at root over effective

gas tenperature, OF .. . . . . . . . . . . . . . .. .. e« =452
Inlet Reynolds number . . .. . 49,600
Aver age bl ade t her nal conduotivity, Btu/(hr)(ft)(oF) ... 197
Blade length, £t . .. . 0.1042
Effective gas tenperature, OF « o . . . . . . . . . . . . . . 1167
Fil mtenperaturewl® = . «eeeees - 1000

Gas t her mal oonductivity, Btu/(hr) (It) (°F). e eeseees . 0.036
Pr&ndtl nUfTber . 3 . - L] ¢ ® . o @ - L L] L - L ] - L] - - - - ' 0 65
Blade 'perineter divided by =, £t . . . . . . . . . . . .. 0.0473
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From figure 7,
Hu

by 3 = 139 (Btu/(ur) (sq £t)(°F))

m= 434 £%° 1

The geometrical blade length 1s taken as equal to L. The pre-
dicted value of mL 18 4.53. JFrom these values of mand L,
the temperature distribution can be cal cul at ed uelng equati on (4).
The result 1is,

8 = -9.73 cosh 43.4 (0.1042 - x)

By using the experimental temperature di stribution, the measured
value of mL can be obtained by applylng t he method of | east
squares, as previ ously discussed. The value of mL t hus obtai ned
is 4.26.

The al | owabl e Increase in effective gms tenperature for the
two values of mL can be found from a cross plot of figure 6 in
reference L. For a constant value of €y equal to -452° ¥, the

following resul ts are obtained:

At
nl 8,9
¢ !
Experimental | 4.26 | 180
Predicted 4.53) 183

The predicted val ue of Atg o i S 4 percent lower than the
experinmental value. Radlation effects ars unaoccounted for in the
predicted case. AlsolL is taken as the geametrical | ength of the
bl ade, whereas actually for this case it is slightly greater. In
spite of these approximatioms, good agreenent is obtained. In fig-
ure 10, ths predicted blade tenperature distribution is campared
with the experimental results. The maximum error is omnly 10° F at
a bl ade tenperature of 1047° F or 1.0 percent. The values of x
and L in figures 5 and 10 axe given in inches to simplify t he
C-S.
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SUMMARY OF RESULTS

From an Investigation to determine average outside surfaceheat-
transfer coefficients for a cascade of symmetricel | npul se turbine
bl ades, the followlng results were obtained:

1. For a range ofinlet Reynol ds numbers from 10, 000 to 150,000
and exit Mach numbers of 0.3 to 1.0, the results of the heat-transfer
tests can be represented within %10 percent by

Nu = 0.14 (Re);9-%8 (Pr)l/3

where Nu is Nusselt number, (Re); ie Reynol ds nunber at the
inlet, and Pr 1is Prandtl nunber, The blade perimeter divided

by = was used as the characteristlec di nension In RBu and Re and
the gas properties were evaluated at the average f£ilm tenperature.
The heat-transfer coeffliclient was based on the difference bet ween
the blade tenperature and the effective gas tenperature.

2. The preceding equati on expresses equal |y well the result of
cascade tests nmade by the General Electric Company on impulse bl ades
five tines the size of the NACA bl ade. Ro effect due to the differ-
ence In curvature of the two blades was apparent.

3. The effective gas tenperature can be related to the total
and static gas tenperatures by a recovery faector, defined as the
ratio of the difference between the effective and static gas tem~
peratures to the difference between the total and static gas tem
per at ur es. It varied only slightly (from 0.78 to 6.89) with an exlt
Mach nunber ranging from 0.3 to 1.0 for the blade used and was
i ndependent of the Reynol ds nunber.

4. The Nusselt number based on the difference between the blade
and the effective gas tenperature is independent of the Mach number
up to a value of 1.0, at |east.

CONCLUSIONS

From the preceding results, the fol | owi ng conclusions can be
dr awn:

1. The results of- these low-temperature tests can be used to
conpute the effectiveness of rimecooling at el evated gas tempera-
tures for the bl ades investi gated.
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2. Al'though a correlation was obtained between two bl ade cas-
cades of different sizes by use of the blade perimeter divided by
x as t he charscteristic di mension in the Reynol ds and Nusselt
numbers, it IS not clear that this dimension will hold for all
bl ade shapes and configurations.  Additional experiments are
necelssl?lry to add to the limted anount of experimental data now
avai | abl e.

Iewie Flight Propulsion Isaboratory,
Nati onal Advisory Committee f or Aeronautics,
d evel and, Ohio.

¢10T
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APPENDIX A -
SYMEOLS

The following synbols are used in this report:

A area of blade cross section, sq £t
a speed of sound, £t/sec

B perineter of thermocouple plug, £&
b perineter of blade section, £t

C1, C2

arbitrary constants
03’ Ca y

C, r, s constants

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

d characteristic dimension in Reynolds and Nusselt nunbers, £t

F shape factor for radiation

F- accel eration due to gravity, 32.17 rt/secz

h, convection heat-transfer coefficient, Btu/(hr)(sqa £t)(°F)

hc,'b convection heat-transfer coefficient fromgas to bl ade,
Btu/(br) (sq £t) (°F)

J nmechani cal equival ent of heat, 778 £t=-1b/Btu

k thermal conductivity, Btu/(hr)(£t)(°F)

L di stance from bl ade rootto point at which de/d.x is zero, ft

M Mach nunber, ‘\Tg/a.

m rim-cooling par aneter, :l—?i—:'z ft'l

Nu Nusselt number, hed/kg

P total pressure, in. Hg
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Pr

Re

At

Atg,e

NACA RM No. ESH12

static pressure, in. Hg

n
Prandtl nunber, g %p.g

kg

rate of heat transfer, Btu/nr

gas constant for air, 53.30 £t-1b/(1b)Y(°R)

V., d p
Reynol ds number, _su_a

8

surfacearea, sgq £t

tenperature, °R

tenperature, °F

vel ocity, £t/sec

radi al position on blade neasured from root, £t

thermal recovery factor relating effective, static, and
total gas temperatures

4C BFTg" e
‘\} ELN

ratio of specific heat of alr at constent preasure to that
at comstant volunme, 1.395

temperature difference between gas and Dblade surface, OF

al | owabl e increase in effective gas temperature due to rim
cooling, °F

excess bl ade tenperature over effective gas tenperature at
bl ade position x, (t, - tg,e), op

viscosity, elugs/ft-sec
density, slugs/cu £t

Stefan-Boltzmann constant, Btu/(ar)(sq £t)(°R)

8o oR

oosh mL?

~CTO1
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Subscri pts:

av average

b bl ade

c convection

e effective

f film

g gas

i i nl et

2 val ue cal cul ated for |east-squares computations
m bl ade et al

0 exit

P pl ug of thermocouple probe
r radlatlon

8 statlc

% total

0 bl ade root {x=0)

1 upper surface of probe plug

2 | oner surface of probe plug

Prined synbol s indicate corrections t 0 assuned val ues found by
| east squares
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APPENDIX B
DERIVATION OF ONE-DIMENSIONAL TEMPERATURE DISTRIBUTION

A steady-state heat balance for a differential elenment dx
between two planes perpendicular to the blade length and at a
distance x and x + dx fromthe blade root till be assuned. The
difference between the anount of heat entering the el ement by con-
duction 4Q, and the amount |eaving by conduction dQ(, + dX) is
equal to the heat |eaving by convection dQ. if radiation can be
negl ect ed:

dQy - 4Q(x + ax) = dQ, (B1)

(o) - (et - km;:} 4x) = By bty - tg,o) dx (B

| f

o AT

and (t, - tg,e) is set equal to e, then because tg,e is
conatant,

Py _ a2o
ax?  ax
Fquation (B2) becomes
2
d~o 2
—_— = e
ax?

A solution of this equation 1s
6 = €y oosh m(Cy - X) (B3)

It is assuned that at some position on the blade L, 49/dx = 0.
(For nmost actual turbine installations, L is closely equal to the
geonetrical blade length.) At x = 0, 6 = 6.

Substitution of these boundary conditions in equation (B3) gives
t he £inal equation for the tenperature distribution when radiation is
neglected
cosh M (L - Xx) 4
cosh nL (B4)

6 = 6g
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APPENDI X ¢
THERMOCCOUPLE PROBE

The radiation-type thermocouple probe used to obtain the blade
t enperat ure distribution is shown in figure 4. A junction is formed
by spot - wel di ng 36-gage chromel-slumel wire t0 a small Inconel plug
0.055 inch in diameter and 0.032 Inch high. The wires are insul ated
by two-hol e Al undum tub that has a 0.032-inch outside di aneter
and extends to within /2 inch of the Inconel plug. The gap 1s
necessary to reduce the transfer of heat by conduction between the
plug and the tubing. For mechanical strength, an Inconel tube is
cenented around the upper portion of the Alundum tubing

Before experinentally calibrating the probe, the effects of
plug dimensions and nmaterial, that is, plug height and thernmal con-
ductivity, on the indicated tenperature were theoretically | nvesti -
gated. Because the probe fits snugly into only a 1/16-inch-diameter
hole, it was assumed that all the heat transfer between the walls and
the plug and tires occurred by radilation.

The derivation ofthe temperature distribution in the thermo-
coupl e probe plug till nowbe indicated. (See fig. 11.) A steady-
state heat balance for a daifferential el enent dx on the plug
bet ween two pl anes perpendicular to the blade length at a distance x
and x + dx fromthe blade root is assumed. The difference between
the anount of heat entering the el enent by conduction dQy andthe
amount | eavi ng by conduction dQ(x + ax) is equal to the heat

leaving by radiation dQ; i f convectlon can be negl ected,

a9 - Qe + (x) = %

aT & azp
~kphp -d-J-?- - (\kPAP EEB - kphp —d.—ng d:) =0BF (Tm4 - Tp4) dx

(c1)

By expending ™ in a Taylor's series about an average tenperature
Ta and by using only the first two texrms, the result is

m4 3 4
= 4T, T - 3T, (c2)
The wal | ienperature T, can be written

gosh m(L-x)
Tn = Tg,e ¥ €0 ~cosh mt,
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Equation (C) becomes

2

a2r
k —2L -oBFlam.3
php 2 - OB [T" Ta,e cosh mL

cosh m(L-x)
+ 4.1.&3 % cosh m{L-x - 4Ta3 Tp ()

a?r
-d—z% = BZ[TS,G + ¢ oosh m(L-x) = mp]. (C4)
A solution of equation (C4) is
Bx -Bx qu-)
Tp = Tg,e + C30" * Cge + 2 g2 cosh N L-x) (C5)

The constants c3 and C4 can be eval uated from the follow ng
boundary conditions:

(a) At the probe position
X =Il

Measured at the top surface of the plug

TP = Tp,1
wher e Tp,1 is the reading of the probe.
(b) Also at
X = Il

Q. = -iphp (%)m

The amount of heat radiated to the plug surface at x3 ies computed
b% dividing the wall into |ayers amd sunming the totalheat transfer,
the radiation-shape factor for each position being taken into
account. Tothis value is added the heat conducted through the

t her nocoupl e wires te give Q. This amount of heat can De computed
by differentiating equation (C5) using the proper constants for the
wWre.
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The reading of the probe Tp,3 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 bottom of
the plug at x2 can then be calcul ated

Q@ = -lphy (gn)x - (cs)

The first term Q@ can be calculated tithe sane manner as Q3
omitting heat conduction through the wires. Values of 'l‘p,l are
assunmed until equation (C8) i s satisfied.

From this type of calculation, it was concluded that: {a) The
tenperature drop through the plug was so small (less than 1° F)
that the conductivity was of no inportance and al nost any material
could be used; and (b) As the height of the plug was increased, the
probe error increased. An optinmum height of 0.032 inch was
I ndi cat ed.

Wth the results of the analysis serving as a qui de, several
ﬁrobes were built and calibrated, as follows: A 1/16-inch-diemeter
ole was drilled from tip to root through the center of a blade.
Five holes, each 1/32 inch in di ameter, Were drilled perpendicul ar
to the original hole throughthe blade at different distances from
the root. Thernocouples, 36-gage’chromel-alumel, were inserted in
the small holes so that they Indicated the tenperature at the
surface of the [/16-inch hole. A tube was soldered tothe bl ade
root through which cooling water was passed. The entire apparatus
was pl aced in an electric furnace, and the readings of the probe
compared with those of the fixed thernocouples. By varylngthe
heat input, different gas tenperatures could be sinulated.

It was found that probes in which the plug height was greater
than 0.032 inch read |ower than the true tenperature, 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 thernocouples. The probe was verysensitive and attained
thermal equilibrium quickly.
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Figurel. - Experimental setup for rim-cocled turbine~hlade capoada.
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Hydraulic radius, in. 0.092
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Perimeter, | n . |1.785
Cross-sectional area, s ¢ in. 0.0797
Pitch-tine radius, in. 5.50
Number of blades tn 360° 84
Solidity .92 -

‘Figure 2. - Cross sections of symmetricat impulse
turbine blades.
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(a) Unasgembled.

(b) Assembled.

Figure 3. - Speci al test rig forheat-transfer gtudies of symmetrilcal impulse t ur bine.
bledes.
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Excess blade temparature over effective gas temperature, 6, OF
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Figure 5. - Comparison of experimental blade temperature
distribution and theoretical curve obtained by least

squares. 6= 6.78 cosh 41.68 (0,983-x}
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Figure 6. = Recovery factor and a/f/Pr for impulse
turbine blades as functions of exit Mach number.
Exit Reynolds number based on perimeter divided

by m. Gas properties taken at flImtemperature.
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Figure 7. — Correlation of heat-transfer data for air flowing
past heated turbine blades. Pr, Kq» kg based on film tem-
perature. Characteristic blade dimension equal to perimeter
divided by =%.
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Figure 8. - Heat-transfer data for three constant exit Reynolds
numbers and variable exit Mach numbers. Characteristic blade
dimension equal to perimeter divided by ®. Gas properties
taken at film temperature.
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Figure Il. = Coordinate system for radiation-

probe temperature-distribution analysis.
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