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NACA RM ES6E20 CONFIDENTIAL

NATIONAL ADVISORY COMMITTEZE FOR AERORAUTICS

RESEARCH MEMORANDUM

COMPARICON CP CALCULATED AND EIP.hIHlNTAL TEMPERATURES
AND COOLART PRESSURE LOSSES FOR A CASCADE OF SMALL
AIR-COOLED TURBINE ROTOR BLADES™

By Francis 8. Stepka

SUMMARY

t‘A\rem(;e spanvise blade temperatures and cooling-air pressure losses
through a small {1l.4-1in. span, O,7-1a, chord) air-cooled turbine blade
were calculated and are compared with esperimental nonrotating cascade
data. Tvo wethods of calculating the blade spanwise metal temperature
distributions are presented. The method which considered the effect of
the length-to-diameter ratio of the cooclant passage on the blade-to-
coolant heat-transfer coefficient and assumed constant couolant properties
based on the coolant bulk temperature gave the best agreement with experi-
mental data. The agreement obtained was within 3 percent at the midspan
and tip regions of the blade. At the root region of the blade, the agree-
ment was vwithin 3 percent for coolant flows within the turbulent flow
regime and within 10 percent for coolant flows in the laminar regime.
The calculated and measured cooling-air pressure losses through the blade
agreed within 5 percent. N

Calculated spanviue blade temperatures for assumed turboprop engine
operating conditions of 2000° P turbine-inlet gas temperature and flight
conditions of 300 knots at a 30,000-foot altitude agreed well with those
obtained by the extrapolation of correlated experimental data of a steiic
cascade investigation of these blades.

INTRODUCTION

The cooling of small turbtine blades, such as encountered in turboprop
engines, can be much more difficult than cooling the larger blades of
turbojet engines (refs. 1 and 2). In addition, the experimental data
that have been obtained for small blades are meager. In order to provide
information useful for the design of small air-cooled blades, this report
will show the applicability of methods for analytically predicting the
cooling-air pressure losses and the average temperatures at various gpan=
wise posit]l ns of smll turbine blades.

#T{t e, Unciassified, L /



2 CONFIDENT IAL NACA RM ES8E20

Reference 2 presents a correlation of experimental blade temperature -
data that vere obtained in a static cascade test facility over a range of
gas temperatures and cooling airflow rates. It is indicated that the cor-
relation parameters evolved permit the extrapolation of experimental blade
temperature data to conditions other than test conditions. The appiicabil-
ity of analytical methods for determining blade temperatures and cooling-
air pressure drops for these sma.l blades in a manner similar to that ew-
ployed for larger turbojet blades (ref. 3), however, was not known. This
report, therefore, presents analytical methods for calculation of blade
spanvise temperature distributions and cooling-air pressure drops and
verifies the calculated results with the experimental blade temperature
data used in reference 2 and with the experimental cooling-air pressure
loss data presented herein. These analytical wmethods are applied to
predict coolant-flov requirements, blade temperatures, and cooling-air
pressure drops for an air-cooled blade configuration operating at an in-
creased gas temperature and at typical flight conditions of a turboprop
engine. In addition, these calculated blade temperatures are cowpared s
vith those predicted by extrapolation of the correiated experimental data
of reference 2.

568y

The comparisons of the celculated and experimental nonrotating cas-
cade data vwere made at total fas temperatures of 600°, 900°, and 1200° P
and for three cocling airflow rates covering the range investigated in
reference 2. The blade cooling-air inlet temperatures of the experimental
data ranged from 150° to 493¢ P. The ratios of average blade metal to
average blade cooling-air temperatures (°R) ranged from 1.18 to 1.45.
The engine and flight conditions assumed for the calculations of blade
cooling and pressure drop characteristics at high turbine-inlet gas tem-
perature were: an engine with a compressor pressure ratio of 10.9, an
airflow of 13.4 pounds per second, and a turbine-inlet gas temperature
of 2000° F at a flight condition of 300 knots and an altitude of 30,000
feet.

SYMBOLS
A flovw area, aq ft
b effective fin length, ft
C constant
cp specific heat at constant pressure, Btu/(1b)(°F)
Dn,a hy:inulic diameter of coolant passage, 4A/(vetted perimeter), .
Dn,g hydraulic diameter of gas side of blade, 3,/x, ft .

CONF IDENTIAL i
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NACA RM ES8E20 CORFIDENT IAL 3

r constant, function of blade transition ratio and Euler nusber

P(a) function of coolant passage aspect ratio

4 friction factor

g acceleration due to gravity, ft/sec®

P | turbine work, Btu/1b

h heat-transfer coefficient, Btu/(sec)(sq £t)(°P)

h, effective blade-to-coolant heat-transfer coefficient, Btu/(sec)
(sq rt)(°F)

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

X entrance loss coefficient

X thermal conductivity, Btu/(se-)(f£t)(°r)

L length of blade or passage, ft

1 blade wall perimeter, ft

n exponent, function of dlade transition ratio and Euler number

N number of fins

Nu Nusselt number, I,Dy,,a/ka OF hghy g/kg

n number of sections of equivalent fins

P presrure, lbfsq ft

Pr ’randtl nusber, geph/k

R gas constant, ft-1b/(1b)(°F)

(i:)a Reynolds number of coolant based on bulk temperature, !%5

Ha

(Re)q ,T Rcynolds number of ~ooclant based on film tewperature, %“- ;-;-
f
)

CONFIDENTY |,
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(mg,B average Reynolds number of gas based on tlade temperature,

Vgbn,gPg,B
Hg,B

r radius from center of rotation to center of blade increment, ft

fin spacing, ft

T temperature, °R

U peripheral velocity at hub of turbine rotor, ft/sec
v velocity, ft/sec

W veight-flov rate, 1b/sec

Ox incremsntal blade or coolant passage length, ft
Yy coolant passage height, ft

z coolant passage width, ft

m viscosity, (1b)(sec)/sq ft

P density, 1b/cu ft

< fin thickness, ft

® angular velocity, radians/sec

Subscripts:

a cooling air or cooling-air side

B blade or blade metal

C compressor

] effective

b ¢ film tewperature

8 combustion gas or combustion-gas side

1 blade inlet

in inside of coolant passage at entratce

CONFIDENT IAL
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o outlet

x condition at x feet above blade root
¢ index of summation

- fully established flow, cooling air
Superscripts:

' total conditions
- average conditions for an incremental length

- average conditions for entire blade

DESCRIPTION OF BLADE AND PRESSURE DROP APPARATUS

The air-cooled turbine rotor blade configuration selected for the
analytical determination of blade temperature distributions and coolirg-
air pressure losses is the same as that of the blade for which experimental
temperature data vere obtained in the investigation of reference 2. The
blade, referred to herein as the cast finned blade, has a span and chord
of approximately 1.4 and O.7 inch, respectively. Cross-sectional views
of the tip, midspan, aud root regions of the blade are shown in figure 1.
The external blade size and airfoil shape are the same as those ewmployed
in the first-stage turbine rotor of a current uncooled commercial turbo-
prop engine. As a matter of interest, the cooled blade was fabricated
from two parts as shown in figures 1 and 2(a): orne part includes an
integrally cast base, the airfoil suction surface, and the cooling fins;
and the other a forued sheet-metal pressure surface. The formed sheet-
metal shell was brazed in the recesses at the leading- and trailing-edge
regions of the blades to several of the cast cooling fins (fig. 1) and
to the base in the rcot region. A photograph of a completed blade is
shown in figure 2(b). A more detailed description of the blade and 1its
fabrication 1is presented in reference 2.

A schematic sketch of the apparatus and instrumentation used to odb-
tain the cooling-air entrance loss coefficient and the over-all cooling-
air pressure losses for the cast finned blade is showvn in figure 3. The
test-blade base was brazed to a sheet-metal duct through which laboratory
compressed air vas supplied to the blade. The duct used was intended to
simulate a dblade entrance which might be expected when cooling air is
supplied to blades in a turbine rotor. In addition to the instrumentation
shown in figure 3, a thermocouple to measure the total cooling-air tem-
perature was located in a plenum chamber upstream of the cooling-air
entrance duct. The static pressure at the blade tip wvas the measured
ambient pressure.

CONFIDENT IAL
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ANALYSIS AMD PROCEDURE

The blade metal and cooling-air temperatures at various spanvise
positions were obtained from an iterative procedure vhich utilized heat
balances between gas and coolant at the spanvise position under consider-
ation. To solve these heat balances it was necessary to deterwmine the
gas-to-blade and blade-to-coolant heat-transfer coefficients and to ac-
count for tre effectiveness of coolant passage fins.

Calculations of Gas-to~Blade Heat-Transfer Coefficient

The gas-to-blade heat-trzasfer coefficlent ﬁk used in the analysis
is an average coefficient {or ti\e blade and wvas obtained from the correla-
tion equation of refer=zace 4:

g = 2 [®),0) [P ,0) (1)

where F = 0,092 and m =« 0.070. The values of F and m, vhich vere
obtained from refereunce &, are the average vaiues of ten rotor blade pro-
f1les including both impulse and reaction blades. The gas prOperties_used

vere evaluated at the average metal temperatiire of the entire blade Tg.
Bquation (1) can be expressed as

e : /
IIT8 = 0.092 ;:"2‘ [(.Rl:)g,BT 7 [(g)g,!]l s (2)

The average gas-to-tiade heat-transfer coefficient as determined from
equation (2) was used at each spanvise location considered in the

calculations.

Calculations of Blade-to-Coolant Heat-Transfer Coefficient

Two methods of calculating blade-to-coolant heat-transfer coefficients
were used in order to determine which best predicted the experimental blade
spanwise tewperature distribution. One of the methods used was the same
as that used to predict temperatures of turbine blades for turbojet engines
(refs. 3 and 6) wherein the flow through the blades wae assumed fully
developed. Reference 6 presents the equations for determining the blade-
to-coolant heat-transfer coefficients, which in the notation of this re-
port for flov in the assumed turbulent (Reynolds number greater than
6300) and laminar (Reynolds number less than 2300) flow repions, respe:-

tively, are

(Nu)y,o = 0.073 [(Re)a’f})'e [(Pr)u,f]OA (3)

CONFIDENTIAL
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and
(llu).,' » #(a) ' (¢)

The term P(a) is a function of aspect ratio of the coolant passage, which
18 the ratio of the height to the width of the coolant passage (e.g., y/z
in fig. 1). Values of F(a) are given for various aspect ratios in ref-
erence 7. The aspect ratio for the finned portion of the cast finned
blade wvas approximately 3 and that for the hollov-tip region was approxi-
mately 8. The corresponding values of F(a) as obtained from reference

7 vwere 4.77 and 6.5, respectively. The coolant properties along the

Ylade span were evaluated at local film temperatures. The film tempera-
ture vas assumed to be the arithmetic average of the blade metal and
coolant temperatures at each spanwise position considered.

The effectiveness of coolant passage fins vas accounted for by re-
Pplacing the coolant passage geometry (for the region of the blade vhere
the fins vere located) by ome of equivalent fins (ref. 3) and by using
the e?uation for the effective blade-to-coolant heat-transfer coefficient

(eq. {6), ref. 3). This equation expressed in the nctation of this report
1s

a n
he-; Pa 2“’" tagh Zhﬁv)‘*zl;sc
[ L 1
i N Tsg +7¢) = M,?; Enf —
(s)

The annlyses of references 3 and 6 assumed fully developed flow
through the blade. It wvas assumed that entrance effects on the blade-
to-coolant heat-transfer coefficient would be small because of the large

length-to-diameter ratic of the turbojet blades (L/S,x, ® 70). The
length-to-diameter ratio of the small turbine bdlade (L A 38) con-

sidered herein, however, was small compared with that of the blades for
turbojet engines. The second method used to determine the blade-to-
coolant heat-transfer coefficients, therefore, considered the coolant

passage entrance effects, that 1c, the L/Si’. effect.

The blade-to-coolant Nusselt number used for the second method of
calculating blade temperatures vas en average for the entire blade and
was obtained from correlation equations for flow through rectangular

tubes (ref. 7). In the notation of this report, the equations for tur-
bulent and laminar flov are, respectively,

o = 0.2 [(@1) " EE [E]7 (10 %) @

»a

CONFIDENT IAL
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(7)

C(Ee-).(g).]

(), = F(a) [1
Ua = Fla +
* L/,

The values of the constant C and the term F(a) in equation (7) are
dependent on the aspect ratio of the coolant passages. The average aspect
ratio of the coolant pasnages, when neglecting the small length of blade
near the tip vhich did not have fins in the passage, was about 3. The
values of C and P(a) at an aspect ratio of 3 as obtained from refer-
ence 7 were 0.009 and 4.77, respectively. The coolant properties used

in equations (6) and (7) were tased on the bulk temperature of the coclant.
The bulk temperature wvas the arithmetic average of the air tewmperatures of
the blade inlet and exit. Because of the variation of the hydraulic diam-
eter of the coolant passage along the blade span and in order to consider
this variation in the coolant passage diameter, the blade-to-ccolant heat-
transfer coefficient h, at a given spanwise position was defined as

-
Nu a.ka

Dp,a

The effectiveness of the fins in the coolant passage was accounted for in
the same manner as discussed previously and by the use of equation (3).
The Nusselt numbers in the assumed transition flow region (Reynolds numbers
betwveen 2300 to 6C00) were obtained by assuming a straight-line relation
7f Nussel! number with Reynolds number in this range and by using Nusselt
numbers calculated from equation (3) or (6) as the turbuleant-flow end
point and from equation (4) or (7) as the laminar-flow end point.

h& - (8)

Calculation of Spanvwise Blade and Cooling-Air Temperatures

In the analysis the blade span wvas divided into four approximately
equal increments. The geometry parameters were obtained by cutting the
test blades after complefion of the investigation of reference 2 at the
four spanvise locations considered herein and making photographs of the
cross gsections at a magnification of 10. The calculation of bdlade tem-
peratures for comparison with the experimental data of reference 2 was
made for the three cascade gas temperatures of 600°, 900°, and 1200° F
considered in that investigation and for three cooling airflov rates,
which represented the extremes and the middle values of the rater that
were supplied to the test blades at each gas temperature, The roalysis
was made by using the average velocities of the combustion gas relative
to the blades, average combustion-gas static pressurss, effective gas
spanvise tewmperature distridbutions, and the blade couling-air inlet tem-
peratures obtained in the experimental investigation of reference 2.

CONFIDENTIAL
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The iterative procedure for calculating the spanvise blade and
cooling-air tewmperaturer was first to assume an average dblade tewperature
53, vhich together with the average velocity of the gas relative to the
blade, the average hydraulic diameter of the gas side of the blade, und

the gas propert::s evaluated at EB peruitted calculation of the gas-to-

blade heat-transfer coefficient by use of equation (2). By assuming an
average chordvise blade tewmperature TB,x for each spanwise position and

by specifying the effective gas tewperature distribution, the geowmetry of
the blade, the coolant-flow rate, and the coolant temperature at the root,
the covlant temperature at other than the root position could be obtained.
This vas done by adding the coolant temperature rise for each increwment

to the coolant temperature at the beginning of the increment. The incre-
mental temperature rise of the coolant A4 was obtained from the follow-

ing heat balance:

2
zgfgﬁg,e - Tp)ax + :.23;-9' = VacCp,a ATq (s)
or
. Bl & ~ . ofr &
oy = vaipa @g’e - TB) + a-c-pT.- (10)

For calculation of blade temperature of a nonrotating blade the last term
of equation (10), the air temperature rism due to the puwmping work done
on the air over the increment, is zero so that

B =
ary - .-,f§g;?- (Tg,e - Tn) (11)

The values of Tg o and Tp 1n equations (3) to (11) are the arithmetic
average of the temperatures at the beginning and end of an increment.

The effective blade-to-coolant heat-transfer coefficient at each span
position was then calculated by use of equations (3) or (4) and (5) when
the coolant f1 ' was c'naidered to be fully developed. The assumed average
chordwise blade temperature Th x ut each span lozation was then checked

by solving the fulloving heat balance equation:

hglg(Ts,e,x = TB,x) = bela(TB,x - Ta,x) (12)

where 'x*,,’e’x and Ti,x are the effective gaz temperature and the total

cooling-nlr temperature relative to the blade. The latter temperature is
approximately equal to the effective air temperature for sutscnic Mach

CONIF IDENT TA',
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numbers. The assumed average blade tewperature 53 was checked with the

integrated average of the calculated spanvise blade temperature distribu-
tion. If agreement was not obtained, the process was repeated.

In the calculations vhich accounted for the blade entrance effect on
the heat transfer to the coolant, the blade-to-coolant heat-transfer
coefficient was obtained by use of equations (6) or (7), (8), and (5)
after a coolant bulk temperature '.1"; wvas assumed. An iterative procedure

vas then used to calculate the spanwise blade and coolant temperature by
use of equations (11) and (12). The assumed average blade temperature

?3 and the assumed coolant tulk temperature E, vwere checked with inte-

grated averages of the calculated spanwise distridbutions, and, If agrec-
nent was not obtained, the process was repeated.

Calculation of Blade Cooling-Air Pressure Loss

The conling-air pressure loss through the blade airfoil, which was
divided into four approximately equal incremental lengths, was calculated

by the method of reference 8. The average friction factor ? used in
the calculations was determined by the use of the following correlation
equations for laminar and turbuleat flows, respectively, obtained frowm
reference 7 and given in the notation of this report;

f(Re), 0.005(Re) o

i .-1-6—%;17.—— (13)

and
T = 0.040(Re);?-2 (1 + =2 ) (14)
L/Dn,a

The tera [f(Reﬂ. is a function of passage aspect ratio. For a coolant
passage aspect ratio of 3, the value of [t(P.e) e« &8 ohtained from ref-
erence 7 was 17.1. Inasmuch as the previous equatiocns and the method of
reference 8 permit calculation of the pressure luss through the airfoil
only, the pressure loss at the blade entrance due to a sudden contraction
of the flow passage is required in order to calculate the over-all pres-
sure loss. The pressure drop across the blade entrance can be determined
by solving the following equation from reference 9, which is presented

in the nowmenclature of thisc report:

P‘i'P&in_ "gTain_R_ .
a,in . (I‘?-PEL—) 28 (12)

a,in

CONFIDENT IAL
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Because of the lack of information on entrance loss coefficients for flow
conditions and geowetries which would duplicate those at the entrance to
the blade, an experimentally dutermined value of the coefficient K for
the test blade was used. In the determination of cooling-air pressure
loss through the blade for comparison with experimental data, the tip
static pressure and the cooling-air temperature of the experimental in-
vestigation vere used.

Experimental Deteraination of Blade Cooling-Air Preusu-e Loss

The experimental pressure losses for the cast finned blade were ob-
tained at room temperatures and pressures vith the apparatus described
previously. The cooling-air pressure losses were obtained over a range

of coolant-flow rates from 7x10°% to 8.6%10"3 pound per second. The range
covered the lovest flow that could be measured {n this ianstallation to
approximately choked flow in the blade. The cooling-air inlet tempera-
ture was constant for the investigation and was approximately 80° F. The
over-all pressure loss wvas the measured differerce between the inlet total-
pressure probe reading and the tip static pressure, vhich vas assumed to
be aambient pressure. The blade entrance loss coefficient K was obtained
by the method described in reference 9. This method requires the use of
the experimental data in the parameter at the left side of equation (15)
and in the parameter in parentheses on the right of the same equation.

The first parameter is then plotted as the ordinate against tue second
parameter on log-log paper for each data point. From this plot the value
of K umay be determined.

RESULTS AND DISCUSSION
Comparison of Calculated and Experimental Blade
Coanwise Temerature Listridbutiona

The spanwice blade metal temperature distributions for the 1200° F
gas temperature vere calculated using the two methods of calculation al-
ready described. One assumed fully developed coolant flow, based the
coolant properties on film teaperature, and considered the variation of
properties with film temperature along the blade span. The other method
considered the effect of the length-to-hydraulic-2diamater ratio of the
coolant passage on the himie-to-coolant heat-transfer coefficient and
assumed constant covlant properties based on the coolant bulk temperature.
The calculated spanvise blade temperature ldistributions for three coolant-
flow rates at an inlet total gas tewperature of approximately 1200° P are
presented in figure 4 together vith experimentally obtained data points
at the root, midopan, and tip regions of the blade. The experimental data

CONY IDENT IAL
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points used were those used in refeience 2 and vere the average of six
thermocouple readings around the periphery of the blade at each of the
three span locations. The results indicate that, although both methods of
calculating the spanvise blade metal temperatures agreed reasonadbly vell
with experimental data, better agreement was obtained using the method
involving equations (65 and (7) vwhich considered the length-to-diameter

ratio (I../B,,,,l » 38) of the coolant passage and assumed constant coolant
properties. The agreement of the temperatures calculated by this method
and the experimental data at the midspan and tip regions of the blade
was within 3 percent. At the root region the agreement was within 3 per-
cent for the two turbulent-flow runs and about 7 percent for the laminar-
flow run. Inasmuch as equations (6) and (7) (used to evaluate the blade-
to-coolant heat-transfer coefficient) are dependent on the length-to-

diameter ratio L/Sh,, of the coclaant passage, calculations were also
made to determine to what extent the agreement between calculated and
experimental data at the root region might be isproved by considering
the length-to-diameter ratio for a length of blade a short distance from
the root. The distance from the root (approx. 0.56 in.) for this calcu-
lation was determined for-a length-tu-diameter ratio of 20, which was the
lover limit for which equations (6) and (7) were experimentally verified
as valid in reference 7. The blade spanwise metal temperature distribu-
tions obtained from these calculations are alsv shovn in figure 4. The
improvement in agreement with experimental data wvas small as compared with
the data which vere calculated by considering the full length of blade

(L/Bh,. e 38). Since the improvement was small, the calculation method

which assumed constant coolant properties and determined the blade-to-
coolant heat-transfer coefficient by use of equations (6) and (7) for an

L/l-)h,, cf 38 was used to determine the spanwise tlade temperatures for

the 600° and 900° F gas temperature runs as well as for an elevated tem-
perature application, which is discussed in a later section. A plot of
the average blade temperatures calculated by tliis method against the
measured average temperatures at the root, midspan, and tip regions for all
three inlet gas temperatures and over the entire range of coolant flovs
of the investigation of reference 2 is shown in figure 5. The agreement
of the temperat res about a line representing 100-percent agreement is
good. The maxiri.a deviation at the tip and midspan regions was less than
3 percent. ~t the root vegion the agreement was within 3 percent for
coolant flows in the & ™. .ivnt ;‘gime and within 10 percent f.r coolant
flow in the laminar rcgime.

Cowparison of Calculated and Experimental Cooling-Air Prescure Loss
The calculated cooling-air pressure loss thruugh the -nst finned btlade
for a range of coolant flows is shown in figure 6 alung with e<perimential

data. The agreement between the calculated and erperimental data was vith-
in S percent.

CONF IDENTIAL
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The cooling-air pressure loss due to contraction at the blade entrance
was found to be a small part of the total cooling-air pressure loss of the
blade. The cooling-air pressure loss at the blade entrance was 1 to 6 per-
cent of the over-all pressure loss for cooling airflows of 0.004 and 0.0088
pound per second, respectively. The experimental entrance loss coefficient
K was 0.37.

Blade Teuperature and Pressure losses at Elevated Tempsratures

In view of the good agreement between the calculated and experimental
static cascade data, the blade temperatures and cooling-air pressure losses
for the cast finned blade configuration were calculated by assuming opera-
tion in a typical turboprop engine at an inlet gas temperature of 2000° ¥
and flight conditions of 300 knots at a 30,000-foot altitude. The condi-
tions assumed for the engine are as follows:

Compressor-inlet pressure recovery, percent . . . « ¢« ¢« ¢ « « « « «» 100
Coupressor Pressure T&tI0 . . o ¢ + o & o ¢ ¢ s 4 o e s e o s o « o 10,9
Compressor efficiency . « « « o ¢ ¢ o o o o s o o o s o 0 s o o o o 077
Compressor airflow, 1b/sec . « « « o o ¢ « « ¢ + o o o o o o o o o 13,4
Comoustor pressure 1088 ratio . . . . ¢« ¢« ¢ ¢ ¢ o ¢ o s o 6 o 0 o « 0,95
Turbine efficlency . o ¢« « ¢ ¢ ¢ o s ¢ o s o s s o + o o o o s » » 0.85
Bumber of turbine Btage8 . . . . « ¢ o ¢ o ¢ o ¢ ¢ s o 06 o o o a0 0o 4
Turbine rotative speed, rpm . « . . ¢ ¢ « o + + o ¢ « o o ¢« « « » 13,820

Turbine work parameter, gJ A/UZ, last stage . G e e e e e 2.5
Turbine work parsmeter of first three stages . . . Assumed equal (cal-

culated to be 2.9)
Exhaust-nozzle pressure ratlo . . « « ¢ o« ¢ o ¢ o ¢ o s s ¢ o« o o « 0,92

®
*

The gas-flow conditions relative to the first-stage turbine rotor blades
were determined from the assumed engine conditions. The spanvise effective
gas temperature distribution relative to the rotor blades for an average
inlet total temperature of 2000° F was assumed similar in shape to that
obtained in the experimental static rcascade investigation of reference 2
and is shown in figure 7. This shape of the effective gas temperature
profile was assumed ia order to permit cowmparison of the extrapolated data
of reference 2 vith these calculated results on the same basis. The shape
of the profile assumed is also similar to that which might be expected in
an engine. The static pressure at the blade tips, used for the calcula-
tions cf the blade pressure losses, was the arithmetic average of the
calculated tip static gas pressures acrosc the rotor stage. The blade
entrance cooling-air temperature was assumed to be 623° F (calculated
cumpressor-exit bleed temperature plus an assumed 1000 P rise in the air
teupere)uture as it is ducted from the compressor to the entrance of the
blades).

CONFIDENTIAL
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Cooled blade temperatures. - The calculated spanvise temperature
distribution of the first-stage turbine rotor blades and the blade coolant
tewperature rise for coolunt-flov ratios (ratio of cooling-air to
combustion-gas flow) of 0,015, 0,02, and 0.03 are presented in figure 7.
Also shown in the figure is the spanwise blade temperature distribution
at a coolant-flov ratio of 0.015 cbtained by extrapolation of the cor-
related experimental data of reference 2 by the method presented in ref-
erence 2. The agreement betveen the calculated temperature distribution
and that obtained Ly extrapolation of the data of reference 2 was within
2 percent above the midspan region of the blade and within 10 percent at
3/16 inch above the blade root. This agreement is similar to that ob-
tained previously vhen calculated blade temperature distributions were
compared to the experimental blade tewperature data that were used in
reference 2. This agreement might be expected because the equations used
to obtain the correlation parameters in reference 2 are the same as those
used herein for the calculation of blade temperatures.

In order to determine the critical region of the blades at the conii-
tions assumed, an allowable blade spanvise temperature distribution curve
was obtained. This curve was tangent to the curve of the calculated blade -
temperature distribution at a coclant-flow ratio of 0.015 (fig. 7). The
point of tangency of the tw- curves, which is appro-imately at the midspan
of the blade, indicates the critical region of the blade. The midspan
of the blade is also the spanvise region of the blade vhere the calculated
blade metal temperatures agreed well with experimental data. The allovw-
able spanvise temperature distribution curve shown in figure 7 was based
on a stress ratio factor (ratio of allowable stress-r.pture strength to
calculated centrifugal stress) of 2.8 and a life of 1000 hours for the
high-temperature alloy HS-31. The stress ratio factor of 2.8 appears
adequate based on values of this factor obtained in references 10 to 12
for blades in a turbojet cngine. Reference 10 shouwed that, for one type
of blade configuration msde of allcy 17-22A(S), the required stress ratio
factor was 2.3. Values of stress ratio factors vetween 1.2 and 1.5 wvere
obtained in references 1l and 12 for blade configurations made of alloy
HS-31. The blades in these two references were either investigated un-
cooled or with small quantities of cooling air with the result that the
peripheral temperature gradients and the resulting thermal stresses were
small. The stress ratio factors obtained were nevertheless indicative
of the margin of safety required for blade configurations under engine
teat conditicns. 1If it is assumed that the stress ratio factor of 2.8
is sufficient to account for such factore as vibratory stress, thermal
stresses, metallurgical changes with time, and so forth, the calculatiuns
indicate that the cast finned blades (based on stress-rupture strength
of HS-31) will require a coolant-flow ratic of approximately 0.015 for a
blade life on the order of 1000 hours at the assumed engine and flizht
conditions.

CORFIDENT IAL
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Cooling-air losses. - With the cooling-air spanwise tewmper-
ature P static pressure, the pressure loss through

the blade P; 1 - Py ,0 Vs determined for a range of coolant-flow ratios

from 0.015 to O 050. The results are shown in figure 8(a). The calcula-
tions indicate that the cooling-air pressure losses through the first-
stage turbine rotor blade are smll. This is primarily due to the rise
in cooling-air pressure vithin the blade due to the pumping effect of the
high rotative speeds. At the coolant-flow ratio of 0.015, the pressure
rise due to pumping effects was larger than the pressure losses due to
heat transfer and friction, with the result that a smll pressure rise
(0.4 1n. Hg) was obtained. Pigure 8(b) shows a plot of the ratio of pres-
sure required at the blade base to compressor-exit pressure for a range
of coolant-ficw ratios. At a coolant-flovw ratio of 0.015 the required
pregsure at the blade entrance is only about 61 percent of the cowpressor-
exit pressure. The calculations further indicate that higher coolant-
flow ratios can be supplied to the blade without the blade deing pressure
lilited. For example, at a coolant-flow ratio of 0.03, the ratio of
Pa,1/P4 o 1s only about 0.67. The low ratios of the required cooling-

air preuure at the blade entrance to compressor-exit pressure indicate
that relatively large losses in the ducting from the cowpressor exit to
the blade coolirg-air entrance can be tolerated. Another possibility,
since these losses are small, 1s to Lleed the engine cowpressor at points
ahead of the last stage and theredy obtain slightly lower power reductions
and specific-fuel-consumption increases than with compressor-dischargs
bleed (ref. 13). Bleedins the compressor ahead of the last stage would
also provide lower temperature cooling air to the blade and thus result
in lover blade tewperatures or perauit further reduction of cooling air-
flow to the blades.

SUMMARY OF RESULTS

The results of an analytical investigation to deteraine the bdlade
temperature distributions and cocling-air pressure losses for a smll
air-cooled turbine dblade of a turboprop engine are as follows:

1. The calculated spanvise blade wmetal tewperatures agreed well vith
static cascade experimental data.

2. Two methods of calculating dlade tewperatures were ewpioyed. One
method assumed fully developed coolant flow, based the coolant properties
on film temperature, and considered the variation of properties with fils
temperature along the span of the blade. The other sethod considered the
effect of the length-to-diameter ratio of the coolaat passage on the bdlade-
to-~nolant heat-transfer coefficient and assumed constaant coolant proper-
ties based on the coolant bulk tewperature. The use of this latter method
#nve the best agreemsnt vith experimental data. The agreemput obtained

s RN e s M
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was within 3 percent at the midspan and tip regions «f the blade. At the .
root region of the blade the agreement was within 3 percent for coolant

flows within the turbulent flov regime and vithin 10 percent for coolant

fTlows in the laminar regiwme.

3. Calculated conoling-air pressure losses within the blades agreed
within S percent with experimental data.

4. Calculated spanvise blade metal temperature distributions of the
cast finned blade for assumed operation at a turbine-inlet gas temperature
of 2000° P in a typical turboprop engine at flight conditions of 300 knots
and an s2ltitude of 30,000 feet agreed well with those obtained by the
extrapolation of the correlated experimental data of a static cascade in-
vestigation with these blades. The agreement was within 2 percent above
the midspan region of the blade and within 10 percent at a distance 3/16
inch above the blade root.

S. Calculations for the assumed engine and flight conditions also
indicated that the first-stage rotur blades of the cast finned counfigura-
tion (based on stress-rupture strength of HS-31) will require a coolant-
flow ratic of about 0.0l5 for & blade life on the order of 1000 hours.
The calculated cooling-air pressure required at the entrance to the first-
stage rotor blades for these conditions was only about 61 percent of the
coupressor-exit pressure.

Levis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, May 27, 1958
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Yigure 1. - “riss-sectioms] viewg of cast fimmed air cooled
turbine blade (1.4-1n. span apd 0.7-in. chord) at spproxi-
mtely the root, sidepen, and tip locations.
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.1 Sheet-metal shell Integrally cast base,

" (pressure surface) suction surface, and

é cooling Zins

(a) Blade before assembly.
Bottom view Side viev
C-44787
(b) Assembled blade.
- Figure 2. -~ klade components before and after assesbly.
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Test blade

Static-pressure taps

-dp—-—-———--
P S L X

5

Total-
pressure
probe

Static-pre sure tap

- an e o =’ be e o
- > wn s ay - -

Inlet duct
-7 brazed to ——
O test blade O
Alr Alr

Figure 3. - Schemntic skatch of apparatus and instrumentation

for obtaining cooling-air pressure drop through cast finned
air-cooled turbine blade.
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Calculated average blade temperature, °F
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Figure 6. - Comparison of calculated blade coolingeair j.essure

drop with experimental data.
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a,i

Pressure loss through blade,
- Pn,o’ in. Hg

C,o

1/

Ratio of total pressure required at blade

entrance to compressor-exit pressure,
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(a) Pressure loss through blade.
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blade entrance to compressor-exit
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Figure B, « Calculated cooling-alir pres-
sure loss characteristice for cast finned
turbine rotor blmde for flight conditions
of XX xnots at 20,000=-foot altitule and
turbine-iniet temperature of >¢° r for
a typleal Yurboprop engine.
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