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EXPERIMENTAL INVESTIGATION OF AN 0.8 HUB-TIP RADIUS-RATIO,
NONTWISTED-ROTOR-BLADE TURBINE

By David H. Silvern and Willism R. Slivks

SUMMARY

An experimental investligation of an 0.8 hub-tip radius-ratio,
nontwisted-rotor-blade turbine designed for a stagnation-pressure ratio
of 2.5 and an equivalent mean blade speed of 643 feet per second was
made in a told-air turbine with (a) twisted stator blades designed to
maintain zero rotor-inlet incidence angles at all radii and (b) non-
twisted stator blades designed to maintain zero rotor-inlet incidence
angles at the mean radius only.

Turbine efficiencies of epproximately 0.85 at the design point were.
obtained with a nontwisted-rotor-blade turbine with & hub-tip radius
ratio of 0.80. The turbine with the twisted stator blades gave higher
efficiencies at. the design point (of approximately 1.5 percentage points)
than the turbine with the nontwisted stator blades.

TNTRODUCTTION

The applicatlon of internal turbine-rotor-blade cooling to aircraft
gas-turbine engines introduces certain complications to blade febrica-

+tion. TIn order to simplify fabrication of blades both for internal

cooling and for turbines for expendable engines, where economy of manu-
Pacture is of witmost importance, simple blade forms sre desirable. Ome
of the simplest rotor blade forms is one of wmiform camber and zero
twist along the blade height. Analytical investigations of this type
turbine-rotor blade are reported in references 1 and 2. Reference 1
presents an analysis of the flow conditions in a burblne stage comnsist-
ing of nontwisted rotor blades in combinstion with nontwlsted stator
bledes. The results of this study indicate that rotor-blade incidence
angles ere encountered, but that these angles are reduced by use of high
hub-tip radius ratios. An analysls of the flow conditions in a turbine
stage consisting of nontwisted rotor blades in combination with twisted
stator blades designed to maintaln zero rotor-entrance incldence angles
is presented in reference 2. This anelysis indicgtes that the sero-
dynemic charsacteristics of these turbines are approximately those of
free~vortex turbines intended for similar applications.
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In order to evaluate the aerodynamic characteristics of noniwisted
rotor-blade turbines, an experimental investigation was conducted at the
NACA Lewils leboratory on an 0.80 hub-tip radius-ratio, nontwisted-rotor-
blade turbine tested successively in combination with (a) twisted stator
blades designed to maintain zero rotor-inlet incidence angles at all

radii and (b) nontwisted stator blades designed to maintain zero rotor- ™

inlet incidence angles at the mean radius only. These investigetions =

were conducted on a single-stage cold-air turbine having a tip diameter “

of 14.72 inches with inlet conditions of atmospheric pressure and a tem-

perature of 710° R. Over-all performance data were obtained over & range o

of equivalent, mean blade speeds from 350 to 800 feet per second and .

stagnation pressure ratios from 1.75 to 4.0. _ .
SYMBOLS . .

The followling symbols are used in this report:

A annulus sresa, square feet ) .

4 acceleration due to gravity, feet per second per second

b enthalpy, Btu per pound . . . o

Ah'! turbine-stagnation enthalpy drop, Btu per pound -

M Mach number based on speed of sound at static state

P _ pressure, pounds per square inch A,

R gas constant, foot-pounds per poumd. per OF

r radius, Inches R

T temperature, °R

i) blade speed, feet per second . . Sl

v gbsolute velocity, feet per second _

W relative veloecity, feet per second - o

W gas weight flow, pounds per second C .

124 angle of absolute veloclty from tangential direction, degrees *

B angle of relative velocity from tangential direction, degrees

(Bg-B)z rotor incidence angle, degrees
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T ratio of specific heats
ratio of inlet total pressure to NACA standerd sea-level

pressure

g turbine-brake internal efficlency based on stagnation condi-
tions

e ratio of inlet total temperature to NACA standsrd sea-level
temperature

Subscripts:

1 turbine inilet

2 stator outlet, rotor inlet

3 rotor outlet

a design

m mean

s isentropic

u ~ tangential

x axial

Superscript:

' stagnation state

TURBINE DESIGN
General Speclfications

The turblne having twisted stator blades was designed
the following specifications: '

Equivalent meen blade speed, Un//67, ft/sec e e e e e e

Stagnationrpressure ratlo at mean radius, pm 1 [gm 3 . .

Exit whirl at rotor outlet mean radius, Vu,s: ft/sec . s .

Equivalent weight flow, W/ 1/51, Ib/éec « e 4 e s e s e a
Turbine hub-tip radius retio at midaxial chord
position of rotor blade . . . e e e e e e e ae e .

Purbine outside dlameter at midaxlal chord
position of rotor blade, In. « « . ¢« ¢ ¢« « 4 o ...

according to

. 643
2.50

. o]
5.67

0.80

14.72
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The following assumptlons were made in the design:

(1) The stagnation pressure snd the stagnation temperature are
uniform over the blade height at the inlet to the siator and rotor.

(2) The expansion in the turbine is adisbatic.

(3) The average velocity coefficient (ratio of asctuel to ideal
velocity) for the stator 1s 0.985.

(4) The ratioc of the effective annulus area to the actual annulus
area. between the stator ocutlet and rotor inlet is 0.980.

(5) The flow losses in the rotor reduce the kinetic energy by 3 Btu
per pound. (A design brake internsl efficiency of 0.89 results.)

(6) Simplified radial equilibrlum exists at the stator and the
rotor outlets.

(7) Mo diffusion of stator and rotor blade wakes occurs at sta—
tions 2 and 3. :

By using these design requirements and assumptions, the mean radius
veloclty diagrams at the. stator and rotor outlets were calculated. The
velocity diagrame for the hub and tip radii, when zero rotor-inlet inci-
dence angles (Bg-B)z were maintained (twisted stator), were obtained
in accordance with the methods described in reference 2. These veloclty
dilagrams sre presented in figure 1 for the hub, mean, and tip radii.

The relative rotor-inlet Mach number at the hub is equal to 0.703 and a
WalmWn?2
. R 3 ~n2
small pressure drop (reactlon, which is defined by —fa—g-, equal to
0.19) exists across the rotor hub. 2

When the stator-outlet angle was held constent salong the radius,
the rotor incidence angles for the nontwisted rotor blade were calcu-
lated in accordance with the methods presented in reference 1. These

“results are presented in figure 2 where rotor-inlet incidence angle is
plotted against radius ratio. The incidence angle varies from 0° at the
mean radius to 8° and -13° at the hub and tip, respectively.

Blade. Design

Stator blades. - The outlet angle and the cross sectilon of the
nontwisted stator blades were made to conform to those of the mean .
radius of the twisted stator blades. The mesn-radius crosse section of

2244
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e stator blade is shown in Pfigure 3. The mesn-radius profile has &
1/16-inch constent thickness distribution and was designed in the fol-
lowing menner: The mean line had a short, straight axisl section AB
(fig. 3(a)), the mean line from B to C was made up of three arbitrary
circular arcs of increasing radius, and the remainder of the line from
C to D was stralight and tangent to the curved section at point C. The
sections at the other radii were constructed in a similsr manner for the
case where zero robor-inlet incidence angles are maintained along the
radius. The staebor-blade assembly consisted of 368 sheet-metal blades
welded to two concenbrie, cylindrical rings. The fillets thus formed
at the roots and at the tips of the blades were hand-finished to pro-

vide smooth flow passages.

Rotor blades. - The robtor blades were investigated with both the
twisted and nontwisted stator bledes. The mean section of the rotor
blade, which is shown in figure 3(b), was designed for zero angle of
incidence; that is, the alr angle P is equal to the blade camber angle
and the same cross section was masintained at all radii. The blade pro-
file was constructed in the following menner: An involute of a circle
was arbitrarily selected as the part of the suction surface between
points A and B (fig. 3(b)). The involute of a circle provides the suc-
tion surface with a graduslly increasing radius of curvature. From the
downstream end of the involute (point A, fig. 3(b)), the contour was
faired to meet the straight 1line that extends from E to the trailing-
edge circle. Upstream of the involute, the suction surface was faired
from point B to the leading-edge circle.

The pressure surface (concave surface of the rotor blade) was
determined by specifying & convergent channel with a smooth area veari-
ation. The turbine wheel was made up of 150 blades that were
1.47 inches long with an axial chord of 0.6 inch. The axial clearance
between the stator and rotor blades was 0.18 inch. Each blade was made
with an integral cap at the tip, which formed a shroud when the blades
were clamped together. A cross-sectional view of the turbine-blade con-’
Tiguration showing mechanicel details is presented in figure 4(&).

EXPERIMENTAL EQUIPMENT AND INSTRUMENTATTION

Ambient air wes drawn through an electrostatic precipitator that
removed foreign material. In order to avoid water condensation in the
turbine, the filtered air was heated by passing through a thermostati-
cally controlled sir heater. After passing through the turbine, the air
was exhausted by the laborastory low-pressure exhaust system. The power
output of the turbine was sbsorbed by a wabter brake that was cradle-
mounted for torque measurement.
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A cross sectlon of the turbine showing the location of the instru-
mentation is presented in figure 4(b)L Entrance stagnation pressure
py' was indicated by four stagnation-pressure tubes 0.75 inch upstream
of the stator blades; a circumferential end radilal stagnation-pressure
survey at the stator inlet was made to insure that these tubes indicated
the averasge Inlet stagnation pressure. The inlet stagnation temperature
was measured with four stagnation-type probes that were arranged clrcum-
Terentially and located at the same axlal station as were the
stagnation-pressure probes. The rotor-outlet static pressure was meas-
ured with 12 well teps located 0.72 inch downstream of the rotor that
were evenly spaced circumferentially, six on the inner exhasust-guide
shell and six on the ocuter exhaust-gulde shell. The outlet total tem-
perature was measured with three stagnation-type thermocouples at the
downatreem end of the two exhaust-gulde shells. Although the tempera-
ture varistion along the radius may heve prevented these thermocouples
from accurately indicating an average temperature, the effect on tur-
blne performance is smell because this temperature weas used only to
compute rotor-outlet stagnation pressure (the method of obtalning outlet
stagnation pressure is described in the section entitled "Procedure and
Performence Calculaetione.”) Thus an error of 5° R would change the com-
puted efficiency less than 0.003.

Torque was messured with a commercial springless dynamcmeter scale.
Alr flow wes measured with a submerged 7-inch flat-plate orifice
upstream of the air heater. Turbine speed was indicated by a calibrated
electric tachometer. '

The instruments were read with the following precision:

Absolute pressure, Inch of tetrsbromoethepne . . . . . + « . . . . 0,05
Temperature, °R . « « +« « « « « . e e et e e e e e e e e e 1
Orifice pressure drop, inch of water - Jo e 5
Torque load, Pound . .+ & ¢ & & v 4 & ¢ o s o = & o s « % o & » . 0.2
Rotative speed, rpm . . . . . ¢ & ¢« 4 ¢ ¢ « ¢ o o s o o s ¢ o« o = £+13

For a stegnation-pressure ratio of 2.00 or greater, the probeble
error in reproducing the turbine efficiency was £0.005.

PROCEDURE AND PERFORMANCE CALCULATIONS

Data were taken at nominal values of stagnation-pressure ratio from
1.75 to 4.0. At each of the pressure ratios, the turbine was operated
et rotor equivalent mean blade speeds from 350 to 800 feet per second.
For ell runs, the inlet stagnation temperature was maintained between
708° and 712° R; the stator-inlet stagnation pressure varled between 26
and 29 inches of mercury, depending upon the air flow and the local
barometric pressure.
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The brake internal efficiency, which is based on expansion between
the inlet and outlet stagnation pressures, was used to express the per-
formence of the turbine; this efficiency is defined as

Ah'
% =71+
+t (hlt_hsl)s
where Ah' 1is determined from turbine-shaft work. The ideal drop in
enthalpy (h;'-hz')g was computed from the chart of air properties in
reference 3 by using the inlet stagnation pressure and temperature and
the outlet stagnation pressure. The ocutlet stegnation pressure was com-
puted by using the following formula in which &1l quantities are known
except p3' .

2. T+L %‘-
WVTs' _P3’ [P \T [Pz \ T lfar \(g
Pz Az Pz Pz’ p3! r-1/R
This method of computing the outlet stagnation pressui'e glves a con-
gervative value because any energy availgble from the tangential com-
ponent of the velocity is neglected. The welght flow of air was deter-

mined from the orifice measurements together with the data of
referernce 4.

A1l turbine-performance data were reduced to NACA standard sea~
level conditions et the rotor inlet. The performance was expressed in
terms of the following variables: brake intermal efficlency, ny;
stagnatlon-~-pressure ratio, pl'/p3' 3 equlvalent turblne-stagnation
enthalpy drop, Ah'/el; ratlo of equivalent mean blade speed to equlva-

lent weilght flow, Uy Sl/we]_; equivalent mean blade speed, TUy/V61.

RESULTS ARD DISCUSSION

: The over-all performance of the nontwisted-rotor-blade turbine is
presented in the form of a composite plot where the parameters of brake
internal efficiency, egulvalent mean blade speed, and stagnation-
pressure ratio are plotted against equivalent turbine stagnstion
enthalpy drop as the ordinate and the ratio of equivalent mean blade
speed to equivalent weight flow as the abscissa (fig. 5). A comparison
of the turbine with twisted and with nontwisted stator blades is also
presented on & cross plot of brake internal efficiency against equiv-
alent mean blade speed for constant stagnatlon-pressure ratio (fig. 6).
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The over-all performence of the turbine with the nontwisted rotor
blades and the stator designed to maintain zero rotor-inlet incildence
angles is shown in figure 5(a). At the design point the turbine effi-
ciency is 0.855 and the maximum efficiency occurs at higher than design-
pressure ratio and blade speed (with hub relative rotor-inlet Mach num-
bers of approximstely 0.80). '

The over-ell performsnce of the turbine with nontwisted rotor
blades and the nontwisted stator blades is shaown in figure S5(b). The
turbine efficiency at the design point, that is, where the flow condi-
tions at the mean radius ere the same as for the twisted-stator config-
uration, is 0.84. Here again, the maximum turbine efficlency occurs at
higher than design pressure ratio and blade speed.

In order to compare the performsnce of the two turbine configure-
tions investigated more efficiently, cross plots of the turbine effici-
ency for constant stagnetion-pressure ratios of 2.5 (design), 3.5, and
1.75 were made. This comparison is presented in figures 6(a), 6(b), and
8(c), respectively, where brake internal efficiency is plotted against
equivalent mean blade speed. At the desgign stagnetion-pressure ratio of
2.5 (fig. 6(a)), maximm efficiency occurs at design speed (643 ft/sec)
for both turbines. An improvement of 1.5 percentage polnts is obtained
at deslgn speed by using the twisted stator blades rather than the non-
twisted stator blades. The decrease in the efficiency of the turbine
with nontwisted stator blades is probebly due to the rotor-inlet inci-
dence angles shown in figure 2. The effect of incidence angle for
various Mech numbers is shown in reference 5. Thie effect is seen to
be small for the angles of attack encountered in this investigetion.
Similar plots for stagnation-pressure ratios of 3.50 and 1.75, respec-
tively, are shown in figures 6(b) and 6(c). A meximm improvement of

1 percentage point at a stagnation-pressure ratic of 3.50 and an Improve- — .

ment of 4 percentage points at a pressure ratioc of 1.75 is obtained with
the use of twisted stator blades.

SUMMARY OF RESULTS

An experimentel investigation of an 0.80 hub-tip radius ratio,
nontwisted-rotor-blade turbine was made with: (a) twisted stator
blades designed to maintain zerc rotor-inlet incidence angles at all
radii and (b) nontwisted stator blades designed to maintaln zero rotor-
inlet incidence angles at the mean radius only. The fFollowing results
were obtained in a single-stage turbine having a +tip diemeter of
14.72 inches with inlet conditions of atmospheric pressure and a tem-
perature of 710° R:

1. Turbine efficiencies of approximately 0.85 at the design point
were obtained with a nontwisted-rotor-blade turbine with a hub-tip

radius ratio of 0.80.

*
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2. The turbine with the twisted stator blades designed to maintain
zero rotor-Inlet incidence angles at all radil gave higher efficilencies
at the design point (approximately 1.5 percentage points) than the tur-
bine with the nontwisted stator blades designed to maintain zero rotor-
inlet incidence angles at the mean radius only.

3. At off-design point operation, the maximm improvement of the
turbine efficlency with the use of twisted stator blades varied from
4 percentage points &t a stagnation pressure ratio of 1.75 $o 1 per-
centage point at a stagnation-pressure ratioc of 3.50.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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(a) Twisted and nontwisted stetor blades.

~ Mean-section profiles of blades.

(A1l dimensions in inches.)
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Figure 4. - Cross-sectional views of turbine blading end assembly, (All dimemsicns
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