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TURBINE-ROTOR-BLADE DESIGNS BASED ON ONBE-DIMENSIOBAL-FLOW THEORY
| - PERFORMANCE OF SINGLE-STAGE TURBINE
HAVI NG 40-PERCENT REACTION

By Robert E. English and Cavour H Hauser

SUMVARY

As part of a research programto deternine design criterions
for alreraft gas turbines wth high efficiency and hi gh pressure
ratio per stage, the NACA is investigating a fam |y of turbine-
rotor-bl ade designs based on one-di nmensional -fl ow theory and
incorporating systemastic changes i n design variables. The rotor
bl ade described herein was designed for a total-to-static pressure
ratio of 4.00 end 40-percent reaction. The static pressure was
assunmed constant along the radius at the entrance and the exit of
each row of blades. The rotor-blade passage was based on one-
dimensional -flow theory. The convex surface of the blade was
assigned to be the involute of a circle and the channel width was
determined fromcontinuity considerations by assuming that the drop
in static enthalpy along the nean flow path of the channel is pro-
portional to the square of the distance fromthe channel entrance.

The performance investigation of this design in an experi-
nental cold-air turbine yielded the following results: The max-
i mum brake internal efficiency in the region of the design point
was slightly greater than 0.84, and a brake internal efficiency of
0.81 was obtained for all total-pressure ratios from1.25 to 3.80.
At the equival ent mean bl ade speed and total-to-static pressure
ratio for which the blades were designed, the brake internal effi-
ciency was 0.82. The maxi num brake net and brake internal effi-
ciencies occurred at blade-to-jet speed ratios between 0.48 and
0.55. Measured static pressures in the exhaustannulus showed
that, contrary to the design assunption, the static pressure varied
5 percent at the design conditions.

CONRIDERTIAL "
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INTRODUCTION

As part of a reseaxrch program to establish design criterions
for aircraft gas turbines with high effioiency and high pressure
ratio per stage, a series of turbine-rotor-blade designs based on
one-di mensi onal -fl ow theory and incorporating systematic changes
in the design variables is being investigated at the NACA Lewis
| aboratory. The sane stator design will be used throughout the
program.

The performance of one partiocular bl ade desi?n I's reported
herein. The general assunptions applicable to all the blade
designs together with the features of the particular design are
listed. The blades reported herein are identified by a design
reaction Of 40 percent, a suction (convex) surface contour that is
the Involute of a eircle, a static-enthal py drop through the rotor
bl ades proportionalto the square of the distance from the channel
entrance measured along the flow path length, and a solidity based
on the axial width of 2.2 at the nmean radius.

The performance of these turbine-blade designs is being inves-
tigated in an experimental single-stage turbine with entrance con-
ditions of atnospheric pressureand a tenperature of 710° R Per-
formance data for the set of blades described herein have been
obt ai ned over a range of equivalent mean bl ade speeds from 190 to
807 feet per second and total-pressure ratios from1. 18 to 3. 80,
which includes the design val ues of equival ent nean bl ade speed
and total -pressure ratio of 643 feet per second and 3.32, respec-
tively.

Over-all turbine performence is presented in the formof a
camposite pl ot that shows the effect of equivalent mean bl ade
speed and total-pressure ratio on the equivalent weight flow the
brake internal efficiency, and the equival ent turbine-shaft work.
The variation of brake internal effiolency with blade-to-jet speed
ratio is plotted for two selected values of total -pressure ratio.
Forthe same two val ues of total-pressure ratio, a comperison
between brake internal efficiemcy and brake net effioiency is nade
overthe full range of blade-to-jet speed ratios. |n the blade
design, constant static pressure along the radius was assumed at
t he stator entrance, t he stator exit, the rotor entrance, end t he
rotor exit, which would result fromsnall radial accelerations.
The weight flow per unit of annulus area was al so assuned to be
constant in any plane normal to the axis of rotation. The dif-
ference between the actual and theoretical static-pressure distri-
buti on along the radius at the rotor exit is presented.
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SYMBOLS
The follow ng synbols are used in thia report:

8 velocity of sound, (ft/sec)

E t ur bi ne-shaft work, (Btw/1b)

g st andar d acceleration due to gravity, 32. 17 (£t/sec?)

h specific enthalpy, (Btu/1b)

J nmechani cal equival ent of heat, 778.3 (£t-1b/Btu)

P absol ute pressure, (1b/sq ft)

T absol ute tenperature, (°R)

U nmean bl ade speed, (£t/sec)

Vv absol ute velocity of gas, (£t/sec)

vy i deal jet velocity, (£t/sec)

w gas velocity relative to rotor, (ft/sec)

w wei ght flow, (ib/sec)

ol angl e of absol ute veloeity neasured from direction of blade
noti on, (deg)

B angl e of relative velocity neasured from direction of blade
motian, (deg)

Ty brake internal efficiency

Mot brake net efficlency

V ratio of nean blade speed to ideal jet velocity

P mass density, (slugs/cu ft)

Subscri pts:

0 NACA sea-level air; 2116 (ib/sq £t); 518. 4 (°R)

1 etator entrance
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2 stator exit
3 rotor entrance )
4 rotor exit §
¥
h i nner radius
s 1sentropic
T outer radius
u tangential conponent
X axial conponent
Super eori pt:
' total, or stagnation, state
TURBINE DESIGN
In the turbine-rotor-blade Investigations, the four variables '
considered are: the anount of reaction, the shape of the suction
surface of the blades, the distribution of the enthalpy drop through .
the bl ade passages, and the bl ade solidity. The blades reported
herein are identified by a design reaction of 40 percent, a convex-
surface oontour that is the involute of a eircle, a static-enthalpy
drop through therotor blades proportional to the square of the
di stance from the channel entrance nmeasured along the flow path,
and a solidity based on the axial width of 2. 2 at the mean _radius.
The anpunt of reaction is defined as ¥ (h,- h,) / (- 4)]
The foll owi ng oonditions and assunptions apply at the design
point to all the blades in the series
Condi ti ons:
Entrance total tenperature, T'l, °R . . . . . . . . .. .. 190
Entrance total pressure, »',, 1b/sq ft . . . . . . . . . . 2829
Ine o« v o v v v o2 w2 o « 40,0
Mean bl ade speed, U, ft/sec. . . c e e . . . . . . . 1210 .
Total -to-static pressure ratio, p' /P . . ... ... ..400
Stator-exit angl e (constant over bIade hei ght), @,, deg . . . 20

SONTIDENEERL].
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Assumptions:

(1) The total pressure and the total tenperature are uniform
over the blade height at the entrance to the stator.

(2) The expansionin the turbine is adiabatic.

(3) In any plane normal to the axis of rotation, the weight
flow per unit radius is proportionalto the radius; at stator
entrance, stator exit, rotor entrance, and rotor exit (stations 1,
2, 3, and 4, respectively), this condition produces constant weight
flow per unit of annular area.

(4) At stator entrance, stator exit, rotor entrance, and rotor
exit (stations 1, 2, 3, and 4, respectively), the static pressure
is constant along the radius. This assunption produces constant
resultant velocity ¥, along the radius, which, according to ref-

erencel (p. 146), may be assunmed. It is thus assuned that only
smal | radi al accelerations W || be encountered.

(5) Inthe stator, the static pressureat the exit fromthe
passages between the blades is the critical pressure and further
expansi on wi th en acconpanyi ng acceleration t 0 supersonic vel ocities
takes place downstream of these passages. For the acceleration
beyond soni ¢ velocity, the streamdoes not deflect toward t he exial
direction with the result that the absolute velocity at the rotor
entrance Vz is at the angle of the trailing edges of the stator

bl ades; the increase in flow area required for the supersonic
accel eration is obtained from a reduction in the thickness of the
wakes downstream of the trailing edges ofthe stator bl ades.

(6) In the rotor blade passage, expansiontakes place unti
critical conditions are obtalned unless the assigned amount of
reaction is so low that the exit static pressure is greater than
the critical pressure in the rotor. Wen critical conditions are
obtained within the rotor-blade passage, the point at which choking
occurs i S made the passage exit. Expansion takes place downstream
of the passage to the rotor-exit pressure in the sanme manner as
t he supercritical expansion for the stator. The relative velocity
at the rotor exit is at the angle of the trailing edges of the
rotor blades, which was calculsted to mmintain continuity of flow
through the rotor blade passage

(7) The wvelocity coefficient (ratio of actual to ideal veloc-
ity) for the stator is G 965. (See reference 2.)

&
NIk
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(8) Inthe rotor, the flow |osses reduce the exit kinetic
ener gy w;z/ZgJ by 3 Btu per pound, a value chosen arbitrarily

(9) For the aonbustion products that constitute the working
fluid, the ratio of specific heats is 1.300, and the specific heat
at constant pressure is 0.300. The gas constant for a perfect gas
havi ng these properties is 53.9 foot-pounds per pound °R.

These restrictions determne the vector diagram for the
turbine. The diagramfor the nmean section of the bl ade di scussed
is shown in figure 1. The conditions of constant angle of flow
and constant static pressure along the radius at the rotor entrance
produce an absolute velocity that is constant in both direction and
magni tude along the radius

The turbine design performance for the blade design discussed
reduced to NACA sea-level conditions at the turbine entrance i s as
fol | ows:

Equi val ent nean bl ade speed, U(ao/a'l), ftfsec . . . .. .. 643
[o]
Equi val ent weight flow, w( .oa? ), lb/sec . . . . . . .. 5. 82
11
Bl ade-to-j et speed ratio, U/Vh T K
Equivalent wor k out put, E(ao/a'l)z, Btw/b . . . . . . . . 34.8
Total -to-static pressure ratio, ph/b4 4.00
Netefficiency................v..v.....0.77

Ifthe exit total pressure is determned by adding to the static
pressure a dynamc pressure corresponding to the axial conponent of
the design exit veIOC|ty15§A, the total -pressure ratio p'l/p'4

is332and the internal efficiency is 0.92. If the exit tota
pressure is determned by adding to the static pressure a dynamic
pressure corresponding to the resultant exit veloeity V,, the

internal efficiency is 0.96.
Stator Bl ades

A single stator design will be used for the whole series of
rotor blades. The stator bl ades were formed fromstampings of

Y01t
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1/16-inch sheet steel. The profile at the mean section is shown in
figure 2. The mean |ine of the blade profile had a short straight
axial section AB. The mean line from B to C was made Up of three
arbitrary circular arcs ofincreasing radius. The rest of the nean
line from C to D was straight and tangent to the curved section at
point c. The geometry of the stator assenbly is shown in figure 3;
the bl ades were so mounted that the |eading edge was set at an
angle of 14° from a radial line through the |eading edge of the
rootsection and the trailing edge was set at amn angle of 24° from
a radial line through the trailing edge of the root section. The
bl ades were first stanped to shape; then the |eading edges were
rounded to forma 0.062-inch-radius cylinder and the trailing edge
was reducedto 0,031 inch as shown in figure 2. The nominel
0.031-inch trailing-edge thickness was Slightly and irregularly
reduced in the stator bl ades used 4n this i nvestigation owing to
hand-fini shing that was necessitated by nechanical damage to this
stator. The curved portion of the blade from B to Cwas const ant
over the blade height; but the length AR varied from 0.083 inch at
the root section to 0.031 inch at the tip, and the distance CD
varied from 0.971 inch at the root section to 1.185 inches at the
tip section. This variation in contour from root to tip was nade
necessary by the assigned angl es of 14° and 24° bet ween radi al
elements and the leading and trailing edges, respectively. The
stator-bl ade hei ght was madeequalto the rotor-blade height at the
rotor entrance. In order to complete the stator assenbly, 36 of
these bl ades were welded to two concentric, eylindrical rings; the
fillets thus formed at the roots and the tips of the blades were
hand-finished t 0 provi de smoot h fl ow passages.

Rot or Bl ades

The rotor-blade profiles at the root, nmean, and tip sections
of the blade discussed herein were designed in a manner simlar to
that shown for the mean seoction in figure 4. An involute of a
circle was arbitrarily selected as the part of the suction surface
bet ween points A and B. The involute of a circle, which provides
t he suction surfacewith a gradual ly increasing radius of curvature,
reduces the nagnitude of any decrease in weloocity al ong t he suction
surface such as m ght be caused by the combination of a ecircular
arc and a strai ght 1ine. From thé downstreamend of the involute
(point A fig. 4) the contour was faired to nmeet the straight line
that extends from E to the trailing-edge circle. Upstream of the
involute, the suction surface was faired fram point B to the
| eadi ng- edge circle.



8 [ ] NACA RM ESC1S

In the entrance reglon of the rotor cascade i mediately
upstream of the gui ded chennel ABCDEA, the gas was assumed to turn
bet ween 15° and 20° toward the axial direction wthout ehanging the
magnitude of the relative velocity. This assumption gave the nose
of the blade a snmall angle of attack, which aided in extending the
range Of efficient operation of the design. (See reference 1,

p. 145.)

ki ¥a¥

The pressure (concave) surface of the rotor bl ades was deter-
m ned froam one-di nensional -fl ow theory by consideringthe guided
channel ABCDEA bet ween two blades as a curved nozzle fOr which t he
specific mass flow on the center line i S the average fOr the chan-
nel. For each point Y on the auction surface of the blade, there
was a corresponding point Z on the channel center line through
which a |ine passed that was normal to the suction surface. At
any point Z along the channel center line for which the channel
ares (S greater than the channel exit erea, the ratio of the ideal
change in static enthal py from the entraence of the gui ded channel
to the ideal change in static enthal py across the rotor was made
equal to the square of the ratio of the distance, neasured along
the suction surface, of the point Y fromthe entrance of the guided
channel to the total channel length fromB to E.  Downstream of the
poi nt at which the channel area became equal to the chammel exit
area, the area was kept comstant; the expansi on beyond sonic speed
wag assumed to take place wthout |oss downstream of the channel.
The 3-Btu | 0SS in the rotor was distributed in the fol | ow ng manner:
the actual change in static enthalpy to any polnt Z was assuned to
be lower than the ideal change in static enthal py by an amount pro-
portional to the distance of the point Y fromthe entrance of the
gui ded channel. Aside view of the blade nounted in the wheel is
shown in figure 5. The annul ar area was increased linearly from
the entrance to the exit of the rotor by having the annular walls
at the Inner andouter radii make angles of 2% 17" and 3° s8',
respectively, with the axial direction; The flow was considered to
fill the channel at all points. At each of 10 stations in the
gui ded channel. ABCDEA (fig. 4), the channel width at point Z sat-
I'sfying the above conditions was laid off normal to the suction
surface. The lines BC and DE were constructed normal to the rela-
tive velocities at the entrance and the exit of the gui ded channel,
respectively. The trailing-edge thickness was set at 0.030 inch.
The root, mean, and tip sections are superinposed in figure 6 to
show the relation among the sections and the general character of
the whole blade. The blades had very little twist or change in
canber fram root to tip. v

The turbine wheel was made up of 150 bl ades that were
1.47 inches long; the mean dianeter at the midaxial-wldth pl ane was

SONREEmwTY,
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13.25 inches and the outer wheel dianmeter was 14.75 inches. The
axial clearance between the trailing edge of the stator and the

| eadi ng edge of the rotor was 0.18 inch and the clearance between
the rotor blade exit and the downstream gui de shells was 0.05 inch
(See fig. 5.) Each blade was made with an integral cap at the tip,
so that with the blades clanped between two di sks the caps forned

a continuous, rotating shroud. (See fig. 7.) A cylindrical sta-
tionary shroud was used to control |eakage past the tips of the
rotor blades (fig. 5). The shroud was the same width as the bl ade
caps and the radial clearance between the bl ade caps and the shroud
was 0.025 inch or 0.017 of the blade height. Leakage past a shroud
of this type is shown in reference 3 to have a small effect on

per f or mance

For the investigation with cold air, the rotor blades used in
the turbine were made of die-cast alumnum In the process of
manuf act ure, unavoidable errors were introduced, probably owing to
nonuni f orm shrinkage of the blade while cooling in the nold. Pro-
files of sanple finished blades were inspected and conpared with
the original blade design. For the blades reported herein, the
maxi mum devi ation of the actual blade channel w dth from the design
width was less than 4.5 percent of the passage width. The exit
angle of the rotor blades was found to be within 2° of the design
exit angle Bg.

APPARATUS AND PROCEIURE
Experimental Equipment and Procedure

For this investigation, air from the test cell was used to
operate the turbine. The air was drawn through an electrostatic
precipitator that removedforeign material. In order to avoid
wat er condensation in the turbine, the filtered air was heated by
passing through a thernostatically controlled air heater. After
paseing through the turbine, the air was exhausted by the |aboratory
| ow- pressure exhaust system The power output of the turbine was
abaorbed by a water brake that was cradl e-mounted for torque neas-
urement, A nore detailed description of the experinmental equipment
is given in reference 3.

Data were taken at 17 values of total-pressure ratio from
1.18 to 3.80 and at rotative speeds from 3880 to 16,490 rpm (equiv-
alent mean bl ade speeds from 190 to 807 £t/sec). At each of the
17 pressure ratios, the turbine was operated at 17 rotor speeds
with the exception of 11 data points at the |owest value of pres-
sure ratio and the higher blade speeds at which the turbine could

L —

*
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produce no shaft power. For all_runs, the entrance total tenpera-
ture was maintai ned bet ween 708° and 712° Rt he stator-entrance
total pressure varied between 26 and 29 inches of nercury, depend-
ing upon the air flow and |ocal baronmetric pressure.

Inatrumentation

A cross section of the turbine showi ng the instrumentation is
presented in figure 8. Entrance total pressure was indicated by a
total -pressure tube 0.75 inch upstream of the stator blades; a cir-
cunferential and radial total-pressure survey at the stator inlet
was mede to Insure that this tube indicated the average entrance
total pressure. The entrance total tenperature was measured with
calibrated thernmocouples at four stations in a pair of 20-inch-

di aneter ducts leading to a pl enum chember i nmedi ately upstream of
t he stator bl ades. The rotor-exit static pressure was nmeasured
with 12 wall taps located 0.72 inch downstream of the rotor, eix
on the inner exhaust-guide shell and eix on the outer exhaust-guide
shell, evenly spaced circunferentially. The exit total tenperature
was measured with three total -tenperature-type thernocouples at the
downstream end of the two exhaust-guide shells. Al though the
tenperature variation along the radius may have prevented these

t hernocoupl es fromaccurately indicating an average tenperature, the
effect on turbine performance is small because, in accordance wth
the manner in which these data were used, an error of 5° R woul d
change the computed Internal or net efficiency |less than 0.003.

Torque was neasured with a comrercial springlees dynamoneter
scale. Air flow was measured with a submerged 7-inch flat-plate

orifice upstream of the air heater. Turbine speed was indicated
by a calibrated el ectric tachometer.

The instruments were read with the follow ng precision:

(1) Absolute pressure, *0.05|nch of tetrebromoethane
(acetylene tetrabrom de)

2) Tenperature, £1° R

Oifice pressure drop, £0.05 inch of water

Rot at| ve speed, £13 rpm

(
(3)
(4) Torque |oad, #£0.2 pound
(5)
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The minimumorifice pressure drop was 15 inches of water and the
mirlmun rotative speed, 3940 rpm. For a total-pressure ratio of
2.00 or greater, the torque |oad was at |east 25 pounds, and the
meximum variation and the probable variation in the brake efficiency
were 0.018 and less than 0.005, respectively. For total-pressure
ratios less than 2.00, the errors in measurenent of pressure and
torque cause t he maxi num and probabl e variations in efficiency to
exceed these values; these variations are inversely proportional to
the torque load and, roughly, the pressure drop across the turbine

PERFORMANCE CALCULATIONS
Two separate efficiencies were determned to express the per-

formance of the turbine. The brake Internal efficiency, which is
based on expansion between the entrance and exit total pressures,

is defined as

8

3

-

where E is the turbine-shaft work. The ideal drop in enthal py
(h'l‘h'4)s was computed from the chart of air properties in refer-

ence 4, the values of entrance total pressure and tenperature, and
the value Of exit total pressure. The exit total pressure was
computed by adding to the neasured static pressure a dynamc pres-
sure corresponding to the axial conponent of the exit velocity
conputed fromcontinuity considerations. The weight flow of air
was determned fromthe orifice nmeasurenents together with the

data of reference 5. This nethod of conputing the exit total pres-
sure gives amninumval ue because any energy available fromthe
tangential conponent of the veloecity is neglected.

The brake net efficiency, which is based on expansion between
the entrance total and exit static pressures, is defined as

E

net = [©Y 5

1
lh4s

The ideal drop in enthalpy (h'l-h.4)B was conmputed from the chart

of air properties in reference 4, the values of inlet total pres-
sure and tenperature, and the value of exit static pressure.
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Arithmetic averages of the follow ng nmeasurements were used

(1) Entrance total tenperature, four thermocouples in the pair
of ducts leading to the plenum chanber

1104

(2) Exit total tenperature, three thernmocouples at downstream
end of exhaust-guide shells

(3) Exit static pressure, twelve wall taps, six in the outer
exhaust-gui de shell and six in the inner-exhaust guide
shel |

The ideal jet velocity Vj 1is the jJet Speed for an isentropic

expansion from the entrance total state to the exit static pressure,
that is,

vy = \/ZJg (h'l-h4)8

Al'l turbine performance data werereduced to NACA sea-|eve
air conditions at the turbine entrance. The performnce was
expressed in terms of the follow ng variables:

(1) Brake internal efficiency, ny
(2) Breke net efficiency, n .
(3) Total-pressure ratio, »'y/p',

(4) Equival ent turbine-shaft work, E(aO/a'l)z

(5) Ratio of equivalent mean blade speed to equival ent weight
flow, (o' /py) (U/w)

(6) Ratio of mean bl ade speed to ideal jet velocity (blade-
to-jet speed ratio), Vv

(7) Equivalent mean bl ade speed, U(a,/a';)

RESULTS AND DISCUSSION

The relation among the brake internal efficiency, equivalent
mean blade speed, and total-pressure ratio is presented in f|g-
ure 9: the symbols represent actual data points. Because the&8
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data were obtained at varying total-pressure ratios, plots like
that of figure 9 are unsuitable for presenting the conplete per-
formance; therefore, curves of constant equival ent mean bl ade
speed were faired through the computed data points end cross-
plotted to present the other performance results

The over-all turbine performance is presented in figure 10,
which is a plot of the equivalent turbine-shaft work against the
ratio of equivalent nean blade speed to equival ent Wight flow,
wi th equival ent mean bl ade speed and total -pressure ratio as param
eters and with contours of brake internal efficiency. The breke
internal efficiency had a maxi num value slightly greater than 0.84
in the region of the design point, for which the pressure ratio
and bl ade speed were relatively high. Another region Of high effi-
ciency occurred at pressure ratios less than 1.50 and equival ent
mean bl ade speeds from 300 to 400 feet per second. A maximum effi-
ciency of 0.85 occurred in this region but the pressure ratio and
consequently the work output were far below the design values. A
brake internal efficiency of 0.81 was obtained over the entire
range of total-pressure ratios from 1.25 to 3.80. At the equival ent
mean bl ade speed and total-to-static pressure ratio for which the
bl ades were designed, the total-pressure ratio was 3.26; at this
point the brake internal efficiency wae greater than 0.82, which is
0.10 lower than the design value. The actual total-pressure ratio
corresponding to the design total-to-static pressure ratio of 4.00
was 3.26 instead of the design value of 3.32 because three operating
conditions that differed fromthe design conditions | nfluenced the
exit static-to-total pressure ratio: (1) the weight flow, (2) the
exit total tenperature, and (3) the ratio of specific heats. For
a set value of the total-to-static pressure ratio, the total-
pressure ratio is decreased for increased values of Wight flow and
exit total tenperature, but is increased for increased val ues of
the ratio of specific heats. The actual weight flow was greater
than the design value. Because the efficiency was |ower than the
design value, the exit total tenperature was higher than for the
predicted value. The ratio of specific heats was about 1.400
Instead of the design value of 1.300. Because the effect of the
greater weight flow and exit total tenperature overbal anced the
effect of the change in the ratio of specific heats, the actua
total -pressure ratio was |ower than the design val ue.

At the total-pressure ratio of 3.26, the regiaon of highest
efficiency occurred at equival ent mean bl ade speeds about 15 percent
hi gher than the design value of 643 feet per second. The increase
in brake internal efficiency with higher blade speeds may be attri-
buted to two factors: (1) At the design blade speed, the exit
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tangential conponent of the velocity was appreciable; as the blade
speed was increased, the magnitude of this tangential velocity
camponent and the | oss associated with it were dimnished; and (2)
as the blade speed was increased, the angle of attack at the rotor
entrance became smaller. The design angle of attack may have been
too large for highest efficiency.

The lines of constant equival ent nean bl ade speed are vertica
above a total -pressure ratio of approximtely 2.25 because at these
pressure ratios the stator was choking, which resulted In aconstant
value of the ratio of equivalent nean blade speed to equival ent
wei ght flow along the blade-speed curves. At total-pressure ratios
|l ees than 2.25, this ratio Increased along lines of constant bl ade
speed because the weight flow decreased. At the design point, the
equi val ent wei ght flow was 5.97 pounds per second, 2.6 percent
greater than the design value

The variation of the brake internal efficiency with the blade-
to-jet speed ratio is shown in figure 11 for total-pressure ratios
of 1.50 eand 3.50. The highest values of brake internal efficiency
were obtained at blade-to-jet speed ratios between 0.48 and 0.55
These valueswere higher than the design bl ade-to-jet speed ratio
of 0.43 becauseof the reduction in the exit loss as the bl ade speed
was increased above the design value. Blade-to-jet speed ratios
greater than 0.55 were unattainable at a total-pressure ratio of
3.50 because of bl ade-stress limitations. In general, these curves
wer e ingensitive t 0 changes in total -pressure ratio.

The brake Internal and brake net efficiencies are conpared in
figure 12 for total-pressure ratios of 1.50 and 3.50. At atotal-
pressure ratio of 1.50, the brake net efficiency was about 91 per-
cent of the brake internal efficiency, whereas at a total-pressure
ratio of 3.50 the ratio of efficiencies was about 0.86. Over the
range of blade-to-jet speed ratios, the ratio of the two efficiencies
remai ned practically constant for a given total-pressure ratio
because the ratio of exit static-to-total ﬁressures varied only
slightly with blade-to-jet speed ratio. The difference between the
two efficiencies increased as the total-pressure ratio was increased
because at the high total-pressure ratios the |arge vol une of
exhaust gas produced high exit wvelocities and consequentl¥ a large
difference between the exit total amd static pressures. The maxi-
mum val ues of brake net efficiency wereobtained at blade-to-jet
speed ratios between 0.48 and 0.55

The relation of brake net efficiency and total-pressure ratio
for a blade-to-jet speed ratio of 0.54, at which the brake net

b "
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efficiencY reached its maximumvalue, is presented in figure 13.
At-a total-pressure ratio of 2.70, the brake net efficiency reached
the maxi mum of 0. 76.

Al t hough t he turbine desi gn assunmed comstent Static pressure
al ong the rediusatthe entrence and the exit of each row of bl ades,
this assunption was not satisfied in the actual turbine. This
devi ati on from the design occurred because the design assunption of
constant static pressure along the radi us neglected the radia
forces required to nake a fluid fiow along a cylindrical surface
when high tangential velocities are involved. A measure of the
deviation of the actual flow from the design flow may be obtai ned
by comparing the exit static pressures neasured at the inner and
outer radii. The variation of the static-to-total pressure ratios
at the inner and outer radii with total-pressure ratio for the design
equivalent nmean bl ade speed is shown in figure 14. The static pres-
sure at the innerradius was consistently lower than the static pres-
sure at the outer radius. At a total-pressure ratio of 3.26, the
average of the two static-to-total pressure ratios was 0.25, which
is the design value, and the variation between the pressures was
about 5 percent. The pressure variation at the rotor entrance was
p”obab[y greater t han 5 percent because 0f the higher tangential
vel ocities.

SUMMARY OF RESULTS

A set of turbine blades was designed for 40-percentreaction
and a total-to-static pressure ratio of 4.00 based om the assunption
of constant static pressure along the radi us and one-dimensional-
flow theory for the design of the rotor-blade passages. An inves-
tigation of this design in en experimental cold-air turbine yiel ded
the following results

1. The meximum brake intermal efficiemcy in the region O the
design point was slightly greater than 0.84.

2. A brake internal efficiency of 0.81 was obtained over the
entire range of total-pressure ratios investigated from1.25 to 3. 80.

3. At the equivalent mean bl ade speed and total-to-static pres-
sure ratio for which the blades were designed, the brake Interna
efficiency was greater than 0.82 and the equival ent weight flow was
2.6 percent greater than the design value
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4. The maxi mum val ues of both the brake Internal efficiency
and the brake net efficiency were obtained with blade-to-jet speed
ratios between 0.48 and 0.55.

5. Measured static pressures in the exhaust annulus showed
that, Contrary to the design assumption, the Static pressure varied
from root to tip by 5 percent at the design conditions.

Lewi s Flight Propul sion Leboratery, .
National Advisory Comaittee for Aeronautics,
Cleveland, Chi 0.
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