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OF TURBINE FOR ENGINE OPERATION AT CONSTANT ROTATIVE SPEED

By Elmer H. Davison and Robert E. English

SUMMARY

i

The range of applicatid! of two-stage turbines to driving single-'
8Pool compressors was studied 'by investigating the turbine blade-tip
speeds required in order FhEE Batisfactory two-stage turbines can be
designed to drive a particular compressor over & range of engine opera-
tion at rated rotative spesds~ The reletively low blaede-tip speed,
high work, and high air flow per unit frontel area of this compres-
sor meke critical the problem of.designing such a ',two-s}_age turbine.

A simplified method for estimeting the turbine blade-tip speed
required in order to design satisfactory two-stage turbines for this
application was developed.

From this investigation, 1t was concluded that for the purpose of
driving a single-spool compressor as part of a turbolet epgine to be
cruised at rated rotative speed with not less than 0.64 maximum thrust,
a two-stage turbine can be designed within the following condltions:

(1) Relative entrance Mach number to eany blade row < 0.80.

(2) Turning by any blede row < 118°.

(3) There is no deceleration across any blade row.

(4) The exit tangential velocity is low.

(5) The exit Mach number is low.

if the turbine characteristics for take-off are within either of the
1 following ranges:
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Range 1 Range 2

Alr flow per unit frontal area, lb/sec-sq ft . . . . . <25.8 <23.0

Blade-tip speed, ft/sec . . c ot e e e e 4 e ... 20987 > 945

Work input to compressor, Btu/lb e e e e e e .. €131 < 131

Turbine inlet temperature, R e e e e e ®2160 #2160
INTRODUCTION

The design of a turbine for a range of turbojet-engine operation
rather than for just a single operating condition requires that the
turbine-design requirements for the various operating conditions be
considered. In reference 1, the deslign requirements are determined for
turbines to drive a particular single-spool, high pressure ratio, low
blade-tip speed compressor during engine operation under the following
conditions:

(1) Take-off
(2) Meximum thrust at altitude
(3) Altitude cruising —

(a) With maximum-thrust exhaust-nozzle area and reduced
rotatlive speed

(b) At rated rotative speed and increased exhaust-nozzle ares
(4) Engine acceleration at 80 percent equivalent rated speed

For & given ratio of turbine to compressor frontal area, the three
compressor parameters that determine turbine-design requirements are mass
flow per unlt frontal area, work, and blade-tip speed. Increasing com-
pressor work, increasing mass flow per unit compressor frontal ares, or
decreasing compressor blade-tip speed makes the turbine-design require-
ments more critical 1f an attempt is made to stay within & given nunber
of turbine stages, & given turbine frontal area, and preestablished
turbine aerodynamic limits. The characteristics of several engines
currently under development were investigated; for any given ratio of
turbine to compressor frontal ares, the requirements of the englne chosen
imposed the most severe problem in the design of two-stage turbines
because of the relatively high mass flow per unit frontel area, the
high work, and the low blade-tip speed of the compressor. If a two-
stege turbine can be designed to drive this compressor satisfactorily,
two-stage turbines can then be designed to drive all compressors
presenting less critical turbine-design requirements.

2629
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The high work output required of a turbine to drive this compressor
precluded the possibility of achieving a single-stage turbine design
wlithin conventional serodynamic limits. As shown in reference 2, a
two-stage turbine of no greater diameter then the compressor can be
designed within conventional serodynamic l1imits for engine operation
with constant exhaust-nozzle area and varisble rotative speed. Refer-
ence 3 shows that for engine operation at constant rotative speed and
varieble exhaust-nozgzle area, & two-stage turbine of no greater diameter
than the compressor cennot be designed within conventional aserodynamic
limits. One way to obtain a satisfactory two-stage design within con-
ventlonal aerodynamic limits is to increase the turbine blade speed by
elther increasing the turbine diameter or increasing the turbine rota-
tive speed.

The range of application of two-stage turblnes to driving single-
spool compressors was therefore investigated at the NACA lLewls laboratory
by determining the change in turbine tip speed necessary to cbtaein sat-
isfactory two-stage turbines designed to drive this particular compressor
over & range of engine. operation for which the rotative speed is con-
stant and the exhaust-nozzle area is varied. Two possible design
changes were considered in this anslysis: (1) turbine tip diameter the
same as the compressor tip dilemeter of reference 1 but lncreased rated
rotative speed and (2) unchanged rated rotative speed but turbine tip
dismeter greater than compressor tip diameter. An estimate was made by
an approximate method of the necessary increase in turbine tip diameter
or increase iIn rated rotative speed required in order that satisfactory
two-stage turbine designs for engine operation at rated rotative speed
could be obtained. Increasing the rated rotative speed of the turbine
from that of the compressor in reference 1 would necessitate either
redesign of the compressor for the higher rated rotative speed with the
same equivalent weight flow and pressure ratio or gearing between the
compressor and the turbine.

Two-stage velocity diasgrams for turbines to drive the campressor
for engine operation at rated rotative speed were investigated for each
of the cases consldered. The method used to investigate the possible
two-stage turbine velocity dlagrams was developed in references 2 and
3. From this velocity-diagram study one set of velocity diagrams was
selected for presentation for each of the cases considered. These two
turbine designs are referred to hereinafter as "inecreassed-diemeter
turbine™ and "increased-speed turbine," respectively.

SYMBCLS
The foliowing symbols are used in this report:

A annular area, sq £t
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g N S
aep critical velocity, “’?ET gRT', ft/sec

D turbine rotor tip diameter, ft

E turbine work output, Btu/Ib

g standard acceleration due to gravity, ft/sec2
Ahi ideal turbine work, Btu/lb

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

N rotative speed, rpm

T ‘temperature, °r

U blade speed, ft/sec

v sbsolute velocity, ft/sec

W relative velocity, ft/sec _

o absolute flow angle measured from axial direction, deg
B relative flow angle measured from axial direction, deg
T ratlio of speclfic heats

Subscripts:

u tangential component *

X axial component

1 entrance to first stator

2 entrance to first rotor

3 entrance to second stator

4 entrance to second rotor

5 " exit of second rotor

Superscripts:

1

stagnation or total state relative to a stator

stagnation or total state relative to a rotor

sTse
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ANALYSTS
General Design Considereations

In reference 1, the engine operating conditions for take-off are
considered to be a compressor total-pressure ratio of 8.75 and & turbine
inlet temperature of 2160° R. At rated speed and pressure ratio, the
compressor has an equivalent tip speed of 892 feet per second and an
equivalent weight flow of 158 pounds per second. The compressor frontal
erea is 881l square Inches. The turbine-design requirements which must
be met by a turbine to drive this compressor at rated rotative speed for
both take-off and cruilse are shown in reference 1 to be:

Take-off Crulse

Work output, BEu/Ib « « « « + ¢ v ¢ v 0 v o e 0 00 .. 131 115
Percent rated rotative speed e« s 4 o o o & a o & o 100 100
Turbine inlet temperature, R « « « « o « o & « ¢ o « . 2160 1620
Turbine inlet pressure, 1b/sq BE u e e e 17,600 6000
Minimum permissible exit annuler area, sq in. « e e e 383 460
Alr fLoWw, 1D/BEC « + ¢ « « « o o o 4 s 4 e 40 a e . 158 62.5
Turbine total-pressure ratio « + o o = e s e o s e s s 3.42 4.24

The following eerodynsmic limits and restricticon were used in
selecting the velocity diagrams:

(1) Limits

(a) The relative Mach number at the entrance to any blade row
should not exceed 0.85.

(b) The amount of turning required of any blade row should
not exceed 120°; this applies to the velocity relative to each

blade row.

(e¢) The velocity relative to any blade row should not decrease
across the blade row.

(2) Restriction

(a) The tangential component of absolute velo&ity of the gas
leaving the last rotor-blade row should be as near zero as possible.

Limits (a) and (b) are considered the upper limits for which accepteble
turbine efficiencies can be expected with present turbine design
techniques. The restriction that the exit tangential component of
absolute velocity be near zero is particularly important for turbines
that are to be operated at rated rotative speed at both take-off and

oo
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cruise since, in general, the absolute magnlitude of the exit tangential
component of velocity wlll increase under cruising conditions (see ref-
erence 3). This could result in a leaving loss, associated with the
kinetic energy represented by this velocity, which is appreclable at
orulse even though at take~-off it 18 relatively small.

Method of Determining Required Design Chenges

An approximate method of analysis was used to predict the design
changes required in order to obtain satisfactory two-stage turbine
designs which fulflll the turbine-design requirements; this method is
bresented in the appendix. The nomenclature used in this analysis is
shown in figure 1. +

For the turbines investigated in references 2 and 3, an assumption
of no deceleration In the last rotor and a work division between stages
of 70/30 resulted in a good balance between the individual blade rows
with respect to the specified velocity-diagrem limits and restrictions
during take-off operation. These assumptions resulted in the following:
The flrst rotor-blade row was very near the limits on inlet Mach number
and turning, the second stator-blede row had high turning with a moderate
Pressure 4rop across the blade row, and in accordance with the initial
assumption there was no deceleration across the second rotor-blade row.
In addition, the axial component of veloclity was almost constant across
the last rotor and the ratio of hub blade speeds Ug/U, was approxi-

mately 0.95.

The following conditlons were therefore assumed for the analysis
presented in the appendix:

(1) The work division between stages is 70/30.

(2) The relative velocity is constant across the hub of the last
rotor, that is, Wq = Ws. ' T

(3) The axiasl velocity is constant across the last rotor, that is,
v -—-'-v .
X,4 X,5

(4) The ratio of hub blade speeds US/U4 across the last rotor is
0.95. |

Equations (7) and (8) in the appendix are restated here.

28.5 (v + \[B05 goE )
N = u.,5 . 4:,5 (7)

2629
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. [(28.5)2 (v + \[E05 &3E )2
Dm = U, 4.5/ 4 4yag (8)

x NZ

Equation (7) gives the minimum rotative speed and equation (8), the
minimmm turbine diameter required to avold a deceleration across the
last rotor.

Equations (7) and (8) have been plotted in figures 2 and 3 for the
two design changes considered. These figures were constructed for a
70/30 work division between the two turbine stages. Figure 2 is a plot
of turbine rotative speed ageinst exlit annulsr area for constent values
of exit tangential component of veloclty Vu,S and turbine tip diameter.

Figure 3 is a plot of turbine tlp diameter against exit annular area
for constant values of exit tangential component of velocity Vy,5 @and
rotative speed. ?

It 1s shown in reference 1 that for cruise at rated rotative speed
a minimum permissible exit annular area of 460 square inches was required.
This minimum permissible exit apnular ares was assumed in reference 1 to
be, for a first approximetion, a function of exit axial Mach number alone,
that is, independent of engine rotative speed or turbine tip dlameter.
A verticael line is shown in figures 2 and 3 at the minimum permissible
exit annular area of 460 square inches. Exlit annular areas to the right
of this line (greater than 460 sqg in.) will permit cruise at rated rota-
tive speed while exit annular areas to the left of this line (smaller
than 460 sq in.) will not. With an exit annular area of 460 square
inches the last rotor-blade row would be operating near limiting blade
loading (see reference 4) and therefore near the maximum cbtainsble tur-
bine work output under cruising conditions. For this reason, exit annular
areas somewhat greater than 460 square inches should be considered in
deslgn in order to permit some mergin between the required work output
and the maximum obtainsble work output at crulse.

Values of exit tangential velocity Vu,s less than -100 feet per

second were not considered since this tangential component of velocity
decreases at cruise and the leaving loss (equal to the ratio of the
kinetic energy contalned in the tangential velocity at the exit from the
last rotor-blade row to the ideal turbine work) becomes appreciable.
Values of exit tangential velocity Vu’5 greater than zero were not con-

sidered since they would require a greater lncreese in turbine rotaetive
speed or turbine +1p diameter then is necessary for satisfactory
design.

Two designs were chosen from figures 2 and 3 for more detalled

study. The points selected for this purpose are shown in figures 2 and
3 by circles labeled "Design conditions" and cémstitute the following

two design conditions:
LSRR
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(1) Turbine tip diameter, 33.50 inches
(a) Exit annular area, 500 square inches
(b) Rated rotative speed, 6750 rpm

(2) Rated rotative speed, 6100 rpm
(a) Exit annular srea, 500 square inches

(b) Turbine tip dlameter, 35.50 inches

Veloeclty-Diagram Calculations -

For each of these two design conditions, possible two-stage veloc-
ity diagrams for take-off were investigated by means of the one-
dimensional scanning method presented in reference 2. For each possible
velocity diagram for take-off, the estimated cruise performance of the
turblne was checked by employing the one-dimensional cruise analysis
developed in reference 3; this crulse analysis determined the magnitude
of the leaving loss at crulse and whether or not sufficlent turbine work
would be produced for crulsing cperaticn.

The working charts for this analysis of cruising operation are
presented in figures 4 to 7. In figures 4 and 5, the solid lines show
for the mean radius the relation between two factors: (1) the relative
tangential velocity paresmeter (Wﬁ/agr)s at the exit from the last

rotor-blade row which must be cobtained under cruising conditions if the
turbine is to produce enough work to drive the compressor under cruising
conditions and (2) the absolute tangential velocity parameter (Vy/acr)s

at the exit from the last rotor-blade row which may prevail under take-
off conditions. The dashed line represents the maximum value of rela-
tive tangential veloclity parameter obtainsble within the loading limit
in reference 4. Points to the right of the intersection of these two
lines represent poesible design conditions and those to the left are
considered to be outside the range of design. The distance of the
dashed line gbove the solid line 18 indicative of the margin between
design operation for crulse and operation at limiting loading. Filg-
ure 4 was prepared for the lncreased-speed turbine and figure 5, for
the increesed-diameter turbine. In the same mammer, figures 6 and 7
present for the two types of turbine design the leaving loss at cruise
as a function of take-off values of the exlit tangential velocity
peremeter (V,/a..)s &t the mean radius. These figures 4 to 7 are

the tools used to compare flow conditlons within the turbilne for take-
off and cruilse.

2629
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From such a comparison of flow conditions, a design condition was
selected for each type of turbine design (increased-rotative-speed and
increased-diameter) which is a good compromise of factors affecting the
velocity diagrams. For each of these selected design conditions, a set
of velocity dilagrams was computed which includes radlal variatlions in
flow resulting from assumptions of simplified radial equilibrium and
free-vortex flow.

RESULTS AND DISCUSSION

The results of the analysis are presented as a set of velocity
diagreams and a sketch of the turbine-annulus geometry for each of the
increased~speed and increased-diameter designs. The advantage or dis-
advantage of deviatling from these veloclity dlagrams i1s discussed in
references 2 and 3 and is therefore not presented herein.

Increased Rated Rotative Speed

Design change. - Possible design conditions considering an increassed
rated rotative speed are shown by the solld lines in figure 2. Any
combination of turbine exit annular area and rated rotative speed that
falls along these lines represents a design conditlon for which sat-
isfactory two-stage turbine veloclity diagrams for turbines no larger in
tip diemeter than the compressor of reference 1 may be obtained for
engine operation at the rated rotative speed selected. However, for
designs having exit annular areas much in excess of the minimum per-
missible exit annular area (460 sq in.), the blade stress becomes crit-
ical. Reference 5 shows that the hub blade stress in the last rotor-
blade row due to centrifugal loads varies directly as the product of the
exit annular area and the square of the rotative speed. For the design
condition investigated herein the untepered blade stress is in the
neighborhood of 32,000 pounds per square inch for the blade material
considered. Designs having exit anunular areas much greater than
500 square inches are probably not practical since the rated rotative
speed is shown in figure 2 to increase quite rapidly with increasing
exlt annuler area.

Take-off velocity diagrams. - One set of velocity diagrams for the
design condition indiceted in figure 2 is shown in figure 8. The veloc-
ity diagrams in figure 8 represent a good compromise of the factors
affecting velocity diegrems. The turbine configuration for which these
diagrams were calculated is shown in figure 8.

The flow parameters of figure 8 for the more critical hub conditions
are within the limits specified on inlet Mach number (0.85), turning
(120°), deceleration (no deceleration across a blade row), and exit
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tangential velocity (exit tangentisl velocity should be near zero). The
exit tangential hub velocity Vu,s of -36 feet per second is (within

the accuracy of the charts) the same as for the design condition
selected from figure 2. From figure 8 it can be noted that the assump-
tion made for the analysis that a 70/30 work division balances the
unfavorable flow condltions between the bledé rows resulted in hub con-
ditions for the ’

(1) First stage
(a) Relative rotor inlet Mach number of 0.80
(b) Rotor turning of 118°

(2) Second stage
(a) No deceleration across the rotor

(b) stator turning of 99° wilth a moderate pressure drop across
the blade row

These conditions are about the optimum that cen be obtained unless one
stage 1s penalized in order to improve conditlons in the other.

The change 1n axial component of velocity across the last rotor
from 855 to 845 feet per second is in good agreement with the assumption
thet the axial component of veloclity does not change across the last
rotor-blade row. In addition, the hub blade-speed ratio across the last

rotor-blade row US/U4_ of 0.925 1s of the order of magnitude assumed,

0.95.

Crulse. - For the teke-off velocity diagrams presented in figure 8,
the value at the mean radius of the exit tangential veloclty parameter
(Vu/acr)s is -0.016. For this take-off value of exit tangential veloc-

ity paremeter, flgure 4 shows that the flow conditions at the exit of

the last rotor-blade row are well within the condition of limiting load-

ing and that the turbine will therefore produce the required work for
cruise at rated rotative speed. Figure 6 shows that for this take-off
velue of exit tangential velocity parameter, the leaving loss is 0.006,
en insignificant value. An analysis of the change in the turbine veloc-
ity diagram from take-off to cruise for a fixed-geometry turbine design
mede in reference 3 indicates that, as a whole, the flow condltions
within the turbine at cruise are at least as favoreble as for take-off.
For this reason, cruise velocity dlagrams were not investigated except
to determine that the last rotor-blade row was within limiting loading
and that the leaving loss was not significant.

6292
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Increased Turbine Tip Diameter

Design change. - Possible design conditions considering an lincreased
turbine tip diameter are shown by the solid lines in figure 3. Any
cornbination of turbine exit annular area and turbine tip diameter
thet falls along these lines represents a design condition for which
satisfactory two-stage turbine velocity diagrams for turbines with rated
rotative speeds the same as that of the compressor of reference 1
(6100 rpm) mey be obtained for engine operation at rated rotative speed.
In contrast with the designs considered for increased rated rotative
speeds, blade stress Is not a serious problem inasmuch as rotative speed
and mass flow are unchanged; the centrifugal blade stress for the
increased-diameter design is 22 percent lower than that for the
increased-speed design.

Take-off velocity diagrams. - One set of veloclty dlagrams for the
design conditlon indicated in figure 3 is shown in figure 10. The
velocity diagrams in figure 10 represent & good compromise of the fac-
tors affecting the velocity diagrams. The turblne configuration for
which these diagrams were calculated is shown In figure 11. The flow
parsmeters of figure 10 for the more criticael hub conditions are within
the limits specified on inlet Mach number (0.85), turning (120°), decel-
eration (no deceleration across a blade row), and exit tangential veloc-
ity (exit tangential velocity should be near zero).

The exit tangential hub velocity Vu,s of -33 feet per second i1s

(within the accuracy of the charts) the same as for the design condi-
tion. The change in axial velocity from 868 to 845 feet per second
across the last rotor, although in disagreement with the assumption of
no change, has a negligible effect on the results of the simplified
analysis. The ratio of blade speeds across the hub of the last rotor
U5/U4 is 0.94 and is in close agreement with the assumed value of 0.95.

Cruise. - For the take-off velocity diagrams presented in figure 10
the value at the mean radius of the exit tangential velocity parameter
(Vy/eop)s 18 -0.015. For this take-off value of exit tangential veloc-
ity parameter, figure 5 shows that the flow conditions at the last
rotor-blade exit are well within the condition of limiting loading and
that the turbine will therefore produce the required work for cruise
at rated rotative speed. Filgure 7 shows that for this take-off value
of exit tangential velocity parsmeter the leaving loss is 0.006, an
insignificant value. As stated previocusly in the results for the
increased-speed design, an investigation of the complete cruilse velocity
diagrems was not considered necessary.
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General Significance

The results of the analysis, as so far presented, are specific
rather than general because they are related to a particular compressor
consldered as part of & turbojet engine. The value of these results can
be 1ncreased 1f, from them, general conclusions can be drewn concerning
the entire class of single-spool compressors. In order for the general
significance of these results to be apparent, the turbine-design require-
ments for driving this compressor over & range of engine operation for
which the engine rotative speed is constant must be compared with the
turbine-design requirements of other single-spool compressors. If a
two-stage turblne cen be designed to drive this compressor satisfactorily,
two-stage turbines can then be designed to drive all compressors pre-
senting less critical turbine design problems. In the followlng dis-
cussion, the turbine inlet temperature for take-off is presumed to be
near 2160° R because & large change in temperature will alter the
turbine-design requirements. .

For the purpose of driving & single-spool compressor as part of a
turbojet engine to be cruised at rated rotative speed wlth not less
than 0.64 maximum thrust, a two-stage turbine can be designed within
the following conditions:

(1) Relative entrance Mach number to any blade row < 0.80.
(2) Turning by any blade row < 118°.

(3) There is no deceleration across any blade row.

(4) The exit tangential velocity 1s low.

(5) The exit Mach number is low.

if the turbine characteristics for take-off are within either of the
following ranges:

Range 1 Range 2
(from increased- (from increased-
rotative-speed diameter design)

design)
Alr flow per unlt frontal ares,
lo/sec-8q £t « « « « « « ¢« « « « . . <25.8 <23.0
Blade-tip speed, ft/sec . . . . . . . > 987 > 945
Work imput to compressor, Btu/lb . . . < 131 < 131

6292



6292

NACA RM ES2H13 ' “ | 13

SUMMARY OF RESULTS

In order to study the range of application of turbines to.driving
single-spool compressors, an lnvestigation was conducted to determine
the increase in turbine blade-tip speed necessary to cobtain satisfactory
two-stage turbine velocity diagrams for a turbine to drive a particular
compressor over & range of engine operation at rated rotative speed. A
simplified method of analysis, which accurately predicted the required
design changes necessary to obtain satisfactory two-stage turbines for
this application, was evolved for this study.

For this particular compressor, which has a tip diameter of
33.50 inches, a rated rotative speed of 6100 rpm, an air flow of
158 pounds per second, and & pressure ratio of 8.75, the following
results concerning the turbine were obtained:

1. If the size of the turbine tip dlameter was limited to that of
the compressor, & change in rated rotative speed fram 6100 rpm %o
6750 rpm was sufficient to permit design of e satisfactory two-stage
turbine for this application.

2. If the rated rotative speed was fixed at 6100 rpm, a turbine
tip dlameter 2.00 inches iIn excess of the 33.50-inch compressor tip
dismeter was sufficlent to permit design of a satisfactory two-stage
turbine for this application.

3. Both design changes produced satisfactory and very similar
velocity dlagrams; however, the level of centrifugael turbine-blade stress
for the increased-diameter design was spproximately 22 percent lower
than thet for the increased-gpeed design.

CONCLUSION

For the purpose of driving & single-spool compressor as part of a
turbojet engine to be cruised at rated rotative speed with not less
than 0.64 maximum thrust, a two-stage turbine can be designed within
the Tollowing conditions:

(1) Relative entrance Mach number to any blade row < 0.80.

(2) Turning by any blade row <118°.

(3) There is no deceleration across any blade row.

(4) The exit tangential velocity is low.

(5) The exit Mach number is low.
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1P the turbine characteristics for take-off are wlthin elther of the
following ranges:

Range 1 Range 2

Alr flow per unit frontal area, lb/sec-sq_ L« « 4« . o £25.8 <23.0
Blade-tip speed, ft/sec . . . . < . . . c e e > 987 2 945
Work input to compressor, Btu/lb e« s s & s e < 131 < 131
Turbine inlet temperature, OR vt e e e e e e e e . . . S2180 ®2160

lLewis Flight Propulsion Leboratory
Netionel Advisory Committee for Aeronsutics

Cleveland, Chilo

] :';' .:d' -y
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APPENDIX - METHOD FOR ESTIMATING REQUIRED BLADE SPEED
Assumptions
For the turbines investigated in references 2 and 3, an assumption
of no deceleration in the last rotor and a work division between stages
of 70/30 was found to make both stages of the two-stage turbines ebout
equally critical with respect to the speclfied velocity-diagram limits
and restrictions during take-off operation. In addition, the axial

component of velocity was almost comstant across the last rotor and the
ratio of hub blade speeds Ug/U,; was approximately 0.95.

The followlng conditions were therefore assumed:
(1) The work division between stages is 70/30.

(2) The relative velocity is constant across the hub of the last
rotor, that is, W4 = Wg-

(3) The axial velocity 1s constant across the last rotor, that is,
V. = V. .
X,4 X,5

(4) The ratio of hub blade speeds Us/U4 across the last rotor is
0.95.
Derivation
With the exceptions of tip dilameter D and exit annular asrea Ag,
the symbols used in this derivation refer to conditions at the hub of
the last rotor.
For no deceleration across the last rotor,
W4:2 = W52 (l)
The vector additions in figure 1 are used to write equation (1) as
vx,éz + (Vy,g - Ué)z = x,52 + (Vy,s - Us)z
With
Vx,4 = Vx,5

this expression reduces to

Mo igalbibpiad
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Vu,4 - Ug =Us = Vy 5 (2)

The Euler work eguation

B = Ug V4 - U5 Vy 5
' By,5 = 5T

| .62:98

is combined with equation (2), giving

. . Uy (U +Ug - Vy5) - U5 Vy 5 (3)
4.-,5 - gJ

Introducing the assumption that

permits equation (3) to be reduced to

Ug = 0.475 (vu,S + \Vy,5° + 2.05 gJE4,5> (4)

For amounts of exit tangential velocity Vt,s resulting in comparatively
small values of leaving loss, equation (4) can be approximated by

Ug = 0.475 (Vu’s + |‘,2.05 gJE4,5) (5)

The rotative speed N and the blade speed Us are related in the
following way: ‘

- R '
2 (6)

ﬂazDz - 4nA5 _

Combination of equations (5) and (6) yields

28.5 (v + E05 e )

A°D° - anAs -

N =

and

2 2
1 [28:57 (V5 + 2705 gJ'Eé,s)
Do — - + 41’(A5 (8)
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Figure 1. - Turbine and velocity-diegram nomenclature. V3 positive when in seme
direction as U; Vy negative when in direction opposite to U.
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FPigure 3. - Turbine-design requirements for turbine with fixed
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Figure 4. - Comparison of required and limiting exit relative tangentisl
velocity parameter (Wu/a.gr)s at cruise for various lncreased-speed

turbines.
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