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RESEARCH MEMORANDUM

INVESTIGATION OF TURBINES SUITABLE FOR USE IN A TURBOJET ENGINE WITH
HIGHE COMPRESSOR PRESSURE RATIO AND LOW COMPRESSOR-TIP SPEED
IIT -~ VELOCITY-DIAGRAM STUDY OF TWO-STAGE AND DOWNSTREAM-STATOR
TURBINES FOR ENGINE OPERATION AT CONSTANT ROTATIVE SPEED

By Robert E. English and Elmer H. Davison

SUMMARY. .

The application of turbines to driving single-spool compressors was
studied by investigating whether or not satisfactory velocity disgrems
can be obtained for two-stage turbines either having or not having a
downstream stator if these turblnes are required to drive a particuler
single-spocl compressor over a range of engine operstion at rated rota-
tive speed and to have a tip diameter no greater than the tip dismeter
of the compressor. The relatively low blade-tip speed, high work, and
high air flow per unit frontal area of this compressor make critical the
problem of designing such a two-stage turbine to drive this compressor.

A simplified method of anslysis was developed in order to relate
the turbine operations for take-off and cruise, both at rated rotative
speed. In this way, the turbine velocity disgrams selected considered
both take-off and cruising operation. From this analysis, the following
conclusions were drawn:

A two-stage turbine which has a downstream stator and 1s reguired
to drive a single-spool compressor as part of a turbojet engine operated
at rated rotative speed for both take-off and cruise can be satisfactorily
designed within the limits

(1) Turbine tip diameter < compressor tip diameter.
{2) Relative entrance Mach number to sny blade row=<0.79.

(.‘.';) Turning by any blade row <1230,
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(4) Deceleration across only the downstream-stator-blade row.

provided that the following conditlons are satisfied:

(1) Engine cruises with thrust at least as great as 0.64 maximum
thrust at altitude. '

(2) The compressor cheracteristics for take-off are within the
following range:

(a) Equivalent air flow per unit frontal asrea< 25.8 pounds
per second-square foot. :

(b) Equivalent blade-tip speed > 892 feet per second.

(¢c) Equivalent work input < 131 Btu per pound.
Because the turbine-design requirements for take-off are essentially the
same a8 the requirements for cruising with the take-off value of
exhgust-nozzle area, such a turbine design is also satisfactory for
engine operation with constant exhaust-nozzle area.

When & single-spool compressor which has more severe turbine-
design requirements 1s used, a satisfactory two-stage turbine cannot be
designed within the given limits if the engine is to be operated at
rated rotative speed for thrusts as low as 0.64 maximum thrust at

altitude.

A downstream stator can be employed in turbine design to signifi-
cantly improve internal flow conditions, to increase the margin to
limiting loeding, and to permit the use of comsiderable amounts of tan-
gential velocity at the exit from the last rotor-blade row without the
flow conditions at the entrance to the downstream stator exceeding the
limits of modern compressor deslgn. Even at constent rotative speed,
engine thrust can be varied considerably without exceeding design limits
on the downstream stator.

INTRODUCT ION

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

-
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(1) Take-off
(2) Maximum thrust at altitude
(3) Altitude cruising
(a) With maximum-thrust exhaust-nozzle area
(b) At rated rotative speed
(4) Engine acceleration at 80 percent equivalent rated speed
In reference 1, the engine operating conditions for teke-off are a com-
pressor total-pressure ratio of 8.75, a turbine-inlet temperature of
2160° R, and rated rotative speed. The compressor frontal area is
881 square inches. At rated rotative speed and a total-pressure ratio
of 8.75, this compressor has an equivalent tip speed of 892 feet per
second and an equivalent weight flow of 158 pounds per second.

For a glven ratio of turbine to compressor frontal area, the three
compressor parameters that determine the turbine-design requirements are

" mass flow per unit frontel area, work, and blade-tip speed. Increasing

compressor work, increasing mass flow per uiit compressor fromtal area,
or decreasing compressor blade-tip speed mekes the turbine-design
requirements more critical if an attempt is made to stay within a given
number of turbine stages, a glven turbine frontal area, and preestablished
turbine aerodynamic limits. The characteristics of several engines cur-
rently being developed were investigated; the requirements imposed on a
turbine to drive the compressor chosen for this investigation constltuted
the most severe problem in the design of two-stage turbines having a tip
diameter no greaster than that of the compressor because of the compres-
sor's relatively high msas flow per unit frontal area, high work, and low
blade-tip speed. If a two-stage turbine can be designed to drive this
compresgsor satisfactorily, two-stage turbines can then be designed to
drive all compressors presenting less severe turbine requirements.

The high work output required of a turbine to drive this compressor
precluded the possibllity of achieving a single-stage turbine design
within conventional aerodynamic limits, and whether or not even a two-
stage turbine could be designed within conventional aerodynemic limits
to satisfy the turbine-design requirements appeared questioneble.
Although by comparison with a two-stage turbine a three-~-stage turbine
which satisfies the turbine-design requirements would be relatively easy
to design within conventional aerodynamic limits, a three-stage turbine
would, in general, have the dlsadvantages of being larger, heavier, and
more complexX. '
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For engine operstion with constent exhaust-nozzle area and varisble
rotative speed, reference 1 shows that the turbine-design requirements
are nearly ldentical for take-off, maximum thrust at altitude, and
crulse at altitude. Reference 1 shows that for engine operation at
rated rotative speed and variable exhaust-nozzle area, the miminum per-
missible exit annular area is greater than that for operation with con-
stant exhaust-nozzle area; this increase in the exit annular ares makes
more critical the problem of designing a turbine for satisfactory oper-
ation for teke-off, maximum thrust at altitude, and cruise at altitude.
A turbine which satisfies the requirements of operation either with
constant exhaust-nozzle area or at constent rotative speed is shown in
reference .1 also to satisfy the requirements for acceleration at
80 percent rated equivalent rotative speed. The turbine-design problem
may therefore be divided into two phases, one for each type of engine
operation for cruise. These phases correspond to the following two modes
of engine operation for take-off, cruise, and maximum thrust at altitude:
engine operation with constant exhaust-nozzle ares and variable rotative
speed, and engine operatlion at design rotatlive speed with variable
exhaust-nozzle area.

NACA RM E52Gl5

The problem of turbine design for englne operation with constant
exhaust-nozzle area and variable rotative speed is analyzed in refer-
ence 2. Reference 2 indicates that a satisfactory two-stage turbine for
driving this particulsr compressor may be designed within conventional
aerodynamic design limits and be no larger in diameter than the com-
pressor, but such a turbine design will be close to conventional
design limits.

The gpplicatlion of turbines to driving single-spool compressors
was 1lnvestigated at the NACA Lewls laboratory by determining whether or
not a two-stage turbine mey be designed to drive this particular com-
pressor satisfactorily over a range of engine operation for which the
rotative speed is constant and the exhaust-nozzle ares is varied. The
results of reference 2 indicate that for this service a two-stage tur-
bine design within conventional aerodynsmic limits will probably be a
marginal design. This investigation therefore utilized a downstream
stator (or set of stralghtening vanes) in the design of such a turbine
in addition to conventlonal two-stage designs for thilis application.
This investigaetion of a downstream stator for this application has two
purposes: to determine the extent to which the critical flow conditions
within the turbine may be relieved by using downstream stators, and to
determine the range of flow conditions that will exist at the entrance
to the downstream stator between the take-off and crulsing conditions,
both at rated engine speed. A conventional two-stage turbine (not
having a downstream stator) and & two-gtage turbine having a downstream
stator are hereingfter referred to as "two-stage turbine" and
"downstream-stator turbine," respectively.

2556
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Because the design requirements for a turbine to drive this com-
pressor under teke-off and maximum-thrust-at-altitude conditions are
shown in reference 1 to be essentially the same, a turbine design sat-
isfactory for take-off 1s herein considered satisfactory for meximum
thrust et altitude. On the other hand, a turbine for driving this com-
pressor at rated engine speed for both take-off and cruise must operate
under two widely differling conditions. The velocity-diagram study pre-
sented herein therefore examines two conditions of operstion - take-off
and cruise. In order to consider both these operations, a veloclty-
diagram study was made of the turbine-hub conditions for take-off; this
velocity-diagram study was based on the one-dimensional analysis pre-
sented in reference 2. An extension of the snalysis in reference 3 was
then employed to relate each possible take-off design to its anbticipated
cruising performance. The method employed for this study may be sum-
marized as follows: Possible designs for take-off were determined, and
the cruising performance of these configurations was then predicted.
These possible designs were then campared in order that the best of them
could be selected for presentation.

By means of these approximate analyses, two possible designs were
selected - one for a two-stage turbine and one for a downstream-stator
turbine. For each of these possible designs, more accurate velocity
disgrams were determined for take-off operation by considering radial
variations in flow conditions rather than just hub conditions. Simpli-
fied radial equilibrium was assumed (reference 4), and a free-vortex
distribution of tangentlal velocity was employed. For the downstream-
stator design, a one-dimensional calculation was employed in order to
estimate the flow conditions at the entrance to and the exit from each
blade row under cruising operation.

The nomenclature used in this analysis is given in figure 1. The
symbols used are defined in appendix A. .

GENERATL, DESIGN CONSIDERATTIONS
Design Conditions

It is stated in reference 1 that for take-off the minimum permis-
sible exit annular ares is 383 square inches, and for crulsing at rated
engine speed 1t is 460 square inches. Exit annular areas somewhat
larger than either of these were considered for this investigation. The
annular area at the exit of the last rotor-blade row was 480 sguare
inches for the two-stage design and 550 square inches for the downstream-
stator design.

The turbine frontal area, in addition to exit annular area, was
selected. A turbine larger in diameter than the compressor i1s undesir-
gble because the resulting increase in frontal area of the engine would
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reduce the advantage of the high mass flow per unit frontal area of this
compressor. Even though the deslgn problem of producing a given amount
of work from & turbine stage within certain design limits is easler to
gsolve if the turbine-blade speed is high rather than low, higher blade
speeds are obtainable in this case only by increasing the turbine diam-
eter because the rotative speed of the turbine is fixed. For these
reasons, the tip diameter of each turbine blade row was selected equal
to the tip diemeter of the compressor. If the mass flow of the compres-
sor 1s assumed equal to the mass flow of the turbine, the result of this
selection of turbine dleameters is that the turbine-blade-tip speed and
gas flow per unit of turbine frontal area are equal to the corresponding
values for the compressor.

Take-off. - For engine operation during take-off, the following
conditions must be fulfilled by the turbine:

Work output, Btu/Ib « « « v ¢ ¢ vttt v e e e e e e e e 131
Totel-pressure ratio . . . . . .. « e e e e e e . 3.42
Air flow per unit frontal area, Ib/(sec (sq ft) e e e e e e 25.8
Blade-tip speed, ££/8€C « « « ¢ v v v v v 0 e e e e e e e e 892
Inlet temperature, OR + « « ¢« « ¢« ¢ ¢ ¢ 4 4 4 e v e e e 00 s 2160
Inlet pressure, 1b/eq £5 . « « « « « ¢« v ¢ 4« 4 o o v o . . . . 17,600

Cruise. - The conditions for cruilsing operation are: flight alti-
tude, 35,000 feet; flight Mach number, 0.75; engine thrust, 0.64 of
maximum thrust for these flight conditions. For engine operation during
crulse, the followlng conditions must be fulfilled by the turbine:

Work output, Btu/lb « « « ¢ « v ¢ v v e 4 4 e e e e e e e . 115
Total-pressure ratio . . . . .« . e e s s e e e 4.24
Air flow per unlt frontal area, Ib/(sec)(sq ft) e e e e e e 10.2
Blade-tip speed, £t/8€C « « + ¢« ¢ 4 ot 0 0 0 e e e v e e e 892
Inlet tempersture, e e e e e e e e e e e e e e e e e e e e 1620
Inlet pressure, 1b/sq £t - « « « ¢ ¢ ¢ ¢ 0 0 00 0000 . 6000

Design Limits

The following turbine parameters are herein considered to limit the

range of turbine design: relative Mach number at the entrance to each
blade row, velocity change acrosse each blade row (alternatively,

amount of reaction), turning angle of each blade row, limiting loading,
and absolute tangential veloclity at the exit from the last rotor-blade
row. In applying design limits, the designer should consider the oper-
ating conditions under which these limits will be approached. Refer-
ence 3 shows that for turblnes having successlive choked blade rows the
most severe Mach numbers, velocity changes, and amounts of turning

are encountered at low equivalent blade speeds. As was true for the
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turbine design. in reference 2, a turbine to drive thls compressor under
the conditions specified herein will very likely have choking or nearly
choking conditions in the flrst three blade rows at low equivalent blade
speeds. For engine operation at constent rotative speed, the low values
of equivalent blade speed sre encountered under conditions resulting in
high turbine-inlet temperature, and in particular under take-off rather
than cruising conditions. The flow conditions in the first rotor and
second stator will thus more closely approach the design limits under
take-off rather than crulsing conditions.

For take-off, the last row of rotor blades will very likely be
limited by veloclty change rather than by entrance Mach mumber Just as
was the turbine design In reference 2. The increasing turbine total-
pressure ratio from take-off to cruise (from 3.42 to 4.24, reference 1)
will result In an increase ln the acceleratlon across the lapt rotor-
blade row. The flow conditions which are critical during take-off thus
differ from those which are critical during cruise. The following
design 1imits were therefore applied in velocity-disgram computations
for the teke-off conditions:

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

(2) The smount of turning required of any blade row should not
exceed 120°C; this applies to the velocity relative to each blade row.

(3) The velocity should not decrease across any blade row except
the downstream stator.

For engine operation at rated rotative speed, the design limits
which are approached during cruise are asgsociated with large values of
tangential velocity at the exit from the last rotor-blade row. The
magnitude of the.tangential component of the relative velocity at the
exit from the last rotor-blade row will not exceed the value at the
loading limit investigated in reference 5, and this condition establishes
a design limlt for cruise.

In addition, for a two-stage turbine which is to be operated without
e downstream stator, the tangential component of gbsolute velocity of
the gas leaving the last rotor-blade row should be as near zero as pos-
sible. For a downstream-stator turbine, on the other hand, the magni-
tude of the tangential veloclty at the exit from the last rotor-blade
row need not be made small; instead, conditions should be selected
which will keep low the magnitude of the Mach number at the entrance to
the downstreem stator.
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Deslgn Problenm

As 1in reference 2, the independent variables in the design study
are work division between the turbine stages and axial variation in
annulaer area or cone angle. Because reference 2 shows the effects of
varying the cone angle from turbine entrance to exit to be very small,
only constant velues of cone angle are considered herein. The design
problem ig therefore a matter of seeking a combination of cone angle and
work division for take-off such that for take-off operation, the design
limits on Mach number, turning, snd velocity change are not exceeded;
and for operation of the same configuration under cruising conditions,
neither is the loading limit exceeded in the last rotor nor (a) for
a two-stage turbine without a downstreem stator, 1s the exit tan-
gential velocity objectionably large, nor (b) for a downstream-stator
turbine, is & limiting value of stator-entrance Mach number exceeded.

METHOD OF ANALYSIS
General Method

The simplified method of veloclty diagram analysis in reference 2
was employed to analyze the burbine intermal flow conditions for take-
off. A simplified method of analysis of crulsing operation was used to
relate the flow conditions at the exit from the last rotor-blade row
during take-off and the flow conditions at this station during cruise.
For any given design for take-off, the flow conditions at the exit from
the last rotor-blede row can thus be determined and, in turn, the anti-
cipated crulsing performence can be evaluated.

Simplified Analysis of Cruising Operation

By means of the analysis presented in appendix B, charts like those
in figure 2 were prepared for several values of exit annular area. The
dashed lines show for the mean radius the relation between two factors:
(1) the relative tangential velocity paremeter at the exit from the last
rotor-blade row which must be obtained under cruising conditions i1f the
turbine is to produce enough work to drive the compressor under cruising
conditions, and (2) the absolute tangentiasl velocity paremeter at the
exit from thé last rotor-blade row which may prevall under take-off
conditions. The dot-dashed line represents the maximum value of relative
tangential velocity parameter obtainable within the loadling limit in
reference 5. Points to the right of the intersection of these two lines
represent possible design conditions and those to the left represent
design conditions which, without departure from convention, are impos-
sible. The distance by which the dot-dashed line is above the dashed line
is indicative of the mergin between design operation for cruise and

9552
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operation at limiting loading. A solid line has been included to

show the effect of increasing the required work oubtput of the turbine
by 4.5 percent. Because engine components are subJject to some deteri-
oration in performence during their useful 1life, these lines show the
importance of designing for a condition somewhat removed from the con-
dition of limiting loading.

Figures 3 and 4 present additional flow conditions at the exit
from the last rotor-blade row for both teke-off and cruising conditions.
As before, the abscissa is the take-off values of absolute tangential
veloclty parameter at the exit from the last rotor-blade row. The Mach
mumbers at the exit from the second rotor-blade row for both tske-off
and cruise are shown. For the exit annular area of 550 square inches,
the flow directions are shown as well. For the exit annular ares of
480 square inches, the leaving loss, equal to the kinetic energy con-
tained in the tangential velocity at the exit from the last rotor-blade
row, is shown &s & fraction of the ideal turbine work.

Plots such as these were used to relate the tske-off and crulsing
operations in order that a design might be obtalned which would operate
within the design limits for both operating conditions.

Interblade-Row Calculation

For the downstream-stator design, interblesde-row conditioms for
crulse were computed for the design configuration. For these calculea~
tions, the exit flow direction relative to each blade row at the mean
radius was assumed to be constant from teke-off to cruise. The equi-
valent mass flow abt the turbine exit which results in production of the
required turbine work was determined. In order to determine gpproximste
hub conditions from these mean-radius calculations, the flow waes assumed
to vary radially according to the free-vortex, simplified-radial-
equilibrium relations.

RESULTS

For each of the two types of turbine design, namely, two-stage and
downstream-stator, the results are presented for single values of work
division between stages, cone angle of the inner shroud, and exit
annular area. The effects of work division and cone angle were inves-
tigated in reference 2 and asre therefore not presented herein. Selec-
tion of the exit ammulsr areas will be discussed.

For each type of turbine design, a possible design condition was
selected which is a good compromise of factore affecting the wvelocity
diegrems. This selection was based on the results of simplified velocity-
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diagrem snalyses similar to those presented in reference 2. The veloc-
ity diegrams presented are based on thils selected design condition and
include the radial variations in flow resulting from the assumption of
simplified radial equilibrium end free-vortex flow; these dlagrams are
for take-off operation.

Two-Stage Turbine Design

Take-off. - The velocity disgrams in figure 5 are for a two-stage
turbine in operation during take-off having en exlt annular area of
480 square inches, a 70/30 work division, and a cone angle of 20.6°.
The assumed turbine configuretion is presented in figure 6. Even
though the veloclitlies for take-off operation are within the specified
design limits, every blade row must operate very near a design limit.
The acceleration across a rotor-blade row increases considerably from
hub to tip. On the other hand, the acceleration across the second
stator-blade row is nearly constant from hub to tip, having the
smallest value at the tip.

The design limit of no decelerstlon across a blade row results
Prom experience in design and operation of rotor-blade rows near
this limit. Because of the difference between the radial distribu-
tions of acceleration, operation of & stator-blade row near the
design limit of no deceleration may be less efficient than operation
of a rotor-blade row near this limit. Even though the design limits
were not exceeded for this design, operation of the second stator-
blade row may therefore be critical.

By changing the work division so that less work is produced by
the first stage, the flow conditions in the second stator-blade row
may be made more conservative. In order to remsin within the design
limit of no deceleration in the second stage, this change 1n work
division will require that the tangential velocity at the exlt from
the second rotor-blade row be increased. The leaving loss Vujsz/ZgJ

will thereby be increased.

Cruise. - The relation between turbine exit tangential velocity
for take-off and the turbiné exit flow conditions for crulse are shown
in figures 2(a) and 3. For the velocity diagram presented in figure 5
for take-off operatlion, the value of exit tangential velocity parameter
(Vu/acr)s at the mean radius is -0.065. For this take-off value of

exit tangential velocity psrameter, figures 2(a) and 3 show that for
cruising (1) the flow conditions at the rotor exit are very near the
condition of limiting loading and (2) the kinetic energy assoclated with
the exit tangential velocity is over 2 percent of the ideal turbine work
output. Because this kinetic energy is herein assumed to be the loss

NRRETER
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associated with the exit tangential velocity, this loss reduces the
turbine efficiency by 0.02 for cruising. This turbine design is thus
marginal for both take-off and cruilse.

When the velocity dlegram for teke-off is adjusted by employing an
increassed amount of exit tamgential velocity (larger negative value),
the effect on the turbine exit flow conditions is as shown in figures 2(a)
and 3. Increasing the exlt tangential velocity for take-off by 55 feet
ber second corresponds to a change of -0.,03 in the tangentisl velocity
perameter (Vy/acr)s, that is, from -0.065 to -0.095. For cruise under
this condition, the loasding limit would be reached in the last rotor-
blede row and the leaving loss would be increased to nearly 4 percent
of the ideal turbine work. Improvement in the flow conditions within
the second stator-blade row during teke-off operstion would thus be at
the expense of impaired cruising performsnce.

Exit ennmular area. - Although results of the anslysis are presented
for only a single value of exit annular area (480 sq in.), several values
were considered. From figure 2(a), it 1s apparent that an exit annular
area of 480 square inches results in operation at limiting loading. For
this reason, a smeller exit annular area could not be employed without
exceeding the losding limit for cruise. On the contrary, a greater
annuler areg is requiredr if the compressor work for crulse rises sbove
115 Btu per pound (fig. 2(a)). An exit annuler area of 480 squere inches
is thus gsbout the smallest that can be employed.

Increasing the exit anmular ares gbove 480 square inches will
reduce the severity of the problem of limiting loading but will aggravate
other problems. A comparison between this two-stage design and the
desgign presented in reference 2 (which hes an exlit annuler ares of
405 sq in.) shows that increasing the exit amnulsr area from 405 to
480 square inches has made more critical the problem of designing for
satisfactory turbine operation under take-off conditions. A further
increase in exit apnuler ares will result in an even more criticel two-
stage design. Thus, in order to alleviate the critical nature of this
design, some additionsl feature (such as a downstream stator or an
increased tip dlameter) should be incorporated into the design.

Downstream-Stator Turbine Design

Take-off. - The velocity diagrams in figure 7 are for a downstream-
stator turbine in operation under take-off conditions having an exit
ammular area of 550 square inches, a 67/ 33 work division, and & cone
angle of 27.6°. The assumed turbine geometry is shown in figure 8. The
flow conditions are within the specified design limits with the single
exception of the amount of turning at the hub of the first rotor-blade
row. The maximum Mach nunber at the entrance to any blade row is 0.79.
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. The amount of turning in the first rotor-blade row could be reduced from
.123° to the limiting value of 120° by increasing the cone angle by a
smell smount end so adjusting -the work division that the work output of
the first stage 1s slightly decreased. Because of the arbitrary nature
of the design limits, this change was not made.

The differences of greatest significance between the two-stage and
downstream-stator designs are the improved acceleration in the second
stator-blade row, the increased amount of exit tangential velocity, and
the increased margin between the required cruising output of the second
rotor-blade row and the value at limiting loading. A comparison of
figures 5 and 7 shows that at the tip of the second stator-blade row
the velocity increase rose from a value of 2.3 to 9.4 percent. The
increased values of exit tangential velocity are tolerable because of
the anticipated pressure recovery in the downstream stator.

Limiting loading. - The increased margin between the required
crulsing output and limiting losding ls epperent in figure 2. For the
downstream-stetor design, the tske-off velue of the exit tangentilal
velocity paremeter (Vy/scr)s at the mean radius is -0.15. Figure 2(b)
shows thet for cruise the turbine pressure ratio may be increased in
order to increase the turblne work output by 4.5 percent without exceed-
ing the loading limit, an improvement over the two-stage design.

Stator-entrance conditions. - One factor which significantly
affects the practicaebllity of using a downstream stator is the range of
Plow conditions which will prevail st the stator entrance. If the
stator-entrance Mach number for crulse 1s too high or the range of
stator-entrance flow direction between take-off and crulse is too great,
a downstream stator will not efficiently recover the kinetic energy con-
teined in the exit tangential velocity. Between teke-off and cruise,
the range of stator-entrance flow conditions at the mean radius for a
take-off value of exit tangentiel velocity perameter of -0.15 is shown
in figure 4 to be the following:

Variable Teke-off | Cruise
Mech mumber, (V/a)g| 0.42 0.61
Flow engle, ag, deg ~20 -28

For this range of stator-enmtrance conditions, the experimental cascade
date of reference 6 indicate that the kinetic energy contained in the
exit tangentisl velocity can be efficiently recovered for both take-off
and cruise by using an NACA 65-(12)10 airfoll section with a solidity
of 1.

These results indicate that a downstream stator can be employed
in design to significently improve the internal flow conditlons for
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ta.ke-off', to increase the mergin to limiting loading, and to permit the
use of considergble amounts of exlt tangential velocity with good effi-
ciency. ZEven at constant rotative speed, engine thrust can be varied

considergbly without exceeding design limits on the downstream stator.

Exit annmular area. - The exit ammular area of 550 square inches
was chosen somewhat arbitrarily. An examination of figures 2(a) and 3
indicates that even with a downstream stator an ares of 480 square
inches is not satisfactory for the following reesons: (1) Within the
loeding limit, only a small emount of exit tangentlial velocity can be
employed, thereby limiting the usefulness of a downstream stator. (2)
For significant amounts of exit tengentisl veloclty, the stsbtor-entrance
Mach mumber 1s prohibitively large. Even with the sddition of a down-
stream stetor, such a design would remain mexrginel.

An exit annuler aree of 550 square inchee was therefore selected
in order to overcome the shortcomings of an area of 480 sguare inches.
This value probsbly does not represent an optimum. Within the limits
of this smalysis, it is found that eny area near 550 square inches will
probaebly be satisfactory.

The use of a large exit snmular area haes some advantages not

brought out by thils anslysis. For the turbine geometry shown in figure 8,

the axiel Mach number at the exlt from the third stabor under take-off
conditions is only 0.34. Because this Mech number is low, the diffusion
required at the entrance to an afterburner is reduced consldersbly below
that required with a smaller annular aerea. Another sdvantege of the
large annular ares 1lg the lincreased rabte of englne acceleration which is
possible.

Interblade-row velocities for cruise. - The gpproximate hub condi-
tions determined during the interblade-row calculation are presented in
table I. The conditions at the entrances to and exits from the first
rotor-blade row and second stator-blade row are more comnservative under
the crulsing rather than the take-off condition far the following
reasons: The entrance Mach number is lower, the acceleration is
greater, and the amount of turning is decreased. Although the entrance
Mach number 1n the second rotor-blade row is greater for cruise then for
teke-off, the flow conditions for cruise are more comservative because
the entrance Mach mmber is still so low {0.64) that it is not criticeal,
the acceleration 1s increased, and the amount of turning is essentially
unchanged.. For the downstream stator-blade row, the more severe con-
ditions are encountered during cruise, as shown by the simplified
crulise analysis; the stator-entrance Mach number increased from 0.44
to 0.63 and the flow angle, from 26 to 32°. Considered as a whole,
the flow conditions for cruise are thus at least as favorable as those
for take-~off.

-
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Although the flow angle at the mean radius and the exit from each
blade row for crulse was assumed to be equal to the angle for take-~off,
the exlt flow angles for the hub radius in tgble I very slightly for the
second rotor-blade row. This variation results from the assumed radial
variations and is a measure of the approximate nature of this assumption.

DISCUSSION

A comparison of the results of reference 2 with those of this
analysis indicates the relative difficulty of designing for either of
two modes of engline operation: (l) constant exhsust-nozzle area and
varigble rotative speed, or (2) constant rotative speed snd varisble
exheust-nozzle erea. The increase in difficulty of designing a turbine
for constant-speed operation results largely from the range of conditlions
over which the turbine must operate between take-off and crulse; whereas
for engine operation with constant exhaust-nozzle ares, the turbine
operating conditions ere essentially unchenging between take-off and
cruilse,

The results of reference 1 show that the over-all blade-jet speed
ratio for crulse st rated speed 1s slightly higher (and. thus more con-
servative) than for take-off. Despite the high value of blade-jet speed
retio for cruise at rated rotative speed, the tangential velocity at,the
exit from the last rotor-blade row of the designs Investlgated was higher
for cruise than for take-off; for the two-stege design, this introduced
an undesireble leaving loss. On the other hand, the flow conditlons in
the first rotor-blade row and second stator-blade row were not up to
the design limits for the cruising condition. If a turbine were to be
designed for the cruising condltlon slone, the first stage could produce
a greater share of the work wlthout exceeding the design limits, thereby
reducing the leaving loss. A cursory study of designing for cruise
alone indicated that for this condition a satisfactory two-stage design
could be obtained having zero exit whirl. A satisfactory two-stage
design for take-off operation is presented in reference 2. Despite the
fact that a satisfactory two-stege design cen be obtained for elther
take-off or crulse at rated engine speed, a satisfactory two-stage
design cannot be obtained for operation under both the cruise and take-
off conditions. For engine operation et constant speed, the requlred
range of operation mst thus be comsidered in turbine design.

The results of the analysis, as so fer presented, are specific
rather than genersal because they are related to a particular compressor
considered as part of a turbojet engine. The value of these results
can be increased if, from them, general concluslons can be drawn con-
cerning the entire class of single-~spool compressors. In order for the
general significance of these results to be apparent, the character-
istics of this particuler compressor must be related to the character-
igtics of other single-spool compressors. In the following discussion,

o
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the turbine-inlet temperature for take-off is presumed to be near
2160° R because a large change in temperature will alter the turbine-
design requirements.

For the purpose of driving e single-spool compressor as part of a
turbojet engine to be operated at rated rotative speed for both take-off
and cruise, a satisfactory downstream-stator turbine can be designed
within the limits

(l) Turbine tip dlameter < compressor tip diameter.

(2) Relative entrance Mach number to any blade row <O0.79.
(3) Turning by eny blade row < 123°.

(4) Deceleration across only the downstream-stator-blade row.

provided that the following conditions are satisfied:

(1) Engine cruises with thrust st least as great as 0.64 meximum
thrust at altitude.

(2) The compressor characteristics for take-off are within the
following range:

(a) Equivalent air flow per unit frontal area<25.8 pounds
per second-square foot.

(b) Equivalent blade-tip speed = 892 feet per second.
(c) Equivalent work imput < 131 Btu per pound.

Because the turbine-design reguirements for take-off are essentislly
the same as the requlrements for crulse with the take-off value of
exhasust-nozzle ares (reference 1) s such a turbine design 1s also sat-
isfactory for engine operation with constant exhaust-nozzle ares.

When a single-spool compressor which has more severe turbine- -
design requirements than these is used, a satisfactory two-stage turbine
cannot be designed within the given limite if the engine is to be
operated at rated rotative speed for thrusts es low as 0.64 maximm
thrust at altitude.

Y,
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SUMMARY OF RESULTS

In order to study the application of turbines to driving single-
spool compressors, an investigation was conducted to determine whether
or not satisfactory velocity dlagrams could be obtained for two-stage
turbines elther having or not having a downstream stator if these tur-
bines are required to drive a particular single-spool compressor over a
raenge of engine operation at rated rotative speed. The characteristics
of several englnes currently being developed were investigated; the
requirements imposed on a turbine to drive the compressor chosen for
this investigation constituted the most severe problem in the design of
two-stage turbines having a tip dismeter no greater than that of the
compressor because of the relatively high mess flow per unit frontal
area, high work, and low blade-tip speed of this compressor.

A sinplified method of snalysis was developed in order to relate
the turblne operations for crulse and teke-off, both at rated rotatlve
speed., In this wey, turbine velocity dlagrams were selected by con-
sidering both take-off and cruising operstion.

For this particuler compressor, the following results were obtained
regarding the turbine:

1. A two-stage design not having a downstream stator wss at best s
merginal design. TFor take-off operation, the velocity diagrams closely
spproached the design limits. For cruise, the leaving loss was objec-
tionably large and the margin below limiting loading was scant.

2. A two-stage design having =z downstream stator and an exit
annular ares of 550 square inches was obtained within the followlng
limits: relative entrance Mach mumber, 0.79; bturning by eny blade row,
1239; no deceleration except within the downstream stator-blade row.

The cone angle of the inner shroud was 27.6°. The work division between
the stages was 67/ 33.

3. For the hub of the downstream stator-blade row, the range of
entrance conditions between take-off and cruise was as follows: entrence
Mach number, 0.44 to 0.633; entrance flow angle, 26° to 32°.

CONCLUSIONS

1. For the purpose of drivirng a single-spool compressor as pert of
a burbojet engine to be opersated at rated rotetive speed for both take-
off and cruilse, a setisfactory two-stege turbine having e downstream
stator can be designed within the limits

9664 |
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(1) Turbine tip diameter < compressor tip diameter.

(2) Relative entrance Mach number to any blade row <0.79.

(3) Turning by any blade row <123°.

(4) Deceleration ascross only the downstream stator-blade row.
provided that the following conditlions are satisfied:

(1) Engline cruises with thrust at least as great as 0.64 maximum
thrust at altitude.

(2) The compressor characteristics Ffor take-off are within the
followlng range:

(a) Equivalent air flow per unit frontal area <25.8 pounds
pexr second-square foot.

(b) Equivaelent blade-tip speed >892 Peet per second.
(¢) Equivalent work input <131 Btu per pound.

Because the fturbine-design requirements for take-off are essentially the
same as the requirements for crulse with the take-off value of exhaust-
nozzle area, such & turbine degign is also satisfactory for engine
operation with constant exhaust-nozzle area.

2. When a single-spool compressor which has more severe turbine-
design requirements than these is to be driven, a satisfactory two-
stage turbine cannot be designed within the given limits if the engine
is to be operated at rated rotative speed for thrusts as low as 0.64
maximum thrust at sltitude.

3. A downstream stator can be employed in turbine design to signif-
lcantly improve internal flow conditions, to increase the marglin to
limiting loaeding, and to permit the use of considergble amounts of tan-
gential veloclty at the exit from the last rotor-blade row without the
flow conditions at the entrance to the downstream stator exceeding the
1imits of modern compressor design. Even at constant rotative speed,
engine thrust can be varied considerably without exceeding design limits
on the downstream stator.
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4. Even if turblnes can be designed for satisfactory operation
under each of two operating condltlions, satisfactory performsnce of a
single design under both operating conditions is not guaranteed.

Lewlis Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohio . )
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SYMBOLS

The following symbols are used In this report:

) A annular area, sq ft

§ a velocity of sound, ft/sec .

a .
8., critical velocity, Afgﬁ— gRT', ft/sec

T+1
B trailing-edge blockage factor
E turbine work output, Btu/lb
g standard acceleration due to gravity, 32.17 ft/sec2
; J mechanical equivalent of heat, 778.3 f£t-1b/Btu

n polytropic exponent

) P pressure, Ib/sq ft
R gas constant, £t-1b/(1b)(°R)
r radius, £t
T temperature, °r
U blade speed, ft/sec
v absolute velocity, ft/sec
W relative velocity, f£t/sec
W welght flow, 1b/sec
oA gbsolute flow angle measured from axial direction, deg
B relative flow angle measured from axial direction, deg

) T ratio of specific heats

- A leaving loss
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o density, lb/cu ft

Subscripts: -
h hub

R upstream of rotor trailing edge 3:
r rotor throst 5:
s stator throat

T tip

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:

' stagnation or total state relative to stator

" stagnation or total state relative to rotor

VSRR
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APPENDIX B

METHOD OF ANATYSIS OF CHOKED-FLOW TURBINES

For a turbine which does not choke the last rotor during take-off
operation, the analysis in reference 3 was extended to calculate the
cruising performance of turbines designed for tske-off operatlion. In
this analysis the first stator is assumed to choke gt take-off and both
the first stator and the last rotor are assumed to choke at cruise.

Take-Off

From the take-off conditions the throat area of the first stator,
the throet area of the last rotor, and the blade exit angle for the last
rotor can be calculated for a given exit annular area Ag and an
assigned value of the tangential velocity parameter (Vu/acr)s. In
order for these values to be calculated, the following factors must be
assumed or assigned: ratio of specific heats 1, work output BE,
welght flow w, internal efficiency 1, inlet total pressure pl',
inlet total temperature T;', exit annular area A5, percent of
trailing-edge blockage B, blade-tip speed 'Up, and the hub-tip radius

retio at the turbine exit (ry/rq)s; the work output at the mean redius

is the average for the annulus, and the specific-mass-flow parameter
(pVx/p‘acr) at the mean radius is the average for the annulus; the
flow loss from the throat to the exit of the last rotor-blade row and
from the entrance to the throat of the first stator-blade row {assumed
isentropic herein). From these factors, the values of critical velocity
8.y &nd total density p' can be computed at the turbine exit

(stetion 5) and the first stator exit (station 2) by means of standard
thermodynamic procedures.

The symbols used in the followlng anslysis refer to conditions &t
the mean radius of the annulus with the exceptions of blade-tip speed
Up, hub radius Ty, and tip radius Tepe

If a trailing-edge blockage B 1is assumed, the specific-mess-flow
paremeter upstream of the trailing edge (based on the annular area
within the blade row) can be determined from

(ﬂ) L S (1)
p'acr/5,R  P5 '8cr,5PA5

The values of the specific-mass-flow paremeter (pvx/p‘acr)S,R and the
assigned value of the tangential velocity parameter (Vu/acr)s can be

used in conjunction with the flow chart in figure 3 of reference 7 to
determine the axial velocity parameter (Vx/acr)S,R' The tangential
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velocity parameter (Vu/acr) is assumed to remain constant between the

V.
rotor throast and downstream of the rotor. With this assumption <E§L>5’

CT.
V. V.
<—E—> , and <—E—) are all equal.
&cr S’R acr S,r

Even though the flow chart in reference 7 was constructed for a
value of ¢ of 1.30, the chart is sgppllcable for a range of values of
Y. The results are not sensitive to ordinary varistions in ¢ unless

the axlal velocity approaches sonilc speed.

If the gas density between the throat and the trailing edge of the
last rotor 1s assumed constant, the throat area of the rotor AS,r can

be calculated from the geometry of the vector diagrams (see fig. 1).

i,

r
> ]
cr/S CI' C.T.‘SR

where from the geometry of the turbine,

U=z Uml} + (fg) :} (3)

The exit blade angle BS,R can also be calculated from the geometry of

G &)
8 - tan'l &er/s ?cr 5 <4)

5,R (?x )
&cr/5,R

(The positive Vu direction is in the direction of blade motion.)

the vector dlagrams.

Since the specific-mass-flow parameter by definition takes on the
value at the choked condition .

ov \ _ (.2 (one-dimensional flow)
p' G

(5)

9882 |
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A‘z,s= T L _ (6)

T-1
2 '
T+1 i pz a'CI', 2

The polytropic exponent n/(n-1) relating the ratio of total pres-
sure across the turbine to the ratlio of total temperature across the
turbine is assumed the same for take-off and cruise and can be deter-
mined from the take-off conditions by the thermodynamic relation

o
L
e k(%) (7)

Crulse

For this crulise analysis, the following factors must be assumed or
assigned at the eruise condition: work output E, polytropic exponent

n/(n—l), turbine inlet total temperature T;', blade-tip speed Up, and
flow loss from the throat to the exit of the last rotor-blade row and

from the entrance to the throat of the first stator-blade row (essumed
isentropic herein).

If the first stator and the last rotor are asssumed choked, continuity

of mass flow requires thet

P1A2s 5r"5r (e)

#TS r
which can be written

As T T5,
T P = (8a)
,s 1 5, r 5'

and upon introducing the thermodynamic relation

G
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(10)
equation {8a) becomes
n+l T+l
A‘S Tt an-lj oot 2 'Y'—l
Sr [ L 5
'A'Z TA\T_t T T (Sb)
38 5 5,r

The area ratio A5 /Az g 1s known from the take-off calculations and
the temperature ratlo 1'/T5‘ can be calculated from the assigned work

output E and inlet total temperature T,' Dy standard thermodynamic

procedures. Thus, from equation (8b) the temperature ratio Tg' /T5 r
required at crulse can be determlned.

Modifying equation (12) of reference 3 gives,

(), ) - (8, (]

For the assigned value of blade-speed paraméter (Ufa,,')g, equation (11)

specifies the magnitude of relative tangential velocity parameter
(W /acr")s, which is required if the turbine is to produce the required

work under cruising conditions.

The maximum obteinsble (W,/a..")s for the Bg p calculated at
teke-off can be determined from figure 3 in reference 5. The blade
angle plotted in figure 3 of reference 5 is measured from the tangential
direction and is therefore the complement of the blade angle BS,R used
in this analysis. If the maximum obtainable (Wu/a “) is greater

than the required (W /acr")s, the turbine 1s capable of cruising the

engine at the blade speed assigned (rated blade speed in this report);
if not, the reverse is true.

9662
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TABIE I - INTERBLADE-ROW CONDITIONS AT HUB RADIUS FOR TAKE-OFF AND

CRUISE AT RATED ROTATIVE SPEED FOR DOWNSTREAM-STATOR DESIGN

Blade row Varieble Take-off | Cruise @
First Exit absolute Mach number, (V/a), 1.12 | 1.04
stator Exit absolute flow angle, ap 69° 69°
Entrance relative Mach number, (W/a)o 0.79 0.68
First Exit relative Mach number, (W/a)z .96 .95
robor Entrance relative flow angle, Bo 60° 57°
Exit relative flow angle, Px -63° -63°
Turning within first rotor, Bo-Bsz 123° 120°

Entrance absolute Mach mumber, (V/a)z 0.67 0-63 -
Exit ebsolute Mach number, (V/a), .85 .95

ii:ggg Entrence sbsolute flow angle, az -50° -46° <
Exit absolute flow angle, oy 62° 62°
Turning within second stator, ay-dz 112° 108°
Entrance relative Mach number, (W/a), 0.59 0.64
Exit relative Mach number, (W/a)g .62 .86
Second Entrance relative flow angle, By 48° 47.0°
rotor Exit relative flow angle, Bg - -50° -52°
Turning within second rotor, B4-Bs 98° 99°
Dowvnstreem | Entrance gbsolute Mach nunber, (V/a)5 0.44 0.83
stator Entrance absolute flow angle, og -26° -32°
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§
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(a) Turbine nomenclature.
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V2 W Y vx,S
2 T
W m— u,S
u,2 v,
u,4 WSS Us Wyu,5
2 vx,z
Exit first Exit first Exit second ExIt second
stator rotor

stator rotor

{b) Velocity-diegram nomenclature.

Figure 1. - Turbine and veloclty-diegram nomenclsture. WV, positive when in same
direction as Uj; Vy negative when in direction opposite to U.
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