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RESEARCH MEMORANDUM

ANALYSIS OF FACTORS AFFECTING SEIECTION AND DESIGN OF AIR-COOLED
SINGIE-STAGE TURBINES FOR TURBOJET ENGINES
-~ TURBINE PERFORMANCE AND ENGINE WEIGHT-FLOW CAPACITY

By Richard J. Rossbach, Wilson B. Schramm, and James E. Hubbartt

SUMMARY

An analysis was made to determine the compressor pressure ratios and
specific welght flows ocbtainable with single-stage air-coocled turbines
for both nonafterburning and afterburning turbojet engines operating at
g flight Mach number of 2 in the stratosphere. Wide ranges in-turbine-
inlet temperature, tip speed, hub-tip radius ratio, and coolant-flow
ratio were comnsidered. In the interest of exploring ocuter limits as well
as minimizing cooling requirements, the turbines were designed for the
maximum feasible specific work through the use of high turbine aerody-
namic limits and high turbine-exit whirl. Other components were corre-
spondingly considered to operate with high aerodynamic limits comensurste
with the assigned efficiencies.

The results of this anelysis show that the increases in compressor
pressure ratio obtaineble with a single-stage air-cocled turbine are
quite large, 1if the turbine tip speed, hub-tip radius ratio, inlet
temperature, and exit whirl are increased. Increases in the compres-
gor pressure retio sre generally reflected in increases in the gas
density and, therefore, the welght-flow capaclty per unit of flow area
of each engine component downstream of the compressor. For the after-
burning engines with the afterburner-inlet velocity employed, the engine
welght~flow capacity is limited by the afterburner for essentially all
conditions considered. In this case, if higher afterburner limits are
rermissible, large increases in engine weight flow are possible. For the
nonefterburning engine, in general, either the combustor or the turbine
limits the engine weight-flow capacity. At low turbine bhub-tip radius
ratios corresponding to low compressor pressure retios and high turbine
flow areas, the combustor limits the engine welght-£low capacity for the
combustor veloclties employed. For these low hub-tip radius ratios,
slight increases in the engine weight flow are possible if higher com-
bustor velocities are permissible. As the turbine hub-tip radius ratic
increases, the weight-flow capacity of the combustor Increases dilrectly
with the compressor pressure ratio. The changes in tuwrbine weight-flow
capaclity with turbine hub-tip radius ratio depend upon the turbine blade
root stresses and the turbine-Iinlet temperature. However, as the turbine
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hub-tip radius ratio 1s Increased, the weight-flow capaclty of the com-
bustor relative to thet of the turbine Increases so that at high turbine
hub-tip radius ratlos the turbine limits the nonafterburning engine
weight-flow capacity. For high. turbine-inlet temperatures, the turbine
welght-flow capaclty can be increased as the turbine hub-tip radius ratio
ig increased without increasing the blade root stresses, since the gas
density at the turbine increases faster than the flow area decreases.

For low turbine-inlet temperatures, the converse is true; and, hence,

the turbine blade root stresses must be increased Tn order to increase
the turbine weight-flow capacity. Thus, high turbine-inlet tempera-
tures, which are desired for obtaining the best combination of specific
thrust and specific fuel consumption at. high flight speeds, are desirsble
for attaining high compressor pressure ratios and high weight flows per
unit of frontal area with single-stage turbines.

INTRODUCTION

As contemplated flight conditions become progressively more severe,
as research and development produce engine components of successively
higher performance, and as new analytical techniques continue to he
evolved, new turbojet-engine performance analyses are required. The ob-
jective of the present report is to obtaln values of compressor pressure
ratio and compressor corrected welght flow per unit of turblne frontal
area (hereafter referred to as "turbine-limited specific welght flow")
in a turbojet engine having a single-stage air-coocled turbine with high
aercdynamic limits. As in all analytical studies of thie type, the ul-
timate goal is the choice of basic engine design specifications for a
perticular mission and application that result in high thrust per umit
engine frontal area and low specific fuel comsumption with acceptable
engine specific weight. The possibilities of improving component con-
figurations for a particulsr engine application are increased as freedom
in the selection of realistlc engine design specifications 1s extended.
In this respect, turblne cooling provides an important comtribution to
design freedom, since it permits independent choice of blade stresses and
gas temperatures. : . S

Several analyses of the performance of turbojet engines over ranges
of engine design specifications have been published. References 1 to 3,
which are typical of these publicatlons, present the thrust per pound of
compressor welght flow and the specific fuel consumption of a turbojet
engine for ranges of flight speed, compressor pressure ratio, turbine-
inlet temperature, and afterburner-outlet temperature. This type of
enalysis was extended in reference 4 to include the effect of altitude
on thrust and specific fuel consumption and to employ the engine per-
formance in an snalysis for the range of a specific aircraft. However,
in all these cases the effect of ‘cooling of the turbine to permit the
higher turbine-inlet temperatures considered was neglected. The general
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effect of cooling would be to distort the results toward lower values of
thrust and higher values of specific fuel consumption.

A limited number of caleculations to evaluate the effects of cooling
have been made. References 5 to 7 show that gas-turbine performance can
be greatly improved by increasing the turbine-inlet temperature and em-
ploying either air or a liguid for cooling the turbine blades. In addi-
tion, references 8 and 9 indicate that the performesnce of turbojet en-
gines designed for subsonic and for supersonlc flight, respectively, can
be improved by increasing the turbine-inlet temperature and employing
alr-cooled turbine bliades.

The thrust per umit of frontal aresa and the specific fuel consump-
tion for turbojet engines analyzed in the literature have been evaluated
by independently specifying the compressor pressure ratio, the corrected
engline weight flow per unit frontal area, the turbine-inlet temperature,
the component efficiencies, and the coolant flow. Under these conditions,
the flow Mach numbers within each component are uniquely specified for
glven conponent flow areas. These Mach numbers are, in turn, interrelated
with the component efficiencies. Furthermore, the cooling requirements
are interrelasted with the Mach numbers and the state conditions within
the turbine as well as the turbine blade stresses and geometry. Thus,
the independent choice of these specifications frequently leads to de-
signs for which any or all of the following may be true: It is impossible
to pass the specified weight flow; the required Mach numbers differ from
those commensurate with the specified component efficiencies; or the
cooling requirements are inaccurate. Consequently, the performance re-
sults of meny of the engines are not directly comparsble.

The freedom of choosing independent design specifications so that
all engines consldered in any specific analysis are directly comparsable
has necessarily awalted the development of adequate procedures for analyz-
ing and limiting each of the components. A simplified procedure for
evaluating the turbine speclfic work for a given combination of turbine
design specifications; namely turbine-inlet tewmperature, tip speed, end
hub-tip radius ratio, was published recently (ref. 10). In addition,
recent component research permits good estimates of the component effi-
ciencies and aerodynamic limits. Since the engine weight flow and the
compressor pressure ratio can be related to the turbine work, the com-
ponent efficilencies, and the aerodynamic limits, while the coolant-flow
requirements can be evaluated from the turbine design specifications, it
is possible to relate the engine performance to the turbine-inlet tem-
perature, the tip speed, and the hub-tip radius ratio for specified com-
ponent efflciencies and aerodynamic limits. All engines analyzed in this
way and for which turbine blade cooling can be accomplished are directly
comparable, provided that the component efficiencies and aerodynamic limits
are comparable for all engines. Conseguently, & series of investigations
has been undertaken by the NACA to determine the performence of turbojet



4 N NACA RM E54C22

engines over a wide range of turbine-inlet temperatures, tilp speeds, and

hub-tip radius ratios for several values of coolant flow. In the analysis

of these englines, an attempt was made to obtaln the highest turbine spe-
cific work that seemed feasible in the near future with a given set of
turbine design specifications, in order to explore the outer limits for
engines employing turbine blade cooling. This was done by chocsing
higher values of turbine aerodynamic limits and turbine-exit whirl than
are in current use. However, & rather conservative value of turbine
adishatic efficiency was asslgned. Such a procedure results in the min-
imum cooling load, because a specified amount of work 1ls obtasined from
the turbine for the lowest wvalues of turbine-iniet temperature and stress.
The engines investigated were made comparable by utilizing the same val-
ueg of the component aerodynsmic limits and efficiencies commensurate
wlth those limits for all engines. In dddition, alr-cooling is consid-
ered, because it 1s in a more advanced stage of development than is
liquid cooling; and a single-stage turbine is employed in the interest
of retaining mechanical simplicity and minimum blade heat-transfer sur-
face area. ) : ' -

As a part of this series of iIinvestigations at the NACA Lewis labora-
tory, the obtalnsble turbine work and welght flow expressed in terms of
the compressor pressure ratlo and the turbilne-limited specific welght
flow (hereafter referred to as the turbine performsnce as opposed to the
engine performance, which is the objective of the entire investigation)
were determined over & range of turblne design specifications. In addi-
tion, the weight-flow capacity of the iniet diffuser and the compressor
and the ratio of the requlred combustor and afterburner frontal aereas to
the turbine frontal area were computed, so that the compressor corrected
weight flow per unlt of engine frontal area could be evaluated readily.
The present report presents the results of this enalysis and 1llustrates
not only the influence of turbine blade cooling on the obtainable com-~
Pressor pressure ratio, turbine-limited specific weight flow, and engine
specific welght flow, but also ‘the factors affecting the selection and
design of alr-cooled single-stage turbines for turbojet engines. The
followlng ranges In the turbine design specificatlons were considered for
a flight Mach number of 2.0 in the stratosphere: turbine-inlet tempera-
ture, 2000° to 3500° R; turbine blade tip speed, 1100 to 1700 feet per
second; turbine hub-tip radius ratlo, 0.55 to 0.75; and coolant-flow
ratio, O to 0.15. ’ '

ANATYTICAT, PROCEDURES

The engines analyzed are cbneldered to consist of an inlet diffuser,
a compressor, & combustor, and a turbine with a zone downstream in which
the cooling eir is assumed to mix with the combustion gases. For the
case of thrust augmentation, the engines have, in addition, a diffuser
after the mixing zone downstream of the turbine and an afterburner.
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Schematic diagrams of the unaugmented and the sugmented engines are shown
in figure 1. The symbols and definitions used throughout the report are
listed 1n appendix A.

- Purbine Specific Work

The turbine-inlet temperature, turbine blade tip speed, and turbine
hub-tip radius ratio were used as independent varisbles for specifying
the engine designs. In additlon, single-stage turbine designs with free-
vortex velocity distrlbutions and constant ennular area were employed.
Since the turbine design conditions were specified, it was necessary to
start the analysis at the turbine. The simplified procedure for design-
ing free-vortex turbines as published in reference 10 was used for eval-
uating the turbine specific work. As shown In reference 10, the turbine
specific work is dependent upon the aerodynamic limits, namely, rotor-
inlet relative Mach number and exlt axiasl critical veloclty ratio (ratio
of exit axial velocity to sonic velocity at Mach number 1), turbine adia-
batic efficiency, =pnd amount of whirl or tangential velocity at turbine
exit, as well as turbine~inlet temperature, tip speed, and hub-tip radius
ratio.

In the present report the aerodynamic limits and the turbine-exit
whirl were chosen so as to assure high turbine work. High turbine work
was particularly emphaslzed, since, for a given compressor pressure ratio
and engine weight flow, the coolant f£flow required can be reduced by main-
taining the turbine specific work at reduced turbine tip speed. This re-
duction in the coolant flow is simply a reflectlon of the decrease in
turbine blade stresses. Alternately, the compressor pressure ratio and,
consequently, the engine weight flow can be increased by increasing the
turbine specific work without increasging the required coolant flow by in-
creasing the aerodynamic limits, or exit whirl, or both. In additiom,
the turblne size or blade stress, or both, can be reduced for a given
compressor pressure ratlo end engine welght flow by increesing the tur-
bine aerodynamic limits or exit whirl, or both.

Reference 11 shows thaet the specific work of a single-stage turbine
can be increased substantially by increasing the turbine aerodynamic lim-
its. In addition, it 1s apparent from Buler's turbine equation that the
turbine specifie work can be directly increased by employing turbine-exlt
whirl, that is, by permitting the gases leaving the turbine to have a tan-
gential component of velocity in the direction opposite that of the wheel
rotation. Therefore, the present report utilized a combination of the
aerodynemic limits and turbine-exit whirl so that the highest turbine spe-
cific work was obtained that seems feasible for near-fubture single-stage
turbine designs without a significant reduction in turbine efficiency.
Accordingly, the inlet relative Mach number at the turbine rotor root was
limited to 0.80 and the turbine adisbatic efficiency was fixed at 0.83.
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Appendix B presents the results of calculations made to estimete the per-
misgible amount of turblne-exlt whirl without a significant reduction in
the turbine adigbatic efficlency. It is assumed that the pressure head
agsociated with the exit tangential velocity component was eventually
dissilpated downstream of the turbine by the taill-cone struts, and delete-
rious effects on the downstream components were thus prevented. On the
basis of the results presented In appendix B, the present report used
turbine-exit whirl corresponding to a value of -0.41 for the ratioc of
whirl component of veloclty to wheel speed at the radisl position at
which the product of whirl energy loss per pound and total weight f£low
expresses the total whirl energy loss. This turbine-exit whirl was de-
termined as that value corresponding to the same turbine adlabatic effi-
ciency as for no turblne-exit whirl, assuming that the blading losses
were Independent of turbine-exit whirl. However, as shown in appendix B,
even 1f the blading losses are scheduled to vary with turbine-exit whirl
when a lose coefficlent invariant with exit whirl is used, the maximum
drop in the turbine adiabatic efficiency due to this whirl is only 3.6
percentage points.  Furthermore,' supplementary calculations revealed that
the effect of employing this exlit whirl is to increase the obtaineble
compressor pressure ratio and turbine weight-flow capaclty by gbout 34
and 20 percent, respectively, for a typlcal example. For these reasons,
the use of this amount of turbine-exit whirl seemed particularly deslir-
able, even though it is considerably in excess of values used in present
design practice. : ’ : : :

The turbine-exit axial critical velocity ratio must be limited by
the condition of axial choking within the blade passages at the tralling
edge. For a glven blade solidity and trailing-edge thickness, it is pos-
sible to relate the blade chord to the exlt axial critical velocity ratio
(outside the blade passage) for this choking condition. For this reason,
the minimum velues of permlssible turbine blade chord have been computed
over the range of turbine design speclfications used herein for an exit
axial critilcal velocity ratioc of 0.70, a trailing-edge thickness reason-
gble for a cooled turbine blade, and two turbine blade tip solidities.
These calculations are dlscussed and the results are presented in sppen-
dix B. These results show that the minimum turbine blade chords are
within or below present design pracitice. Slight increases in the exit
axial critical veloclty ratio have an apprecisble effect upon the maxi-
mum turbine blade chord (since as this velocity ratio spproaches unity
the minimum turbine blade chord dpproaches infinity) with no significant
improvement In the turbine performance. For this reason, the exit crit-
ical veloclty ratio of 0.70 was donsidered as the limit.

The angle through which the turbine blades turn the working fluild
is a direct measure of the turbine work. It Is expected that this turn-
ing angle must be limited at the hub to prevent excesslve losses. There-
fore, since the need for high fturbine work hag been perticularly em-
phasized by using a combination of the aerodynamic limits snd exit whirl
corresponding to high turbine specific work, a calculation was made (see
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appendix B) to determine the hub values of the rotor blade turning engles
over the range of turbine designs considered herein. These results as
tabulated in appendix B show that only in the case of the combination of
turbine-inlet temperature and tip speed of 2000° R and 1700 feet per
second, respectively, do the turning angles exceed the limiting value of
120° used in reference 10.

The occurrence of negative reaction over any portion of the turbine
blade span is undesirable, because it may cause flow separation that
would result in additional losses. Of the 80 combinations of the turbine
design specifications studled herein, only two dlsplayed this undesirable
characteristic; these were for a tip speed of 1100 feet per second, a
turbine-inlet temperature of 3500° R, and for hub-tip radius ratios of
0.55 and 0.60.

Coolant-Flow Ratio

In order to avold restricting the analysls to any particular air-
cooled plade conflgurations, a range of coolant f£flows from O to 15 per-
cent of the compressor weight £flow was considered. However, since the
turbine design specifications fix the turbine blasde stresses for any
blade configuration as well as the aerodynamic and thermodynamic condil-
tions around the blade, the cooling-air requirements can be uniquely eval-
uated for any blade confliguration. The work done by the turbine upon the
cooling alr as it flows between the entrance of the compressor and the
tips of the turbine blades was considered equivalent to the work required
to compress the cooling air to the compressor-discharge stagnation tem-
perature. Although this assumption permitted handling the cooling alr as
if it were compressed enbtirely by the compressor, in the practical appli-
cation it involves compressor interstage bleed, since, in general, work
is done on the cooling air as it flows within the turbine rotor.

Compressor Pressure Ratio

The compressor pressure ratlo for a given adisbatic efficlency is
dependent upon the compressor specific work and compressor-inlet tempera-
ture. Since the work balasnce between the turbine and compressor provides
a relation between compressor specific work snd turbine specific work,
it is possible to relate the compressor pressure ratio to the turbine
apecific work, the coolant-flow ratio, the fuel-air ratlo, and the
compressor-inlet temperature. This relation was employed in conjunction
with the analytical procedures end results presented in reference 12 for
evaluating the compressor pressure ratio.
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Turbine Specific Weight Flow

The turbine specific welght flow was determined by applying the con-
tinuity equation to the exit of the turblne and using the limlting value
of the turbine-exit axial critical velocity ratio and the state condi-
tione at the mean radial station. The state conditions were determined
from the veloclties at the turbine exit, the compressor, combustor, and
turbine pressure ratios, and the turbine-inlet temperature. The combus-
tor pressure ratio and the turbine specific welght flow were obtained
from a grephical solution of the empirical pressure-loss characteristic
of a typical low-loss combustor and the continulty equation written be-
tween the combustor-inlet and turbine-exit stations. Finally, the turbine-
limited specific welght flow was computed as the turbine weight fiow per
unit of turbine frontal area corrected for fuel and coclant flows and for
compressor-inlet stagnation conditions.

Compressor Specilfic-Weight-Flow Capacity

The compressor gpecific-weight-flow capacity was estimated for a
range of compressor tip speeds for a transonic inlet stage employing
solid-body-rotation guide vanes. The compressor was aserodynamically lim-
ited by the use of an Inlet axial critical veloclty ratio at the hub of
0.7 and & relative Mach number at the tip of 1.1. These were considered
to be realistic for near-future compressors designed for high weight flow
and specific work. The weight-flow capaclty was computed at the station
between the first guide vane and the first rotor (where the pressure is
the lowest while the whirl due to the gulde vane is high) with the con-
tinuity equation at the mean-radial position.

Combustor and Afterburner Performance

In order to keep the engine frontal area low and the combustor veloc-
ity (and therefore the combustor pressure drop) low, the combustor frontal
area was maintained equal to the turbine frontal areas, unless the re-
quired combustor reference velocity exceeded the assumed limiting value
of 150 feet per second. (Reference velocity is defined as that velocity
obtained from the continuity equation when the burner weight flow is
divided by the inlet density and the maximum flow area.) For the high-
volume flows for which the limiting veloclty tended to be exceeded, the
combustor frontal area was allowed to exceed the turbine frontal area,
while the combustor reference veloclty of 150 feet per second was main-
tained. For the augmented engines an afterburner reference velocity of
500 feet per second was employed, and the frontal area ratio between the
turbine and the afterburner required to accommodaste the weilght flow was
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determined from the continuity relation. The afterburner reference veloc-
ity was never reduced below 500 feet per second, in order to minimize the
diffusion losses at the turbine exit.

The pressure ratio of the combustor was varied with the Inlet Mach
number snd the temperature ratio according to the experimental loss char-
acteristics of the typical low-loss turbojet combustor studled in refer-
ence 13. The pressure losses in the afterburner were assumed to be egual
to the inlet dynamic head as in reference l14.

Mixing and Diffusing at Turbine Exit

The combustion gases and the cooling air discharged from the turbine
blades were assumed to mix In a constant-area sectlon downstream of the
turbine (see fig. 1). The pressure losses and the final mixture tempera-
ture were determined by using the momentum and energy eguations and assum-
ing that the combustion gases and the cooling air enter the mixing zone
at the same static pressure and that no heat transfer to the cooling air
occurs before mixing.

For the augmented engine, an additional pressure loss was accounted
for which was due to the necessity of diffusing from the cooling-air mix-
ing zone to the afterburner-iniet velocity. This pressure loss was com-
puted with en adiabatic diffuser efficiency.

All assumptions involved in the anslysis and the important constants
are summarized in appendix C.

VARTATION OF TURBINE FERFORMANCE WITH TURBINE DESIGN VARIABLES

In the foregoing, analytical procedures are outlined which permit
the determination of the turbine performance and the engine weight-flow
capacity obtaineble from turbojet engines with single-stage alr-cooled
turbines and components with high serodynamic limits commensurate with
the component efficiencies chosen. In the interest of minimizing the re-
quired coolant flow for the single-stage turbine, an attempt was made to
consider turbine designs in which the highést feasible specific work could
be extracted from the turbine. Thils was accomplished herein by employing
a large tangential component of the turbine efflux velocity, which was
shown to result in a net gain in the obtalnsble compressor pressure ratio
and turbine-limited specific weight Fflow. The compressor pressure ratio,
the turbine-limited speclfic weight flow, and the state conditions through
the engine are presented in table I for the following velues of the
independent varisbles: turbine-inlet temperature T}, 2000°, 2500°,

3000°, and 3500° R; blade tip speed Uy, 1100, 1300, 1500, and 1700 feet
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per second; hub-tip radius ratio ry/ry, 0.55, 0.60, 0.65, 0.70, and
0.75; coolant-flow ratioc C, O, 0.05, 0.10, and 0.15.

Uncooled-Turbine Performance

Effect of turbine design specificatlions on turbine performasnce. -
The effect of variations in the turbine design specifications on the per-
formence of the uncooled turbine is presented in figure 2, where the
turbine-limited specific weight flow is plotted against the compressor
pressure ratic. Figure 2 1llustrates that, in general, the compressor
Pressure ratio and the turbine+limited specific weight flow increase sil-
miltaneously as the.turbine-inlet temperature and the turbine tip speed
are increased. The increase in the turbine-limlted specific weight flow
is essentlally a reflection of . the ilncrease in the compressor pressure
ratio and, therefore, the gas density at the turbine exit. The simulta-
neous increase is particularly important, since the turbine-limited spe-
cific weight flow and compressor pressure ratioco of the engine are mess-
ures of the corresponding turbojet-engine thrust and specific fuel con-
sumption, respectively. At least within the ranges encountered with the
single-stage turbine, it 1s generally true that increases in the engine
specific weight flow and compressor pressure ratlo at constant turbine-
inlet temperature result in increased thrust at lower specific fuel con-
sumption. The increases in the turbine-limited specific welght flow and
compressor pressure ratio with turbine-inlet temperature are largest at
high turbine tlp speeds. Simi;arly, both of these quantities increase
most with turbine tip speed at the highest turbine-inlet temperature;
while, for low turbine-inlet temperature, the compressor pressure ratio
increases while the turbine-limited specific welght flow first increases
and then decreases with increasing tip speed. Thus, both high turbine-
inlet temperatures snd turbine . tip speeds seem particularly adventageous.
The higher tip speed is accompanled by a direct increase in the whirl
component of the gases at the turbine inlet and, thus, an, increase in
turbine work. Similarly, a higher turbine-inlet temperature yields an
increase in the turbine work in the form of an Increased inlet whirl com-

ponent. In addition, an increase in the turbine-inlet temperature permits

this increase in turblne work to occur while the turbine pressure ratio
P7/p4 actually increases and therefore, in general, affects favorably
the turbine weight-flow cepacity. The variations in the turbine-limited
specifiic weight flow and the compressor pressure ratlo with the turbine-
Inlet temperature and tip speed are essentially a reflection of these
chareacteristics.

In addition, figure 2 shows that, for a given turbine-inlet tempera-
ture and tip speed, the turbine-limited specific welght flow increases

with decreasing turbine hub-tip radius ratio (increasing blade length and,

thus, ennular asrea), until a maximum weight flow is reached. Thereafter,

the turbine-limited specific weight flow decreases with decreasing turbine

-
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hub-tip radius ratio. Although this pesk weight flow is obitzined only for
the highest turbine-inlet temperature and tip speeds used herein, the
trend is general and would occur for all conditions if the turbine hub-
tip radius ratiocs were extended to lower values. The compressor pressure
ratio decreases conbinuocusly with decreasing turbine hub-tip radius ra-
t1lo, however, since decreasing hub wheel speed requires decreased g&bso-
lute stream velocitles &t the turbine inlet for limited relative wveloc-
ities. Thus, the gains in turblne-limited specific welght flow obtained
by decreases in the turbine hub-tip radius ratio are accompanied by &
decreasing compressor pressure ratlio. Figure 2 illustrates that the per-
centage gains in the turbine-limited specific weight flow obtained by
decreasing the turbine hub-tlp radius ratio are largest for low turbine
tip speeds and inlet temperatures. In addition, these gains are accom-
plished with the smallest percentage of loss In compressor pressure ratio.

Increases in turbine tip speed afford additional design freedom.
For instance, as shown on figure 2, at a turbine tip speed of 1100 feet
per second the turbine performance is limited to & narrow range, with
turbine hub-tip radius ratio belng the most significant turbine-design
variable; however, at a tip speed of 1700 feet per second the turbine
performance can vary over a wide range, and design freedom is Increased,
particularly since a larger number of combinations of turbine-limited
specific weight flow and pressure ratio are avallsble. The reader should
recall, however, that figure 2 deplcts only the range of deslgn freedon
for the case of single-stage turbines with specified aserodynamic limits
end thet reducling the aerodynamic limits would shift the curves presented
toward the origin, the result of which would be larger coolant-flow re-
guirements, heavier turbines, and lower turbine performasnce for each set
of values of the turbine design variebles. The meps of the compressor
pressure ratio and turbine-limited specific weight flow shown on figure
2 overlsp for turbine tip speeds of 1500 and 1700 feet per second. Thils
overlapping would occur more commonly Iif smaller speed increments and
larger ranges of turbine-inlet temperature and hub-tip radilus ratio were
chosen. This overlepping illustrates that different combinations of tur-
bine design variaebles may give the same turbine performasnce and that the
evaluation of the best combination for a particular engine application
depends on the combination of values of turbine design specifications
that results in the least severe blade-cooling requirements for a partic-
uwlar cooled-blade configuration. In 2 similar manner, in order to deter-
mine the best combination of the compressor pressure ratlio and turbine-
limited specific weight flow over the full range of the turbine design
specification for & particular alrplane with a specified mission, it is
necessary to make a complete engine analysis with a specific cooled-
turbine blade configuration. Subsequently, the results would have to be
applied to an aircraft-range or combat-time investigation.

Comparison of turbine performance results with those of production
engines. - In order to give the reader a basis for evaluating the turbilne

.-
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designs used in the present report, a comparison is made between the tur-
bine performsnce results presented herein and the turbine performance of
three production engines with single-stage turbines.
this comparison, the turbine performances of three analytical engines
predicted upon the assumptions of this report were determined at values
of turbine-inlet temperature and tip speed that resulted in the same
corrected turbine-inlet temperature and corrected tilp speed for both the

analytical engines and the corresponding production engines.

In order to make

The hub-

tip radius ratios for the analytical engines and the corresponding pro-

duction engines were equal.

in the following table:

The results of this comparison are presented

Turbo- Corrected design Turbine design performence
Jet specifications
engine Production engine | Analytical engine
Turbine-~| Turbine| Hub-tip|Compressor|Specific|Compressor| Specifin
inlet tip radius |pressure welght pressure welght
temper- |speed, [ratlo |ratioc flow, ratio flow,
ature, |ft/sec (1b/sec) (1b/sec)
OR sq £t g £t
A 2010 1358 0.880 4.25 22.8 8.165 27 .82
B 2100 1168 798 5.25 14.7 5.925 18 .54
c 2060 1193 .785 5.00 1.1 5.915 20.40

The turbine performance of the enalytical englnes exceeds thaet for the
This difference is essentially a re-

corresponding production engines.

sult of the higher aerodynamic limits and turbine-exit whirl asnd, corre-
spondingly, the higher turbine work, rather than the effect of slight

differences in efficiencies.

Comparison of the turbine performance on

figure 2 with the design compressor pressure ratlos and weight flows for

the three turbojet engines indicetes that, by extending the ranges of

the turbine design specifications beyond present limitations, much higher
turbine-limited specific weight flows and compressor pressure ratios can

be obtalned with a single-stage turbiane.

Cooled~Turvbine Performance

Since the turbine cooling air must be supplied by the compressor and
the same cooling air absorbs rather than produces work in the turbine,

the compressor pressure ratio and the turbine-limited specific weight flow

are affected by the amount of cooling air supplied to the turbilne.
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Effect of coolant-flow ratio on compressor pressure ratio. - The
effect of the coolant-flow ratio on the compressor pressure ratio is
presented in figure 3. It is evident from the figure that the pressure
ratio of the cooled engine is independent of the values of the turbine
design specifications. The highest value of compressor pressure
ratio shown in the figure for the cooled turbine is gbout 2 percent be-
low that for no coolant flow for each percentage point of coolant flow.
At a pressure ratio of 1.0, cooling has no effect, because the coolant
pumping work is zero.

Effect of coolant-flow ratio on turbine performance. - The effect
of coolant-flow ratio on the variation of turbine performance with tur-
bine design specifilcations 1s presented in figure 4. If the compressor
pressure ratlo were invariant with coolant-flow ratilo for any combination
of the turbine design specifications, an Increase in the coolant-flow
ratio would increaese the turbine-limited specific weight flow, because
this welight flow is computed at the exit to the turbine annulus and the
coolant bypasses the turblne annulus. However, as shown in figure 3,
the coolant-flow ratlo decreases the compressor pressure ratio, because
the coolant requires work for 1ts compression but supplies no work in the
turbine. At the lower tip speeds, the effect of the coolant that bypasses
the turbine annulus is greater than the effect of the reduced weight flow
through the turbine. This weight-flow reduction is brought about by the
decrease in density at the turbine exit due to the decreasing compressor
pressure ratio. The result is that the turbine-limited specific weight
flow increases with coolant-flow ratic at the lower tip speeds. At the
higher tip speeds, the opposite set of circumstances causes the turbine-
limited specific weight flow to decrease with an increase in coolent-flow
ratio. As a result, an aerodynamically limited compressor must have a
larger frontal area Iin the cocled than in the uncooled case I1f the tur-
bine tip speed is 1100 feet per second; the converse is true at 1700 feet

per second.

Figure 4 shows that the range of turbine performsnce is reduced by
cooling as a result of the larger influence of cooling at the higher tur-
bine speeds compared with the lower tip speeds. However, even for coolant-
flow ratios of 0.15, the ranges in both compressor pressure ratio and
turbine-1limited specific weight flow are apprecisebly ebove the possible
design values for uncooled turbines. With reference to the preceding
table, for example, & turbine designed for an inlet temperature of
2000° R, & tip speed of 1300 feet per second, and a hub-tip radius ratio
of 0.70 might be considered typicel of current design prectice for an un-
cooled turbine. For these design condiltions, the turbine-limited specific
welght flow is 20.4 pounds per second per squere foot and the compressor
pressure ratio is 3.96, as given in figure 4(a) (C = 0). This set of tur-
bine performance values is designated by the circles In figure 4. For all
points to the right and above these circles, the turbine-limited specific
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weight flow and the compressor pressure ratlo are superior to the values
for a typlcal current design. Bince the engines with superilor turbine
performance in figure 4(a) and all the engines in figures 4(b), (c), and
(d) are possible through turbine blade cooling, it is seen that this
cooling, which permits the more severe turbine design conditioms, is a
means of realizing significant galns in single-stage turbine performance.
Even with 15 percent of the compressor welght flow used for cooling, the
turbine-limited specific welght flow ceun be increased to as much as 33
pounds per second per square foob, or the compressor pressure ratioc can
be increased to epproximately 7.5 by increasing the turbine-inlet temper-
ature to 3500° R (fig. 4(d)). Although these increases indicate improve-
ments in engine thrust and specific fuel consumption, they can be accu-
rately evaluated only by means of a complete analysis including the engine
flight plen and the specific type of cooled-blade configuration.

TURBINE BLADE HUB STRESSES RESULTING AT VARIOUS TURBINE PERFORMANCE LEVELS

It is impossible to evaluate: completely or adeguately the required
coolant-flow ratio over the range. of turbine design varisbles considered
herein without making a cooling snalysis of several alr-cooled blade con-
figurations. However, 1t is possible to galn some knowledge concerning
the severity of the cooling problem over the range of the turbine design
variables by studying the resulting turbine blade centrifugal stresses
at the hub. Since the centrifugel stresses are a function of the blade
tip speed and hub-tip radius ratio, lines of constant centrifugal stress
can be superimposed upon turbine performance plots with the turbine tip
speed and hub-tip radius ratio as parameters. For constant turbine-inlet
temperatures, a constant-stress line can be considered as an approximation
of the line of constant required coolent-flow ratio for a particular
cooled-blade configuration. The reason a constant-stress line only
approximates the condition of canstant required coolant-flow ratioc is
that several of the varisbles affecting the required coolemt-flow ratio
vary along a constant-stress line. However, the effects of these varia-~
bles, which include the blade inside and outside heat-transfer coeffi-
cients, the effective gas temperature, the blade pressure drop, and the
compressor pressure ratio, are to some extent compensating. '

The stresses corresponding to the perfosmance levels atteinable at
turbine-inlet temperatures of 2000° and 3500 R are presented in figure
5 for coolant-flow ratios of O and 0.,15. The stresses were computed on
the basis of a llnear metal asrea taper from blade hub to tip with the tip
metal area being 0.4 that at the hub. This amount of taper was chosen
since it can be obtained with present fabrication procedures for
convection-air-cooled blade. configurations. '
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A significant characteristic of the constant-stress lines is their
slope. For the lower turbine-inlet temperature, the stress lines are so
inclined that for constant stress the turbine-limited specific weight flow
decreases with increasing compressor pressure ratio as shown in figure
5(a). However, for the high turbine-inlet temperature, the turbine-
limited specific weight flow increases with compressor pressure ratio at
constant stress as shown in figure 5(b). In general, for the range of
turbine design variables considered herein, the engine thrust increases
with the turbine-limited specific weight flow, and the specific fuel con-
sumption decreases with Increasing compressor pressure ratio. For this
reason it is desirable to increase compressor welght-flow rate and pres-
sure ratio simultanecusly. At 3500° R turbine-inlet temperature, the
lines of constant stress possess thils desirable characteristic. If the
coolant £low is assumed to be constant along a constent-stress line, it
is evident from figure 5(b) that the thrust and specific fuel consumption
can be improved by increasing the turbine-limited specific weight flow
and compreseor pressure ratios along this line wlthout increasing the
coolant required. At 2000° R turbine-inlet temperature, this characteris-
tic of simulteneous increases Iin the turbine-limited specific weilght flow
and compressor pressure ratio ls not displayed by the constant-stress
lines. In fact, at constant blade stress, Indications are that the ob-
tainable thrust increases at the expense of increasing specifie fuel con-
sumption corresponding to iIncreases in turbine-limited specific weight
flow end decreases in compressor pressure ratio. Therefore, in order to
obtain any knowledge concerning the best operating point along a constant-
stress line, it is necessary to weigh the increase in thrust due to higher
specific welght flows against the increase in specific fuel consumption.
In order to increase both compressor pressure ratio and turbine-limited
specific weight flow at 2000° R turbine-inlet temperature, it is necessary
to increase the blade stresses. For the 2500° and 3000° R turbine-inlet
‘temperatures (not shown) the slopes of the constant-stress lines are be-
tween those for the two extreme turbine-inlet temperatures shown.

Because the turbine blade hub stresses are dependent upon both the
turbine tip speed and hub-tip radius ratio, the llines of constant stress
must cross the lines of constant tip speed and the lines of constant hub-
tip radius ratio as shown in figure 5. For 3500° R, the characteristic
increase in the turbine-limited specific weight flow and compressor pres-
sure ratio along the constant-stress line is accompanied by an increase
in the turbine tip speed and hub-tip radius ratio. Thus, in order to
exploit the gains in engine performance associated with increases in both
compressor pressure ratio and bturbine-limited specific weight flow along
a constant-stress line, it appears that it would be desirable to design
the turbine with short blades (high hub-tip radius ratio) and high tip
speeds rather than to use long blades and low tip speeds. However, for
2000° R turbine-inlet temperature, the long turbine blades or low turbine
hub-tip radius ratios may possibly be desirable.
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At 3500° R turbine-~inlet temperature, the three lowest constant-
stress lines for zero coolant-flow ratio cross over each of the corre-
sponding stress lines for 0.15 cgolant-flow ratio. This cross-over in-
dicates that, for a limited range of turbine design variables, the cooled
turbines can drive compressors of higher weight flow for the same com-
pressor pressure ratio and turbine blade hub stress than can the un-
cooled turbine. However, the cooled turbine camnot drive the higher-
weight-flow compressor without employing & higher turbine specific work,
which adversely affects the engine performance. For most of the values
of the turbine design varisbles at 3500° R and for the complete range at
2000° R, the cooled-blade hub stresses are always higher than those for
the uncooled blade with the same turbine-limited specific weight flow and

compressor pressure ratio.

INFLUENCE CF ENGINE COMPONENTS ON SELECTION OF TURBINE
DESIGN SPECIFICATIONS

In the foregoing discussion, those factors have been emphasized that
affect the selection of a set of values of turbine deslign varisbles which
would result in a light-welght, alr-cooled turbine with minimum blade
heat-transfer area. For this purpose the turbine-limited specific welght
flow, which is based upon the turbine frontal area, was employed as a
criterion of merit. In the case in which the welght of the turbine is of
secondary importance in comparison with the engine frontal area, the en-
gine specific weight flow is the most important criterion of merit. The
reference area in thils parameter is the frontal area of the largest engine
component, imcluding the inlet diffuser, the compressor, the combustor,
the turbine, and, in the case of the afterburning engine, the afterburner.

For some of the engine compohnents, the maximum specific weight flow
was computed, while, for the remainder, the ratio of the component area
to the turbine frontal aree required to pass the necessery weight flow
was computed. The maximum specific weight flow of the compressor as a
function of the compressor tip speed is presented in figure 6, in which
wheel-type spanwise veloclty distribution is assumed for the inlet guide
vanes. A value of the inlet diffuser specific weight flow of 34.4 pounds
per second per square foot was obtalned by using a ram recovery of 0.85
and & flight Mach number in the stratosphere of 2.0. The primary combus-
tor is larger than the turbine for many combinations of turbine design
varlables, while the afterburner 1s nearly always larger than the turbine.

Limitations on Turbine Design Specifications Due to

Component Frontal Areas

In order to illustrate the manner in which the frontal areas of the
several engine components exercise control over the cholce of a desirable
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set of values of turbine design variables, it was assumed to be desirsable
for all the engine components to have the same frontal area. From data
presented in table I, however, it is possible to determine the effect

of the several component frontal areas on the cholce of turbine design
specifications for arbitrery ratlos of frontal areas of the components.
In figure 7 the turbine-limited specific welght flow of the uncooled en-
gine is plotted eagainst the compressor pressure ratio for all values of
turbine tip sgeed and hub-tip radius ratio snd for turbine-inlet tempera-
tures of 2000 and 3500° R. Superimposed on these plots are the bowmd-
aries beyond which the inlet diffuser (ram recovery, Tips 0.85), the com-

pressor, the combustor, or the afterburner must be larger than the turbine
in frontal area in order that the pertinent component accommodate the tur-
bine specific welght flow without exceeding the imposed limita. The en-
glne specific weight flow is the same asg the turbine-limited specific
weight flow for all conditions for which the turbine frontal area is equal
to or larger than that of any of the other components.

The regions of figure 7 in which the inlet diffuser and the compres-
sor limit the engine specific weight flow are guite smsll. In fact, for
the uncooled engine, only at the highest values of turbine-inlet temper-~
ature and tip speed do the inlet diffuser and the compressor have to be
larger than the rest of the engine. Silnce, at these same conditions for
the cooled engine, the turbine-limited specific weight flow is suffi-
ciently lower than for the uncooled engine (fig. 4), the cooled engine
is not limited by either the inlet diffuser or the compressor. There-
fore, for the range of deslign variables and coolant-flow ratio considered
herein, the weight-flow capacity of the engine 1s essentlally unlimited
by the inlet diffuser and the compressor.

Figure 7 indicates that the combustor limits the engine specific
weight flow at low values of hub-tip radius ratio over the full range of the
varisbles. At both values of turbine-inlet temperature and at a tip speed
of 1100 feet per second, the turbine and combustor fromtal areas are equal
at a hub-tip radius ratio of about 0.70: If the tip speed is changed to
1700 feet per second, the hub-tip redius ratio of the boundary at which
the combustor and turbine are equal in size varies from 0.58 to 0.87 as
the turbine-inlet temperature varies from 2000° to 3500° R. These bound-
aries are located at slightly lower values of hub-tip radius retio for
cooled turbines having the same design conditions as the corresponding
uncooled turbines. The reason for the shift in this boundary toward lower
bub-tip radius ratios for the cooled case is that the coolant flow by-
passes the combustor. With reference to the constant-stress lines in fig-
ure 5(b), the advantage of high turbine hub-tip radius ratios has been
indicated for high turbine-inlet temperatures. Since, for the high values
of the hub-tip radius ratio in the case of the nonafterburning engine, the
turbine is the largest engine component, the turbine-limited specific
welght flow 1s the same as engine specific weight flow. Thus, for high
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hub-tip radius ratios and high turbine-inlet temperatures, improvements
in engine specific welght flow are & dilrect result of lmprovements in
turbine-limited specific weight fiow. IFor low turbine-inlet temperatures,
however, the hub-tip radius ratio chosen for a particular design must be
the result of a compromise. The, inclination of the constant-stress lines
for this condition in figure 5(a) is such that high turbine-limited spe-
cific welght flows are obtained Bt low values of hub-tip radius ratio;
but Pigure 7(a) indicates that the combustor becomes larger than the tur-
bine before the hub-tip radius ratio has decreased significantly. In
addition, the constant-stress lines of figure 5(a) indicate that the
turbine-limited specific weight flow is increased at the expense of com~
pressor pressure ratios. Thus, st the low temperatures, little design
freedom is avallable, and it may be necessary to choose a value of hub-
tip radius ratio that requires a combustor having a frontal srea consid-
erably greater then that of the turbine.

The engine specific weight flow is limited by the afterburner frontal
area for nearly all conditions studied. Only for maderate end high tip
speeds and for a turbine-inlet temperature of 2000° R is the turbine
larger than the afterburner (fig. 7). For cooled turbines, the after-
burner is larger than all components for all condltions studied, because
the effect of coolant flow is to. decrease the compressor pressure ratio
as shown in figure 4. This decréase In pressure ratlo lowers the density
level in all the components, including the afterburner, and, therefore,
causes an Iincrease in the afterburner frontal area over the uncooled case.
Thus, it appears that an afterburner suffers the lnherent disedventage of
permitting only low engine specific weight flow. As a result, the engine
thrust capacity per unit of frontal area is limited by the afterburner
slze. For this type of englne, the principal advantage of increasing the
turbine-limited specific welght flow is to reduce both turbine welght and
cooling requirements, as is extremely desiraeble.

Effects of Increasing Combustor and Afterburner Reference Velocity Limite

It is apparent from figure 7 that the two engine components that most
seriously limit the engine specific weight flow are the combustor and the
afterburner. Therefore, sample c¢alculatlons were made to determine the
effect on engine specific weight flow of lncreasing both combustor snd
afterburner reference velocitles; 1f the limits on these velocltles can
be lifted as a result of research and development. The results for the
uncooled nonafterburning and afterburning engines are presented in fig-
ures 8 and 9, respectively. For convenlence in evaluating the results,
the turbine-limited speclfic weight flow presented previously in figure
4 1s shown by the dashed curves. In addition, the required combustor and
afterburner reference velocities and the resulting combustor and after-
burner pressure ratlos corresponding to the turbine-limited specifilc weight
flows are shown.
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Nonafterburning engines. - Curve I.for the specific weight flow in
figures 8(a) and (b) was determined by dividing the turbine-limited spe-
cific weight flows of the dashed curve by the ratio of the combustor to
the turbine frontal areas. The peaks on curve I of these figures corre-
spond to the points on the boundary in figure 7 beyond which the combus-
tor is larger than the turblne for the pertinent values of the varisbles.
It should be noted that, although the turbine~limited specific weight
flow may rise as the hub-tip radius ratio falls below that value at which
the turbine and combustor have the same slze, the engine specific weight
flow decreases sharply, whlle the blade centrifugal stress increases and
the compressor pressure ratio decreases. The decrease in compressor
pressure ratio usually results in an Increase in specific fuel consumption.
The engine specific weight flow of curve I has no effect on the combustor
reference velocity or pressure ratio, so that the dashed curve and curve
I are identical in the lower two parts of figures 8(a) and (b).

However, for curve II, the combustor reference veloclty was increased
wherever necessary (middle figs. 8(a) and (b)) so as to permit s combustor
frontel area equal to that of the turbine. This resulted in a decreased
conmbustor pressure ratio as shown in the bottom sections of figure 8. It
is evident from flgure 8 for the case of the uncooled turbine that no in-
crease in engine specific welght flow results from Increases in the com-
bustor reference velocity for a turbine-inlet temperature of 3500° R. At
a turbine-inlet tempersture of 2000° R, the Increase 1n engine specifilc
welght flow amounte to & maximm of 9.4 percent over the value obtainsble
for the case in which the combustor reference velocity is limited to 150
Teet per second and the combustor and turbine have the same frontal aresa.
The reason no significant Increases in engine specific weight flow are
possible when the reference velocity limit is Increased is that the com-~
bustor pressure ratic fall.s with increased reference veloclty, as is
shown ir figure 8.

The effect of 15-percent coolant flow on the engine specific weilght
flow, based on the conditions used in curve I, was computed. The engine
specific weight flow increased with coolant flow, since the coolant by-
passed the combustor, which limits the flow. The effect of this coolant-
flow ratio for the conditions of curve 1II veriled with tip speed. At the
high tip speed the coolant reduced the engine specific welght flow, and
at the low tip speeds the coolant flow raised the engine specific welght
flow (for the same reasoms glven in the discussion of fig. 4).

Afterburning engines. - Curve I for the specific weight flow in fig-
ures 9(a) and (b) was determined by dividing the turbine-limited specific
welght flows of the dashed curve by the ratio of the combustor to the tur-
bine frontal areas or the ratio of the afterburner to the turbine frontal
areas, whichever was greater. Thus, the peak on curve I for a turbine-
inlet temperature of 2000° R and a tip speed of 1500 feet per second (fig.
9(b)) represents one point on the boundery in figure 7 beyond which the
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afterbvurner is larger than the turbine for the pertinent values of the
variebles. As in the case of the nonafterburning engine, the engine spe-
cific welght flow decreases sharply as the hub-tip radius ratio falls be-
low that value at which the turbine and afterburner have the same silze.
Also, when engine frontal area is important, no advantage is galned by

the choice of a value of hub-tip radius ratio less than that value for
meximum engine specific weight flow, because of the deleterious effects on
blade centrifugal stress, engine specific weight flow, and compressor
pressure ratio.

In general, significant gains in engine specific weight flow are In-
dicated in curve II for the case when both the afterburner and the com-
bustor reference veloclties are increased beyond the limiting values.
However, it should be noted that the afterburner reference velocltles be-
come extremely high. Curve II in the top sectlons of both figures 8 and
9 has the same value a2t each corresponding point, because the turbine-
limited specific weight flow is determined at the turbine exit, and,
therefore, the afterburner canmnot control it but must accommodate i1t.

For the case of 2000° R turbine-inlet temperature, the afterburner-inlet
Mach number is so high that the exit Mach number of 1 is reached before
the combustion-gas temperature has reached 3500° R. For these cases, the
fact that the afterburner 1s thermally choked is indicated in figure 9.

Since curve II has the same values in the corresponding upper parts
of figures 8 and 9, the effect of the coolant-flow ratio 1s the same as
noted in the discussion of figure 8. With respect to curve I, however,
the effect of Increasing the coolant-flow ratio is to make the afterburner
progresgively larger than the rest of the engine, because the coolant f£low
reduces the compressor pressure ratio and because the afterburner must
accommodate the cooling sir.

CONCIUSIONS

The followlng conclusions are drawn from a study of nonafterburning
and afterburning turbojet engines opersating at a Mach number of 2 in the
stratosphere and employing air-cooled single-gtage turbines with high
aerodynanic limits and exit whirl:

1. Values of the turbine-inlet temperature and tip speed higher than
used in current design practice are particularly advantageous, since they
permlt appreciably higher values of compressor pressure ratio and turbilne-
limited specific weight f£flow than are currently obtainable.

2. Increasing the coolant-flow ratio reduces the obteinable compres-
sor pressure ratio for all values of turbine design specifications by an
amount depending on the uncooled pressure ratio and the coolant-flow
ratio.

U
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3. At the highest value of turbine-inlet temperature studled
(3500° R), the obtainable compressor pressure ratio and turbine-limited
specific weight flow cen be increased simultaneously without increasing
the blade centrifugal stress. waever, at the lowest value of turbine-
inlet temperature studied (2000 R), the cbtainsble compressor pressure
ratio and turbine-limited specific weight flow cannot be increased simul-
taneously without increasing the blade centrifugal stress.

4. The nonafterburning engine specific weight flow is limited by the
combustor for the lower range of turbine hub-tip radius ratios studied;
however, the afterburning engine speciflc weight flow 1s limited by the
afterburner for essentlally &ll turbine hub-tip radius ratios studied.
Increases in the turbine-limited specific weight flow for turbine hub-tip
redius ratios below the values for which either the combustor or after-
burner limits the engine specific weight flow are accompanled by lncreases
in turbine blade centrifugal stresses and decreases in engine specifiec
weight flow and specific fuel consumption.

5. No significant increases in the nonafterburning engine specific
weight flow are possible by increasling the combustor reference velocity;
however, the afterburning engine specific weight flow can be increased
substantially 1f the afterburner reference veloclity 1ls increased, except
in those cases in which thermal choking occurs at the afterburner outlet.

Lewis Flight Propulsion Iaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 22, 1954
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APPENDIX A

DEFINITIONS AND SYMBOLS

The followlng terms, which were employed in the text in the inter-
est of brevity, are defined below for the convenience of the reader:

Compressor specific
weight flow

Engline specific
welght flow

Inlet diffuser specific
weight flow

Turbine design
specifications

Turbine-l1imited specific
welght flow :

Turbine performance

Turbine specific
weight flow

Corrected weight flow per unit compressor
frontal erea that an serodynamicelly limited
compressor can pass.

Corrected weight flow of compressor divided
by area of largest engine component among the
following: inlet diffuser, compressor, com-
bustor, turbine, and afterburner (where
applicable).

Corrected welght flow of diffuser divided by
diffuser frontel area.

Turbine-iniet temperature, blade tip speed,
and blade hub-tip radius ratio.

Corrected weight flow through compressor as
limited by turbine, divided by turbine fron-
tal area.

Compressor pressure ratio and turbine-limited
specific welght flow obtailnable with single-
stage amerodynamlically limited turbine.

Welght-flow capacity of turbine divided by
turbine frontal ares.

The following symbols are used in this report:

A frontal ares of any engine component, sq ft

a¥® critical velocity of sound, ft/sec

Cc ratio of cooling air to compressor mass flow

f fuel-air ratio

g accelergtion due to gravity, 32.174 ft/sec2

J mechanical equivalent of heat, 778.184 ft-1b/Btu

e

3171



TLTE

NACA RM E54C22 -

K loss factor

L loss in turbine except for whirl loss, Btu/lb
Mz  Mach number relative to rotor at inlet

p' stagnation pressure, lb/sq £t

r radius, ft

Tt  stagnation temperature, °R

U blade speed, ft/sec

v velocity, ft/éec

Vu tangentlal component of velocity, ft/sec
V. exial component of velocity, ft/sec

W  velocity relative to blade, ft/sec

W welght flow, 1b/sec

o3 ratio of stagnation to standard pressure, p'/zlls

n efficiency

1 ram recovery

7! turbine adiabatic efficiency for zero exit whirl

6 ratio of stagnation to standard temperasture, T‘/518.4
a turbine blade hub centrifugal stress, lb/sq in.

T ratio of blade tip to root cross-sectlonal ares
Subscripts:

AB  afterburner

B combustor

Cc compressor
h

hub or inner rsdius
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i radial position at which tangential wvelocity head times mass flow
equals total exit-whirl loss )

T turblne

t tip

1 diffuser inlet

2 compressor inlet

3 combustor inlet

4 turbine stator inlet
5  turbine rotor inlet
6 turbine exit

7 mixing-zone inlet

8 diffuser inlet

g afterburner injet
10 afterburner exit

o free stream
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APPENDIX B

TURBINE-EXIT WHIRL
Turbine Efficiency with Turbine-Exit Whirl

For a specific set of values for the turbine design variables, the
variation in turbine-exit whirl has little effect upon the inlet Mach
number vector diagrams along the blade span, because the turbines ana-
lyzed are designed for an assigned inlet relative Mach number at the
hub; but the whirl does Increase the blade turning angles and the exit
Mach numbers, both relative and absolute. According to Ainley and
Mathieson (ref. 15), when exit relative Mach numbers are increased be-
tween that exit Mach number at which sonlc local velocities occur on
some portion of the blade and an exit relative Mach number of 1, the
profile loss may either rise or fell. Therefore, since for the present
analysls turbine-exit whirl cen have 1ittle effect on the Mach numbers
at the turbine Inlet, and since experimental results of reference 15
seem to indicate that with proper design the profile loss might be held
constant with turbine-exit whirl, celculations were made to determine
the turbine sdiabatic efficlency over a wlde range of the turbine-exit
whirl parameter for blaeding losses invarisnt with exit whirl. The energy
assocliated with the exlt whirl was considered dissipated and chargesble
to the adiabatic efficiency. The results of these cglculatlions for a
zero-whirl adiabatic efficlency of 0.83 and for two values of the inlet
whirl parameter are presented in figure 10. As 1is evident from the
figure, initial increments in the exit-whirl parameter result in a
greater percentage increase in the turbine specific work output than in
the total losses charged to the turbine, while later increments in the
exit-whirl parameter have the opposite result. These circumstances are
indicated by the successive rising and falling of adiabatic efficiency
with increasing values of exit-whirl parameter. For a value of the exit-
whirl parameter V'u’s,i/Ui of -0.410, the adiabatic efficiency wilth

exit whirl is equal to the value without exit whirl, regardless of the
value of inlet-whirl parameter Vﬁ 5 i/Ui.' This point is designated by
2%

the break-even point in the figure.

Since reference 15 left the question open as to whether, in a
specific instance, the profile loss would rise or fall with increasing
vaelues of the exit whirl, further computations were undertaken in an
attempt to explore the effects of losses on efficiency. In these com-
putations, the blading losses were expressed by L = (K/gJEWz as in
reference 16, in which the constant of proportionality was considered
invariant with exit whirl. The adisbatic efficiency was then computed
for zero exit whirl with an assumed efficiency of 0.83 for a value of
the exit whirl parameter Vu,6,i/Ui of -0.41. The results are pre-

sented in the following table:
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Turbine tip | Turbine-inlet Turbine hub-tip | Turbine adisbatic
speed, Ug, temperature, T;, radius ratio, efficiency for
ft/sec °R Ty /Ty zero whirl, fp
1100 2000 ' 0.55 0.846
.75 .849
3500 ' 0.55 0.840
.75 . 841
1700 2000 : 0.55 0.866
.75 ' .869
3500 _ 0.55 0.852
.75 .854

The zero-exit-whirl efficiency computed in this way incresses with in-
creased tip speed and decreased temperature, and hss maximum and minimum
values of 0.869 and 0.840. Thus, for the complete range of turbine
design variables considered herein, the variation of the zero-exit-
whirl efficiency from that for V., ,6, i/Ui = -0.41 1s between 1.0 and

3.9 percentage points for a blading loss varied with the exit velocity
relative to the rotor.

Experimental results presented in references 15 and 17 give the
effects of exit relative Mach number, Reynolds number, and turning angle
upon the profile.loss coefficient. From these results 1t mey be con-
cluded that the profile loss coefficient increases with lncreased turning
angle but that the coefficient decreases wilth increasing Reynolds number
and exit relative Mach number. An increase in the exit-whirl parameter
corresponds to an increase in the turning angle, because the specific
work is increased. In addition, the Reynolds number and the relative
Mach number increase because of the increassed velocity and the increased
density due to the higher specific work and compressor pressure ratio.
An inspectlon of the data referenced indicates that, for the analysis
of the present report, the increases in .the Reynolds and exlt relative
Mach numbers influence the lost coefficient comsidersbly more than the
increased turning angle, with the result that the profile loss coeffi-
clent would decrease as the exit whirl ie changed from zero to some
prescribed amount. At least 1t seems conservative to assume a constant
profile loss coefficient. ~ — - o

Minimum Turbine Blade Chords for Axial Choklng
The turbine rator reaches en axial choking condltion when the axial

Mach mumber immediately inside. the rotor hblade passage at the trailing
edge is 1. The corresponding exit axial Mach number (outside the passage)

CONFIDENTTIAL
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is less than 1 because of the area change due to the tralling-edge block-
age. The blockage is dependent upon the ratio of the blade trailing-edge
thickness to the spacing, which can in turn be related to the chord,
treiling~edge thickness, and solidity. Reference 18 shows that, for
typlical current turbine rotor blade designs operating at Iimiting Mach
number, the exit axial critical veloelty ratlio is spproximately 0.70.
However, since the results of reference 18 are limited to turbines with
smaell amounts of turbine-exit whirl, which influences the turbine-exit
density and therefore the change in axiasl Mach number as the gases leave
the turbine, further calculetions were made to Justify the use of this
value of axial critical veloclity ratio for the aemount of whirl used
herein. Since the blockage 1s dependent upon the chord, the minimum
permissible chords for Vﬁ,s,1/@1 = -0.410 and the extremes of the com-~

binations of turbine design variebles were computed with an assumed exit
axial critical velocity ratio of 0.7 and a tralling-edge thickness of
0.070 inch. This treiling-edge thickness is a reasongble value for cool-
ing the tralling edge. Tip solidities of 1.1 and.l.5 were used to cover
the range expected for future designs. The results of these computations
are as follows:

Turbine Turbine- Turbine hub-tip Minimmm turbine rotor
tip Inlet radius ratio, blade chord,
speed, Uy, |temperature, T}, ry/ry in.
£t/sec . °r Solidity = 1.1|Solidity = 1.5
1100 2000 0.55 0.8956 l.221
.15 .9381 1.279
3500 0.55 0.8341 1.137
.75 .8477 1.156
1700 2000 0.55 1.156 1.576
.75 1.264 1.723
3500 0.55 0.9670 1.319
.75 1.017 1.386

The minimum chords are between 0.8341 and 1.264 inches for a tip sol-
idity of 1.1 and between 1.137 and 1.723 inches for a tip solidlty of
1.5. These chords are lower than most present designs for turbojet
engines. In addition, it is shown in reference 18 that incressing the
blade chord lengths is desirgble for high turbilne-inlet temperatures in
order to reduce the coolant-flow requirements.

Rotor Blade Turning Angles
The rotor blade turning angles were computed at the rotor blade
hub (where the greatest amount of turning occurs) for the extreme com-

binations of the turbine design variebles to determine whether exces-
slve turning occurs. The calculations were made from the turbine design
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velocity vector dlagrams with a procedure analogous to that outlined in
eppendix E of reference 10. The results are presented in the following
table:

Turbine tip { Turbine-inlet Turbine hub-tip | Rotor blade
speed, Ut’ temperature, Ti, radius ratio, turning angle at
T, [r hub, deg
ft/sec °r Ui
1100 2000 0.55 83.6
.75 98.2
3500 0.55 73.8
.75 79.8
1700 2000 0.55 119.4
.75 132.4
3500 0.55 99.3
.75 108.8

3171

The maximum turning sngle of 132.4° occurs at the lower turbine-inlet
tempersture. As the temperature is iIncreased, the turning engle is
decreased. ' ’ ’ . o '
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APPENDIX C

ASSUMPTIONS AND CONSTANTS

Inasmuch as the results and procedures of reference 10 were used
in the present repart, the following assumptions of that reference also
apply to the turbine anslysis herein:

(1) Simplified radial equilibrium

141¢

(2) Free-vortex blading

(3) Use of density at mean radisl position for computing weight flow

(4) Stagnation temperature invariant with radial position at tur-
bine entrance

(5) Hub, mean, and tip radil at turbine exit equal to respective
velues at turbine entrance

(6) Constant value of 4/3 for ratio of specific heats

- In addition to the foregoing, the followlng assumptions were em-
"ployed in this turbine analysis:

i (7) Adisbatic flow through turbine rotor

(8) Work done by turbine on cooling air between compressor inlet
and tipe of turbine blades equlvalent to work required to
compress cooling eir to compressor-outlet stagnstion

temperature

(9) Mechanical friction and work required by accessories negligible

(10) Pressure head associated with tangential component of turbime
absolute efflux velocity dissipated by struts that secure
tail cone, and resulting loss charged to turbine adiabatic

efficiency

(11) No effect of cooling-air efflux from turbine blade tips on
turbine work or adisbatic efficiency (ref. 20 and unpub.

data)

In calculating the maximum specific weight maess flow of the com-
pressor, the followlng sssumptions were imposed:
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(12) Use of simplified radisl equilibrium in analysis of flow at
inlet to first compressor rotor (as recommended in ref. 21
for flrst approximation of conditions in an axial-flow
turbomachine)

(13) Computation of weilght flow through compressor inlet at mean
radisl position

(14) Use of solld-body—rotatlon guide vanes 1n compréssor-inlet
analysis

The following additional assumptions were imposed on the pertinent
components:

(15) Constant value of 4/3 for ratio of specific heats in combustor
analysis

(18) Variation of combustor pressure ratio with inlet Mach number
and temperature ratic according to experimental loss char-
acteristlice of typlcel low-loss turbojet combustor of ref-
erence 13 )

(17) Entrance of combustion gases and cooling air into zone down-
stream of turbine in which mixing cccurred et same static
pressure

(18) Constent flow area in mixing zone for combustion gases and
cooling air

(19) Constant-area combustion section in afterburner, as in ref-
erence 14

(20) Friction and flame-holder losses in afterburner equal to inlet
dynamic head, as 1in reference 14 .

3171
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The following values of constants were employed herein:

Compressor-inlet hub-tip radius ratio . . . . . +. « . . . . . . . 0.4
Compressor adiabatic efficlency . . . .« . . « -« « « 0.83
Compressor rotor-inlet relative Mach number at blade tip B I
Compressor-Iinlet exial critlcal velocity ratioat b . . . . . . 0.7
Ratio of combustor inner radius to turbine tip radius . . . . . . 0.25
Combustion efficiency . . . . e e+ e e e e s . s . 0.95
Combustor reference velocity limit ft/sec c e e e e e e a4 .. 150
Turbine adiabatic efficiency . . . . . e e e e e e s 4 s s « 0.83
Turbine-inlet relative Mach number at hub B O Y -
Turbine-exit axlal criticel velocity ratio . . . . . . . . . . . 0.7
Afterburner combustion efficlency . . . .« ¢« ¢« ¢ ¢ ¢« « ¢« &« « « « « 0.88
Afterburner-inlet velocity, £t/sec . . . . « . « . .« . . . . . 500
Afterburner-exit stagnation temperature, °R . . . . . . . . . . . 3500
Afterburner diffuser efficlency . « « « ¢« ¢ ¢ & ¢ ¢ &« ¢« ¢ ¢ « + o« 0.85
Afterburner flame-holder drag coefficient . . . . . . . . .. . . 1.0
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TABLE I..- TABULATION OF RESULTS

(2) Turbine blade tip speed Uy, -1100 feet per aecond; afterburner reference veloclty Vp, 500 feet per second.

- - X et ma T LTI U PP . S 12a cums =y
Coolant-| Turbine [Canbust Jombus tor| Combua tor- | AfterburnerdCompresn or- | Nixtuoe | Combus bor Puxt - |Aftear- After- {CQompres- Turbins-limited [ ]
rlow hub-tip|fuel-alr reference! turhine turbine~ axit tem- |temper-|preasurs zone r {scr gonxﬂa weight
ratic, {radius jratio, velooity,| frontal- |frontal TAture, ature, |ratio, P diffuner|pressure| presaurs [flow, ~
c ratio, Vo ares u.‘l. ratio, T, Ty PPy rattio, pl‘::l\u'mmfio , rm wo o/ Vo Mplly, =
Wt re/sec | TE% L by I R T (1b/sec)/aq 1t
) (] .
g TuTDine-inlet temperatur g st 7 Fo AT T w s e TR i e = L7 ermma
[} 0.58 0.017 ©.017 ©.053 150 1.50 1.88 829 1808 0.88¢ 0,608 0.999 0.983 2.27 a
.80 B 018 1.58 1.80 955 1782 -850 .68 2.48 8
B85 Q016 1.19 1.58 981 1789 +838 534 .70
.TO 2016 018 1.03 1.1 1008 1754 .800 ART k.98 ]
.75 015 .0l8 150 1.00 1.01 . 1056 1709 2% 482 1.00 5.21 T
0.08& 0.58 0.017 0.018 0.085 150 1.48 1.78 a1 1764 ¢.862 0.608 0.982 0.860 2.18 £3.0
80 017 .0l6 1.33 1.57 9 1743 .887 . 982 -9 2.87 1.8
85 028 .0 1.17 1.1 867 1728 892 B34 892 980 2.58 20.4
.10 <018 .0lS 1.0 1.25 834 1 .887 487 584 281 2.88 15.4
»75 .018 018 128 1.00 1.058 - 1 1677 -850 482 ~384 961 o8 18.8
0.10 0.55 0.017 0.018 0.0583 160 1.48 1.78 903 1783 0.680 0.808 0.984 0.958 3.4
o 017 .018 1.51 1.64 951 1 . 568 548 <867 8 2.1
&5 B3t ] 015 1.8 1.4T° 954 18838 8890 55k -08% 987 2.47 20.8
i 018 2014 1.00 1.29 87 1864 895 497 966 957 2.6a 18.E
.78 Q18 of .034 .00 1.10 1004 .830 452 587 -958 -1 3 2.90 18.8&
Q.15 a. Q.017 0.015 0.05% 160 1.4 l.88 . 898 1580 0.877 0.80€ 0.5T4 0.961 a.801 2.03 23.8
60 017 ~LOld .083 150 - l.29 1.72 818 1663 - -588 278 . 898 2.4 22.3
.65 .17 053 15Q 1.1 1.54 940 1645 -887 <534 7K 052 896 2.38 0.1
K 018 l 054 147 1.0 1.38 965 .896 «A87 A7 9653 893 2.5 318.8
i) .018 -054 124 . 1.00 1.16 289 1802 .830 . 482 879 L9584 530 2.77 17.0
. Turbine-fnlet teaperaturs Ti, 2500° A . . - . — - .
o 0.56 0.028 0.026 0.083 130 l.44 l.84 940 2297 0.865 0.663 0.397 0.861 0.951
.60 028 025 1.51 l.88 287 2274 073 . .
.65 .028 025 1.18 1.8 995 2280 880 538 540
.0 028 028 1.0% 1.53 2a25 .888 566 S47
.18 024 0% 155 1.00 1.14 los1 £000 918 - 535 443
0.05 0.58 a.028 0.028 Q.083 150 1.42 1.91 2236 0.863 0.0863 0.957 0. 94T
.60 028 24 1.29 1.74 954 2016 870 .63 957 A4
H 025 24 1.1 1.87 a8l 2193 877 - oz S4B
.70 .028 024 1.01 1.58 . 10Q8 2171 - .58 -988 R I 1
.78 024 23 - 131 1.00 1.18 1053 2148 816~} .53 988 42 1
0.10 0.855 Q.028 0.024 0.053 is0 1.40 1.99 19 275 C.881 0.865 0.952 0.944 p: R
.62 Q28 .03 150 1.27 1.a2 , 940 2156 868 <631 - .8 21.8 -
.86 028 023 180 1.14 1.64 ° 988 2138 -8718 538 252 2 0.8
.70 .025 023 149 1.00 l.ad . agg 2115 475 .56 <953 40 18.8
.73 028 w020 128 1.00 1.35 . 1016 2094 -218 - 536 <A5Y 230 17.4
a.18 0.55 Q.028 0.022 0.053 150 1.38 2.08 ' 8§07 2111 0.856 0.883 O.0dd 0.940 3.1
.60 Qe 150 1.25 l.92 230 2094 .84 +831 944 - 22.1
.88 Q28 150 . l.12 1.72 . 982 2078 289 .98 948 538 20.8 -
.70 020 147 1.00 1.50 76 2088 ~8681 588 948 937 19.0
.73 023 021 187 1.00 1l.29 1000 2038 $17 <536 I8 938 11.5
Turbine-inlet temperature T{, _!;JOO“ » oo - -
¢ 0.55 0.038 9.038 052 150 1.57 2.00 . 950 1 Q.847 0.704 0.99%4 0.980 0.987 .44 2.8
B0 035 035 ) 1.26 1.43 . 75 2768 . 658 &8 938 959 HE¢ 2.65 20.8%
.65 <0355 035 1.14 1.8 1004 2744 <863 648 954 60 068 2.90 20.1
.70 JOua 054 1.01 1.45 . 1lasg 2 870 818 999 959 268 3.17 18.7
. TE Q54 034 132 1.00 1.84 ! 1061 2092 . 650 598 <958 964 3.47 11.a
©.05 0.58 0.038 0.4 0.052 150 1.38 2.08 & o.843 C.T04 o.388 Q.988 0.985 2.33 2.4
-.EQ -035 034 150 1.24 1.80 . 964 2691 .asg . ] 955 984 2.5 .0
.85 035 073 l 150 1.12 1.7 8 2668 859 648 286 -958 084 ’.78 0.1
.70 O34 0358 149 1.00 1.0 . 1017 2648 889 .£18 588 968 983 3.Q8 18.8
75 . 032 ~O8% 130 1.00 1.8 | 1048 22 907 - 530 87 256 482 3.30 17.8
0.10 0.55 0.0358 0.032 0.088 160 1.33 .17 o2 2651 0.840 0. 704 0.7 Q.048 0.963 2.26 .9
.60 - 032 052 1850 l.22 1,92 281 a8lz <848 R-xi ] T4 +949 62 2.44 an.e
.68 038 L32 052 180 1.10 1.7 o7 2891 .358 848 274 ~Sad 561 2.85 0.2
.70 B .8 083 148 1.00 1.57 100Q 2570 -8T70 .618 976 280 981 .87 18.8
.18 034 03 SB3 124 1.00 1.34 . 1024 2548 . . ATe 950 880 -13 11.8
18 | 0.58 0.036 | 0.08L | 0.062 150 1.51 2.2 915 2648 0.834 0.960 | 0.088 — %71
.80 056 030 552 150 1.90 2.0 . 9I7 2531 844 -88) 238 .8
.85 0B85 083 150 1.08 1.88 9 2512 861 942 938 20.8
.0 035 <053 144 1.00 1.86 28 2492 .810 .962 4358 18.0
.15 .85 { 053 126 1.00 14 ¢ 1010 273 .908 864 L8941 17.8 B
Turbine-inlet temperature Tj, 3500°R . X ; - - -
[} 0.85 0.048 0,046 0.081 150 1.30 2.14 957 3288 0.827 0.T36 0.883 0.959 0.976 2.50
.60 046 .048 .01 1= 1.2 1.87 - 988 32682 837 710 993 .88e .3 .78
.65 048 048 081 150 1.10 1.7t 1018 3238 847 -683 984 958 478 3.01
.T0 045 045 058 148 1.00 1.88 . 3210 -881 EBT 884 958 A7 .29
. <Odd Lk -038 131 1.00 1.33 1073 5188 298 <632 984 -359 27 5.5
0.05 0.65 0.048 0.044 ¢.081 10 1.28 2.25 g46 35180 0.823 0.738 0.983 0.954 0.878 2.40
.60 048 04t <051 150 1.19 2.04 978 5187 .838 -7 884 9 .8 £2.82
.65 Q45 045 062 1.08 l.a4 1000 &1 842 .683 504 954 B4 &
.0 045 A 0852 148 1.00 l.62 1 3119 <881 -857 . 988 ATé .12
T 044 -042 052 1.00 1.38 lose 3098 500 -632 984 954 273 3.40
0.10 0.88 Q.048 0.042 Q.05¢ 180 1.28 2.33 954 3091 0.818 0.73& .97 0.948 0.8713 ®.30
&0 048 041 1.17 2.15 252 som -826 <710 8712 . i) 2.90
.88 048 «©O4 1% 1.08 1.91 888 3040 ~838 .6683 - 4T 912 $.78
. <043 o4l 143 1.00 1.89 1015 3028 .882 -857 k] 48 872 4.98
i <045 lae 1.00 1.44 L « 900 832 4T3 <247 4T 3.
0.18 a.66 0.047 0.040 0.052 1.94 2.48 925 €088 0.812 0.738 0.967 0.928 0.971 2.22
.60 JOd8 039 160 1.14 2.28 246 82 =710 936 - B ) 2.40 -
N ] ~03 1.04 v 2.03 972 2950 833 . 857 930 270 2.82
.70 048 058 1£1 1.00 1.78 885 2930 882 «BBT 958 831 370 .02
<76 048 Q38 124 1.00 1.55 1020 2911 <L . 95¢% 952 470 5.08
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TABLE I. - Coutinued. TABULATION OF RESULTS
(b} Turbine blade tip speed Ut‘ 1500 feet per seocond; afterburner reference veloclty VAB’ 500 feet per mecond.

Ly .

WL 'Y i

!T.'oolnnb— TurbinefConbus tor| Kixture |After- |Cozhus Cootusctoe-| Afterburnen| Compressor- Nixture| Combustor| Turbine |Hixing- [After~ {|After- |Compres-iTurbine-limited
flow hub-tip| fuel-air |fuel-air|burner reference| turhine turbine exit tem- teaper-| presgure | presfsure|zone barner burner nor ] ific walght
ratic, redius |ratio, ratio, fuel-airi velocity,| frontal- |[frootal- perature, ature, |ratic, - {ratie, pressure| diffuser| preasurs| o,
c ratic, g £y ratio, Vgr ares ares ratio, TS, TS- P, pyo) ratio, |pressure|ratio, ratio, o ViV kgl
/Ty T3 | rt/zec “““.t Agp/ke % % PY/P} ";:}g; Pio/P | PPk |(sh/mac)/ma rt
Turbine-inlet tesperature T/, 2000° B
o 0.56 ©.018 0.018 0.033 150 1.40 1.83 1000 1743 0.888 0.510 0.599 0.863 0.309 £.88 5.2
- 015 N 150 i1.24 1.48 1035 1T -80S 465 1.00 -508 5.20 3.8
N -018 -018 130 1.08 1.33 1069 1680 810 . -§01 5.55 2.2
-70 -Ol4 014 138 1.00 1.16 1106 le4T 828 384 .898 3.86 20.4
-75 014 0L 113 1.00 -39 1145 955 345 .891 & £2 18.3
0.08 o.55 0.016 0.016 0063 180 1.38 i.1a 265 1708 0.898 0.529 Q.983 0.861 0.904 2.7¢ 25.2
-60 01 (1183 150 1.22 1.64 1018 1579 -802 -465 294 901 5.05 3.9
.85 015 150 1.06 1.38 1 1651 508 424 ) 897 3.37 2.1
-0 014 5 1.00 1.22 1088 leal 429 384 595 .892 5.74 20.3
.75 014 015 -054 1X1 1.00 1.03 1124 1588 955 345 -856 862 -887 18 l8.1
0.10 0.55 0.0l 0.013 0.083 1.3 1.77 871 1672 0.883 0,810 0.986 0.967 0.800 2.61 25.3
.80 =016 014 -a53 150 1.20 1.61 1003 1845 -899 AES .88T . . -896 2.89 25.8
.65 -01S8 01 054 150 1.04 1.45 1034 1820 o h24 o -958 -892 5.19 22.0
-70 015 013 OS54 153 1.00 1.27 1067 530 ~384 -988 -358 .8487 3.52 20.2
|I <75 -014 Q13 054 109 1.00 1.08 1102 1854 12 345 - .859 .882 3.90 17.8
i 0.15 0.55 0.018 0.0l 0.053 150 1.34 l.a6 937 1634 0.880 050 a.877 0.852 0.894 2.49 23.5
-60 016 014 054 150 1.18 1.689 T 1810 .86 - hES 979 853 o 2.7 25.%
.68 -018 150 1.02 1.62 1017 1587 52 A2 -980 954 -a67 3.02 22.0
~70 -015 l 133 1.00 1.33 1047 18582 930 384 -982 355 . 3.32 0.2
.18 013 012 107 1.00 1.13 1083 1537 -95& -546 .285 958 8717 3.88 17.9
A Turhine-inlet temrersture T!, 2500° R
o 0.55 0.028 0.025 0.053 150 1.39 1.82 1013 22353 0.88¢ 0.576 0.98T 0.g61 0.54T 2.99 25.8
g <024 024 150 1.8G X.68 10498 X201 -891 537 -$45 -1 2¢.8
-85 <024 024 150 1.13 1.49 1083 2169 -asa -489 T 5.72 a25.5
-7 023 -025 145 1.00 1.30 5 910 <4EL 942 - 2.8
-8 032 022 122 1.00 1.11 1182 2100 941 ARG 538 940 & 20.1
6.05 0.535 o.025 0.02¢ 0.05% 150 1.57 1.8% 898 ars 0.830 0.578 0.289 0.957 0.944 2.85 25.5
860" -024 -023 150 1.24 1.72 1052 2145 T -258 363 3.17 2¢6.6
.66 024 Q25 150 1.09 1.55 106a 2120 895 489 -941 582 3.5
<10 023 022 142 1.00 1.38 2088 -8, <481 932 5.82 2r.8
.75 023 <022 120 1.00 1.16 1139 2057 6L A2 937 4-35 12.9
0.10 0.53 Q.035 ©.025 0.053 is0 1.54 1.87 983 a122 o.877 Q.578 0.953 0.94L 2-72 25.6
80 L26 ~0g2 180 1.2% 1.80 1005 95 -884 587 - -940 5.00 4.5
55 S22 022 153 1.07 1.82 1048 2069 ~881 5 954 -538 3.35 25.2
K 02 021 138 1.00 1.42 1082 2041 912 «AEL 954 958 5.69 2.6
] -023 022 11T 1.00. 1.2 a 2011 942 . 854 -9354 4.08 19.7
0.15 0.55 0.025 0.022 0.0563 150 1.32 2.07 a6g 2064 0.874 0.526 0.248 a.937 25.6
-8C -02s 21 150 1.19 1.89 100Q £040 - 537 847 -936 2.86 24.6
-85 L2 D21 150 1.05 1.70 2015 -887 - 2971 24T 934 3.1 25.1
.10 -024d 020 137 1.00 1.48 1083 1980 <813 . 872 548 -232 3.48 a.e
<78 024 020 pat ) 1.00 1.27 18 842 A24 974 -549 .930 5.83 19.6
Turbine-inlet temperature T!, 3000% R
;¢ 0.55 0.054 0.054 0.052 150 1.38 1.98 3.11 25.4
1 -80 -034 0354 L0052 150 1.24 1.81 5.48 2¢.9
-85 033 055 150 1.12 1.563 3.88 24.0
.70 052 .053 147 1.00 1.43 £.32 2.6
! .75 052 -032 083 126 1.00 l.20 4.85 21.2
| 0.05 0.55 0.035 .03 0.0%52 150 1.54 2.06 2.98 25.3
H 084 052 032 150 l.22 1.88 3.30 24.8
-3¢ 032 053 150 1.09 1.88 5.66 as.8
-033 051 053 144 1.00 L1.48 4.07 22.4
. -0352 <031 053 123 1.00 1.27 4.64 20.9
0.10 Q.055 0.031 0.083 150 1.3 2.15 2.82 23.3
Q54 a3l 150 i.20 1.97 3.13 2.7
054 030 150 l.07 1.77 5.46 3.6
<033 L30 141 1.00 1.55 3.02 22.2
033 -029 121 1.00 1.32 £.25 20.7
0.15 0.035 0.030 [ a.ass 150 1.29 .27 2.58 =3
E -.030 150 117 2.06 S 24.5
L34 025 150 1.08 1.88 27 23.8
OS54 028 139 1.00 1.85 «60 2.2
- 75 053 -028 118 1.00 1.38 3.87 20.5
Turbire-inle
o 045 0.062 150 1.32 2.1% 3.22 2.9
SOl 04é 150 1.22 I.9% 3.58 24.7
-043 150 1.11 1.75 4.03 24.2
Q43 043 147 .00 1.54 4.58 5.2
<042 042 128 1.00 1.32 5.04 2.9
0.05 0.045 G.043 0.052 is0 1.30 2.21 3.0¢ 24.8
044 04z 1850 1.19 2.02 3.39 6.4
SO 042 150 1.c8 1.82 3.80 235.8
043 O41 14k 1.00 1.80 a5 22.9
042 040 128 1.00 1.37 T2 a.s
0.10 0.046 0.041 Q.052 150 1.27 2.51 2.91 24.7
045 -040 150 1.17 2.11 5.8 4.3
044 040 150 1.06 1.50 3.58 5.8
044 .03 14l 1.00 1.87 3.99 22.7
5§ 122 1.00 1.45 4.40 21.2
Q.18 0.046 0.039 6.052 150 1.2¢ 2.44 2.77 2.8
- 045 .058 150 1.15 2.24 3.04 2£.2
-85 044 038 150 1.03 2.00 3.37 25.3
- <Odd 037 138 1.00 1.78 3.74 22.5
TS <043 057 120 1.00 1.50 4.13 2.1
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TABLE I. - Coritlnued. TABULATION OF RESULTS
(¢) Turbine blade tip speed Ug, 1500 feet per seoond; afterburner reference velooity V,p, 500 feet per second.

Qoolant- {Turbine jCombus tor |Mlxture |After- hust Combuator-] Af terdurnery Compressor- | Nixturel Compres-| Turbine-limited
Mow hub-tipffuel-air r\nl-a.u-( burner |refeence|turbine turbine exit tem- |[temper- acr specifie welght
ratlo, radius |ratia, ratie, Tuel-airivelocity, | frontal- frontal- perature, pr ot
c ratio, [N Ty ratio, Vg, area srez retio, Tas nuoz vc\/ﬂ' Agbgs
'
TPy i rt/se0 r‘u. % 4 oR Py/Pa |(11/nec)/3q It
- = e - =
Purbine-inlet temperatuls ) e
o 0.58 0.018 0.016 0.05% 180 1.28 1.8D 1078 1872 3.84 27.0
. LOl4 014 054 150 1.11 1.46 1122 1833 4.14 5.5
-8B ©OL% 013 142 1.00 1.30 1187 1582 4.08 28.8
. Kei k-] -013 117 1.00 1.14 1213 1548 5.34 21.5
TR .012 012 92 1.00 -9 1260 1508 &.08 18.8
.05 0.8 Q.015 ©.014 G.054 150 l.28 1.87 1060 4 3.4 2.8
o 014 014 18 1.08 1.52 1102 1608 3% &5
65 JOld «Q; 138 1.00 1.56 1144 1571 4.41 a.e
.10 L0135 012 114 I.00 1.19 1li89 15352 5.00 n.g
] .012 .012 90 1,00 1.0 1835 1492 5.88 18.4
0.10 0.55 0.018 0.014 0.Q54 150 1.23 1.6 1042 16l 5.2t .8
.60 015 .Q15 150 l.07 1.54 1082 S.5 .1
85 Olk v 138 1.00 l.42 1122 1547 414 3.2
-1 .013 012 na 1.Q0 1.95 1 1l 4.88 0.8
T 013 012 89 1.00 1.06 1207 1476 5.0% 0
0.185 0.55 ©.018 Q.015 C.054 150 1.1 1.84 1023 1581 3.08 TN
« el ] - 150 1.05 1.:; 1061 1532 3. 4.0
«83 «Qld o 134 1.00 1. 1622 3.48 3.0
-] 0Ql4 JQle 1o 1.00 1.31 1140 1491 - .4
.75 LOLS 2013 88 1.00 1.21 1180 1458 4+.87 17.7
fardtindinlet teapdrative Tj; RN P
0 o.8 ©.024 0.02¢ 0.055 150 1.35 1.80 1094 2181 3.82 8.7
<60 023 023 150 1.17 I-ﬁ 1140 211¢ 4.38 27.8
.85 Q22 022 150 1.02 1. 1186 20 &.38 P ]
-7 .0zl 021 131 1.00 1.8 1238 2034 5.64 24.8
.75 L0 020 107 1.00 1.09 1 1989 &.45 ae.8
0.08 0.55 0.024 0.g25 0.08% 180 1.30 1.8 1 2112 3.61 I ]
. -023 .QE2 180 1.as 1.10 1118 074 +.18 7.8
.65 o2 Q21 10 1.00 1.53 1163 2057 4.08 2%,
=T Q22 021 128 1.00 .34 1209 1838 B.38 .t
<TB . 02 020 1085 1.00 1.14 1265 1936 8. 22.0
0.10 0.66 Q.024 0.022 0.033 150 1.28 1.96 1087 2082 3.42 8.4
.60 023 .02 160 1.15 1.78 1096 2027 3.87 n.s
85 <023 Lo 4T 1.Q0 1.0 1138 la9g 4.34 .5
-0 022 <020 126 1.00 1.6 1183 1968 4.02 .0
«75 .01 <0lg -054 EL] 1.00 1.18 1229 1919 5.68 -8
I—_.--—-?-l.—.-.
0.18 Q.56 0.024 0.021 9.053 160 1.26 2.05 a. 847 0.9354 .0
- LO24 -0R0 150 1.11 l1.87 248 3.4 2T
.65 023 «Q80 145 1.00 1.87 4 4.07 E -]
.70 .02z T 122 1.00 1.7 .950 58 =
<15 .022 019 . 054 100 1.00 1.25 .952 3.15 n
T s L e ey — — — ———
- Lnitel R cT = :
[} C.BS 0.033 Q.033 0.053 150 1.35 1.86 1 2650 9.887 0.540 0.998 Q. 958 0.583 3.0 .4
B 032 032 150 1.00 1.719 1157 2008 . 504 995 262 .. 54 .2
-88 081 031 1s0 1.08 1.8 1206 2585 508 ] :. 5] 950 .29 -.e
B 051 -Q5L 138 1.00 1.41 1 2520 024 «A24 598 . a.m .5
-75 030 050 116 1.00 1.2 1305 26T ! 87 e 8Ly 5.80° 2.0
0.08 T.55 Q.035 0.082 0.083 150 1.3 2.04 1030 2582 0.884 0.548 0.988 0.955 0.951 3.7 R
- -055 4031 150 1.18 1.a7 1154 aSad 892 504 7 -965 S 'S ».T
83 052 030 160 1.04 1.87 a1 2504 <BaR 454 88 . 4.58 ..
0 051 029 138 1.00 1.47 1229 2si . - h 248 257 8.58 .4
T8 030 020 115 1.00 1.28 1278 Fizal A5 3587 a8 « §.38 .4
¢.20 0.55 0.054 0.030 Q.055. 160 1.28 .15 1070 2812 0.880 0.548 a.87T 0.950 0.0% 1. m.0
- « 030 150 1.15 1.95 2 4TY - » 978 - 9567 4“0 8.5
-6E o3 £29 149 1.08 1.74 1157 2402 -838 484 878 851 954 4.87 .8
-0 .051 Q28 132 1.00 1.83 1 2404 A 424 -1 981 258 51T 8. ¥
<16 031 2B 11l 1.00 1.3 1248 2365 952 387 980 K] it L1 5.88 .0
0.15 0.58 Q.054 Q.02 Q.055 150 1.26 a.24 1050 2440 0.878 0.548 0.945 a.940 0.258 ¥.38 x
80 . 0a8 180 1.13 2,08 1091 2408 <884 v -988 04l 958 .M -
.88 . Q28 149 1.00 1.84 1151 76 .88%5 484 ~287 JS4e S84 [N ] [
<10 052 ~OaT 129 1.00 1.8 1174 2341 ras A2 -388 Jadd 852 .78 ».4
- T8 051 027 108 1.00 1.57 pE-a1 3 2308 852 .387 270 348 -850 8.41 8.3
T - - T . - -—— = e ——
rurDIe intet Ves m‘. N S— c——
4} 0.55 G.083 0.045 0.053 160 1.3@ 211 1128 3142 0.501 0.094 c.e5e 4.14 ».7
N ~Od2 042 150 in 1.95 1171 3100 . & TS =8
«86 042 042 160 1.08 1.73 1. 3Q! 815 8.44 -5
0 -041 Ol . 142 1.00 1.32 1272 3010 478 . 8.5
«75 040 - 40 -083 120 1.00 1.% 283 o4l 7.13 N.¢
0.08 0.55 0.044 0.041 ©.08g 150 1.29 2:19 57 0,591 0.885 0.954 3.91 33
60 O4% s 5 062 150 1.18 2,01 1148 5018 - u 55 4. 45 ».3
65 042 040 -052 160 1.08 1.8 1195 2277 -8B 254 508 .8
. - JO04L o 053 139 1.00 1,58 12453 2935 »ATS -8 354 a.m .7
.73 041 58 053 118 1.00 1.38 1292 2892 o o 954 a.m .0
0.10 Q.56 9.044 0.040 0.082 150 1.268 2.9 1082 2958 a.561 0.974 0.047 ©.971 3.8 ».0
<60 0438 038 082 150 1.18 2,10 1126 |53 o ST 947 1 4.18 .y
85 062 038 .qxp 150 1.08 l.88 1189 288 515 -#TS S48 il 4.73 .0
70 SOd2 058 as3 136 1.00 1.65 1218 ATE RTE il e 5.40 2.z
75 <Okl 037 053 118 1.00 1.41 1263 2817 -, 441 877 48 87 .12 -4
0.15 0.56 Q.04 0.034 0.0%32 160 1.29 42 1081 2877 0.5e1 0.0 0.934 a.969 [
<60 044 057 -G5¢ 130 1.15 1102 45 . . B35 2858 n »n.4
&6 045 037 -053 - EO 1.00 ] 43 2811 86 962 A3 987 40 7.¢
-0 042 _ . -053 3 1.00 & pu -t 2r6 4T 483 . 588 o 20.8
P (-] -Okg 038 <083 p5.3 1.00 i» 1334 2740 <AL B[ 939 JSEE 1.1 H.A
- -~ R et B - - —— = -

i
i
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TABLE I.

S

- Concluded. TABULATION OF RESULTS

(d) Turbine blade tip speed Uy, 1700 feet per second; afterburer reference velocity Vaps 500

37

feet per second.

Coolant-|furdine |Combustor |Kixture tAfter— Ceoabustor- [ Afterturnen| Conpresa or-| Mixture [Coctus tor| Turbine |Mixing- |[After- |After- |[Compresa-|furbirs-limited
low hub-tip{fuel-air {fuel-air{burner |ref turbine turbine axit tem- preansure |pressure|rons burcer [so specific welght
ratioc, radius |ratio, retio, fuel-air|velocity,| frontal— |frontal- perature, sture, |ratioc, retio, pressure|diffuser| preasurs| pregsure |f1ow,
c ;-;hr.}a, fp fg n;.le, o, -r:: ml.‘ ratio, T, T4, ) 2V nuoi prcﬂulm retd ratio, wo VU Agtn,
T, ratic, ratio, I
t AB rt/nec % . % LLo, P:I.oki 2 |(1b/mec re
Ar Py/PY ( J/sq
Jurbine-inlet temperature i, 2000° B
] 3.55 0.014 0.014 0.054 150 1.14 1.587 1182 is97 0.922 0.963 0.a8a8 4.82 28.5
.80 -013 0135 144 1.00 1.42 134 1548 <935 878 5.36 6.4
-85 -012 -012 11e 1.00 1.27 1497 858 .863 8. 2¢.5
-0 =011 <011 s 1.00 1.10 1528 1443 8T& -855 T.22 a1.5
.75 010 -010 23 1.00 D4 1381 1382 -987 841 8.2¢ 18.0
0.06 0.55 0.014 0.013 0.054 150 1.1 1.84 1139 1576 0.919 0.885 4.34 7.9
.60 013 012 141 1.00 .49 1189 1632 934 877 5.00 2%.0
.65 012 =012 118 1.33 1243 1486 558 -868 6.78 23.8
-70 <011 0I1 81 1.16 1297 1457 876 854 6.88 a.0
79 011 o as .98 1348 1380 587 840 7-82 17.5
0.10 Q.56 0.014 0.013 0.054 150 1.08 1.72 1127 1551 0.817 0.880 4.08 27.5
80 015 .012 138 1.00 1.56 1165 1512 -534 -872 &.87 23.6
-85 <015 011 il¢ 1.40 15 14720 958 -862 5.36 23
<20 012 <011 ag l.22 1428 STT -851 §.18 20.
I8 011 010 &7 1.04 1318 1586 987 839 7.02 17.0
0.15 Q.53 0.014 0.012 0.054& 150 l.07 1.81 5 1526 0.914 Q.875 5.82 27.8
-850 014 012 135 .00 1.8¢ 1142 1490 -935 887 4.36 25.3
-65 ~013 011 1 1.4T 1188 1 953 .as8 4.98 3.0
<70 -012 -010 a7 1.2% las8 ¥i:] 847 5-10 0.0
.75 012 016 &g 1.0% 1264 1376 -987 835 §.48 16.8
Turbdine-inlet temperature T, 2500° R
] 0.55 g.022 0.022 0.053 150 l.28 L.77T 2041 a.912 0.408 0.938 0.938 4.92 31.8
80 L2 021 -053 150 1.07 1.61 pi--1 | 2031 <818 1] 955 5.70 30.8
-85 020 2020 083 137 1.00 1.44 1294 1578 9358 ~3ié o3 6-5¢ 29.1
.70 .012 -019 Q54 1135 1.00 1.2¢ 1553 1925 261 272 927 T.T8 27.0
.75 ~JL8 .018 054 99 1.00 1.06 1414 1867 277 - 253 022 9.82 3.1
0.08 a.55 0.022 oo 0,085 150 1.20 1.88 1160 2038 0.503 0.406 0.936 4.60 31.2
.60 022 -0 L0535 1is0 1.08 1.68 1882 -518 ~358 -9352 5.32 30.0
-85 021 053 154 1.00 1.50 1267 1947 -538 <514 829 ¢.18 26.4
-0 -0a0 .018 0B 1o 1.00 1.3 1528 1885 -961 -272 524 T.14 2.2
.18 g .018 054 a8 1.00 1.11 13680 1845 ATT ~233 520 8.24 2.0
0.10 Q.56 0.0a3 0.021 0.053 150 i.18 1.82 1157 1985 0.3068 0.408 0.93% .30 30.7
-60 022 -020 083 { IS0 1.03 1.76 1386 1953 -812 539 829 .98 29.3
.63 021 -019 064 151 1.00 1.57 1239 1910 838 314 526 B.72 27.8
By ] 020 .018 054 108 3.00 1.57 1292 1865 961 272 932 §.680 as.e
.75 020 .gla -054 as 1.00 1.17 1545 1818 978 255 <817 T.57 22.4
0.18 0.55 0.023 0.020 0.053 180 1.18 2.02 1948 0.502 0.406 c.9%29 4-03 50.3
50 Q28 018 055 1%0 1.00 1.8 1180 1911 -8a% -359 926 4.62 4.8
.85 022 .018 053 128 1.6 1210 1882 ~A5F 314 925 -29 ar.3
<70 ~021 .018 054 105 1 1.tk 1 1 L2682 -272 .918 9-07 4.9
.75 020 017 OS54 83 1.2 1312 1788 77 . 233 914 €.94 2.7
Torbine-inlet tewperature T, 30000 R
] 0.55 0.05L 0.031 0.053 150 l.27 1.24 1202 ase7 0.505 0.860 - 335.9
N3 -030 050 150 1.13 1.77 1258 2516 210 958 §.04 .4
8% Q30 O30 148 1.00 1.58 1518 2463 -9 -8957 7-01 32.2
~TC 028 029 125 1.00 1.58 15T 2407 S4T -888 8.1¢ 30.7
.75 -028 028 -f 102 1.00 1.18 1439 -987 952 8.42 ar.9
0.05 0.55 Q.032 0.0%0 0.083 150 1.8 2,02 1178 507 0.899 0.938 4.85 335.3
.80 -051 029 150 1.11 1.8¢ 1252 2461 -207 957 5.62 32.6
-85 <030 029 145 1.00 L.68 1287 412 1 <955 6.5 3l.4
-0 SL29 28 123 1.00 1.45 1343 2561 947 oS53 T.54& 2%.9%
<75 028 027 100 1.00 1.25 1403 264 -851 6.70 anr.r
6.10 0.55 0.052 0.029 0.053 150 l.22 2.11 1156 HL3 a.835 0.958 .93 53.8
.80 031 028 150 1.08 1.82 1208 2400 =203 -95¢ 6.22 5.9
&8 030 027 I 141 1.0 i.72 1258 23ES 820 <B53 s-02 3.a
) 0% . »07 i 1.00 1.51 1512 2508 AT ~F51 €€.95 2.1
15 029 028 056 98 1.00 1.28 2261 .368 248 8.0 2.3
0.15 0.58 0.053 0.028 0.053 150 1.19 2.22 2377 0.891 0.554 4.22 32.0
80 Q52 .027 15a i.o8 2.02 1178 2538 299 -952 4.85 31.2
-85 -031 -028 1568 1.00 1., 2298 522 950 5.56 $0.1
70 O30 026 27 1.00 1.59 1280 2258 88 548 &.40 0.4
I <028 -025 054 95 1.00 1.38% 1353 2211 -988 -G48 T.34 25.8
Turbine-inlet temgerature T, 3500° R
-} 0.56 0.042 0.042 0.052 150 1.30 2.08 128 3058 0.89¢ 0. %8 0.9%4 0.958 0.973 - 40 35.2
-60 -041 04l o053 160 1.17 1.91 1276 s -903 ATL -99¢& 952 871 §.33 35.4
-85 040 =040 O3 150 1.03 1.71 1335 910 432 .988 -588 g0 7.38 34.8
. 39 039 -053 134 1.00 -850 1397 2694 5354 382 994 858 583 8.5 535.4
75 038 038 054 112 1.00 1.28 1462 ~958 354 994 .958 988 .88 30.9
0.05 .58 0.042 0.040 0.052 150 l.87 2.18 1192 2385 0.889 0.518 0.985 0.354 a.971 5.04 3. b
.80 041 -039 053 150 1.14 l.98 1249 2930 .898 ATL .988 254 870 .88 34.4
.65 040 038 -053 150 I.01 1.78 1306 2880 806 4352 .90¢ 954 969 §.85 53.7
-T0 039 .037 083 130 1.00 1.58 1564 2627 935 ~382 .998 294 -.988 7-92 52.6
.75 JO39 03T 054 109 1.00 1.3% 1624 2ns 958 354 9687 955 968 §.12 30.1
0.10 0.55 0.045 0.038 0.052 150 l.23 2.27 1167 2838 0.884 0.518 0.875 0.948 0.969 %.70 33.7
&0 042 038 e ] 150 1.I1 2.07 1222 2653 894 474 -278 -948 268 G.47 33.8
! -85 041 037 147 1.00 1.88 1276 2006 ) <432 277 548 907 6.32 32.8
N . 040 038 l 127 1.00 1.8 1350 2739 555 592 877 249 968 7.30 31.6
1 75 -039 035 108 1.00 1.39 1388 259 - 554 278 -850 -85 8.40 29.2
¢ 0.158 0.55 0.043 0.037 0.053 150 1.20 2.40 1142 2815 0.800 o0.518 0.562 0.838 0.967 437 52.9 -
80 042 036 150 1.08 2.19 1194 a2 830 A4 563 -4 11 ] 5.08 32.8
.83 041 055 1id 1.00 1.88 1247 2750 -808 ~ 4352 865 <939 966 5.84 32.0
.70 040 O34 12s 1.00 1.72 1208 2688 +936 -392 .968 940 564 &.70 30.8
' 75 -040 ~054 103 1.00 1.48 1332 2842 859 354 968 942 962 7.70 2.4
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Turbine-limited specific weight flow, Wcl\/a_e-/ATbe, (1b/sec)/sq It
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Turbine-limited specific welght flow, woa/83/ArBp, (1b/sec)/sq ft
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