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SUMMARY

The performance of the turbine component of an NACA research
Jet engine was investigated with cold air. The interaction and.
the matching of the turbine with the NACA eight-stage compressor ..
were computed with the combination considered as a jet engine and
the over-all performance of the engine then determined. The
internal aerodynamics were studied to the extent of investigating
the performance of the first stator ring and its influence on the
turbine performance. .For this ring, the stream-filament check on
velocity distribution permitted erfficient sectfions to be designed,
but the design condition of free-vortex flow with uniform axizal
velocities was not obtained. The actual air flow was 0.964 of the
design value at design pressure ratio and speed, and was 0.98 at
design speed and enthalpy drop. Rotative speed for optimum cffi-
ciency (0.875) was 120 revolutions per .second as compared with the
design speed of 134 revolutions per second (efficiency 0.823).

INTRODUCTION

The NACA two-stage turbine was designed and built under the
direction of Mr. Festmon N. Jacobs by the staff of the NACA
Cleveland leboratory as a conbonent of a Jjet engine,which served as
a tool for the sludy of the behavior of this engine type. The
compregssor component of the engine was to be the NACA elght-stage
compressor discussed in references 1 to 3. The turbine investiga-
tion reported herein was made at an air temperature of 190° F for a
range of corrected speeds from 102 to 182 revolutions per second
and pressure ratios from 1,16 to 2.60. The purpose of this investi-
gation was to evaluate the blade design procedure by determining the
performance of the first stator ring and its influence on over-all
turbine performance, to determins the performance of the turbine
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without the constraint imposed by oferating the compreseor and
turbine together, and to use these data to investigate the matching
of the turbine and the compressor. -

DESCRIPTICN OF THE TURBINE

Design conditions. - The turbine was designed for the following
operating conditions: inlet pressure, 2400 pounds per gquare foot;
inlet temperature, 1400° R; gas flow, 4.18 pounds per second; power
output to the shaft, 296.5 horscpower; and rotor spesd, 13,010 rpm.
For operation in the jet engine, the assumed compressor pressure
ratio was 3.36; the compressor inlet-ailr temperature, 440° R; and
the compresgor inlet-air pressure, 739 pounds per square foot.
Flight speed was 470 miles per hour and altitude, 33,000 fect.

The turbine work outpu’ was so divided between the stages that
the ratio of the tempersture drop to average temperature for each
stage was the same for both stages in order to maintain Mach numbers
approximately the same for the two stages. The velocities between
blade rings are shown in the following table: :

£xiel |TangentialTangential
Station velocity| velocity velocity
(ft/sec)| at root at tip
(ft/sec) | (ft/sec)
Entrance stator I 209 0 0
Exit stator I " 228 933 600
Entrance rotor I 228 422 -195
Exit rotor I 268 ~-828 -999
Entrance stator II 269 -317 -204
Exit stator II 290 898 578
Entrance rotor II 290 387 -217
Exit rotor II 346 - -£16 i -991
Entrance stator III 346 -305 ~-196

These velocities were computed on the assumption of radial equilibrium,
constant gas energy and entropy, and free-vortex flow from root to

tip. These sssumpticns result in a constant axial velocity over the
blade span, which may be demonstrated by consideration of the condi-
tion for radial equilibrium of pressure with no radial flow.

: Cuz e
dp = p ~7—dr | 1 (1)




- where

p pressure, (1b/sq £t)

p density, (slug/cu ft)

¢, whirl velocity component, (ft/sec)

r distance from axis of annular channel, (£4)

For convenience, the gymbols used in this report are defined in
appendix A.

The equation relating enthalpy change to entropy change is

dH = TdS + %}3

| ‘where
HE enthalpy, (ft-1b/slug)
. T temperature, (°R)

S entropy, (ft-1b/slug/°R)

Therefore,
. o
8P - 4f - Tdg = ~= dr
P e

The energy equation is

dfp = a9 + d‘\—z——)

where c¢ 1s the velocity in feet per second and the subscript T
indicates stagnation state.

@ c, @
aHyp - d(%—) - TS = -2 dr (2)
¢ If the flow is isentropic and the gés of uniform energy level,

dBp = 4S = 0
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and
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where c, 1is the axial velocity component in feet per second.

2\ 2
Ca 2 dr Ca 1 2
0 = d(}g-} + cydey, + Cy e d N E;E d(rcu) (4)

If the moment of momentum ls constant, d(rcu) =0 and c¢cgq 18
therefore constant. The type of motion where rcy 1s a congtant is
designated free-vortex flow because the radial distribution of whirl
velocity is the same as that for an. isolated vortex filament.

In the design procedure, the assumption was made that all the
losses took place in the rotor and the stage efficlency was 090
based on total pressures and tewperatures.

The flow channels between the blades were designed to provide
guidance at the discharge by making both walls nearly parallel to
the desired flow angle for a distance approximately equal to the
exit channel width. From the channel exit toward the entrance,
along the suction (convex) gide of the blade, the radius of curvature
wag decreased ag the channel width increased to the region near the
leading edge. The camber line was pointed in the direction of the
incoming flow. Blade trailing edges were 0.03 inch thick, except for
the second row of stator blades, which were castings with trailing-
edge thickness varying from 0.020 to 0.015 inch. The leading-edge
radius of curvature wae taken as 15 percent of the maximum thickness.

When a blade section had thus besen roughly designed, the
velocity distribution on the suction side of the blade was computed
by means of the stream-filament theory described in reference 4.
This method was modified to account for the varying wass flow per
unit blade height in the channel caused by radial flow by assuming
for each section a linear variation of the mass flow per unit blade
height along the middle streamline from the entrance to the exit
values. If necessary, the suction surface shape was modified to
keep the velocity on this surface nearly constant. No information
was obtained in this fashion about the airfoil nose or the proJjecting
suction side of the blade (section A-B, fig., 1) because the stream-
filament theory of flow in channels is lnapplicable in this regiomn.
Figure 1 shows the entrance-nozzle root gsection.

Construction. - The turbine consists of two stages of rotor
blades and three stages of stator blades. Reaction in both the rotor
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steges may be Increased by the use of a final stator stage, which
also insures efficient Jet-nozzle operation over a wide range of
turbine and compreasor operating conditions by eliminating the
rotation of the discharged gas. A downstream view of the first ring
of stator blades is shown in figure 2. The second ring (upstreem
view) and third ring of stators (downstream view) are shown in fig-
ures 3 and 4, regpsctively. The rotor is shown in figure 5. All
rotor ard stator blades had an inner diameter of 9 inches and an
outer diamebser of 14 inches. The rotor blades are fastened to the .
wheel by a Christmag-tree type blade base, For this investigation,
a set of sleeve bearings were used. All blades had a radial tip
clearance of 0.035 inch.

APPARATUS

Cagcade-ring test appargtus, - The first stator ring was

mounted botween two coucentric pipes with a bellmouth entrance and
room air was drawn through the ring. About 2% inches downstream

of the cascade, two total-pressure tubes and two flow-direction
tubes were mounted to provide for radial surveys. The whole :
cagcade counld be rotated for tangential surveys. Static-pressure
taps were located 2% inches downstream of the cascade at the inner

o

and outer walle. In other Studies, the boundary-layer thickness

on the suction surface of the blade was measured about 1/4 inch
from the trailing adge by means of rakes of small Impact tubes.

A static-pféssuro tube was laid agsainst the blade. These boundary-
layer measurements were made at radial positions 1/4 inch from the

blade root, 13%'inchos from the outer radius, and 9/16 inch from

the outer radius.

Turbine-performence test apparatus, - For over-all performance
measurements, thc turbine was mounted as shown in figure 6. The
whole unit was inserted into a drum; the large plate at the front
formed. one end of the drum. The rear end of the drum was scaled
by bolting the rear flange of thc turbine-discharge duct to the
edge of the hole in the rear plate of the drum. The entire drum
wag air-tight except for one large part in the cylindrical surface,
which served as the air inlet. The gas passed through a webbed
gection and the screens into the turbine and discharged from the
rear of the turbine. i

The power-absorption unit was a water dynamometer, Air flow
was determined from an orifice meter in the intake line. Total-
pressure and temperature surveys were made upstream and downstream
of the turbine by meang of total-pressure tubes and thermoconples
with velocity-recovery heads.,
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RESULTS
Performance of First Stator Ring

The first stator ring was investigated to determine from the
boundary layer on the blade surface whether the design method satis~
factorily avoided flow separation and to find from this boundary-
layer survey the drag associated with this layer and its effect on
turbine efficiency. A further. object was to gurvey the distribution
of the velocity discharged from the stator ring and to find its
effect on turbine performance. These measurements were used to
evaluate the turbine-design procedure and to suggest improved
procedures when dlsagreement existe between theoretical and measured
velocity digtribution.

Blade-surface boundary-layer survey. - The boundary-layer
surveys on the convex side of the blade at the trailing edge are
shown in figure 7. For comparison, the momentum thickness was also
computed for a turbulent boundary layer on a flat plate of chord
equal to the suction-surface arc length. For all blade sections,
the equivalent flat-plate boundary-layer thickness was about
0.0037 inch, which is near the average measured value for the whole
blade. Becausea trailing-edge thickness of 0.030 inch was required
to prevent warpage of the blades under heat, the increment in drag
caused by the momentum thickness of the boundary layer is small.
From the momentum equation, the formula for energy loss in the blade
wake is

Loss per slug =~/ﬁTdS = 2 A Bk
' . EE_ 11 bl el
: RT 7(1 - tg)

where

t blade trailing-edge thickness plus momentum thickness of boundary
layer, (ft)

ty fraction of axial-flow area blocked by trailing edges of blades,
t 5
(s cosg )
s Dblade pitch, (ft)

oy angle:between trailing edge and normal to cagcade axis
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R gas constant, (ft—iﬁ)/(slug)/(oR)
y ratio of specific heats
This equation ig derived in appendix B.

Computation fgr the design point at the root-mean-square radius
gives a value of [TdS of 160 foot-pounds per slug for an assumed

boundary-layer thickness 'of 0.0040 inch., For a rough estimete of
the effect of the blade wake on turbine efficiency, the average

value of | TdS would be about 200 foot-pounds per slug (because

of the increase of ca2 through the turbine) if the blades were the
same for all stages. Because of the varying number of blades in

each stage, a8 4ds approximatelyAequal to 2100 foot-pounds per

glug for the five sets of blades. Because the design work outpub
is 1.255 X 108 foot-pounds per slug, the loss in. turbine efficlency
based on this factor is

e . DLOOR
1,255 x 10°.

Tnasmuch ae this computation shows very little effect of ‘blade wake
on turbine efficiency, the method of blade-sectlion design is
considered satisfactory. ¥

Flow-direction surveys. - Direction-survey data for 10 measure-
ments in & space equal to one blade pitch are shown in figure 8;
the surveys were made simultaneously over opposite sides of the
cascade ring, On each plot the design angle of flow for that radius
ig shown; the difference in average angle obtained in surveys on
opposite sides of the cascade may result from variations in blade
spacing and orientation. Near the inner radius (fig. 8(a)) the alr
is turned too far whereass at a radius of 0.448 foot (fig. 8(b)) the
alr is insufficiently turned. From a radius of about 0.5 foot to a
radius of 0.542 foot, the turning is about 1° too low. Figure 9
ghows surveys around a scctor of the cascade; each gtation is
removed from the next by one blade space. At the inner and oubter
radii, variations as high as 4° arbund the annulus arc present.
The radial distribution of turning-angle discrepancies observed in
the surveys over single blade spaces are present in the survey aver
the whole ring. Both surveys show that the assumption of flow-
direction distribution corresponding to the free-vortex condition
is inadequate for an accurate description of the flow.
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Velocity distributions. - The gas velocities were computed on
the assumption of radial equilibrium. This condition can be stated
as

cyl Cp? gr
b iy

&

where a 1is the local sonic velocity in feet per second. Because

_ :r-l

Cuz e c2 - —~g—~ a [pT\ - 1

e 5 Tyt s cHF
sin® o 7 N &

a substitution gives
-1
74

B ol 17T & )
5 > gk J(P - 1| sin® ® 15)

where ¢ 1is the angle between flow direction and normal- to cascade
axis. The data obtained in the surveys were the radial distribution
of the flow direction ¢ and of the total pressure pp. The static
pressure was obtained at the inner and outer radius. Thus © and P
as functions of r and the two boundary values for p are known.

If the Picard method of successive approximations is used, the solu-
tion is obtained by assuming a function p(r), inserting it into the
right side, integrating to get a new function p(r), and repeating
with the new p(r). The initial point chosen was (rp, pp), where
the subscript r indicates the inner radius. This sclution, how-
ever, results in a value for the static pressure at the outer

radius py that does not agree with the measured wvalue. Because

the total-pressure measurements were obtained with a claw tube,”
interference between the tubes made the total-pressure readings less
reliable than the direction and static-pressure measurements. The
equation was therefore used to compute the shape of the pressure-
gradient curve, all values of which were then multiplied by the same

factor that made dp/p = log pi/py equal to the measured value.

The values of c,%/a® obtained by use of equation (5 ) were used with

the measured values of @ to compute the axial-velocity component.

For a perfect isentropic, isoenergetie¢ fluid passing through a

cagscade of blades so. designed that »r tan ® is constant (for thisg

row of stator blades r tan® = 1.535 £t), the value of ca and e
rc, are constant over the radius regardless of the flow Mach

‘number if the flow follows the ‘desired direction and if radial

equilibrium is- ustabllshed
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The axial-velocity distributions are shown in figure 10 as a
function of radius for several rates of air flow. The thick, low-
energy layer near the inner shroud corresponds to the region of
overturning noted in the direction surveys. Next to this reglon
is a local region containing a velocity maximum. This region of .
extreme underturning was noted in the direction surveys.. The-
boundary layer on the outer shroud is quite thin. The plot of
moment ~of -momentum parameter rcu/ (fig. 11) shows the same
thick inner boundary layer and thin outer boundary layer. The . :
region of high axial velocity does not have a corresponding region
of high moment of momentum, which explains the underturning in
this region. This discrepancy between excessive axial velocity -
component and low moment of momentum means that the flow into this
region from the inner shroud, hence the bnild-up of the boundary
layer, did not take place mainly inside the blade channels where
it would cause an increase in ITCy at the discharge, but primarily
occurred ontside the nozzle channel. ‘ '

139

An increase in low-energy region on the inner shroud occurs.
with increase in mass flow. Because all flows are subsonic, 1t is
assumed that this is a Reynolds number effect. For high flows
dynamically similar to low flows i

- and

PhCh > P1C7

where subscripts h and 1 indicate the high-flow and low-flow
conditions, respectively, and L 1s the characteristic length. The
distance behind the blades rather than the blade height iz selected
as I because the viscous effects do not extend from the inner to
the outer shroud, although this state is almost attained at the
highest flow, The conditions Jjust cited imply that Iy <tLp% s which
means that the surveys taken at high flows correspond to low-flow
surveys taken farther downstream. This interpretation is useful
because the data for various flows at one position may be interpreted
as corresponding to the same flow at various survey planes. This
interpretation is not exact because dynamic similarity implied
geometric similarity, which is not maintained in the blade gsctions.

Physical interpretation of velocity and direction distribution.
A change from potential flow occurs near the blade shrouds because
of the large viscous forces. The concave surface of the blade is
a high-pressure region and the convex surface is a low-pressure

region (A-B, fig. 1) that extends beyond the channel between the
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blades. In the main body of the flow (the region not near the blade
root nor tip), the momentum is high enough to carry the flow in a
direction transverse to the pressure- gradient. Adjacent to the
inner and outer shrouds is a region of low momentum 1nduced by
friction with these walls and by turbulent and viscous shearing .
stresses. This low-momentum fluid flows almost directly in the
direction of the pressure gradient,induced by the potential flow on
the blade surfaces. The velocity of these low-energy boundary
layers at the shrouds has a component opposed to the main axial-
flow component, and also a component in the direction of rotation
of the main body of the fluid. This boundary layer at the shrouds
is therefore built up after discharge from the channel section B-C,
(fig. 1) although some build-up may take place inside the channel.
This layer of air will therefore appear to be overturned (fig, &)
even though both velocity components are low. “The build-up of this
boundary layer at the shrouds causes a radial flow, which in turn
induces a high axial velocity in an adjacent local region (fig. 10),

‘and thus the air is underturned (fig. 8) although its tangential

component may be equal to the design value.

A radlcal difference is noted in the thlckness and thickness,
development with velocity of the boundary layers on the inner and
outer shrouds (figs. 10 and 11). It may be simply demonstrated that
this effect is caused by the stability of the inner boundary layer
and the instability of the outer layer. The radial accelerating
force on a fluid element of mass pdr rdA\ is the difference between

the centrifugal force (pdr rd%)cuz/r and the pressure gradient
force

dp > 2 _dp 4
G)+'dr dr | rdA - prdA = = dr rdA

where rdA\ 1is an element of length along cascade axis at radius r.
(I'Cu)z'- _:'L_ 9—2
: 0 p dr’
rotating body of fluid has a net radial force of zero everywhere.
If a particle of fluid at position r with moment of momentum rc,
is displaced to a position rg where the prevailing moment of

momentum is (roy)q and where equilibrium esteblishes a préssure
gradient of

The radial force per unit mass is then A stedle

A
1 /dp) (rcu)d
g \drjg = T p3

then according to the principle of conservation of momentum the
particle will retain its original moment of momentum. The'unbalanced
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force per unit volume on the particle in its new position in the
pressure field therefore is ;

o(rc )2 ) o(rcu)2 - pd(rcu)d2
(&

If a particle from the low-velocity boundary layer is displaced
radially to a region of higher moment of momentum, the resulting
force on the fluid is negative and tends to send the particle
inward. The stability of the inner boundary layer and the ingta-
bility of the anter boundary layer ave thereby explained. Further-
more, any particles of fluid in the maln stream that have a low
moment of momentum (such particles may come from the blade wake or
from the boundary layer of the outer shroud) also tend to collect
along the inner shroud, thus building up this boundary 1ayer at a
greater rate than by frictlon alone.

This reasoning is supported by figure 10, which shows a thick

inner layer and a thin outer layer. As predicted, the inner boundary

layer builds up and the outer layer thins ont with increasing

velocity (which corresponds to increasing distance from the cascade),

The same general character is shown in the curves of the moment of
momentum (fig. 11). For a rotating inner shroud, the boundary layer
is therefore unstable; whereas for the rotating outer shroud, the
layer is stable; a minimum thickness in all boundary layers is

therefore obtained by having a rotating inner shroud and a stationary

outer shroud as in the compressor component of the engine for which
this turbine was designed. :

Relation of cascade perfcrmance to degign and turbine perform-
ance. ~ The purpose of the cascade is to impart a desired moment of
momentum to the air. For turbine power, the radial distribution of
moment of momentum 1s not as significant as the mass distribution
of the moment of momentum, which is shown in figure 12. The mass
flow m between the inner shroud and a radius r is therefore a
function of r. The curves are more nearly constant than the curves
of fiigure 11, showing a very steep rise from zero at both shrouds.
The design value of the masgs-flow parameter W/EDT,SaT,S is
0.0723 square foot, glightly lower than the lowest test condition,
which was 0.0757 square foot. (W, weight flow through the set of
nozzles, lb/sec; g, gravitational factor; subscript 3 indicates
state of air entering the get of vanes.) In order to compare
measured values of rc,; with design values, use is made of the
fact that, for a perfect fluid, if rc, and the energy are constant
for one flow, rc, and ¢, are constant over the radius for any
other flow and rcu/ca is constant for all flows and radii. The
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mags averaged €y wasg coumputed and the parameter rcu/Ea was
plotted against the mass-flow parameter m/ng-gaT %' in:figure- 13,

which shows that the effective angle of turning is smaller than the
design angle.

In order to estimste the weight flow at the design pressure
drop, use is made of the fact that for this turbine, the corrected
weight flow as a function of pressure ratio is independent of speed.
Because for subcritical flows the pressure ratio over the nozzle is
a function only of the weight-flow parameter, which in turn is a
function of the turbine over-all pressure ratio and "independent of
gpeed, the pressure ratio of the first stators is therefore a
function of the pregsure ratio of the whols turbine and independent
of speed. For this turbine, the relation of weight flow and pressure
drop can be computed from conditions at the root-mean-square
2

)

radivs AJ% (rr2 + Ty using the entire flow area and the results
are nearly the same as those obtained by computation and integra-
tion over the whole blade height. -The pressure ratio or the
corresponding c/aT 3z abt the root-mean-square radius is therefore
taken as typical of this stator. The design pressure drop over the
‘whole turbine is therefore assumed to prevaill when c/aT z* I8
equal to the design value at the root-mean-square radius’of the
flrst stator.

The area of flow is blocked prinecipally at the inner shroud.
The alr flow is estimated by ascuming an effective area that remains
unchanged from the condition of lowest flow of the nozzle-ring tests
to the design condition. The actual veloclty ratio

6:

1 f = 2
= Ng.2 4+ 3
aT aT a u

implies a certain density ratio B/DT for isentropic flow. The
effective flow area Ay 1s computed from

W% o= hor Ay (

goger - o lpp )
and from the data for the lowest~flow condition. From the value
of c/a and Pp/pn for the design conditions and the effective area,
the flow at design pressure ratlo and standard atmospheric condition
for the entering stagnation state is 5.85 pounds per second, which
is 95 percent of the design value. The effective flow area is
87.5 percent of the actual value. The assumption of free-vortex flow

and uniform axial velocity is therefore unsatisfactory for estimating
the air-flow-pressure ratio relation of the turbine.
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Thus the underturning of the air is almost exactly accounted
for by the blockage of flow at the blade root with the design value
of moment of momentvm. This underturning may be ezplained by
assuming that most of the build-up of the inner boundary layer takes
place after discharge from the nozzle by flow toward the suction
surface of the blade, which projects beyond the guided channel
gection. The main effect of these phenomena is to increase the
axial-velocity components over the part of the blade Jjust outside
the ghroud boundary layer and to reduce the air flow from the design
value. The poor angle of attack at the rotor blade roots is
relatively ingignificant because of the small part of the flow in
that region, but the deviations from design angles are relatively
significant in the potential-flow region adjacent to the inner
shroud. Accurate design procedure requires the development of a
method of predicting these effects near the shroud,

Turbine Performance

' The relation between the corrected weight flow of the
turbins Wg/aT,g?JéE;Er, the corrected turbine rotor speed n/J@T,3)
and corrected isentropic snthalpy drop AHS/SGT,3 ig given in

flgure 14

where

AHg isentropicventhalpy drop through turbine, (ft-lb/slug)

AH  enthalpy drop through turbine, (ft-1b/slug)

n rotor speed, (rpé)

W weight flow of gas through compressor or turbinse, (lb/sec)

e square of ratio of gonic speed to sonic gpeed for normal
air az/ast2 (referred to as corrected temperature ratio)

ac ) YRT

P %
agt?  YetRatTat

o ratio of density to normeal gas density, D/Dst
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Subscripts:

% compressor—inﬁake condition

2 compressor-discharge condition
) turbine-intake condition

4 turbine-discharge condition

gt standard-air condition

Figure 14 shows that the turbine behaves like a nozzlc with no effect
of rotative speed. The design point computed on the assumption of
an efficiency of 0.90 is alen ghown. The weight flow at design pres-
sure drap is about 96.4 percent of the design value, rather than

95 percent as predicted from the cascade performance; the agreement
of flow predicted from cascade data with turbine performance is good.
This increase in air flow may be caused by the influence of the

‘rotating set of buckets, which might render the inner boundary layer

unsteble and thus destroy it. This influence may be felt to some
extent by the layer just downstream of the first row of nozzles, which
becomes thinner and thus reduces the flow obstruction. Figure 15

- ghows the corrected isentropic enthalpy drop of the air as a function

of the corrected enthalpy drop; the efficiency contours are straight
dashed lines through the origin of slope equal to the reciprocal of
the efficiency. A peak efficiency of 0.875 1s noted. The enthalpy
curves show nearly constant efficicncy over a wide range of gpeeds
and power outputs. At the design value for speed and work output
per pound of air, the efficiency is 82 percent rather than 90 per-
cent, which was used in the design process. At the corresponding
isentropic gnthalpy drop, which is 90/82 times the design value, the

air flow is only 1.7 percent lower than the design value of 6.18 pounds

per second. This design point is also shown on figure 14. When the
turbine operates in the engine, it will handle slightly more gas
than indicated from these data becausge of the expansion of .the
clearances under the action of the hot gases. The agreement between
design and actual air flow at design work output can therefore be
regarded as satisfactory.

A plot of the over-all turbine performance In figure 16 shows
a corrected torque parameter plotted against a corrected weight-flow
parameter, both of which are useful 1n finding the matching and
interaction of the turbine and the compressor as components of a Jet
engine. Lines of constant corrected rotor speed and of constant
turbine efficiency are shown as well as the location of the design
point, for which the design speed is 134.1 revolutions per second ,
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whereas that shown on the chart is 135.7 revolutions per second.

The design point is not the point of highest efficiency inasmuch as
this efficiency was about 0.823 as compared with the peak value of
0.875 at a speed of 180 revolutions per second. This discrepancy

in speeds indicates that an analytical determination of efficiency

is required in order to produce the mogt effective designe with
minimum losses at the design point. A large range of high efficiency
is available, however, for use at points other then the design point.

TURBINE-COMPRESSOR MATCHING

The turbine characteristics are now used to determine how well
they match the characteristics. of the compressgor with which the
turbine is to be used. The turbine may be expected to behave some-
what differently than predicted by the cold-air data when installed
in the engine and taking the hot products of the combustion chamber
because of a clearance éxpansion, a nonuniform temperature distri-
bution in the incoming stream, and the combustion in the turbine
in some conditions of operation. Another difference may be
expected because the data available for the compressor wsre obtained
with a scroll discharge collector rather than the axial discharge
collector that will be used in the engine. Another unknown is the
combustion-chamber total-pressure loss, which is assumed to be
5 percent of the absolute total pressure delivered by the compressor.

Relation between Turbine and Compressor Variables

The matching of the turbine and the compressor couponents of
the engine is determined by related parameters of the compressor
and the turbine. For example, the speed of the turbine is equal to
that of the compressor and the relation betwesen the corrected speeds
is o ST
[6n =

n o pakl {
/\V/éT,l Nfer,s NGTJI

Compressor and turbine gas flows are related by the equation

Wz = (et 2) Wy
where f 1is the fuel-air ratioc. Then

win 1 » W GCp 3 Op3

Op,29%7,2 1 +T0p 39 507202
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Because N
72Pp 2
Om »6 =, Tl
TELE T et _
and -
73Pp 2
o e . YeiRan
then
Wyr 7%pT B o 0

= (7)

which relates the turbine and the compressor gas flows in terms of
parameters that are reduced to standard-air values.

The power equation is

Wy(Bp g - Bp 1) + By

Ws(Hp 5 = Bp 4)
or
W—LAHC i PA = WZAH

where

P, auxiliary-power consumption (bearings), (ft-1lb/sec)

This equation can be converted into a relation between the compressor

and turbine torques in corrected variables.

Wy LH, Py <: W3 AH- '5 Opfinis: - | PT 3 WoAH <

-+ " =
Wp,2%,2  ™p,200,2  \8% 3%,3/%r,2%,1 pT2)72QﬁT3%?3
(8)

For the combustion chamber, the pressure-loss function can be given

in the form

e
Pm oo = P W
cEihe LS a function of <;——;———-,Wl,f/ (9)
Pp 2 ; &
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and the combustion efficiency

o R 5, TCRRENS
" zHp 3 - WilHp o 1H5e (10)
W, fh .

is given as

it}

n = function of (Hy z, conditions at station 2) (11)
J

function of (f, conditions.at station 2)
where

H

. enthalpy of fuel entering combustion chamber, (ft-lb/slug)

h heating value of fuel, (ft-1b/slug)

Compressor and Turbine Matching Charts

Except for small corrections for the fuel input, bearing
power, pressure loss in the combustion chamber, and change in y
from station 1 to station 4, the torque parameter WAH/noe from
equation (8) is the same Lor the turbine and for the compressor
under any engine operation condition. The same equality holds for
the air-flow parameter Wn/OG, as equation (7) shows. If the turbine
and the compressor performances are plotted in terms of these vari-
ables and the charts superimposed, one point indicates both the
turbine and the compressor operating state when they are operating
- a8 components of a jet engine. A chart of the compressor perform-
ance in terms of these variables is shown in figure 17 for consgtant

and 3 with a scroll collector on the compressor. Some difference
is to be expected between the performance so determined and the
performance of the compressor when straightening vanes are substi-
tuted for the scroll for use in the engine. A similar chart for
the turbine is shown in figure 16 for constant values of n/ 9T 3.
If the charts for the turbine and the compressor are superlmpose 5
it can be seen whether the high-efficiency region for the turbine
overlaps the high-efficiency region for the compressor. If they
do.not, the resultant jet engine is prevented from reachlng its
maximum possible efficiency.

The over-all engine performance can also be estimated from these
charts and the relation of each component to the over-all engine
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performance can be determined. This relation will indicate the most
appropriate modifications of turbine and compressor to obtain better
over-all engine performance.  First, a rough approximation is made
by assuming no bearing logses, no combustion-chamber pressure loss,
and no fuel added. If a value for the corrected temperature

ratio 9T S/OT 1 1s assumed, the ratio of turbine to compressor
gpeed 1is ?ixed for this value of QT S/BT 1 by equation (8). By
superimposing the two charts and choosing a particular compressor-
speed line, the intersection of this line with a turbine-speed line
having the correct ratio of turbine speed to the compressor speed

determines an engine operation point. 'The choice of another compressor

gspeed, deterumines another point. It is possible in this manner to
obtain an operation curve for each temperature ratio. Alr flow and
air state discharged from the compressor can then be obtained for
each operating point. -The engine characteristics are now refined
to take into account losses and changes in gas properties. The
bearing power TP, may be found frowm the cperation speed. . Then
approximately

F }\_) HT l) C

nh T - HT,J,) (12)

From the data on the compressor-discharge and the burner charac-
teristics, n and f can be computed from equation (11). Thie
value of f with OT /QT 1 and O, 1 permits the determination
of 73/71 and TT o/TT it SufflClenL data are then available to
find the value of Py, d/pT 2.

The turbine torque and air-flow requirements may now be computed
to include the effect of compressor, combustion-chamber pressure loss
and efficiency, and bearing requirements by the application of equa-
tions (7) and (8) for several points on each compressor-speed curve.
These points are connected by a curve for a given gpeed. The inter-
gection of these curves of turbine requirements with the proper
gpeed curves of turbine performance gives turbine operating points
that can be corrected by equations (7) and (8) to give the corres-
ponding compressor operating points. These resulits should be of the
desired accuracy but should be checked to see that they fall on the
original compressor curve. Equation (12) is used with the burner
chart (equation (11)) to find f. A check on the accuracy is
possible by recomputing the intersection points with the new value
for f and improved values for the bearing correction and PT S/PT 2
In the example being computed, it was assumed that n = 0.9
and P, g/pT > = 0,95. The bearings were asgumed to.use a torque
of 7 ingh- pounds and the compresgsor entrapce conditions corresponded
to an altitude of 30,000 feet and ram at 470 miles per hour.
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The compressor operation curves for constant corrected temper-
ature ratio 9T 3/9T 1 are shown in figure 18 and the corrected
temperature ratlo llnes are shown on the turbine chart (fig. 16).
The compressor and the turbine are not perfectly matched as shown
in figure 16 by the fact that none of the GT S/QT 1 lines pass
through the region of maximum turbine eff1c1ency The highest
compressor efficiency is being used when 6 3/9T 1 =GB
and n//VQT 1 = 274 revolutions per second . Under these conditions
the turbine is operating at an efficiency of only 0.82. These
operation curves cover all modes of operation of the engine with
arbitrary ram and exhaust pressures and discharge-jet nozzle sizes,
but only a small part of the entire turbine performance range of
good efficiency. Tests of this jet engine as a complete unit there-
fore cannot be expected to cover a range large enough to indicate
where the region of peak turbine efficiency is and whether the
components are well matched.

The effect of the discrepancies between design estimates and

turbine performance on engine operation are minor insofar as the
‘ effect on compressor operation states are concerned, because of
good correlation between air flow estimated and measured at the
design value for turbine work per pound of air at design gpeed.

1 These three variables are enough to determine that the compressor
will operate at design air~flow conditions for the desired gpeed
and temperature ratio. Because the turbine pressure ratio is not

b close to the estimated value under these circumstances (measured
efficiency, 0.82; designed efficilency, 0.90), less pressure will be
available for the jet nozzle, which must therefore be larger than

irst estimated.

Jet-Engine Performance Computations

In order to compute the jet-engine performance at a given
altitude and speed, the ram pressure (generally corrected for duct
logses but not in this example) and tne temperature at the compressor
inlet are computed and from them QT 1 and pT l/oo are
determined. V 1is the flight speed an& po ‘the froé-stream pres-
gure. The Jjet pressure ratio is

Pp.a Pr,1 Prp.¢
Y Pg 20" By

) where pT 4/pT 1 1s presumed known from previous engine computa-
tions, If the’ value of 74 and TT 4 @are known, the corrected
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i : -l
74:'12

] : ¥
Ce i3 P 4
'":E:: = ankl LR g 1 - /—*9—\ (ft/sec)
O\G Y

Jet veTOClty CD/ /bl 1~ may be computed from

where the subscript 5 indicates nozzle conditions. The minute
effect of variations in ¥ during the nozzle expansion process is
W

A
neglected. The compressor characterlstlcs give L and T
g | (’Tl\fefrl
is known for each point. The corrected thrust is.
' \ [t / .
e gy ! [ cs \ v
LT e | KR Vg BT B
T).l. T,l \T;lfv T,l/ »\]QT’l/n I‘IIGT,lJ
The corrected powef is
: 4 B
B T e A o
TR W L"T 1671/ (hp)
or,1(fp 1) \\f R R R ;
The corrected specific thrust -is
/ N % \ \‘.—
W \ \ ;
( F@‘"\ 360\(0 - /ef o (1b/1b/ur)
?T,l'T.l/ ‘\Tlf\lTl/\ 1/
!
And the specific fuel Qonsumption‘is
3600 { =% AR
{ s
\O7,1 \C’T,l\ L,) "
(1b) /{hp-hr)
R
5/2

O, 1(6p 1)

From the weight flow and the discharge conditions, the area of the
thrust nozzle can also be computed for each operation point and the
correct nozzle selected for any ‘desired operation condition.
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The computed engine performance is shown for zero flight speed
in figure 15(a), which gives corrected static thrust and corrected
gpecific thrust for constant values of corrected rotor speed and
corrected temperature ratio. A similar chart is shown in fig-~
ure 19(b) for a flight spsed of 470 miles per hour at an altitude
corresponding to the same compressor-inlet pressure. At the sawe
flight speed ‘and altitude,figure 19(c) shows the specific fuel
consumption ingtead of gpecific thrust. The minimum estimated
gpecific fuel consumption at 470 miles per hour is 0.885 pound per
horsepower-hour at 550 pounds corrected thrust, a temperature
ratio of 3.35, a coumpressor speed of 274 revolutions per second,
and pressure ratio of 4.4,

An estimate was made of the change in performance for an improve-
ment in the matching of the turbine with the compressor. At the
point where the gtatic thrust was 788 pounds and the specific thrust
1.024 poundg per pound per hour, the compressor speed was 289 revolu-
tions per second, the corrected temperature ratio was 3.5, and the
turbine efficiency, 0.82. The assumption was made that the changed
turbine gave the peak efficiency of 0.875 at that corresponding
point on the turbine matching chart. The thrust was increased .
to 826 pounds and the specific thrust to 1.073 pounds per pound per
hour, an improvement of 4.7 percent. The improvement at 470 miles
per hour was about 4.7 percent in all performance parameters.

A study of the problem of engine adjustment for better matching
ig required in order to apply the knowledge gained from the matching
charts. The manner in which the turbine and compressor performance
characteristics must be altered in order to get an exact super-
position of the maximum efficiency regions of turbine and compressor
with optimum engine performance must be determined. -

Other Applications of Matching Charts

The matching charts described can be applied to engines other
than the simple Jjet engine. ZHEssentially the Jet -engine is a hot-
gas producer, for which the matching charts will determine the
state of the discharged gas. If this gas is discharged into a
reheater and from there into a power turbine, the matching charts
can be used to find the over-all performance for an engine of this
type. In the general case of the propeller-jet power turbine, a
~chart similar to the simple jet-engine chart may be used with dif-
ferent vertical shift of the scales for each value of propeller
torgue.
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Another type of generalization is possible by the use of
different matching functions. For exauple, if the turbine is geared
to the compressor, the gear ratio may te so incorporated into the
functions that the turbine and compressor functions match. The
engine with a single power turbine and no Jjet power may be studied
by use of the isentropic-enthalpy-drop factor instead of the torque
factor, which permits a matching of the pressure drops. In this
cage, a vertical logarithmic scale is advised because a simple .shift
in the vertical direction will give matvhlng requirements with
various ram-presgure ratios.

SUMMARY OF RESULTS

The followirg results were obtained from en investigation of
the performance with cold air of the NACA two-stage turbine and the
first stator-ring component:

1. The stream~filament method of checking turbine-blade pres-
sure distribution gave blade velocity distributions that generated
boundary layers of momentum thickness of about 0.0037 inch for the
suction surface. This thickness was only about 12 percent of the
trailing-edge thickness of the blade, which is 0.030 inch.

2. The energy loss in the wake of the blades engendered by the

‘blade edge and boundary-layer momentum thickness caused an estimated

decrease in turbine efficiency of 0.2 percent.

3. The boundary layer at the shrouds built up to some extent
ineide the channel section of the nozzle but mainly downstream of
the nozzle throat. This process was activated chiefly by the low
presgure on the projecting surface of the blade.

4. The boundary layer on the stationary inner shrcud was thick
compared with that on the outer shroud, stable, and buillt up down-
gtream of the blade row. The boundary layer on the outer shroud was
thin, unstable, and decreased in thickness as the distance down-
gtream of the cascade increased.

5. The boundary layer at the inner shroud blocked part of the
flow area and established high axial velocities in the region
adjacent to the inner béundary layer but downstream of the cascade.
The boundary layer apparently had no other effect on the velocity
distribution induced by the blades.
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6. The effective annular area wag about 0.875 of the actual
area. At the design pressure ratio, the computed flow was (.95 and
the measured flow 0.964 of design. At design enthalpy drop, the
flow was 0.98 of the design value. The difference between the low
reduction and the area reduction was probably caused by the build-up
of the boundary layer of the inner shroud on the projecting suction
surface of the blade without greatly affecting the flow in the
nozzle throat.

7. At degign value of the torque and corrected product of ajr
flow and speed, wsn/JT,SGT,S (where ¢ &and 6 are the density
and temperature corrections, respectively) tho speed was 135,7 revo-
lutions per second instead of the design value of 134.1 revolutions
per second, The efficiency at this point was 0.823 as compared
with the peak of 0.875 at a aspeed of 180 revolutions per second,
which was the principal discrepancy bectween the design and the
measured results.

8. A set of charts was developed, which permitted an estimate
to be made of Jet-engine performance from the performance of its
components and to determine the degree of matching of the components,

9. The matching charte showed that the best compressor-
efficiency region did not coincide with the best turbine-efficiency
region when the two components were used as a jet engine. The peak
compressor efficiency was 0.84 and the peak turbine efficiency 0.875.
The peak compressor efficiency occurred at a corrected temperature
ratic of 3.5 and a corrected rotor speed of 274 revolutions per
gecond. At this point, the turbine operated at an efficiency of
only 0.82. The point of minimum specific fuel consumption of the
engine at 470 miles per hour end 35,000 feet is 0.87 pound per
horsepower-hour with a corrected thrust of 430 pounds.

10. An estimate of the improvement in over-all engine perform-
ance was made for engine operation at a corrected temperature ratic
of 3.5 and 289 revolutions per second corrected engine speed, under
the assumption that the turbine could be adjusted to operate at its
peak efficiency of 0.875 instead of the estimated operating effi-
ciency of 0.820 for this englne condition. The improvement in
engine performance was about 4.7 percent for all parameters at
flight speeds of O and 470 miles per hour. This improvement might
be regarded as available through improved matching of the two
engine components.
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CONCILUSIONS

This investigation indieated’ the:probable general vallidity of
the following conclusions: ¢ sl BT - ~

1. The stream-filament method of checking turbine-blade pres-
- sure distribution proved satisfactory for obtaining high eolldity
“blades in a pressure-drop flow without thick boundary layers.
Discharge guidence in the blades gave deglred average moment of
momentum, but incorrect angles near the blade roots.

"2, The -assumption of free-vortex flow and uniform axial
velocity between blade rows is inadequate for estimating flow
-angles or-weight-flow pressure-ratio relations but is satisfactory
- for-estimating weight-flow work-output relations and is therefore
gatisfactory for estimating tue operating point of the compressor.
For accurate design, the area blocked by the boundary layer in the
nozzles and the radial flow caused by the boundary-layer thickening
downstream of the stators should be taken into account. Gome method
must be evolved for predicting these effects from design data.

Thick boundary layers are not expected downstream of rotors.

3. Design of turbine blades on the assumptioh of free-vortex
flow does not insure the occurrence of peak efficiency at the design
point.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, June 6, 1247.
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APPENDIX A

SYMEOLS
The following symbols are used in this report:

effective flow area downstream of first turbine stator row,
aq ft

gonic velocity of gas, ft/sec

standard-air sonic velocity, 1116.3 ft/sec

gas velocity, ft/sec

mase average axial velocity component, ft/sec

specific heat of gas at constant pressure, ft—lb/slug/oF

fuel-air ratio

thrust of engine, lb

standard gravitational acceleration, 32.174 ft/sec?
enthalpy, ft-1b/slug
heating value of fuel, ft-1b/slug

mass flow in annulus bounded by inner shroud of turbine and
radius r, 1b/sec

rotative gpeed of turbine, rps

thrust horsepower of jet enginé

gas pressure, 1b/sq ft

guxiliary-power consumption (bearings), ftmlb/sec
gas constant, ft-1b/(slug)(°R)

radial distance from axis of rotation, ft

gas entropy, ftulb/slug/oR
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8 blade pitch, Tt

i gas temperature, °R

t blade trailing-edge thickness plus momentum thickness of
boundary layer, f't

te  t/s cos oy

V  flight speed, ft/sec

W  weight flow of gas, lb/sec

6 az/ast2

¥ ratio of specific heats of gas, cp/cv

B momentum thickness of boundary layer, in.

AH, stagnation enthalpy rise in compressor, ft-1b/slug

AHs isentropic drop in stagnation enthalpy through turbine, ft-lb/slug

ABip stagnatioﬁ enthalpy drop in turbine, ft~1b/slug

P angle between normal to cascade axis and flow direction of zas
or discharge angle of stator blades, deg

(o] gas density, slug/:‘,'t:5

Pgt Stendard alr density, 0.002378 slug/ft°

o plogy

n combustion-chamber efficiency

Subscripts:

0 free-stream condition

1 compresgor-intake condition

2 compregsor-digcharge condition

B turbine-intake condition

4 turbine-dlscharge condition

WACA TN No. 145¢
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5 propulsion nozzle condition

a axial velocity component

N condition in nozzle throat of blade cascade
r blade-root condition

at standard-air condition
it stagnation condition
t blade-tip condition

u tangential velocity component
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APPENDIX B ;

TRATLING-EDGE MOMENTUM T.OSS

A uniform parallel flow of gas with pressure by, tempera-
ture Ty, density py, and velocity cy flows between an Infinlte

gset of straight vanes of thickness t, pitch (along cascede axis) s,
and angle @y with respect to the normal to the cagcade axls. .The
gas discharges into a space with no vanes and attains a final state
of p, T, p with direction angle ® and velocity o of iaxial
component c¢g and tangential component cy. The continuity equa-
tion is

t b
PRCN COS CP*q(S - -*--—-—--) = PCyS
4 cos Py a
The fraction of flow area blocked is

! t
f " 8 cos ¥y

and the continuity equation is
owey costN(l - tf) = A6, (B1)
The momentum equation for components normal to the cascade axis is
2 o/ey A
Py - P8 = pcas(ca - oy cosCPN) = P80y |\ 1 = T (B2)

Because the flow 1ls isoenergetic

(& 2
N c
CPTN + i, ke CPT + =5 (B3)

The loss in available energy is measured by the heat-dissipation
integral

S
Loss per slug of fluid =’j1 Tas (B4)
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where S Iis the entropy. From thefmodynamics,

Nne » < T
g " a8 =f cpdT -\/‘P@-l2 ep(T - Ty) il B (35)
J 8y T P / P

N By “Py

The momentum equation for compomnents along the cascade reduces to

oy sin @y = ¢, N (86)
The iutagral‘/p 7? is approximated by setting it equal to
. ' ' ; |
{(p -~ V)/O where /P is the avorage apecific volume between
ifey end /e
| 1 afu o 2N ik
e S I R (B7)
5 24p Py

Trom equation (B2)

Substitution of this relation as well as equations (B3) and (BS6)
into equation (B5) gives

The quantlty Cy.y 18 eliminated by means of the continuity equa-

" 5 \ [t | '
JfTao=5°- %-‘ (1‘_ tf) ‘_ - (s6) .
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From the equations of state, energy, and continuity

Ro - A A
x RT(D & DN) o+ -é-__E (CN cOo3 CPN' Ca )
: C.
P
2 g '
Ca o) - .
p - Py = RT(p - DN) + ROy 57 1»(__;) —————— - ]

When this pressure difference is equated to that found from the
momentum equation and p/pN is eliminated by use of the variable

BD/DN)/(l - tf)} - 1 a quadratic equation is obtained with the

exact solution

r; l 4% 2(1 k
2 W ——i -3
. . 1 - M2 - k) T ek 3
o K l_l-yM l-k]
27Ma\1"2’> sy
3 L
c : i
where Ma2 = = Lot

the approximate solution is

' z¥g)

: & . L ' e ARy
oy (1= 7%¢) 1 - MA( - k)

Equétion (B9) ie substitited in equation (B8) together with p/oN =1

for the first factor to obtain the approximate answer
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?
1 4 &
G N by
s8] KTV T
deS s 5 (l = 'tf) 1+ =
1-M(1 - k) Lo~ L - k) M
|
|
L 2
2 ()
r c 1 - %
J 748 ~ —= 2\ z (B10)
gl Bk e
R il = tfs
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Figure |. - Cascade notation and flow characteristics of root section of first stator ring of NACA two-stage turbine.
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Figure 5. - Rotor of NACA two-stage turbine.
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Figure 6. - Installation of NACA two-stage turbine for cold-air
investigation.
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Figure 19. - Estimated characteristics of jet engine.
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