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ANATYTICAL INVESTIGATION OF FACTORS AFFECTING THE PERFORMANCE OF
SINGIE-STAGE TURBINES HAVING ROTCR-TIP DISCHARGE CF COOLING AIR

By Gordon T. Smith and Robert 0. Hickel

SUMMARY

An analysis of experimentally determined effects of rotor cooling
alr on single-stage turbine performance was made to determine some
factors, which might account for the changes in tuwbine performance that
had been observed when cooling air was dlscharged from the rotor blade
tips.

The reaction of the turbine was assumed to be increased because
discharge of the cooling air at the rotor blede tips increased the mass
flow per uwiit flow area at the turbine exit. The cooling air was con-
sidered to displace the combustion gas, thus resulting in & reduction of
the flow area available to the combustion gases. This displacement effect
alone, however, did not account entirely for the changes in turbine per-
formance caused by the presence of coollng air.

Therefore, the analysis also consildered that the cooling air 1tself,
after leaving the blade tips, may have contributed to the work output of
the turbine. This was assumed to be accomplished.by an acceleration of
the cooling air in the tip region of the channels between adjacent blades.
For the two turbines investigated, the additional work obtained from the
cooling alr could be expressed as a constant coefficient of the work re-
quired to pump the cooling air through the cooled turbine rotor. In this
menner, the work output of the cooling air was related to a readily
calculable parameter. The analytical procedure used satisfactorily de-
scribed the effects of cooling air on turbine performence over a range
of equivalent turbine speed, equivalent work, and cooling-air flow.

The analysis indlcated that, near 1imiting losding, the effect of
displacement alone can reduce the air-cooled-turbine efficiency 1 to 2 -
points relative to an uncooled turbine, The amount of work produced by
the cooling alr, when displacement effects were considered for the two
turbines investigated, was 47 and 108 percent of the pumping work done
on the cooling air within the turbine rotor, resulting in a net gain in

turbine-blade efficiency.
UNCLASSIFIED
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INTRODUCTION .. .

Experimental studies of the performance pof two single-stage sir-
cooled turbines (ref. 1) indicate that the total work produced by the
turbine blades increases, as a result of cooling air being discharged st
the rotor blade tips. This investigation is an effort to systematically
relate this additional turbine-blade work to easily calculable parameters
and simultaneously acquire an understanding of the physical mechanisms
involved. ——

Performance predictions for turbajet and turboprop engines utillzing
air-cocled turblne rotors have been limited in the past by lack of specific
knowledge regarding the effect of cooling-air flow from the rotor blade
tips on the performence of the turbine, The experimental results of
reference 1 indicate that the performance characteristics of air-cooled
turbines may be more favorsble than generally assumed in many previous
analyses (e.g., refs. 2 to 4).

The purpose of this report is to further. analyze the turbine per-
formance results of reference 1 with the objectlves of isolating the
contribution of the cooling air to the turbhine performance and establishing
some systematic relation between these cooling-air effects and the turbine
operational paremeters. In order to scccomplish this, the uncocled- _

turbine off-design performance was calculated by the methods of refer-
ence 5. These calculations were then modified by the assumption that

the cooling air partly displaced the combustion-gas-flow area at the
rotor exit. It was further assumed that the cooling air was accelerated
in the rotor channel near the tip of the hlade sc that 1ts final exit
whirl velocity differed from the rotor tip speed. A comparison of the
calculated performance trends with the experimental trends of reference 1
is used to indicate the extent to which the assumed cooling-aeir effects
would account for the experlmentally determined behavior of the two air-
cooled turbines.

The two single-stage, air-couvled turbines of reference 1 are quite
different geometrically. One turbine heas nontwisted rotor blades and the
other turbine has rotor blades which are twlsted from rogt to tip. The
nontwisted blades have impulse-type cheannel area distributions whereas
the twisted blades have an impulse-type distribution at the hub varying
to a reactlon-type area distribution at the blade tips. In this investi-
gation, the performance of the turbine with twisted blades wae cobtained
analytically over. am equivalent turbine-speed range from 80 to 110
percent of design value. The performance of the turblne with nontwisted
blades was analytically investigated through an equivalent speed range
from 50 to 100 percent of design speed. These ranges of equivalent speeds
span the speed ranges that were investigated experimentally (ref. 1).

Sﬂpf
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SYMBOLS

The following symbols are used herein:

e, specific heat at constant pressufe;wﬁfu/(lb)(oR)
g acceleration due to gravity, 32.17 ft/secz
ht total enthalpy, Btu/lb _
J  mechanical equivalent of heat, 778 ft-lb/Btﬁ
K viscous loss coefficient
K, performance coefficient based on Ty
K. performance coefficient based on Wg,u,s,m
N rotational speed, rpm
o' total pressure, Ib/sq £t
R gas constant, ft-1b/(1b)(CR)
T!' total temperature, OR
U blade tangential speed, ft/sec
v gbsolute velocity, ft/sec
W  velocity relative to turbine rotor blade, ft/sec
W gas welght flow, Ib/sec
T ratio of specific heats
| turbine efficiency
o (er)
Gcr equivalent turbine-inlet temperature_ratio,_ = F—
[r + 1 ] s1
Subscripts:
a cooling air

conpressor -
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d refers to turbine calculations based on displacement of combustion
gases

g combustion gas entering turbine stator

id ideal ’ B LTI LD _

m mean section

sl NACA standard sea-level air conditions

T turbine ot : ST e oeme o -
t turbine rotor blade tip

u tangeﬁtial

X axial

0 stator inlet station

1 stator throat station

a2 stator exit station (immedistely inside trailing edge)
3 robtor inlet station

4 rotor throat station

5 rotor exlt-statlion (immediately inside trailling edge)

6 rotor exit station (downstream of trailing edge)

ANATYSTS

The power developed by the gas forces acting on the outside surface
of turbine rotor blades is the total power ocutput of a turbine., This
total power ocutput supplies the power necessary to drlve the engine
compressor and propeller shaft (1f one is presemt) and, in addition,
supplies the power mecessary for the following engine functions:

(1) Pumping the cooling alr through the rotor blades

(2) Driving the engine accessories

(3) Overcoming frictional losses (bearing, gear, etc.)

The amount of power necessary to drive the accessories and to over-
come the frictional losses is ususlly negligible and is disregarded in
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the experimental results of reference 1. The principal data presentation
1of reference 1 expresses the turbine performance parameters of equivalent
work and turbine effieciency in terms of the total blade power. The cal-
culetion of the turbine power by the methods of reference 5 gives resulis
In terms of this total power genersasted by the turbine through the action
of the external gas pressure forces on the turbine blades. A1l turbine
performance parameters, both calculated and experimental, subsequently
discussed herein will be based on the total blade power rather than on
the net power supplied to the turbine shaft. The experimental equivalent
turbine work and turbine efficiency of reference 1 are obtained from the
following equations:

(A_Ii _ W Ay + wy (UF/eT) .
ecrﬁr Vg Ocr
(aht/6...)
T
T = o (2a)
(Ah /GCI‘)T, id
where
r-1
i ; (Pé ' (2b)
(aé?)m,id = °p,€,0 TO L ) Eg

The ideal equivalent work is based solely on the combustion-gas mass
flow entering the turbine. '

This report endeavors to account for the increase in the turbine
efficiency (defined by egs. (2)) that was noted in reference 1l when the
cooling-air flow was lncreased. If the uncooled-turbine performance of
the two turbines of reference 1 can be sufficiently well described by
the theory of reference 5, 1t may be possible to describe the effect of
cooling sir on the performance of these two turblnes by consideration
of certain effects, which would be imposed by the presence of cooling sair
emerging from the tips of the rotor blades.

The first effect, which the presence of the cooling air might impose
on the turbine, can he referred to as a displacement effect. Cooling air,
emerging from the tips of the rotor blades, will Increase the total mass
flow of fluid leaving the rotor exit and, consequently, displace the
combustion gas from a portion of the region that it would otherwlse occupy.
This effect would operate to increase the reaction of the turbine rotor,
resulting in higher rotor-exit Mach numbers and lower rotor-inlet Mach
numbers for particular equivalent speed and equivalent work (map point).
Also, the rotor incidence angles would be decreased at a given map point
as & consequence of the reduced inlet velocities. The cowmbination of
the Mach number changes and incidence angle changes might account for
part, or all, of the experimentally determined effect of the cooling air
on the two tuwrbines of reference 1.
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A second effect, which might be associated with the effect of cooling
air in the tip reglom of the rotor, would be an acceleration of the
cooling sir in the channels between the blade tips. The cooling air will
leave the tips of the rotor blades with & Total pressure greater than the
pressure immediately downstream of the rotor (station 6. fig. 1). Since
this condition exists, the cooling air can experience an accelerstion
through the channels in the tip region of the rotor because of its
intrinsic energy and ascquire a whirl velocity (different from the rotor
tip velocity) before passing downstream of the rotor. When this condition
exists, the work output of the turbine will be incresased because of the
forces the coocling air exerts on the blades as the air is amccelerated.

If the cooling air produces work in this menret, it may be considered as
a work-gbsorbing medium while within the passages of the rotor and hlades
and as a work-producing medium after lesving the blade tips.

The presence of cooling sir may alsco cause a significant change in
the viscous losses of the turhine rotor. Reference 6 presents some de-

tailed flow-visualization studies of some viscous effects that are vpresent’

in turbine rotors. Large flow disturbances In the tip remion of the
rotor blades, asssocteted with the scraping action of the blade tips on
the shroud boundary layer, are 1llustrated. Unpublished date indIcate
that the discharge of cooling alr from the tips of the rotor blaedes has
the effect of reducing or removing these tip disturbances; similar effects
may be of importence in causing an Increase 1n the turbine blade work,
but these phenomena are ncot sufficiently well understood at present to
describe turbine performance analytically., The cooling-air effects,
which are subsequently utilized herein to describe the performance of
the two alr-cooled turbines, were restricted to the displacement and
acceleration effects of the cooling aslr. No changes in the viscous loss
characteristics of the rotor due to cooling alr were counsidered.

PROCEDURE

The csalculation provedures used to determine the performance of the
two turbines of reference 1 are ldentical and the subsequent discussion
applies to both. The procedures used to establish analytically the
uncooled-turbine performance, to determine the cooling-air displacement
effect, and to establish the work produced as a result of acceleration
of the coaling alr after leaving the blasde tips are discussed herein.

Calculation of Uncooled-Turhine Performasnce

The uncooled-turbine performance was calculated by the methods of
reference 5, utilizing a single experimental dstum point to establish
the required viscous loss coefficient. This method lnvolves the follawing
principal assumptions: : :

-

L EOC
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(1) The sum of the losses due to friction, secondary flow, and tip
clearance can be combined into & single over-all viscous loss psrameter
Kl

(2) Any component of rotor inlet velocity not parallel to the direc-
tion of the mean camber line at the rotor blade inlet represents a total
pressure loss.

(3) The tangential velocity of the gas stream remains constant as it
paesses from a point immediately inside a blade trailing edge to a point
downstream of the blade trailing edge.

(4) At supercritical pressure ratios across eilther the nozzle or the
rotor blade row, continuity within the blade row is used to obtain the
supersonic expansion.

(5) A normal shock loss occurs at the exit of a blade row when the
exit velocity is supersonic.

These assumptlons are found to give reasonsble predictions of the per-
formence of smell-scale cold-air turbines (e.g., ref. 5).

The calculations are begun by assuming a series of values of the
vigecous loss coefficient K and then determining, for each value of K,
the performence at an equlivalent speed corresponding to an experimental
operating point, After the experimental equivalent turbine work has been
epanned for eafh of the assumed values of K, a cross plot can be con-
structed, which will indicate the value of X necessary to give a very
close approximation of the desired value of turbine efficiency. After
obtaining a value for X, a series of working curves are constructed to
aid the calculstions. Typical examples of such curves snd a detalled
sample calculation are given in reference 5.

The proper value of K for each of the turbines was obtained as
previously indicated for one uncooled-turbine experimental~operating point.
For the turbine with twisted blades, hereinafter referred to as turbine A,
the map and the data were matched at 99 percent of design equivalent
turbine speed and an equivalent work of 20.94 Btu per pound. For the
turbine with nontwisted blades, hereinafter referred to as turbine B,
the match point was at 87 percent of design equivalent turbine speed
and an equivelent turbine work of 20.30 Btu per pound. The 99- and
87-percent equivalent speed points were selected for turblines A snd B be-
cause they most closely approximate the design speeds for which experi-
mental deta are availgble. Turbine B failed to reach the design equiv-
alent turbine speed because of inlet temperature limitations. After the
uncooled-turbine maps were calculated, the performance predicted by the
turbine maps was checked against other uncooled-turbine experimental -
operating -point data to determine the validity of the procedure and as-
sumptions when applied to the hot, full-scale turbines of reference 1.
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Calculation of Cooled-Turbine Performance

The uncooled-turbine calculstions were then modified by first ac-
counting for the displacement effect of the cooling air. The mass flow
leaving the turbine rotor was iuncressed over the mass flow entering the
rotor by 4 and 8 percent to determine the displacement maps for coolant-
to-combustion gas flow ratios of 0.04 and 0,08, respectively. The viscous
loss coefficlent X that was determined for the uncooled-turbine per-
formance was used. The resultant maps were then checked against the
corresponding experimental data by superposition of the experimental
operating lines (determined by equivalent speed and equivalent work) for
coolant-flow ratios of 0.08 and 0,04, The resulting comparison between
the map efficiency and the experimental efficiency was taken as an indica-
tion of the degree to which the displacement effect accounted for the
experimental trends of turbine performance, Although the turbine effi-
clency was used for the comparison, a dlscrepancy in pressure ratio (see
ea. (2b)) would also be present. Since the assumed displacement effect
was certainly present, at least in part, during the experimental operaticn -
of the turbines; any dlscrepancies remalning between the calculated per-
formance and experimental performance were assumed to be accounted for
by some additional mechanism. } -

The additional mechanism involved was assumed to be acceleration of
the cooling air in the channel between the turbine blades in the tip
region of the rotor.. Since the total pressure of this cooling air ie
higher than the ambient combustion gas pressure (the cooling alr has
forced itself into this region), the cooling air 1s capeble of performing
work as it expands through the blade chammel to the downstream pressure.
The assumption was made that the entire amount of the differences in the
performance between the displacement meps and the experimental results
were due to such cooling-air work. As previously mentioned, the assumption
that the entire amount of the extra blade work is due to cooling-air
acceleration may mask actual improvement in aerodynamic efficlency of the
combustion gases because of reduction of the usual flow disturbance in
the blade tip regiom.

Considering the direction of the wheel rotation to be positlve, the
equivalent work done by the cooling air can be expreesed as

< '\ _Va (-Wa,u,6 Ut (3)
Oer a Vg &%

Since the cooling alr enters the channel with a whirl velocity equal to

the blade tip veloclty U, Wé,u,ﬁ is the change 1in the whirl veloclty

of the cooling air relative tao the rotor tip velocity. If the expansion
of—this air is to produce useful wark, it must be sccelerated in a direc- d
tion opposite the direction of wheel rotation; hence, the minus sign.

.gocﬁ
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Figure 1 illustrates typical assumed velocity diagrams for the combustion
gas and the cooling air at the blade tip and indicates the station nota-
tion used in the snalysis.

This cooling-air work can be expressed in terms of the equivalent
punmping work done by the turbine rotor on the cooling air, as follows:

(). = (%) () (o) - (22) (o) (s - )
- () () = @

-Wa,4,8 Va,u,6
where the pumping coefficient K, = —ULt?— 1 - —U_LbL .

After the assumed cooling-asir displacement effects have been accounted

for, the cooled-turbine efficiency can be expressed by the following

equation: < >< U% )
q = @?h’/ecr)d . Kp vg/ \&3%r, (5)
(&h'/6cy) d,id : (Ah[ecr)d, id

At any fixed value of equivalent work and equivalent speed,
(m1/0.)as (0/60r)a,1a, nd (UZ/gJBcr) are set by the displacement
calculations and, for any coolant-flow ratio wa/wg, the 7 will vary
in a linear manner with KP For the displacement performance calcula-

tions, Kp 1s zero. The value of Kp mnecessary to obtain any required

value of cooled-turbine efficiency 1 can be obtalned by rewriting equa-
tion (5) as follows:

Aht' /0
( / Cr)d,id

(&) =)

The cooled-turbine performance was calculated by determining a wvalue
of Kp from equation (8) using an experimental value of 7 obtained at

a coolant-flow ratio of 0.08.

Ky =(n - 1q) (6)

The performance was determined for the coolant-flow ratio of 0.08 by
holding Kp constant over the entire region of the map. The seme value
of Kp used at the coolant-flow ratio of 0.08 was then applied for the

calculation of the cooled-turbine performance at a coolant-flow ratio of
0.04. The validity of assuming K, constant will be determined by
comparison between the calculated and experimental turbine effilciency

variations. e
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RESULTS AND DISCUSSION

The calculated turbine performance maps, with the experimental oper-
ating lines superimposed, were used to obtain the variation of the calcu-~
lated turbine efficiencies along the operating line of the experimental
data. The experimental operating lines were located by the experimental
values of equivalent speed and equivalent bliade work. These calculated
variations were then compared with the experimental turbine efficiency
variations along the same operating line.

Uncobled-Turbine Performance

Calculated efficiency. - The calculated uncooled performence of the
two turbines of reference 1 is shown in figure 2. The short horizontael
lines extending off the primary operating line to the left were obtained
by bleeding the compressor discharge air while the engine speed remained
constant (ref. 1). For turbine A (fig. 2(a)), the match point for
experimental and calculated turbine performance was at 99 percent of
design equivalent turbine speed and an equivalent turbine work of 20.94
Btu per pound. For turbine B (fig. 2(b)), the match point was at 87
percent of design equivalent turbine speed and an equivalent turbine work
of 20.30 Btu per pound. The different geometric characteristics of the
two turbines result in different calculated performance characteristics.

The greatest difference in the general trends of the calculated performance

maps for the two turbines is that the efficiency contours of turbine A
have considersble curvature, whereas turbine B (fig. 2(b)) exhibits ef-
fTiciency contours that have llitle curvature throughout most of the turbine
operating range covered by the calculations. The change in pressure

ratio over a given range of eguivelent turbipne speed for a constant amount
of equivalent. blade work is generally slightly greater for turbine B than
for turbine A.

Comparison of experimental and calculated efficjencies. - Figure 3
presents the comparisons between the experimental uncooled-turbine effi-
ciencies and the turbine efficiencies predicted by each of the two cal-
culated uncooled-turbine maps. The comparison of efficiencles covers a
range of operating conditlons varying from shout 90 to 103 percent of
rated equivalent turbine speed for turbine A (fig. 3(a)) and varying
from about 70 to 87 percent of rated equivalent turbine speed for turbine
B (fig. 3(b)). A tolerance of x1/2 percentage point in efficiency was
used at the match points.

For turbine A (fig. 3(a)), the calculated efficiency values average
about 0.8 percentage point below the experimental values. Since most of
the experimental data was within 1 percentage point of the predicted value,
no revision of the viscous loss coefficient was made. The value of the
viscous loss coefficient K was 0.8070 for fturbipe A.

800%
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For turbine B (fig. 3(b)), the agreement between experimental and
calculated efficiency values was generally within 0.5 percentage point.
The best agreement was obtained at the highest efficiencies whichk oceur
at the highest equivalent turbine speeds (see fig. 2(b)). The value of
viscous loss coefficient XK wused for turbine B was 1,125.

From the results shown in figure 3, it was concluded that the methods
of reference 5 can give satisfactory results when applied to full-scale
uncooled turbines operating at current turbine-inlet temperature levels,
provided a satisfactory value of the viscous lose coefficient is obtalned.

Cooled-~-Turbine Performance

Effect of combustion gas displacement. - If the assumption is made
that the fluid leaving the turbine rotor exit (stations 4 and 5, fig. 1)
is iIncreased by the amount of the cooling-air flow, the displacement
effect of the cooling air can be calculated. The performance of both
turbines was calculated with the foregoing assumption for coolant-flow
ratios of 0.04 and 0.08.

The effects of the cooling-air displacement on the calculated turbine
efficiency at 90 and 100 percent of design equivalent turbine speeds for
turbines A and B are presented in figures 4(a) and (b), respectively. The
difference between the calculated, uncooled-turbine efficiency and that
which is obtained when displacement effecte are considered for & coolant-
flow ratio of 0.08 is plotted against eguivalent work for two constant
values of equivalent speed. For values of eguivalent work near Ilimiting
loading, the loss in efficiency of turbine A (fig. 4(a)) is about 1 and
2 points for design equlvalent speeds of 100 and 90 percent, respectively.
When the eguivalent work is 2 to 3 Btu per pound lower than the limiting
loading value, the decrease 1n efficiency is negligible and, when the
equivalent work is sbout 4 to 5 Btu per pound below limiting loading,
slight increases in turbine efficiency are spparent. Similar trends are
indicated on figure 4(b) for turbine B. A cross-over of the 90- and 100-
percent-equivalent-speed lines occurred for turbine A as limiting loading
was approached, However, the 100-percent-equivalent-speed line of turbine
B was more favorgbly affected by displacement than the 90-percent-
equivalent-speed 1line throughout the entire range of the comparison.

Since high-oubtput turbines for aircraft engines are often designed to
operate near limiting loading, the effects of displacement may be of
importance in air-cooled-turbine performance and should be considered in
the initial turbine design.

The experimental cooled-turbine efficlencles are compared in figure 5
with those predicted from the displacement calculations for a coolant-flow
ratio of 0.08. Figure 5 cleerly indicates thet the experimental trends of
reference 1 are not accounted for by the displacement effects alone. For
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turbine A (fig. 5(a)), both the predicted and experimental turbine effi-
clencies were essentially independent of equivalent turbine speed, but

the experimental values were about 7 percentage points greater than those
predicted by the displacement calculstions, Furthermore, turbine A of
reference 1 actually operated in a region beyond the predicted limiting
losding point (fig. 6). The operating line of turbine A extends through
the limiting loading line and a considersble portion of the sctual opera-
tion was outside the operating region predicted by the displacement cal-
culations. No similar obvious misplscement of the operating line wes
evident on the map of turbine B, Turbine B (fig. 5(b)) also shows a
disagreement between the calculated and experimental turbine efficienciles.
The general trend of increasing efficiency with increasing equivalent
turbine speed was common to both the calculated and experimental values of
efficiency, but the experimental values are from sbout 1.5 to 3 percentsge
points greater than the predicted efficiency values. The calculated values
of turbine efficiency at a coolant-flow ratlo of 0.08 for turbine B com-
pared more favorsbly with the experimental values than did those for
turbine A. BSince the experimental turbine efficiencles of both turbines
were consistently higher than those predicted by the displacement calcu-~
latlons, some additional work-producing effect must have been present
during the cooled operatlon.

Effect of pumping coefficlent., - When the assumption is made that
the appearent increase in twrbine blade work beyond that predilcted by the
displacement calculatlons is entirely a result of an accelerstion of the
cooling alr subsequent to leaving the blade tips and prior to passing
axially downstream of the rotor-blade exit statlon, a coefficient Kb

that describes the amount of tengential acceleration of the cooling air
because of- its own energy level relstive to condltions at station 6 can
be established. The magnitude of Kp can be established so that the
calculated and experimental turbine performance are coincident at any
single value of equivalent turbine speed, equivalent work, and coolant-
flow ratio. If this coefficient were essentially independent of equlva-~
lent turbine speed, work, and coolant-flow ratio, 1t would be a useful
parameter for describing the performance characteristlcgs of a cooled
turbine., Figure 7 presents the calculated, cooled-turbine performance
maps obtained for turbines A and B at a coolant-flow ratio of 0.08. For
turbine A, the pumping coefficient was 1.08 and, for turbine B, the
pumping coefficient of 0.465 was used.

The limiting loading lines of these maps occur at the same pressure
ratios as the limiting loading lines of the cooling-air displacement cal-
culations. The equivalent blade work has been increased over that gilven
by the displacement calculation at each equivalent speed by an amocunt
indicated by equations (4). The efficiency level at a particular pressure
ratlio has increased a corresponding aemount. All of the experimentally
determined turbine operating lines now lie within the operating regilom

800%
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bredicted by the calculations. Comparisons between calculated and ex-
perimental turbine efficiency values of turbine A can now be made along
the entire renge of the experimental operating line rather than along
the restricted range possible from figure 5(a).

The behavior of the cooling alr after leaving the blade tips is not
known. The whirl velocity of the cooling air leaving the blade row might
be expected to be a function of equivalent turbine speed and work. Both
of these parsmeters would tend to affect the pressure ratlo through which
the cooling air could expand in moving from the blade tips to station 6,
downstream of the turbine. The coolant-flow ratio would also be expected
to affect Kb since 1t would affect the pressure of the cooling air

emerging from the blade tips. All of these effects were present in the
datae of reference 1l. Comparisons between calculeted efficiency variations
(which assume a constant Kb) and the experimental efficiency trends
should indicate the degree to which the net effect' (if any) of these
variations influence Xp. These comparisons will flrst be made over a
range of equlvalent speed and work (along the opersting line of the datsa)
and then at two values of the coolant-flow ratio. The first comparisons
will indicate the net effect of speed and work; and the second comparisons
will indicate the effect of coolant-flow ratio,

Figure 8 presents a comparison of the efficlency values obtalned
from the calculsted maps with the experimentally estdblished turbine ef-
ficiency values. For turbine A (fig. 8(a)), at a coolent-flow ratio of
0.08, the maximum devistlon between the calculated efficiency and the
experimentally determined efficiency, at the same equivalent speed and
equivalent work, is sbout 0.2 percentege point. For & coolant-flow ratio
of 0.04 for turbine A (fig. 8(b)), the dlscrepancy between the calculated
and measured turbine efficiency values varies from sbout 0.1 to 0.5 per-
centage point over the speed range covered by the experimental data.

For turbine B (figs. 8(c) and (d)), there was exact agreement between
the calculated and experlimental values of efficlency at only one value of
equivalent speed for both coolant-flow ratios considered. The maxiwmum
deviation between the calculated and experimental efficlency values was
gbout 1.5 percentage points at a coolent-flow ratio of 0.08 and an equiv-
alent speed of 2820 rpm (fig. 8(c)), and sbout 1.6 percentege points at
& coolant-flow ratio of 0.04 and an equivalent speed of 2850 rpm Cfig.
8(d)). TFor both turbines A and B, the use of the pumping coefficient
Kp established at a coolant-flow ratio of 0.08, for the calculations
of efficiency trends for the coolant-flow ratio of 0.04, resulted in an
upward displacement of the calculated turbine-efficiency line with respect
to the experimentally determined efficiencies. This effect mey appear to
indicate that Xy increases slightly with increasing coolant-flow ratio;
however, the accuracy of the experimental dats availsble for this investi-
gation is not sufficient to justify such a conclusion with respect to the
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swall change between the calculated and experimental data when moving from
e coolant-flow ratlo of 0.08 to 0.04. *

A summsry of the effects of the variocus assumptlions used in calcu-
lating the performance of the cooled turblnes at a coolant-flow ratio of
0.08 are presented in figure 9., Turbines A and B are i1llustrated in
figures 9(a) and (b), respectively. Also shown in figure 9 is the com-
parison between the experimental cooled- and uncooled-turblne efficlency
data 'of the two turbines. These figures were constructed so that effi-
ciency comparisons, made at a particular value of equlvalent turbine .
speed, are also made at & common value of equilvalent blade work. The ex-
perimental operating line for a coolant-flow ratio of 0.08 was used tao
establish these comparisons.

A comparison between the ekperimental efficiencies obtained for the
uncooled turbine and the efficiencies obtained from celculations by the
methods of reference 5 indicates that the efficiency trends for uncooled
turbines were better calculated for turbine A than for turblne B. When -
the turbines are assumed cooled, using a coolant-flow ratio of 0.08, the
deviation of the calculated and measured uncooled-turblne efficiencies
for turbine A is & maximum of about 0.3 percentage point. For turbine B -
the discrepency is e maximum of ebout 1.5 percentage polnts at an equiva-
lent speed of. 2800 rpm. Since the uncooled-turbine calculations (by
methods of ref. Sl constltute the foundatlon upon which the cooling-air
displacement and pumping coefficient modificatiqns are imposed, the cooled-
turbine mep calculation would be expected to reproduce the cooled-turbine
efficiency data trends much better for turbine A than for tuwrbine B. This
is clearly the case, as can be seen from both flgures 8 and 9.

The effect of cooling-air displacement was conslderebly greater for
turbine A than for turbine B, probably because turbine A operated in a
region near the limiting loading line where the effects of the cooling-
alr displacement were greatest. The maximum effect of the coclling-air
displacement was to reduce the calculated efficlency of turbine A about
1.3 percentage points at an equivalent speed of 5640 rpm. The effect of
the cooling-air displacement on the calculated efficlencies was negligible
for turbine B (maximum of 0.2 percentege point).

The amount of work required by the acceleratlon of the cooling salr
at the blade tips was the amount required to increase the effilclenciles
predicted for the displacement calculatione to the efificlency level of
the experimental data. As mentloned previcusly, in the dlscussion of
figure 7 for turbine A, the addition of the cooling-air work to the dis-
placement work extends the equivalent work and speed range of the cooled- -
turbine efficiency calculations relative to that of displacement calcu-
lations, so that comparison between calculated and experimental efficiencies
can then be made oveér the entire speed range of the cooled-turbine dsata.
For turbine A, the value of Kp, used to obtaln the calculated cocled-
turbine efficlency veriation, was 1.08. TFor turbine B, a value of Kp

.800%
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of 0.465 was required. An investigation of the value of Xp along the

experimental operating line, which would result in exact agreement between
the calculated and measured cooled-turbine efficiency values, was not mede
because of the large discrepancy that existed between the experimental
uncooled-turbine data and the calculated uncooled-turbine mep in the case
of turbine B. This 1nltlal discrepancy would result in very large varia-
tions of Kp with equivalent speed and equivalent work, since there is a
large varistlon between the displacement map efficiency values and the
uncooled-turbine data values. Because the separation between the cooled-
and uncooled-turbine experimental data for turblne B was relatively con-
stant throughout the speed range of the cooled-turbine data and the
difference between the displacement efficiency values and the calculated
cooled-turbine efficiency values was also relatively constant, the use of
a constant value of Kp apparently does account for the differences be-

tween the cooled- and uncooled-turbine efficiency trends. If better
sgreement between the uncooled-turbine data and the uncooled-turbine map
had been cobtained, results comperable to the results of turbine A apper-
ently might have been achleved. In the case of turbine A, a constant
value of Kp certainly predicts the measured turbine efficiency trend

wilthin the accuracy of the data availeble.

The reason for the dlsagreement between the uncooled-turbine map
celculation and experimental data of turbine B is not completely under- -
stood. This turbine was of an unorthodox design and operated at & very
low efficlency level, Turbine A was a more conventionally designed turbine
and the methods of reference 5 gave more reasonsble results. Possibly,
the assumption of a constant viscous loss coefficlent becomes less accurate
when the magnitude of the turbine losses becomes large, as was the case
for turbine B (K, 1.125).

General Discussion

The magnitude of the pumping coefficient for turbine B was 0.465 as
compared with the value of 1.08 obtained for twrbine A. The reasons for
this considerable difference in the recovery of cooling-air pumping work
are not completely understood. Reasoning from the viewpoint that the
majority of additional blade work is produced by the cooling air acceler-
ating through the combustion gas channel between the turbine blade tips,
it would seem likely that a turbine with a high degree of reaction at the -
blade tips would realize s greater recovery of work from the cooling air
than a turbine that had essentially sn impulse-type charascteristic at the
blede tips. In the high reaction-type tuwrbine, the cooling air would
have a large pressure gradient avallable to provide the acceleration
necessary for acquiring a large exit whirl velocity in a direction oppo-
site the wheel rotation. '

”
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With no cooling air present, turbine A had a consgilderable degree of
tip reaction, whereas turbine B had essentlally an impulse-type tip de-
sign. Undoubtedly, the reaction effect at the rotor tips was increased
in both turbines as a result of the displacement effects of the cooling
air, but the degree of reaction for turblne A certainly was alwaye higher
than for turbine B. The high recovery of work indicated by the pumping
coefficient of turbine A relative to turbine B, therefore, appears
reasonable. This reasoning suggests that a high degree of tip reesction
may be desireable for air-cooled turbines which dilspose of the cooling
air by discharging it from the blade tips.

The pumping cogfficlent Kp, which has been previously utilized
herein to describe the performance of the two air-cooled turbines of
reference 1, is certainly not the only such coefficlent which could be
devised. Reference 1 suggested that the whirl veloeclty of the cooling
alr might approach the whirl velocity of the combustlon ges. Since the
increased reaction of the turbine rotor associated with the addition of
cooling air should cause an increase 1n the exit whirl velocity of both
the combustlon gas and the cooling =zir, a coefficlent relating these
whirl velocities might be expected to be a useful performance coefficient.

When the exit velocity of the cooling air at the blade tip is assumed
to be proportional to the exit whirl velocity of the combustion gas at the
mean span positlon, the work done by the cocoling alr can be expressed by

e
g wa\ Ut (wa> Ut ('Wg,u,s)m
£ = (2) = (U - =(= K (7).
<6cr>a <wg> 836,y ( Vg,u,s)m K Wg/ &9y Ug, (7)

A constant value of -the performance coefflcient Xy would then result in
a vearlation of the coefficlent Kp along a constant equivalent turbine

speed line-since

5 - & (Pegutn)

Calculations of this type were made for turbine A, using a constant value
of 0.8 for K.. The predicted efficiency trends d4id not eppesr to follow

the experimental trends as closely as the calculations in which a constant
value of Kp was assumed. The accuracy of the avallable expe?imental

data, however, was unot considered sufficilent to indicate a definite con-
clusion that K? was superior to K., even for this one turbime.

The degree to which the results of this investigation can be gener-
alized is not known. More experimental data are needed on a variety of
types of air-cooled turbines before the most useful type of performance
coefficlent can be established and correlated in order that an accursate

800%
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prediction of a cooled-turblne performance coefflecient can be made while
the turbine 1s still in the initial design stage.

Regardless of the type of performance coefficient that is eventually
found to be most useful, the foregoing considerations appear to indicate
scme deslign features which may conbtribute to improvements in air-cooled-
turbine performance. These are summarized ss follows:

(1) Allowance should be made for the displacement effect of the
cooling air, particulaerly if the turbine is to be highly loaded.,

(2) A high degree of reaction at the blede tips way be condusive to
a high recovery of work from the cooling air.

(3) Modification of the blade tips, which would aid in redirecting
the cooling-air wvelocity in a direction opposite the wheel rotation, may
improve performance. Germsn investigators (ref. 7) effected a recovery
of epproximately two-thirds of the rotor cooling-air pumping work by
shortening the pressure surfaceg of the turbine blades of a cooled-
turbosupercharger unit.

SUMMARY CF RESULTS

The principal results of an analytical investigatlon of the perform-
ance. of two alir-cooled turbines can be summarized as follows:

1. The effect of cooling air on the performence of two sir-cooled
turbines was reasonebly well calculated by assuming a displacement of
combustion gas by cooling air at the rotor exit proportional to the
coolant-flow ratio and a production of additionel work from the coollng
air in an amount proportionsl to the rotor tip speed.

2. The effect of combustion gas displacement alone was estimated to
result in a maximum loss in turbine efficiency of from 1 to 2 peints,
This maximum loss occurred in the viecinity of turbine limiting loading.
Since high-output turbines are often designed to opersaste near limiting
loading, the effects of displacement should be considered in the initial
turbine design.

3. The additional blade work obtained from the cooling air, necessary
to account for the cooled-turbine performance, was estimated to be about
47 and 108 percent of the pumping work done by the turbine rotor on the
cooling air for .the two turbines investigated.

4, The additional blade work may depend, at least in part, on the
degree of reaction of the turbine rotor tip section. The turbine with
the highest tip reaction gave the greatest recov?ry of work from the
cooling air,
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5. The additional blade work produced by the alr-cooled turbines is
believed to result primsrily from acceleration of the cooling alr subse-
quent to leaving the interior of the blade tips and prior tc passing
downstream of the rotor trailing edge, although reduction in the viscous
losses withlin the rotor mey make some contribution.

6. No effect of coolant-flow ratio on the magnitude of the pumplng
coefficlent, which was used to express the additional work produced by
the cooling air, could be established from the data available.

Iewis Flight Propulsion Laboratory
National Advisory Commlttee for Aerocnasutics
Cleveland, Ohlo, February 23, 1956
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Flgure 3. - Comparison of calculated and experimental turbine efficiencies for uncooled turblnes.
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Change in turbine efficiency due to cooling-air displacement effect, AN
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Turbine efficiency, 1, percent
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