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RESEARCH MEMORANDUM

PRELIMINARY ANALYSIS OF PROBLEM OF IETERMINING EXPERIMENTAL
PERFORMANCE OF ATR-COOLED TURBINE
III - METHODS FOR DETERMINING POWER AND EFFICIENCY

By Herman H. Ellerbrock, Jr., and Robert R. Ziemer

SUMMARY

Methods are presented for determining such air-cooled turbine-
performance characteristics as power, efficiency, and so forth from
experimental date obtalned from specific investigations. Suggested
formulas are given for determining the characteristics as functions
of certein parameters; the functions are generally unknown. Methods
for determining the functlons from the experimentel investigetions
are suggested. Special plotting methods for isolating the effect of
each parsmeter are outlined. These proposed methods constitute only
one way of analyzing the results of the turblne investigations. AllL
the analysis is unchecked by actusl investigations and is presented
solely as a guide to others in the field.

INTRODUCTION

At present, although much effort by research, design, and
development groups is being concentrated on the application of air
cooling to turbines, wvery little published materizl 1s available,

A series of reports on the problem of determining the experimental
performance of sir-cooled turbines has therefore been prepared at
the NACA Lewis laboratory. These reports should not be considered
a final treatise on the subject, but rather a basis upon which work
may proceed.

Formulas that are required for the evaluation of the heat-
transfer and the cooling-alr flow characteristics are suggested in
references 1 and 2, respectively. These suggested formulas are so
arranged that certain dependent parameters are functions of inde-
pendent parasmeters. Suggested methods of experimental Investigetion
to determine the unknown funciions are presented.
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This report, the last of the series, presents suggested formulsas, v
based on present knowledge, for alr-cooled turbine-performance char-
acteristics such as power, power losses, and efficiency as functions
of certain parameters. DPower and efficiency formules for the uncooled
turbine are discussed in order to esteblish a basis for the discussion
of the additional characteristics that are involved in the evaluation
of the cooled turbine. Methods for analyzing experimental data in
order to evaluate these functlons are described.

82¢1

Methods for establishing the effects of the parameters are by no
means restricted to those outlined herein. Improvements in techniques
are expected as data on air-cooled turbines are accumulated. Because
of the urgent need for published materisl on some fessible methods,
time has not been taken to develop other, and possibly better, methods
for analyzing the turbine results.

The formulas for blade power and efficliency of unccoled turbines
as functions of several parameters, used herein, are based on unpub-
lished derivations. Acknovledgement is made to Mr, Arthur W. Gold-
stein of the Lewis staff, who made the original derivations.

ANATYSTIS

Typicel Flow Path of Turbine-Blade Cooling Air ~

A clear concept of the path the blade cooling air follows through
the engine is advantagecus prior to the asctual snalysis of the per-
formance characteristics of a cooled turblne. The iypical flow path,
illustrated in figure 1, 1s only one of several that could be used.
All other arrangements, however, would involve similar problems.

In the arrangement shown Iln figure 1, the cooling air is bled from
some stage of the compressor. Ailr for cooling the rotor blades is
ducted to a point near the rotor center line and is pumped by a cen-
trifugal impeller, which is attached to the upstream face of the tur-
bine disk, through individual holes at the base of each blade. The
air passes through the blades and out the tips and then mixes with the
combustion gases. The pressure rise through the centrifugsl impeller
plus the compressor pressure at the bleed point must satisfy the pres-
sure requirements at the blade roots and insure positive flow through
the blades. If, in satisfying these pressure requirements, the tem-
perature at the blade roots is too high for adequate heat transfer,
then a heat exchanger should be placed in the cooling-asir system. The
cooling air for the stator blades is handied in a similer manner
although the bleedoff point on the compressor may vary from that of
the rotor blades; in figure 1, air is shown being bled off at the same
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point. The cooling eir pessing through the stators can be directed
around the tail pipe and cool this engine part before being dis-
charged. Other arrangements may be possible for reintroducing this
alr into the combustion-gas stream downstream of the rotor blades.

The turbine station numbers used herein are shown in figure 1.
Station 4 is the position where the combustion gas and the cooling
air lssuing from the rotor blades have been thoroughly mixed.

Temperature-Entropy Diagrams of TurboJjet Englne
with Cooled Blades

The power formmlas and power components presented subseguently
are more easlily understood if a study is made of the temperature-
entropy dlagrams of turbojet engines. The cycle, which is the basic
ideal cycle of almost all Jjet-propulsion systems, is composed of
four phases: 1sentropic compression, constant-pressure addition of
heat, isentropic expanslon, and constant-pressure rejection of heat.
This cycle, called the Brayton cycle, is thermodynamically illustrated
by an ideal temperature-entropy diagram in figure 2(a). All cycle
dlagrams given in figure 2 ere based on 1 pound of the working
fiuwid.

Point B in figure 2{a) represents conditions at the engine
inlet. The eir is isentropically compressed both in the inlet dif-
fuser and in the compressor to reach state point C in the diagram.
The air then enters the combustion chanmbers snd addition of heat at
constant pressure occurs until state point 1 (which corresponds to
station 1 at turbine inlet in fig. 1) is reached. The combustion
gas then 1sentropically expands through the turbine to reach state
point 3 (corresponds to station 3 in fig. 1). When no change in
conditions between stations 3 and 4 is assumed (fig. 1), state
point 4 (fig. 2(a)) is the same as state point 3. The gas then
expands isentroplcally from station 4 to station 5 (fig. 1) to reach
gtate point 5, which is at atmospheric pressure. Heat rejection at
constant pressure occure along the line from 5 to B.

The heat supplied is represented by area AC1D; the heat rejected,
by area ABSD; and the heat avallable for mechznical work by the engine
to provide thrust, by the area BC15 in figure 2(a). The ideal work
of the turbine is represented by the expansion from state polint 1
to state point 3.
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The actual cycle for an engine with uncooled turbine blades is
illustrated in figure 2(b). The compressor and the turbine, because
of inefficiencies, do not isentroplcally compress and expend the
fluid; consequently, state points C and 3 have higher entropies than
in the ideal cycle. In figure 2(b), the heat addition in the com-
bustion chambers is assumed to occur at constant pressure and state
point 4 is sssumed to be the same as state point 3. These are rational
assumptions and their use will not detract from the valldity of the
methods and formulss presented herein.

The heat supplied is the area under line Cl, but the heat
rejected 1s increased by the area ABB'A', which represents the com-
pressor lnefficiency, and by the area D'5'5D, which represents the
turbine inefficiency (reference 3). The heat convertible to mechan-
ical work for thrust purposes is then the difference between area
A'ClD' and the area ABSD, which is the total heat reJjected. The
turbine work or the reaction work of the combustion gases on the
turbine wheel, which results from the expansion between state
points 1 and 3 in figure 2(b), is called the blade power Pp. This

power is less than the ideal power P;3, which is the result of
expansion between state points 1 and 4' in Pigure 2(b).

For the case of the engine with cooled turbine blades, two
diagrams must be considered: one for the air passing through the
engine in the customary manmer (that is, flows across the turbine
blades) and another for the sir that 1s bled off from the compressor,
passed through the rotor blades for cooling purposes, and then rein-
troduced into the main air stream. Figure 2(c) illustrates the cycle
for the air passing through the engine in the customary manmer and
figure 2(d) is applicable to the rotor-blade cooling sir.

The diagram shown in figure 2(c) for the working fluld is the
same ss that in figure 2(b) for the uncooled turbine up to state
point 1. During the expansion process through the turhine, however,
heet iz given up to the rotor blades, which are coocled, and to the
stetors 1f they ere alsc cooled. This heat extraction causes the
expansion line to be as shown, state point 1 to state point 3, instead
of that of the uncooled turbine indicated by the dashed line from
state point 1 to state point 3' in figure 2(c). On€ theory, how-
ever, 1s that the expansion from state pcint 1 to state polnt 3 for
the cooled turbine is along the same line as for the uncooled turbine
but drops to the same pressure level as for the case shown here.

The heat extraction occurring in the stator and rotor blades is
believed to affect only the boundary layer around the blades and not
the main gas stream. Downstream of station 3, mixing of the working

BeCT

n
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fluid with the cooling alr issuing from the rotor blades and with
the cooling air from the stators if it is reintroduced into the
wmaln body of fluid occurs at constant pressure causing a cooling

of the working fluid. This mixing is indicated by the line between
state points 3 and 4 in figure 2(c). State point 4 to state

point 5 indicates expansion of the working fluid In the Jet nozzle
as in figure 2(b).

If state point 3 could be accurately determined in figure 2(c),
which igs the state before the working fluid mixes with the cooling
air, then the blade power Pp provided by the working fluid could
be determined by the expansion from state point 1 to state point 3.
Experimentally measuring this state, however, 1is very diffilcult.
State point 3 in figure 2(c) is at a lower pressure than state
polnt 3', which 1s the condition that would prevall in the uncooled
turbine. This greater expansion is required acrcss the cooled tur-
bine because of the hest-transfer effects and the power required
to pump the cooling air.,

The cooling air, bled off the compressor for the rotor blades,
1s compressed in the inlet diffuser and partly in the compressor
in the same menner as the working fluid. This compression is Indi-
cated by the line BC' in figure 2(d). The pressure at C', however,
is usually lower than the pressure at C {fig. 2(c)) because the
cooling air doces not usually have to be compressed to as high a
pressure as the working fluld, State polnt C' at the compressor
bleedoff is assumed to be applicable to the polnt of admlssion of
the air at the rotor cooling-air inlet near the center line of the
shaft (fig. 1). The losses in ducting between the compressor and
the rotor are neglected. Compression of the air occurs in the
impelier passage on the upstream face of the rotor disk, which is
indicated by the chenge in state from C! to h (blade-rocot state
point) in figure 2(d). Near the blade root, the pressure and the
temperature of the cooling air both increase, but near the blade
tip the pressure usually decreases while the temperature continues
to increase. These changes are indicated by the state line between
points h and T, or 3, in figure 2(d). The heat that is given up by
the working fluid and picked up by the cooling air is reflected in
the shape of thlis line. The cooling alr at the blade tilp, state
point T or 3, has the same pressure as the working fluld at sta-
tion 3. Mixing of the cooling air with the working fluid then
occurs at constant pressure as in figure 2(c), which causes the
cooling air to heat up along the line between state point 3 and
state point 4 in figure 2(d). The conditions at 4 in figure 2(d)
are the same as those at the same point in figure 2(c). Expansion
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of the cooling ailr as a mixture with the working fluid then occurs
from state point 4 to state point 5, which corresponds to the
expansion in the Jjet mnozzle.

In order to determine the heat available for providing thrust
for a cooled turbine, consideration of figures 2(c) and 2(d) is
necessary. The heat supplied will be the area A'ClD' (fig. 2(c))
miltiplied by the weight flow of the working fluid. The heat
rejected will be the weight flow of working fluid (combustion gases)
mltiplied by the area ABS43D (fig. 2(c)) plus the product of the
weight flow of cooling sir through the rotor blades and the areas
ABSD (fig. 2(d4)). Then the available thrust will be the difference
between. the total heat supplied and the total heat rejected. 1If,
however, the stators are cooled, there will be an additional heat
rejection that will further reduce the available thrust for a
given cycle.

Because only the turbine component is considered herein, the
total pumping power 1is defined as the energy required to pump the
rotor-hlade cooling air from the point near the shaft where 1t enters
the turblne rotor to the tip 'of the blade, that i1s, between state
pointe C' and T or 3 (fig. 2(d)); ducting losses are neglected.

From the foregoing discussion of the temperature-entropy dis-
grems, the net power required from the turbine to compress the
working fluid (neglecting mechanical losses, which are discussed
later) is the difference between the blade power Py and the power
required to pump the cooling alr through the blades Pp. The total
pumping power Pp + Ppgp considered herein is only that power extrac-

tion required to transfer the coolant frém the entrance to the tur-
bine rotor to the blade tip and the effect of bleedoff of compressor
air for cooling on engine performance is not discussed. (All symbols
are defined in genersl terms in the appendix.)

Cooled Turbine Power Concepts

In the foregoing discussion of the temperature-entropy dlagrams,
the concept of 1deal and net blade power of a cooled turbine is
brought out. Figure 3 158 a summary in schematic form of all the
power components of an air-cooled turbine as considered herein. The
net blade power Pp - Pp, caused by the forces on both the outside

and the inside of the blade, is the difference between the ildeal
power Piq and the sum of blading losses Pgy, and Ppp, leskage

82¢T
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losses Ppy, and coolant pumping losses from blede root to tip Par,-
The shaft power Py, that is avallable for driving the compressor

and accessories is found by subtracting all the turbine mechanical
losses and the coolant pumping power from the entrance to the tur-
bine rotor to the blade root from the net blade power.

Uncooled Turbine Power Components

Before discussing the cooled turbine, a brief review of the
generation of useful power and the dissipation of power through
losses in an uncooled turbine 1s given because these power additions
and extractions determine the. net output of the turbine. The review
can easlly be extended to account for the additional effects of other
power components that are introduced when cooling is used. The fol--
lowing sections desling with the uncooled turbine are based on the
very complete discussions and investigations of a turbine in which
a complete analysis of the useful and nonuseful work of a turbine
is given (reference 4).

Idesl power. - The ideal work (fig. 3) represents the maximum
attainable for expanslon of gas between specified total pressures
at the stator inlet and the rotor outlet. Ideal work is based on a
reversible process involving no heat transfer and consequently no
entropy change. The total-pressure ratio is used as = basis for
ideal power and eny veloclty emergy remaining in the gas stream
after expansion 1s not chesrgeable to the turbine because it 1s avall-

-gble Tor producing englne thrust.

Eg =h'gy - h'g 5.5 = 8gh'g (1)
where
Eg meximum sttaineble energy or ideal emergy, (Btu/lb)
higq total enthalpy of ges at stator inlet, (Btu/1b)
h’g,S,s final total enthelpy of gas attained at rotor ocutliet with

the process described, (Btu/lb)

The ideal or maximum attainable energy can also be computed from
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7g-L -
7
p' g )
E. = h'! 1 1l - -—-&é (2)
5 g, p' £
&1 oy
[o1)
for a 7g assumed constant or average across the turbine stator
end rotor
where
p's 1 average total pressure of gas at stator inlet, (1b/sq £t)
2
p'g 3 everage total pressure of gas at rotor outlet, (lb/sq £t)
>
78 ratlio of specific heats of combustion gas

Use of equation (2) is tedious because of the determination of 7g
required, although this problem hes been somewhat simplified by the
charts in reference 5. Equation (1) is recommended for uncooled
turbines. A subsequent sectlion includes methods of evaluating var-
ious factors discussed throughout the report of which Ash'g is an
exsmple,

The ideal power determined from equation (1) and the gas flow
rate is -

Pjg = Vghgh'gJ/550 (3)

where
J mechanicel equivalent of heat, (ft-1b/Btu)
P;q ideal power, (hp)

w combustion-gas flow rate, (1b/sec)

&

Blade power. - In passing across the turbine stator and rotor
blades, the ideal power 1ls decreased because of stator- and rotor-
blade losses, (friction, separation, and other viscous effects).
Also, because of the clearance between the rotor-blade tips and the
shroud, a rotor-tip leakage loss may occur. Thus the power delivered
to the turbine wheel, herelnafter called blade power, is equal to
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where

Py useful power delivered by blades to rotor, (hp)
Py, Trotor-blade loss, (hp)

Pgy, stator loss, (bp)

Ppy, rotor-tip leakage loss, (hp)

When no heat loss from the shroud and other turbine parts is
assumed in an uncooled turbine, the energy equation is

1 - =h!
h g,1 Ep =h g,3 (5)
where
Ep mechaenical energy dellvered to blades, (Btu/Ib)
h'g 5 total enthalpy of gas at rotor outlet, (Btu/1b)
3
or
E, = 1! - ht = Ah' 8
B g1 &,3 g (&)
Then

wﬁh'EJ (7

Because the stator- and rotor-blede losses are practicelly
impossible to isolate and to quantitatively evaluate from over-all
performance data, these losses are considered as a single loss and
are determined as the difference between the ideal power and the
blade power plus the accountable losses.

The rotor-tip leakage loss, principally encountered in reaction-
type turbines, can be estimated from (reference 4)
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T

o - 100 Cpwahgh'oJ (8)
TL = [ b0 sin (280 - Bg) + Cg]550

8221

where
b  blade length, (ft)
Crp  rotor-tip clearance, (ft)

Bz outlet angle of blade relative to plane of rotor disk (fig. 4),
(deg)

(o] thickness coefficiemt (unity for most reaction turbines)

Shaft power. - Other losses occurring in a turbine cause the
power delivered tc the turbine shaft to be less than the blade power.
These are mechenical losses and include the rotor-disk frictional
drag loss and the bearing end gear losses. In an experimental setup,
other accessory losses may be present such as tachometer drive loss
and so forth, which are grouped as miscellaneous losses, Thus, the
shaft power is

Peh = P - Pgr - Ppr - Py (9)
where -

bearing and gear losses, (hp)

Py miscellaneous losses inherent in setup, (hp)

Pgp  rotor-disk friction loss, (hp)
Psﬁ shaft power, (hp)

The rotor friction loss is the power required to rotate the
rotor disk without blades against the frictionel drag of the rela-
tively stagnant gases in the clearance space on elther side of the
rotor disk. This power loss may be expressed as (references 4 and 6)

-0.12 3
pg - L2 (PEEAER) T (CE Yy 5o o :
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where

Dg,n  diameter of rotor disk at blade root, (£t}

N rotor speed, rpm

L peripherel speed of rotor disk, (ft/sec)
2

Pg density of gases surrounding disk, (slugs/cu ft)

Hg viscosity of gases surrounding disk, (slugs/(sec)(ft))

The bearing and gear losses may be evaluated by measuring the
rete of oil flow to the bearings arnd the temperature rise of the
oil., In order to avoid heat-transfer effects, the callbration of
these losses should be made with air flowing through the turbine at
e temperature epproximating that of the oil temperature. The pres-
sures and the temperatures in the lubricating system should be main-
tained close to full-scale operating conditions. The oll-temperature
thermocouples should be located as closely as possible to the bearing-
oll inlet and outlet. The power loss is

_ cP,LvLJ(AT)L

P 11
BE 550 (11)
where

Cp,L specific heet of lubricant (oil), (Btu/(1b)(°F))

v oil flow rate, (1b/sec)

(AT); temperature rise of oil through bearings, (°F)

For a glven oll-inlet temperature and oll flow rate, this power loss
is proportional to some power of the turbine speed, that is,

Ppg = K| (12)

where KBE and n are constants for each oil flow rate and oil-

Inlet temperature. The valueg of power loss against turbine speed
can be plotted on log-log coordinstes for each flow rate and oil
temperature. The resulting graph should appear as & straight line.
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The rotor-disk friction and bearing losses may be better eval- -
uated by ancther method that requires motoring of the turbine. The
turbine disk wilthout blades or a dummy wheel of the same size and
shape is motored at various speeds in alr at varlous densities while
the power required for motoring is measured. TIf the turbine disk
is used, the blade-root slots must be filled or covered to obtain
e smooth rim. The static pressure and temperature are measured in
the relatively stagnant air space on both sides of the turbine disk
and at the rim, and the densities of the alr at these locatlons are
determined. Then, the power required for motoring, which includes
bearing, gear, and rotor-disk friction losses, is plotted against
the mean density of air, with turbine speed as the third varisble.
The value of this power, as determined by extrapoclation of the curve
to zero density, is the bearing and gear losses and varies only with
turbine speed because the oll flow rate is a function of speed if
oil-inlet temperature is malntained comstant. The disk friction
loss 1g obtained by subtracting the bearing, gear, and rim friction
losses from the total motoring requirements. In considering the
bearing losses obtained by the motoring investigations, the addi-
tional shaft unbalanced thrust forces encountered in actual operation
are probebly minor in relgtion to the over-all power. Hence for a
given turbine, the evaluation of the disk friction loss with this
method can be used to fix the value of the constant (1.272 in equa-
tion (10)) in the rotor-disk power loss equation., -

8eet

The miscellaneous losses Py in equation (9) depend on the
experimentsl setup and vary from one setup to ancther. Consequently,
no method of evaluation can be given. If a check on the shaft power
is required, methods for evaluating the losses for each setup must
be devised by the individual investigator.

-

Air-Cooled Turbine Power Components

No anelysis has evidently been made of the useful power and
power losses similar to that of reference 4 for a cooled turbine
when the coolant is mixed with the combustion gas or when it is
unmixed. It is difficult to separate turbine losses when two streams
of fluids are mixed as is the case to be considered herein (cooling
air flowing out of the rotor-blade tips and mixing with the combus-
tion gas). This cooled turbine configuration is hereinafter called
a mixed-flow turbine and should not be confused with the mixed-flow-
type impeller. A system of power components, which parallels that
given for the uncooled turbine, is considered wherever possible in -
the following analysis.
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Blade power. - In an air-cooled turbine (considering only the
blades}, the combustion gas flows across the blades and the cooling
air generally flows through the blades, almost perpendicular to the
gas flow, and emerges from the blade tips. On emergsnce from the
blades, the cooling alr mixes with the combustion-ges stream down-
streem of the rotor. The mixed-flow case is the only one considered
bherein, The combustion gas contains & certain gquantity of energy
upstream of the turbine stators. If the stators are cooled, some of
this initial energy is lost through heat transfer to the stator cool-
ant. As considered in this analysis, the stator coolant does not
mix with the combustion gas, which 1s probably the case for most
turbines employing stator cooling. In passing across the rotor
blades, the combustlion-gas energy is further dissipated as heat loss
to the rotor-blede coolent and as mechanical work performed by the
gas on the blades. The cooling air, entering the blade roots with
some initlal energy, recelves energy from the heat addition end from
the work performed on it by the centrifugel action of the blades
(pumping work). The difference between the forces exerted by the
combustion gas on the outside of the blade and the forces exerted by
the bledes or the cooling air is the net reaction force on the blades
and provides a torque to the rotor.

The energy equation for the two fluids for s turblne with cooled
stator and air-cooled rotor blades, with the assumption of no heat
loss from the turbine parts such as the shroud and with the assump-
tlons that all heat transferred to the cooling ailr occurs in the
blades, can be represented as fcllows:

vgh'g’lJ - 550 Pg - Qgd ~ Qud + Vah'a,h&r + QgJ + 550 Pp
= ]
(wa + vg)h m,4J (13)
h'a,h total enthalpy of cocling air at blade root, (Btu/l'b)

total enthalpy of cooling-air and combustion-gas mixture

hl’
m,4 downstream of turbine, (Btu/lb)
Pp power to pump cooling air through blades, (kp)

heat loss from combustion gas or heat gain by cooling air in
rotor blades, (Btu/sec)

Qs heet loss to stator, (Btu/sec)
Va

cooling-air flow rate through rotor blades, (lb/sec)
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The net power transmitted to the rotor is (from equation (13))

. o - (?ghﬂg,lJ + Vah'a,hJ) - ng + wa)h'm,4J - QgJ
B~ P 550 -

(14)

In equations (13) and (14), the total enthalpy of the cooling
alr at the blade root 1is an sbsolute value. When determining
Py - Pp by use of equation (14) from specific measurements, it is

impossible to determine h'a,h directly. A total enthalpy of the
cooling air relative to the moving blades h"a,h’ however, can be

determined from instruments located in the cooling-alr pessages.
Then, 1f these enthalpies are defined as

ht = EE;EE
a,h = Ba,n + 50
and
2
" = a,h
where

by j, enthalpy of cooling air at blade root, (Btu/1b)
Va,n absolute velocity of cooling air at blade root, (ft/sec)
Wo,n relative velocity of cooling air et blade root, (ft/sec)

and if the following relation is essumed to exist between these
velocities

2 2 - 2
Wﬁ,h + ua,h. - va,h

then equation (14) can be rewritten as

2
u
73N -
P -p = elg1lt Ve (E"a,h M )‘T (% + Va)i'n 47 - Qg7
B P 550

(15)

g2etL
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If the stators are uncooled, the term QgJ is deleted. Equation (1S5
corresponds and reduces to equation (7) for the uncooled turbine if
Wgs Qg, and Pp are set equal to zero, which is the case for the

uncocled turbine (assuming Ahz_, = 0}.

Shaft power. - ILosses similar to those for the uncooled turbine
that dissipate some of the power received by the rotor blades are
present in the cooled turbine so that the shaft power is less than
blaede reaction power. For the cooled turbine, en equation similar
to equation (9) cen be set up, thus

Pen = (B - Fp) - Pgr - Ppg - Ppr - Py (16)

and Pg - Pp 1s the reaction power transmitted to the rotor as
determined by equation (15) rether than Py as in the uncooled tur-
bine, and Ppr 1is the power reguired to pump the cooling air from

its polnt of entry in the turbine disk to the blade root. The disk
friction, bearing and gear, and miscellaneous losses are determined.
as in the case of the uncooled turbine.

Ideal power. - The idesl power of the cooled turbine where the
cooling air snd combustion ges mix downstream, consildering an isen-
tropic process {(no change in entropy), is assumed to be that obtain-
eble from both fluids provided that the total pressures at the stator
injet, the rotor-blade root in the coolant passage, and the final
mixing station are specified. The meximum work is obtained, as in
the uncooled turbine, with a reversible process but with the =2ddi-
tional consideration of the simulteneocus flow of both fluids. Then
the equation for the combustion geas, paralleling equation (2), is

75-1
P'm,4 7g
Bg,s =hgafl -(57—"—> (17)
g1
and, for the cooling sir,
7a°l
P4 Te
m,
Eq,s =h'g,n |1 '(?r > (18)
a,h
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where

g, s ideal emergy of cooling air, (Btu/lb)

p‘a h ebsolute total pressure of cooling sir at rotor-bvlade root,
’ (1v/sq £t)

p'm 4 total pressure of mixture of cooling air and combustion gas
’ dowstream of turbine, {1b/sq £t)

7a ratio of specific heats of cooling sir

On the basis of equations (17) and (18), the ideal power is

7&’1 7&"1
7 7
] g 1 a
wJh' 1-(2md + Sgdht 1-(Eme
4 g,1 D & a,h T
g,1 , P'a,h
P = :
id 550

(19)

The values of h'a,h and P'a,h sre obtained indirectly from
the measured relative values of h"a,h and P"a,h: respectively.

The absolute and relative values of enthealpy and pressure are related
as shown by the following expressions:

h! = h" + .u_a.LP'E
&,h a,h 208

and
7q
' " ug , h? 7a<t
Pa,n“Pan 1+ ET";:;LEEE;T;
where

specific heat of cooling air at constant pressure,

Psa (Btu/(1b) (°F))

T"y,n Trelative total temperature of cooling alr at blade root, (°R)

82¢l

-
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When the absolute values, as determined from the preceding expres-
sions, are substituted in eguation (19), the ideal power can be
evaluated.

The ideal power for the cooled turblne is decreased because of
stator- and rotor-blede losses, such as frictlon, separation, and
other viscous effects, and possibly because of a leakage loss due
to the clearance between the rotor-blade tips and the shroud. The
word "possibly" 1s used because cooling air discharged into the
clearance space may alter the leakage loss as defined in an uncooled
turbine. In this case, equation (8) is believed not to apply and no
substitute formula is aveilable at present. ILosses due to separation,
friction, and sc forth subtract from the energy of the cooling alr.
Then the ideal power available from both fluids in the cooled tur-
blne may be expressed in terms of blade power, pumping power, and
power losses, as

Pjg = Pp + Pay, + Par, + Por - (Pp - Par)
or, corresponding to equation (4), as

Pg - Pp = Pygq ~ Pgr, -~ Pgp, - Ppp, - Par (20)
where

P;L coolant pﬁmping losses'(friction, separation, and so
forth), (hp)

Pg - Pp net power delivered to turbine rotor, (hp)

The other terms have been defined and are the same as for the
uncooled turbine.

The decrease in avallable energy due to heat tramnsferred to the
stator coolant does not appear in eguation (20). This omission can
be explained by referring to figure 2(c) where the expansion for an
uncooled turbine is indicated by the line between state points 1
end 3'. As cooling takes place, the expansion line moves to the
left and to a lower back pressure, that is, between state points 1
and 3. Thus, becgsuse of cooling, both ideal power and blade power
of the cooled turbine have been chenged from the uncooled case.
Because these powers change, the effect of stator cooling is accounted
for in the values of Pp and Pj4q in equation (20).
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As in the uncooled turbine, the stator- and rotor-blade losses -
and the cooling-alr losses are practically impossible to evaluate
from cooled-turbine operational data. ZEnowledge of blade power,
coolant pumping power, end ideal power, however, is quite sufficient
for a study of turbine performance. The separstion of the power
components is given merely as a general outline of the factors
decreasing the available energy.

82t

Coolant pumping power. - Pumping power 1s defined ss the power
required from the turbine to pump the cooling air through the rotor
and is considered & loss. The term "rotor" includes the rotor blades
and whatever portion of the disk through which the cooling air passes.

The energy input to the coolant flowlng between two stations,
such as the blade root and blade tip due to pumping action, is deter-
mined from comslderation of the rotor torque, which is equael to the
rate of change in the moment of momentum of the cooling air. The
change in the moment of momentum through the blades per pound mass
of cooling air is .

rTvu,a,T - rHvu,a,h
where )
Ty radius from shaft center line to blade root, (ft)
T radius from shaft center line to blade tip, (ft) i
vu,a,h tangential component of absolute velocity of cooling air
at blade root, (ft/sec) .-
vﬁ,a,T tangential component of absolute velocity of cooling sair

at blade tip, (ft/sec)

The torque is then equal to

Vg
r3 (?Tvu,a,T - rhvu,a,h)

The power required to pump the cooclant through the blades is there-
fore the Euler equation,

w0
Fp = 356 (rTvu,a,T - rhvu,a.,h) (21) -
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where
W angular velocity of rotation of rotor, (radians/sec)

In the derivation of the equation for the heat transferred to
the cooling air (reference 1), the tangential component of the
absolute velocity of cooling air at the radius is -

Vﬁ’a = fgu = fur (22)
where
fy slip factor
u tangential velocity of rotor at radius r, (ft/sec)

Also shown in reference 1 on the basis of reference 7 is that, for
the dimensions of the cooling-air passage In the blades, f£g; 1is

practically equal to 1. Thus, ®Wr can be substituted for vu,a

in equation (21) with negligible error so that-the power for pumping
the cooling alr through the blades finally becomes

w0l

If the cooling air is introduced through the shaft and passes
through the disk, the additional power for pumping the air through
the disk (Ppy in equation (16)) is obtained using equation (23)

but replacing the term rTz - rh? in thls equation with rhz - rz,

where r denotes g mesn radius at which the esir is introduced in

the disk. Experiments (reference 8) conducted on & turbine to reduce
the total pumping power losses show that the use of equation (23),
but with 1, replaced by O for the case of alr flowing from the
shaft and ocut the blade tips gave a2 close approximation to the actuel
total pumping losses. Equation (23) was used in investigations de-
scribed in reference 9 and good agreement with the measured values

of pumping power was obtained.

Parameters Affecting Blade Power

Evaluations of turbine-performance relations., - Expressing the
performance of Jet-propulsion engines, turbines, and compressors in
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terms of generalized parameters derived by dimensional analysis is
common. practice. The grouplng of variables into such parameters is
useful because the number of variables involved in experiment or
enelysis 1g effectlvely reduced. Generalization of the data by the
use of these parameters permits the experimental results obtained
during operation with one set of experimental conditions to be used
for estimating performence at other operating conditioms.

A derivetion of performance parameters for Jet engines showing
the methods used is given in reference 10; a slmilar derivation,
but including factors not considered in reference 10, is presented
in reference 1ll. Typical results for turbines from wind-tupnel
investigations employing similar derivations are given in refer-
ences 12 and 13 in which the verification of the parameters used
is obtained.

Turbine power from simple velocity diagram. - In the velocity
diagram at the stator outlet (fig. 4), B, is the angle of attack
of the fluid wlth respect to the rotor blede. Now

Vo,u " Y =pf2_Vp Bin (90 - &) - ug . b/2

tan (90 - 52) =

Vz,ax Vo cos (?0 - “2)
or
tan (?0 - Bz) = tan (?0 - az) - EEL%;EZE sec (?0 - “2) (24)
where

Uy - p/z tengentlel velocity of rotor blade at midspan, (ft/sec)

Vo stator-outlet velocity, (£t/sec)

V2,ax axial component of stator-outlet velocity, (ft/sec)
Vz,u tangential component of stator-outlet velocity, (ft/sec)
s angle of stator-outlet velocity (fig. 4), (deg)

When no jet deflection is assumed, oy ls constant. Consequently,
the angle of attack on which the blade power depends varies with the

Uy = p/2

parameter T,

gest
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or

T Yx = bf2
pp =t ZB/E (25)

where

£ unknown function (Superscripts differentiate unknown functions.)

BEquation (25) is for the simple case of an incompressible and invis-
cid fluid, mo heat trensfer from turbine shell fto oll or surrounding
atmosphere, no heat transfer to cooling elr flowing through blades,
£ixed Inlet conditions, and no heat-capelcity relaxation time or
lag of the £luid.

Factors affecting power. - In the derivation of blade power,
however, all the independent variables should be consldered. Com-
presslibility considerations require the introduction of the demsity
ratio across the turbine; viscosity requires the introduction of
Reynolds apd Prandtl numbers; a dimensionless parameter involving
some dimension of the turbine is needed; the properties of the fluid
(specific heat, conductivity, and hest-capacity lag) require the
introduction of Prandtl number; and the speed of sound in the fluid
at the turbine inlet must be considered. Derlvation of formulas that
include all the foregoing terms and that express blade power directly
from date is Impossible at present; consequently, recourse is made to
dimensional gnelysis as in references 10 and 11. .

Turbine-blade power formuls from dimensional esnalysis. - Formulas
for blade power have been derlived using dimensional aralysis; the
derivations were based on notes, nelther the notes nor the derivetions
being published. The derivations resulted in end equations of a form
such that certain terms, such as heat-capaclty lag, are omitted
because of thelr negligible effect on turbine power. Thus for the
uncooled turbine, when the heat loss from the shroud and the varia-
tion of the ratio of specific heats are neglected, the blade power
of a specific turbine was shown to be a function of the following

parameters:
P 1
B =eT 1 Pe3 K ge (26)
a’ pl ¥ Al PI 2 al
g1 g1'g,X g1 g1
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where -
A cross-sectional area at stator inlet, (sq ft)
a' 1 speed of sound in combustion gas besed on total tempersture E
g, at stator inlet, (ft/sec) @
p'g L ‘total pressure at stator inlet, (1b/sq £t)
¥
p'g 3 total pressure at rotor outlet, (1b/sq £t)
>
Re Reynolds number
v ratio of specific heats of combustlion gas at stator-inlet

g1 temperature

By methods given in reference 1l and expanded in the unpub-
lished derivations and by removing the constant A; and moving it
into the function £, the equation for power (equation (26)) can
be corrected to standard turbine-inlet conditions. The resulting
equation is

Py P'g3 X )
_FB_ _emr|Pe3 N g (27)
SOAS l:P'g,l NEy

where
Py standard NACA sea-level pressure, 2116.8 (1b/sq ft)
To stendard NACA sea-level temperature, 518.4 (°R)

ratio of specific heats of gas at stendard NACA sea-level
temperature

81  7g,1P'g,1/70P0

1 7g,1%'g,1/70%0

In most turbines the Reynolds number effect has been negligible,
so that eliminating it from equation (27) causes this equation to
become the femiliar turbine-blede power formula for uncooled tur-
bines. For pressure ratios less tham criticel, the pressure ratio
P'g,S/p'g 1 in equation (27) can be replaced by the corrected gas

s

welght flow wg,/el/bl.
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The net blade power in an air-cooled turbine is the difference
between the power due to the gas forces on the outside of the blade
Pgp and the coolant pumping power Pp. More parameters than those

given in equation (27) are necessary to obtain a corrected net blade
power formule similar to equation (27).

Coolant pumping power is & function of turbine speed and cooling-
air flow rate as shown by equation (23). Pumping power, however,
must be a function of the correcied speed and the corrected combustion-
gas flow rate before it can be included in an equation similar to
equation (27); then equation (23) can be rewritten as

(ZnN)
Pp = (T - )
80 that
PP 2aN°  VeNO (rTz _ th)
81 A07 B51A/0.A6; 550
and
-G
— 14 - I‘h
Thus
w _
Py &
P g _ fIV< X ) wg“-‘el)
89 /61 N
or
va o m,4 (28)
8, /0y ’\/9— Plg,1

With reference to equation (13), the terms involving Qg
cancel sach other.  Because of the irreversible nature of the mixing
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of the cooling aeir with the combustion gas, the heat transfer affects
the avallable mixture entropy and thus affects the net blade power.
Consequently, a parameter involving Qg should appear in the equa-

tion for the power output of the air-cooled mixed-flow turbine, sim-
ilar to equation (27).

On the basis of the foregoing ressoning, the following equa-
tion is applicable tc the air-cooled turbine considered: .

Py - Pp ;8_
2o (nd, L, v, S o)
818 P'g,l WOL 81461

If the stators are cooled, another term QS/SIA/OI must be
included in the right member of equation (29).

Direct determination of the function in equation (29) 1s, how-
ever, impossible if the data are evaluated using equation (14),
which gives Py - Pp. Recourse is therefore made to equation (23)

for evaluating the coolant pumping power Pp. When equations (14)
and (23) are combined, the blade power of an alr-cooled turbine can

be determined. This blade power can also be presented in dimen-
sionless form. If equation (28) is rearranged,

Pp A LSS (f m,4 VanNb1 )
5,V6, P’ g,l 5 nE

Therefore

Pp- Pp PP QNI (P'ma Va/\/ N_ g, e ) (30)
814781 5, A6y 514/01
Because of the five dependent variables, determining FYIIT 4

equation (30) would be extremely complex. Inasmuch as Pp 1is
obtained from equation (23), then in dimensionless form

_ Py p' : Q
- £IX m"” e, —2— ) | (31)
51'\/91 g,l A/ 1 S AT

QZQI
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Investigations of an alr-cooled turbine are regulired to establish
the relation between the left side of equation (31) and the param-
eters in the right member.

Efficliency

In addition to the power components (losses and useful power),
the efficiency is required for turbine-performance evaluation. The
efficiency of an uncooled turbine, usually called the adiabatic
efficiency 17,4, is defined as the ratlio of the blade power (equa-

tion (7)) to the ideal power (equation (3)). Thus, the efficiency
is given by the formule

Ah!
Nag = A_h,.& (32)
g8 g

For the cooled turblne, a similsr efficiency would be the ratio
of the net power on the blade due to the action of the combustion
gases snd the cooling air Py - Pp (equetion (14)) to the ideal

power (equation (19)). Thus, both fluids are considered in the
numerator and the denominator of the ratio. The efficlency formulsa
reduces to

i“athgl + wah‘aih) - (ws + "a)h'm,é - Qg

Nag = 1{_1 73.'1
' : 1
"zh'g,l 1- ;Eﬁ)?g + wa.h'a.,h 1- <§Tmﬁ)73
851 a,h
(33)
or
n .= wsh‘g,l + wah'g,h) " Q&"’ Yo P'me - 9 (34)
ad wg(h'g,l - h'g,é,s) + Wa.Q:"a.,}:L - h'a,é,s)
whers
h'a, 4,8 £insl total enthalpy of cooling air with process de-

scribed, (Btu/lb)
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‘

h final total enthalpy of combustion gas attained with

1
g,4,8 process described, (Btu/lb)

Use of equation (33) is tedlious because of the determination of Tg

end 7g5; equation (34) is therefore recommended. Methods for

obtaining h! and h! are described in reference 1l4.
8,4,8 8,4,8

EBquation (34) reverts to equation (32) when the turbine is uncooled
(thet is, w, =0 and Qg = 0).

82¢cT

The efficiency, as defined by equation (34), involves both aero-
dynamic and cooling losses and objections may be ralsed to use of
such an efficiency. Work is being done to bresk up the efficiency
so defined into its component efficienclies. A certain parallelism
does exlst, however, between the efficiencies defined by equation (32)
for the uncooled turbine and by equation (34) for the cooled turbine.
Both are ratios of work done on the blades to the ldeal isentropic
work and, as such, equation (34) seems to have definite meaning.

Paremeters Affecting Efficlency

If the principel factor influencing the efficlency of an unccoled
turbine is assumed to be the correct angle of attack on the blades, -
methods simllar to those developed for determining the pasrameters
affecting blade power can be used to show that the same parameters
effect efficiency. Then, for the uncooled turbine

P'g3 N
., = fx<~.§'—, —= Re) (35)
ad r g1 @
For the cooled turbine

Pnp - P
P
Toa = 5 (36)
id
and from equation (36) and equations (30), (33), and (35), it can
be analytically shown that the efficlency should be represented by
the formule

Ngg = £X1 (P:m,4’ waa 91: X » Re, Qa.-—: I QS ) (37)
P’g1 % NEL 81401 8148

The term QS/SIA/Gl is omitted if the nozzles are uncooled. ;_
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When experimental results are evaluated, parameters deduced by
dimensional theory do not always maintain the importance attached
to them in the analysis; conseguently, emphasis is placed on the
lack of experimental verification of equations (31) and (37) at the
present time. Experimental resulis may invalidate certain assump-
tions made In the analysis that were used to delete other terms.
The cooled turbine-performance equations should therefore be used
with some caution. Consideration of the parsmeters that have been
included, however, results in the establishment of flrst-order
effects.

Pressure Ratlo across Turbine

After the turbine hes been investigated, one of the most impor-
tant uses of the data is in the evalustion of the performance of a
Jet engine under various flight conditions. Determination of the
pressure and the temperature at the turbine inlet is usually possible
from flight conditions, together with operational dats on the engine
inlet diffuser, the compressor, and the combustor. These deter-
mined turbine-inlet conditions may then be used in conjunction with
the turbine-performsnce data to calculate flow conditions downstream
of the turbire. The turbine-cutlet conditions, together with the
tajil-pipe date and flight speed, are sufficlent to determine engine
thrust. One requirement is the downstream pressure of the turbine.

If the Punction £'ILl ig known, the pressure p'm_,4 down-

stream of the cooled turbine could be tediocusly determined from
equation (30); it would, however, be more advantageous if P'm,4

could be determined directly from an equation similar to equa-

tion (30). The direct method is used in wind-tumnel investigations
of engines (references 12 and 13). For the case where the flow is
less than critical, the pressure ratilio can be determined from the
formula

- Q Q5
fxn( T e e 51/\/_) (38)

The indications that wa,Jel/al should possibly be included

as a parameter in the right side of the equation will have to be
verified by investigationms.
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Reynolds Kumber -

Consideration of Reynolds number is usually neglected in
uncooled turbine-performance plots because of the difficulty of
ascertaining Reynolds number effect on over-all performance. Little
knowledge and considerable controversy exist as to what is the effec-
tive Reynolds number of an uncooled turbine.

8eetl

The Reynolds number effect on an uncooled turbine is treated
in reference 15 as follows: The Reynolds number is

Py oV
Re = _E&_Z_D (39)
g)z p-g,z
where
D characteristic dimension of turbine, (ft)
Reg,z Reynolds number of combustlon gas at stator outlet
. p theoretical density of gas corresponding to theoretical Jet
&2 velocity at stator outlet, (slugs/cu f£t)

Rg,2 viscosity of gas at stator outlet, (slugs/(ft)(sec))

Now

L

X
0 ¥
& g
g,z _(Pg2) . (.J:__? 3 (40)
P 8,2 PE,Z P g1

where

p'é o mass demsity of combustion gas at stator outlet based on
’ total pressure and total temperature, (slugs/cu ft)

In equation (40), the total pressure at the stator outlet p'g 2
2

is assumed equal to the total pressure at the stator inlet p'g 1
2

and the static pressure at the stator cutlet Pg,2 equal to the

static pressure at the rotor outlet pg 5° The assumption that -
2
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pg,2 = Pg,3 is more wvelid for impulse turbines. On the basls of
the total temperature at the stator outlet T's,z equal to the
total temperature at the turbine inlet T'g,l {no heat loss to the
stators Qg = 0) and the foregoing suppositions,

7gl

7g

= 4 T - Pg,3
Vo = |[28 7_52_]: RgT'g 1 |1 (57&_ (41)
[P
where

Rg &as constant, (£t-16/(10) (°F))

If the assumption is made that kg,2 1s proportional to (Tg, z)n

(where n 1is an exponent determined from viscosity curves for
combustion gases), then because

7t gt
4 7
P, o\ & : Poz) &
Te,z = T'g2\z7 ) ~“Tel\s .y (42)

where

Tg,2 static temperature at stator outlet, (°R)

the viscosity equation becomes

_ wfpr \R [(_Pe3\ &
tg,z = K(T'g,1) Qa ) (43)

g1
where K 1is a proportionality constant.

With the use of equations (40), (41), (43), and the gas law
p/p = &RT, equation (39) becomes
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7 -1
1+n-n7s _g__
Dp', D y y P g
)= / ‘2,3 g 2g g Rr o 1 1- '8,3 o
e x(z* )sRT' P'g,1 Tgml B & 8,1 9
g1/ &gl g1\ &1 ’ P
(e4)

ITf the variations in Tg and Rg ere neglected, which is possible

if the parameters previously set forth are used, eqﬁation (44) for
a given turbine and fluid becomes

E '8; fXIII g,1
Reg,z = ( ) ) 17z (45)
8,1 ?

From foregoing equations, P'g,l/Pg,s can be shown as & function

of parsmeters already listed in the corrected basic equations for

the uncooled turbine., The only new variable added by the Reynolds
n+l/2

number is the ratio P'g,l/(T'g,l) , which replaces Re in .

equations (27) and (35) if this metho? of defining Reynolds numbexr

n+l/2
is used. The ratio P'g,l/(T'g,l) tHE  Which is substituted for

Re, 1is not the total Reynolds number effect because the pressure
ratio in equation (45), which is represented by other parameters in
the basgic equations, is also part of the Reynolds number effect.
Data in references 15 and 16 support the usage of the ratio derived
for the uncocled impulse-type turbilne.

On the basls of equation (39) and the preceding discussion, the
Reynolds number, based on pressures and temperatures at the stator
cutlet and neglecting Tg and Bg changes &s in the uncooled tur-

bine equation development, is

p'

= : 82 IV

Reg,2 = & - n+1/z < ) (46)
8,2

For the case of Qg = 0, equation (46) is applicable to both the

cooled and the uncooled turbine. If the stators are cooled, a drop -
in total temperature across the stators 1s cobtalned. This temperature

drop may be writisen as
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Tt - T - _._O“_S_._ (47)
&1 £,2
’ ’" Vglp,g
where
c spec¢ific heat of combustion gas at constant pressure,

EEL (Btu/ (1) (°F))

From equation (47), it can be shown that

e o v 88 ¥eNO
.T 8 2 = T g 1 f p 8
’ ’ N 1

At equival‘en'b operating conditions, the boundary layer should be
more stable around a cooled stator blade than around an uncooled
stator blade; consequently, the losses should be less for the cooled
stators. The assumption that p°* g,2 is equal to p'g 1 for the

2 . 2 .

(48)

turbine with cooled stators should therefore be more accurate than
for the uncooled turbine. :

The parameters affecting the ratilo pg,zfp‘g’z (equation (46))

are believed to exist In the cooled turbilne-performance equations.
As a consequence, the only perameter affecting Reynolds number that

e
does not appear in the performance equations is 1 g,l/(T g,l)

as was shown to be the case of the uncooled turbine. In determining
cooled turbine performence, 1t is therefore suggested that this ratio
be substituted for Re in equations (31), (37), and (38).

KECOMMENTED METHODS FCR PERFORMANCE EVALUATION
Blade Power

In order to evaluate the effect of the werlious performance
parameters on the blade power Py, equetion (31) is recommended.

The function £IX  mugt be esteblished by conducting experiments to
obtain data from which families of curves can be constructed in
order to determine the effect of P'm,«;/P'g,l’ N/Af07,

Re Er p* ,1/(T'g,l n+1/2]’ Q‘a./sl’\/e_l’ and if the stators are
cooled %751@ on PB/BI'\/E;.‘ Conducting tests in which one
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parameter is varied and four are held comstant 1s difficult, if not
impossible. Constant gas temperature and pressure at the turbine

n+l/2
inlet and constant wheel speed fix N/A/Bl and p'g,l/(T'g,l) / .

The rotor-blade cooling-air inlet temperature and the cooling-alr
flow rete can be kept constant and combustion-gas flow rate wvaried.
In order to eliminate the effect of Qg/8;4/67 on the blade power,

the stators can be uncooled for these determinations in which
P'm,4/b'g,l is varied. The dfte for such experiments can be plotted
as shown in curve 1 of figure 5(a). Because the pressure ratios
cousidered are less then critical, the corrected weight flow of com-
bustion gases ng/el/al is substituted for the pressure ratio
P'm,é/b'g,l in figures 5 to 9. As the combustion-gas flow varies,
the parameter p’m’4/p'g,1 varies; and bhecause variation in

combustion-gas flow rate causes the outside heat-transfer coeffi-
cient to change, G,/8;A/8; also varies. For each point on the

curve (points a, b, ¢, and so forth, fig. 5(a)) the value of
Q./B1A/61 1is somewhat different.

The cooling-air tempersture or cooling-air flow rate can be
then adjusted to another set of values in such a way as to cause an
appreciable changs 1n Qa/alnfel and the determinations repeated

to obtain another curve {(curve 2) similar to curve 1. The average
value of Qa/alh/el for curve 2 can be less or greater than that
for curve 1. This procedure is repeated until the number of curves
obtained is sufficient for the desired range and interval of the
parameter Qg/5,4/6;. _

The next step is to plot the actusl values of Qa/alh/el

obtained at points a, b, ¢, d, and e on curve 1 (fig. 5(a)) against
the corresponding x, y, and z values of "gh/el/51 (curve 1,

fig. 5(b)). The procedure is repeated Ffor the other curves in

figure 5(a). Through the resulting family of curves (1, 2, 3, « . . ,
fig. 5(b)), lines X, Y, and Z, which correspond to constant values of
Qq/81A/61, are drawn. Then the velues of the sbscissa wgh/el/al
(x', ¥', and z') at the intersections of X, Y, and Z with the

curves 1, 2, . . . are noted. When the value of Pp/8;,/87 cor-
responding to the x' value of w A/Gl/ﬁl is determined from

curve 1 of figure 5(a) and is plotted as in figure 5(c), the point
thus determined on & curve represents the value of Qa/51”/91 equal

»
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to the X wvaluse of figure 5(b). Repesting the procedure with curve 2
(fig. 5(a)) and y' values of w,A/0¢/5; (fig. 5(b)) determines a

a 1791
second point on the curve in figure 5(c) having a value of
qa/alA/el = X. Thls procedure is repeated until the desired number

of curves, each for a constant value of Qa/Slh/el, are obtained
(£ig. 5(c)).

The experiments and procedures for determining'figure Slec) can
be repeated for other constant values of turbine speed N/A/67

untll 2 series of curves as shown in figure 6 i1s obtained.

Satisfactory evaluation of the effect of Qg/8y4/07 for all
conditions is expected 1f, for several fixed values of Qs/ﬁlﬂfai’
the previously described determinations are repeated for only the
highest and lowest values of XN/A/8; eand Q,/8,A/6;; the resulting
curves are shown in figure 7. The effect of Qg/5;A/0] at other
velues of these two parameters can probably be determined by inter-

polation of the curves shown in figures 6 and 7. Because variation
of the parsmeter stﬁln/el is related to changes In wg, adjust-

ment of stator coolent flow or coolent temperature is necessary in
order to keep the parsmeiter constant so as to obtain curves as shown
in figure 7 without a great amount of cross-plotting.

For the turbine with cooled stators, a possible means of elim-
inating the parameter Qs/slh/el from equation (37) is to substitute
8, and 6, for &; eand 6;, respectively. The total temperature
at the stator outlet, which is used to calculate 63, can be deter-
mined from equation (47). Inasmuch as calculating p‘g o upon which

2
&2 depends and measuring between the stators and the rotor are very
@ifficult, it would be desirable 1f &y could be used. As previ-

ously stated, heat pickup from the geses by the stators should ste-
bilize the stetor boundary layer and result In smaller losses In
totel pressure across the stators than 1f they were uncooled. Hence
es Qg 1is increased, the total-pressure drop across the stators is

expected to decrease. Because the drop is small in any case, the
effect of QS/Slmfel on the dependent and independent parameters

is probably negligible even if 3y 1s used. Substitution of &y

for €61 1in the parameters in figures S5 end 8 is therefore recom-

mended and as a result, e series of curves similar to those of fig-
ure 6 that will be applicable for any Qs/ﬁlAfel value 1s expected.
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This proposal remains unchecked until such time as investigations
of the type shown in figure 7 have been conducted.

The final parameter to be evaluated is p‘g,l/(T'g,l)n*l/z,
which replaces the Reynolds nuwber parameter Re in the equations.
Usuelly the Reynolds nunmber effect 1s small and, as in the inves-
tigations for determining the effect of Qg/8;A/6;, it is thought

that if investiggtions are conducted varying the paresmeter
p'g,l/(T's,l)n*l 2 for highest and lowest values of N/AG,
wgm/§i/51, and Qa/alh/el, the results can be interpolated to find

' ' n+l/2
the effect of p s,l/<T g,l) / on the net blade power at other

values of these three parameters. A set of curves determined by
the method Jjust described is shown in figure 8, where 62 1is used
on the supposition thet such usage eliminates the stator heat-loss
parameter from conslideration.

The shapes of curves that result from investigations are unknown
and the curves of figures 5 to 8 are merely representative of the
method described and have no relation to actual results. Although
experimental investigations have not yet been conducted by the NACA
or by other research groups (as far as is known), it is, however,
expected on the basgis of uncooled turbine data that for a glven
value of Qa/SlAJGZ such as X the curves of figure 6 may look like

those in figure 9.

For the experiments required to construct figures 5 to 8,
Pg - Pp 1is calculated using equation (15) and then Py 1is deter-

mined by adding the coolant pumping power Pp, as determined by
equation (23), to equation (15).

Shaft Power

Determination of the sources of large losses 1s necessary if
the shaft power is appreciasbly different from the blade power. The
more common losses that must be determined are the rotor-disk fric-
tion, bearing and gear, and miscellaneous losses, which have been
described.

Digk friction losses. - The motoring investigation method fully
described previocusly is recommended for determining the rotor-disk

82¢T



1328

NACA RM ESOELS 35

friction losses. The type of curve to draw after the losses are
determined can be deduced from equation (10), the theoretical egqua-
tion for these losses. From equation (10),

P = C (pgp.lznz.sepgp.ss) (49)
where
c constant
or
Prp___ _ o288 (50)
p 0-120.88 -
g g
Consequently if the motoring test values of PRF/th.lngp.BB are

plotted agsinst the turbine speed N on log-log coordinates, a
straight line should theoretically result. From the experimental
curve, the value of the constant can be obtasined as a check against
the theoretical constant in equation (42).

Rearing and gear losses. - The bearing and gear losses should
be obtained by both methods, heat to oil and motoring investigetions
previously discussed. The types of plot to maeke can be easily
inferred from the discussion of the paremeters affecting these losses
(that is, turbine speed, oil flow rate, and oil-inlet temperature).

Miscellaneous losses. - These losses depend on the accessories
being driven by the turbine and, inasmuch as the type and number
mey be different from setup to setup, the investigations required
or the representation of the losses in plots are therefore omitted.

Efficiency
The effect of the variocus performance parasmeters on the effi-
ciency (equation (37)) can be evaluated from the same data and in a
manner similar to that described for the evaluation of blade power.
Equation (34) is used to calculate the efficiency. Plots similar
t0 those of figures 5 to 9 are made with efficiency -as the dependent
paremeter involved instead of Pgp/8;4/05.
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Pressure Ratilo

In addition to the determination of blade power and efficlency
from investigations, evaluation of the effect of the pressure ratio
as shown by equation (38) on the performance psrameters is recom-
mended. The usefulness of this type of evaluatlon of pressure ratio
can be demonstrated in the calculations of engine thrust. The date
obtained for the determination of power and efficiency can be used
to evaluate the pressure ratio, the working plots and final plots
being similar to figures 5 to 9.

EVALUATION OF FACTORS IN FCORMULAS
Heat Loss from Combustion Gases

" The combustion gases passing over the stator and rotor blades
lose heat to the cooling air passing through these turbine parts.
The method of determining the heat loss to the rotor blades Qg 1is

fully discussed in referemce 1. The heat loss to the cooling sir
passing through the stators can be calculated from the simple
formula :

Qg = ¥a,5%,a8T's,s (51)
where
Va8 cooling-air flow rate through stators, (1b/sec)

AT'a g rise in total temperature of cooling air passing through
’” . stators, (°F)

Thus, measurements of the rise in total temperature and the flow
rate of the cooling air are reguired.

Enthalpy of Combustion Gases

In seversl equations, the enthalpy h'g,l based on total tem-
perature at the turbine inlet T‘g,l occurg. In order to evaluate

this factor, the fuel-air ratio and the hydrogen-carbon ratio of
the fuel must be known in sdditlon to the temperature. The method
of determining the enthalpy, when the velues of T'; 3, f/a, and

H/C are known, is given in reference 14.

82¢T
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The total enthalpy of the mixture of combustlion gases and
cooling air downstream of the turbine h'm,4 is determined in like

manner from the total temperature of the mixture T'm,é and from a
fuel-air ratio based on the retio of the weight flow rate of fuel

to the sum of the welght flow rates of combusiion gases and cooling
alr through the rotor; the hydrogen-carbon ratioc remains unchanged.

With the total temperature of the cooling air at the blade
inlet or wherever the air is introduced into the wheel known, the
total enthalpy of the cooling sir h?a can be determined by the
charts in reference 1l4.

Two other factors must be known: the idesl enthalpy change of
the combustion gases across the turbine Ash'g end the ideal
enthalpy change of the cooling &lr from the point of entrance to
the rotor to the point of mixing with the gases downstream of the
rotor Agh',. In sddition to the temperature, fuel-air ratio, and

hydrogen-carbon ratio required for determining the initial enthalpy
states, the total-pressure ratio across the turbine p'g l/p'm 4
> 3

must be known to evaluate Ash's; s8imilarly the pressure ratio
P'a,h/P'm,é must be known to evaluate Agh',.

Gas Propertles

The viscosity of the gases Hg surrounding the disk must be

known in determining the rotor-digk friction loss. In order to
determine the viscosity, the static temperature and the fuel-air
raetio of the gases around the disk and hydrogen-carbon ratio of

the fuel must be known. The error will be smell, however, if the
fuel-air ratlo of the gases passing scross the blades is used. The
viscosity of combustion gases can be found in reference 17 and
values of Rg are given in reference 5.

The terms € and & appearing in the formulas are what might
be called correlating factors. In both € and &, +the terms g

and 70 must be known. Values of 7g cen be determined from the

total temperature, fuel-air ratio, and hydrogen-csrbon ratlio at the
location in question or can be determined by using reference 18.
The standsrd ratio of specific heats (70 = 1.40) is for standard
seg-level air.
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The exponent n used in the term substituted for Reynolds
number appears in the expression by virtue of the proportionality
that exists between the wiscoslty of the combustion gases and the
gas temperature raised to the nth power. This exponent can be
determined from curves of viscosity of gases against temperature
for several fuel-air ratios, which in the working range of tempera-
tures (from 2000° to 3000° R) can be closely approximated by par-
allel straight lines having a common slope of about 0.65. A wvalue
for m of about 0.65 1s therefore recommended for use in the
expression replacing the Reynolds number.

Pressures and Temperastures of Gases surrounding Rotor

The density of the gases surrounding the disk surfaces appear
as a parameter in the plots of disk-friction power loss agalnst
rotationsl speed. If the rotor-disk friction losses, presumably
obtalned by investigations, are required for turbine operating con-
ditions other then those maintalned for the investigations, some
means must be provided for computing the density. This computation
necessitates setting up reletliomns sc that the static temperetures
end pressures In the reglon of the disk can be determined from
other operating condltions, possibly the conditions of the gases
upstream and downstream of the turbine. These relations probebly
differ for each turbine and consequently no general formula can be
cited. An attempt should be mede to establish empirilcel reletions
between the ges conditions at the upstream face of the disk with
those of the gases upstream of the turbine. In like msnner, rela-
tions should also be established, if possible, between the gas
conditions at the downstream face of the disk with those of the gas
flow downstream of the turbine.

SUMMARIZING DISCUSSION

For the uncooled turbine, genersl plots of turbine performance
have been developed that incorporate such variables as power, pres-
sure ratio, efficiency, and so forth in a single performance map.
Each such general plot has & particular significance. For example,
when matching of compressor and turbine is regquired, reference 19
gives recommended plots. Another exemple is illustrated in refer-
ence 4.

Until cooled turbine-performence deta are obtained and plotted
in some menner similar to that lllustrated in figures 5 to 8, from
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which curve shapes can be established, visualizing a generalized
plot that represents all the performance characteristics of a

cooled turbine 1s difficult. Because of the many parameters, which
on the besis of snalysis appear to effect the performance, construc-
tion of a single plot showing all the effects on every character-
istic mey be either impossible or evern undesirable. Nevertheless,
adaptation of uncooled turbine-performance plotting schemes to the
gnalysis of cooled turbines for reasons of consistency, convenience,
and correlation is recommended. .

In addition to the general plots, each investlgator may find
it useful to construct additlional plots that give Information of a
specific nature. No attempt has been made herein to anticipate the
nature of such specific plots. A useful basic set of curves con-
sists of the maximum net power (the gross power minus the pumping
losses) and the power required for compressing the cooling air to
the pressure required et the point of entrance in the turbine wheel
plotted against coolant flow rate for several fixed sets of turbine
conditions. Meximm net power represents the case for which blade
temperatures are at the allowable limiting wvalues. Such performence
curves require the use of practicelly all the characteristic curves
established from data and described in references 1 end 2.

Lewls Flight Propulsion Leboratory,
National Advisory Committee for Aeronautics,
Clevelend, Ohio.
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SYMBOLS

The followling symbols are used in this report:

cross-sactional eres, sq ft

speed of sound, ft/sec

length of blade (span), ft

constant

rotor-tip clearance, ft

specific heat at constent pressure, Btu/(1b)(°F)
characteristic dimensions of turbine, ft; dlameter, ft
mechanical energy, Btu/lb

unknown function (Superscripts differentiate unknown functioms.) -
fuel-air ratio

slip factor

ratio of absolute to gravitational unit of mass, 1b/slug;
acceleration due to gravity, £t/sec

hydrogen-carbon ratio
enthalpy, Btu/lb
enthalpy based on total temperature, Btu/lb

enthalpy based on total temperature relative to moving
blades, Btu/lb -

mechenical equivalent of heat, 778.3 f£t-1b/Btu
constant

speed of rotation, rpm
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IIll

TH

(=)

a %

~

exponent
power, hp
static pressure, 1b/sq £t sbsolute

total pressure, 1lb/sq £t absolute

total pressure relative to moving blades, 1lb/sq ft absolute

heat flow rate, Btu/sec

gas constant, £t-1b/(1b)(°F)

Reynolds nunmber

radius, £t

stetic temperature, °r

total temperature, °r

total temperature relative to moving blades,
tangential velocity, £t/sec

ebsolute velocity, f£t/sec

velocity relative to moving blades, f£t/sec
weight flow rate, 1b/sec

angle of absolute velocity (fig. 4), deg
angle of relative velocity, deg

ratio of specific heats

prefix to indicate change

pressure correction ratio, 7p'/?0p0

efficiency

temperature correction rstio, 7T'/70To

g
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n absolute viscosity,: sluge/(sec)(ft) .
p mess density, slugs/cu ft
o! mess density based on total conditions, slugs/cu £t Eé
c thickness coefficient (unity for reaction turbines) >
o) angular velocity, radians/sec
Subscripta;
a cooling air
ed adiabatic
aL, cooling-alr losses
ax exial
B blade
BE bearing and gear losses
BL rotor-blade loss )
g combustion gas -
h station at blade root
id ideal
L lubricant (oil)
M miscellaneous losses
m mixture (referring to mixing of combustion‘ gases and cooling
air)
0 NACA sea-level air
P pumping power from blade root to tip when used with P
PR pumping power from center line of engine to blade root when -
used with P '
R rotor : "
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2 2 g

H

=

rotor-disk friction loss
stator
stator loss

igentropic process
sheft

station at blade tip
rotor-tip leakage loss
tangentisl component

radial distance from blade root to point on blade span con-
sldered, ft

Stations through turbine

1

2

5

A,A00)
B,B'
D,D!
31

4!

5t

stator inlet
stator ocutlet or rotor-blade inlet
rotor-blade outlet

downstream of turbine where complete mixing of combustion
gases and cooling air occurs

Jet-nozzle ocutlet

State points on tempersture-entropy disgram

—

The quentities related to absolute totel conditions are designated
by a prime. The quantities releted to relative total conditions
are designated by a double prime.
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Figure 6. - Variation of corrected blade power with
corrected combustlon-gas weight flow for several
corrected heat additions to cooling air and three n+1/2

. mt '
corrected turbine speeds. Qg/0,/8,, O; Pg,l/(Tg,l)

2
constant; and p’8 1 constant.
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Figure 7. - Veriation of corrected blade power with corrected combustion-ges
welght flow for two values of corrected heat addition to cooling air, two

values of corrected turbine speed, and several values of corrected heat
addition to stators. )
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Figure 8. - Variation of corrected blede power with Reynolds
number parameter for several values of corrected turbine speed,
corrected combustion-gas weight flow, and corrected heat
addition to cooling air.
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wﬁ/ 5,

Figure 9. - Variation of corrected blade power with
corrected combustion-gas weight flow for three corrected
turbine speeds at constant corrected heat addition to
cooling air.
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