. &

L irciao il

COFY NO. b

A*.. s

RESEARCH MEMORANDUM

CLASSIFIC* T:0M CANCFLLED

Authurity % --

ANALYTICAL INVESTIGATION OF EFFECT OF WATER-COOLED

G B

(F-548 . Se 2R
Qs

RE 1§

2
2
~h
-
:

=
a3
(=]

08D

(O

NATI

L

TURBINE BLADES ON PERFORMANCE OF

=1

B 3-

TURBINE -PROPELLER POWER PLANTS
By William D. Bowman

~ Flight Propulsion Research Laboratory

ONAL ADVISORY COMMITTEE
FOR AERONAUTICS

RM No. ES8E10
P s it
ot ASSIFIED!]

v oie i i rmlmi mrn i

Cleveland, Ohio

/TECHNICAL
EDITING
WAIVED

WASHINGTON
August 16, 1948

MEMORIAL AERONAUTICAL
LABGRA"'.ORY
Lasgley Field, ¥



" Y

esmromm UNCLASSIFIED

NACA RM No. ESELO

RATIONAT, ADVISORY COMMITTEE FOR .AERONAIITICS

ISRARCR MORATOUS N

3 1176 01435 5250

ANALYTTCAL INVESTIGATION OF EFFECT OF WATER-COOLED
TURBINE ELADES ON PERFORMANCE OF
TURBINE-PRCPELLER POWER PLANTS

By Williem D. Bowmen

SUMMARY

The results of previous NACA investigations on the heat-trensfer
processes of llquld-cooled burbine blades are appllied to an amalysls of
the performence of a series of six turbine-propelier power plants, each
having & miltistage bturbine equipped with water-cooled 'bla.d.es, and
deglgned f or meximum turbins-inle’b temperatures O 2000 2500 3000 »
35 4000°, erd 4500° R, respectively. Of greatest interest is the
case where contimous operation at turbine-inlet temperatures of 3500°
o 4500° R is atteined through liquid cooling of the turbine blades
by circulating weter through cooling passages wlthin the bladese.

Methods are developed for computing the power losses i ncurred
by the cooling process, namely: +the direct heat loes to the cooling
fluid, the pumping power required to circulate the coollng water through
the turblne bleding and plumbing system, and that pexrt of the turbine~-
coolant heat-exchanger aerodymamic drag | oss caused by friction- and
momentum~pressure loss due to heating of t he cooling alr flowing through
t he turbine-cool ant heat-exchanger core. The rel ati on between optimum-
power pressure ratio and engi ne temperature ratio derived in this
report is used to esteblish the proper pressure ratio for each turbine-
inlet gas tenperature.

The results O the analysis showed that, with pressure ratios
appropriate for the turbine-inlet temperature, the high-turbine-~inlet-
temperature operation possible through liquid cooling gave equival ent
shaft specific power outputs that increased fronl64.6 %o 775 horse=-
power per pound per second of conpressor air flow as the turbine-inlet
temperature was lncreased from 20000 to 4500° R. Over the same tem-
perature interval, t he equivalent ghaft thermel efficlency increased
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from 43 to 52 percent and the equi val ent sbaft specific fuel con=
sumption decreased from C.314 to 0.264 pound per brake horsepoweors=
hour. The specific welght, based on the see-level take~off horse-
power, decreased from 0.8084 to 00,5386 pound per brake horsepower
over the same turbine-inlet-temperature range. Although the specific
output increased almost linsarly with the turbine-inlet temperature,
there was little gain in efficlency or specific fuel consumption above
a turbine-inlet temperature of 3500° R. Increase in speed or alti-
tude slightly improved efficilency, specific fuel consumption, and
specific oufpuf, ‘but the specific wei ghf increased steedily with
altitude and almost doubled its sea~lovel take-off value at 35,000 feet.

From t he results of the enelyelis it is concluded that:

le The Improvements in gas-turbine performence galned by oper-
ating at the hi gh turbine-inlet temperatures permiesible with |iquid
cooling are not vitlated by the | osses incurred by the cooling processe

2¢ Full utilizetion of t he high operetional turbine-inmlet tem-
peretures made possible by |iquid cooling demends an increase in coms
presgor and turbine pressure ratios from the present range of 4 to 8
to a range from 30 to 40,

3. The required turbine-cool ant heat-exchanger capacity and site
per vnit horsepower for the liguid-cooled turbine engine is approximately
20 percent of that of a liguid-cooled reciprocating engine (f the
same out put .

4. Successful application of liquid cooling to the blading of
aas turbi nes will permit high-temperature turbi ne bl ades, wheels, end
ot her partes exposed to the combustion process amd products to be con-
struct ed entirely from alloy steels such as SAE nickel, chrom um
molybdemum, chrome~nickel and chrome-molybdenum seri es.

INTRODUCTION

The contemporary combustion-gas-turbine power pl ant operates on
t he Brayton cycle; Slight d&epartures from the ideal efficiency O the
cycle are caused by imperfections in the thermodynamic processes. At
4 given pressure ratio, the specific power output is directly propor-
tional tc the turbine-inlet tenperature; the ideal cycle efficiency,
however, 1s a unique function O the compressor pressure ratio (refer-
ence 1), which must be increased with the turbine-inlet tenperature
to gain the meximam increase in power output and efficiency made pos-
sible by operation at el evated temperatures. Acconpanying the increases
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in specific power output end efficlency resulting from operation at
elevated temperatures, and their properly assoclated pressure ratlos,
are reductlions in the specific fuel consumption, specific weight, and
the t hrust epecific frontal area of the englne.

At ‘the present stege of gas-turbine development, the turbine-
inlet gas temperature is limited to spproximetely 2000° R by the
neceeslty of keepi ng the components of the engine exposed to the
combustion process end products at temperatures low enough to insure
mechenicel rellability. Although the allowable operating temperature
mey be Increased by air cooling, reference 2 indilcates that contine
uous operation at 2700° R is apparently the ultimate that can be
obtained with air cooling.

For severel years a theoretical study of the ligquld cooling of
turbine blades has been in process at the NACA Cleveland laboratory
as a meang of circumventing the meterials llmitation and thereby pro-
viding practical and continuous operation at the highest constente
pressure combustlon temperatures possi bl e with commercial |iquid
fuels. The analytical Investigatlons of references 3 and 4 show
that very effectivecooling of turbine blades can be obtained by
circulating water through cooling pessages of cilrcular cross section
within the blades Such cooling will permt conti nuous operation at
the gas temperatures (3600° to 4000° F) cbtainable with stoichiometric
m xtures, with the simlteneous aspurancet hat average blede-metel tem-
peratures willl be kept within safe limite for alloy sbeels such as
SAE ni ckel, chromium, molybdemm, chrome-nickel, chrome-molybdenum
series, and possibly certain high-conductivity materials such as alu-
minum,.

Although the applicatlon of llguid coollng %o gas turbines offers
+the posslbllity of improved performence, it incurs additional |osses
that mugt be sustained by the power plant. Consequently, any study
of the high-tempereture performencs of the gas-turblne power plant,
which agsumes such operation to be obtained through liguid cooling,
must include a study of the following losses:

(1) The direct heat |oss to the cool i ng fiuid

(2) The pumpling power required to clrcwlate the cool ant

(3) The merodynamic drag of the turbine-coolant heat-exchenger core
Meothods for compubting these | osses are developed herein and are

uged to eveluate the performanc8 O six multistage liguid-ccoled ‘turbine-
propeller power plants designed for operation at combustion-gas temperatures



4 NACA RM No. ESE1O

of 2000°, 2500°, 3000°, 3500°, 4000°, and 4500° R, respectively. Yor
each engine, t he maximme-power pressure ratio for operation at a flight
speed of 600 miles per hour and an altitude of 35,000 feet (fig. 1)is
selected and is computed from the relation between compressor pressure
ratio and engi ne temperature ratio developed in appenmdix A, This
range of pressure retilos extends from 1l at a turbine-inlet tempera-
ture of 20000 R to 42 at a temperature of 4500° R. In order to sim
plify comparison and facilitate the cal cul ati on of performance at
flight conditions ot her than those for which the compressoxr pres-

sure ratio is selected, it is assumed that the compressor element

in all the engines is designed for the sane rated air flow and oper=
ated at constant nondimensional speed and constant nondimensional
woight-flow paremeters. These assumptions i nsure operation at con-
stant efficiency and constant pressure ratio for each engine over the
entire range of flight conditions covered, and a sensibly constent
physical diameter for &1 of them By conbining the equation of cone
timuity with the expression found herein that defines the relation

bet ween conpressor pressure rati o and engine temperature ratio, it

is easily shown that the required cross-sectional flow aree of the
turblne decreases slowly as the turbine-inlet temperature is increased.
Physically, for optimm powexr, the ratio of the design turbine-inlet
pressures increases faster than the ratio of the design inlet tem
peratures and the increase i n specific volume of the conbustion gas
asgociated With the increase i N turbine-inlet temperature s more

t han compensated for by the effect f increasing turbine-inlet pres-
sure i n decreasing the specific volume. For the wveriation of com~
pressor pressure ratio with turbine-inlet temperature used in this
report, the assumption thet the engi ne dilameter does not change with
the turbine-inlet tenperature therefore leads tc a conservative value
of the weight egtimate. In oxrder to facilitate further the preperation
of a weight estimate, the analysis is based on a representative axisl-
flow jet-propul sion engine having a sea-level static air f£low of

55 poundls per second. \\here necessery, the data on the engine are
supplemented by date taken from t he catelogs of menmufacturers of

ai rcraft power-plant components and accessories. In order to insure
uniformity i n comparison of the results, the fundsmental egquations

for polytroplc processes are used i n compubing compressor axd turbine
wor k because avail abl e speci al gag=-turbine cycle-analysie methods do
not cover ‘the range of cycle temperatures and pressure ratios used

in this reporte.

It is assumed that the conbustion chanber is |lined with ceramic
meterialg that wWill require no cooling, and there is anple reason to
assume t hat ancillary heat | 0sses can be reduced to a negligible min-

imm. The analysis therefore assumes that the US8 O cooling extends
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only to +the turbine blades. The large pressure ratlos assoclated
with the conbustion tempersturesinsure that in ell caseemost of
the thermal ensergy is extracted in the turbines and the exhauste

ges temperature is not high enough to warrant cooling of the tail

plpe.

For each engine,calculations are mede for five flight speeds
i ncreasi ng in 100-mile-per-hour increments from 200 to 600 miles
per hour at each of five altitudes in & range extending from sea
Jevel to 35,000 feet.

The results of the calculations exre presented as graphs of
breke specific fuel consumption, net eguivalent shaft horsepower,
engine shaft thermel efflclency, speciflc welght, and the variation
O the specific power losses. In every lnstence the specific per-
formance variabl es are based on the power that the engine delivers
to its propulsion elements because it is desired to evaluate only
the effect of cooling on the brake power output of the englne. The
gpeclflic-power-loss parameters, however, are based On the fuel horse-
power because they are functions of the fuel horsepower and rotative
speed of the engline rather than of its net output.

Finally the wark of the report is applied exclusively to con-
sideration of the turbine-propeller power plant because previous
performence analyses of the various gas-turbine propul si on systems
conbi ned with recent improvements i n propel |l er design indicatet hat
it is this combination which, with the high pressure retlos required
for highe-temperatureoperation, will glve the best over-all per-
formence in the speed ranges considered.

SYMBOLS
The followlng symbols and ebbreviatlions are used. in the report:

C di mensi onl ess coefficient in heat-trensfer equation

s specific heat at constant pressure, Btu per pound per °F

D characteristic linear dimension of engine, feet

d internal diameter of engine shell casting, inches

f speci fi ¢ fuel consunpti on, pounds per brake horsepower-hour

G engine eair mess veloclty, pounds per second per square f oot
of cross-sectional areaof flow
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acceleration due to gravity, 32.2 feet per second per second
enthalpy, Btu per pound

heat-trensfer coefficient, Btu per hour per square foot per °F
speci fi c power, horsepower per pound of fluid

exhaust-nozzl e coefficient

thermal conductivity of cambustion gas, Btu per hour per
foot per OF

l ength of engine shell, inches

wei ght flow of £luid, pounds per second

rotational speed, rpm

pol yt r opi ¢ exponent

total pressure, pounds per square foot

static pressure, pounds per square foot

t ur bi ne heat-rejection rate to cool ant, Btu per hour
gas constant, foot-pounds per pound per °F

redial length from rotation axis to extremity of cooling
passage, feet

heat-tranafer area per turbine stage, square feet
total temperature, °R
corrected total tenperature, °R

stati c temperature, °r

veloclty, feet per second

Instal l ed wei ght of power plant, pounds

welight of engine component, pounds

g1l
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X instaelled welght of engine, pounds
X lineaxr distance, feet
zZ number of turbine stages
1A constant factor i n exponent
Y rati o of specific heats
A increment
8 thicknesa of egulvalent steel engi ne shell, i nches
efficlency
i viscosity of combustion gas, pounds per second per square foot
p density, slugs per cubic foot for fluids or pounds per ocubic
foot for netals
altitude densliy ratlo, (p/p,)
nerimeter, feet
Q angular veloocity, radiams per second
f/a fuel-air ratio, pounds of fuel per pound of air
hp power, horsepower
Subscri pts:
A altitude
8 air
b bl ade
C coolant pessage
C compressor

corr corrected

e

engi ne shel
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friction due to resistance to fluid flow in bl ade cooling passage
fuel

gas

t ur bi ne-cool ant heat exchanger

met al -t o- cool ant inside blade cooling pessage
Jet

liquid cooled

coolant

mechanical

gas-to-blade .on outside of bl ade

propel | er

coolant pumping or coolant pump

propel I er reduction gear

shaft (used with n to denote shaft thermal efficiency)
gea | eve

steel

t ur bi ne

uncooled

point on turbine expansion-path |ength

base val ues

general vélues

free stream

compressgor inlet or front face of turbine-ooolant heat-
exchanger core
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2 compressor outl et

2, h downstream or outlet face of turbine-cool ant heat-exchanger
core

3 turbine Inlet

3, h turbine-cool ant heat-exchanger duct outlet

4 turbine outlet

5 exhaust-nozzle outl et

6 poi nt on rotation axis of turbine
7 extremty of cooling passage

net used with hp to denote net equival ent shaft horsepower of power plant

The location at' the stations is shown in figures 2 and 5.

ANALYSIS

The anal ysis of the performance of a water-cool ed turbine-propeller
engi ne assunes an engi ne having essentially the compoments and arrange-
ment shown in figure 2. Except for the provision for handling the
cooling fluid, t he arrangement fol | ows conventional practice; the tem=-
perature-~-entropy and the pressure-volune diagrams for the cycle are shown
in figure 3. Cooling water enters the turbine wheel fromthe turbine
shaft and is circulated through U-shaped passages in each blade of t he
turbine. The water 1s returmed through the turbine shaft to a ducted
t urbi ne-cool ant heat exchanger, which is exposed in the air stream
and after cooling is recirculated through the system.

The performance analysis will be devel oped in the foll ow ng
order:

(1) Derivation of the equations for over-all power-plant per-
formance

(2) Formulatlom of the equations for power |osses due to liquid
cooling

(3) Calculation of the installed. weight of the power plant

(4) Diacussion of the cycle tenperatures and pressures
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Over-all Power - Pl ant Performance

Net propul sive horsepower of power plant. - The net equivalent
shaft horsepower delivered by the |1 quid-cooled turbine-propeller power

plant to its propul sion elements is defined as the difference between

t he power developed in the turbine and the jet, and the sumof the
power absorbed by the conpressor, lost to the cooling fluid, used to
circulate the cooling fluid through the turbine blading and plumbing
system and that |ost to the aerodynamic drag of the turbine-cool ant
heat - exchanger core. Auxiliary drag increnents induced by the turbine-
cool ant heat -exchanger installation are neglected. |f the net equiv-

al ent shaft horsepower 1is hp

net

= h - R - h
D Pt Pc D

net (1)

-hp + hp - hp
D J

2 h

The sum of the f iret four terms on the right-hand ai de of egua=
tion (1) represents the shaft horsepower delivered by the engine to
the propeller. The two terms hp, and hp, axre the power lost to

t he cooling fluld by heat conduction thro the turbine blades and

t he power expended in the coolant clrculating process, respectively.
The term hph represents that part of the aerodynamic drag of the
turbine~coolent heat-exchanger installatiom due to friction and momentum
pressure | osses arising from heating of the cooling air in the heat-
exchanger core. In gemeral, the cal cul ati ons show that a net thrust
i s obtained from the turbine-cool ant heat-exchanger core in t he speed
ranges of primary interest, but because the drag effect of t he heat~
exchenger duct is neglected, t he thrust or éreg effect of the turbine-
cool ant heat-exchanger core is treated in the section of the report
dealing with losses.

Cal cul ation of the power developed in the turbine presupposes a
pol ytropi 0 expansion process using a polytroplc exponent cal cul ated
froman average value of the ratio of specific heats of the combustion
gas on the basis of an assumed adlabatic stage efficiency. The val ue
of the specific-heat ratio is arbitrarily selected so that the com=
bination of values for the specific-~heat rati o and t he polytroplc
exponent give turbine-wrk values that are in cl ose agreement with
t hose obtained from constant-volume alinement - chart celculations.

By trial-snd-error methods the necessary value of vy Was found to

be 1.22. On this basis the power devel oped in the turbine 1s&
ng-1

_ Mo g e s Pg\ | M £
By = oo D 1-(32) s () 2)
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The characteristlc gas constant R in equation (2) is evalu-

ated at the arithnmetic mean of the turbine-inlet and ideal turbine-
exhaust gas total tenperatures by the nethods and data of reference 5,

It is adnmitted that the methods used to cal cul ate the turbine
power 'do not precisely represent the campllcated thernodynani c process
that occurs in the liquid-cooled turbine. The methods used in this
report are suffiocliently accurate, how ever, for engineering calculations,
because their end result agrees with that ef an accurate stage-by-stage
calculation within 5 percent.

Sinmilar considerations govern the cal cul ation of the power absorbed
by the conpressor except that the polytropic exponent is cal cul ated
from average values of the ratio ef specific heats for the compresslon
process from the data of reference 6. The compressor power is

-1

'YRT Ma.
hp°="1mc ( "t s )

After the gases leave the |ast stage of the turbine, they are
expanded through the exhaust nozzle with an exit velocity

t

%
_ 4corr {-0 4
v, =X _T‘T't_i_l)_ 1 (_L) (4)

The ratio of specific heats for the turbine expansion process nmay be
used here because the exhaust-nozzle pressure ratios used in this
report areso | ow that celeulations show that no error results. The
t hrust horsepower of the jet is

Y M
bp, = 9 & | (1 + E)v - v (5)
3T T 70011I a/ d 0

By the postulation that the compressor is run at a constant
nondimensional speed, the campressor-alr welght f| ow Ma. is & func=-

tion of the state of the air at the compressor inlet and will vary
with the flight speed and altitude of the airplane.,If N is the
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desi gn speed at which the compressor delivers its rated sea-|evel
performence,reference 7 shows that if for allother inlet condltions
it is run ata constant nondimensional speed

o
ND all
N 21

i ts nondimensional weight flow

%

gb? PPy,

i s congtent for all inlet oonditiona. Evaluation of the nondimensional
wei ght - f| ow paraneter for the design conditions atwhich the compressor
delivers its design flow pernits caloulation of the weight flow atother
conpressor-inlet conditiona.

Calculation of the power outputs and power |osses 1s baaed on
data for a representative jet-propul sion engine, suppl enented by
informetion gat hered from the catalogs of the menufacturers of air
craft power-pl ant components and accessories. In this instance,
specific rel ati ons areprobably of greater significance than absol ute
magnitudes, and the results are presented in the form of the followlng
speci fi ¢ performance parameters.

Speci fic power output. = The specific parer output is defined as

hpnet

&

Specific fuel consumption. -~ The specific fuel comsumption f 1s
t he same as that used in rating reciprocating engines, namely pounds of
fuel per brake horsepower-hour.

Specific weight. - The specific welght is defined as

W
bp net

11



LS

’

NACA RM No. ESE1O 13

Power - pl ant brake thermsl efficlency. - The brake thermal effi-
ciency of the power plant is defined as

bhp
L net
hpf

Specific heat | 0ss. - The specific heat |lose is defined 88

h
2
hpf
Specific pumping power. - The specific pumping power 1s defi ned

as

bp
h
Pe

Power Lasses

Direct heat | oss to coolant. - For & urbi ne bl ade with cooling
passages extending al nost the entire length of the blade, reference 3
shows that the difference between the combustion-gas temperature and
t he average bl ade tenperature is approxinately

g~ T.b =C ('l‘8 - TI) (s)

Here Tg, T,, Ty are the wvalues of the free-stream total tempera-

ture of the conbustion gas, the average bl ade- net al temperature, and
the average tenperature of the coolant flow ng in the bl ade passage,
respectively. The factor C is a nondi mensi onal constant whose val ue
depends on the liquid-to-netal and the gas-to-metal heat-transfer coef-
ficients, @d the right-section perimeters of the coolant passage and
turbine bl ade.

Equation (6) gives the tenperature difference between gas stream
and turbine blade at any point along the expansion path through a
mul ti stage turbine, but as the gas expands through the turbine both
tenperature and pressure decrease. Accurate determination of the heat
| oss therefore requires knowledge of the variation of gas tenperature
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wi th turbi ne expansion-path | ength. A preoi ee caleculation 0of the

heat | ose requires a step=-by-step rotor-to-et&r calculation through

t he turbine because of the disocontinuous variation in tenperature dif=-
ference occcasioned by the abrupt changes in relative gas velocity

bet ween turbi ne bl ades and nozzle bl ades. Al though the process is

not difficult, It is a tedious one; the nethod presented herein permits
a rapi d computation of the heat loas, yet givea results that vary no
more than 5 percent from those of the nore preoiee nethod.

Bach stage of the turbine consists of arow of rotor blades and
a row of stator bl ades. The cross sections of statorand rotor bl ades
are usually simllar and for analytical purposes they will be assumed
to be the same; whereupon it follows that the length of the expansion
path per stage 1a approximtely equal to the perinmeter of one bl ade.

Unpublished data indicate that turbine-gtage pressure ratios of
5 are possible without serious losses in efficlency, a value that will
not be exceeded in the work of this report. The over-all pressure
ratio of the turbine i1s P /P and therefore the nini mum nunber of
st ages required 1is P

l°310 7,
— (7)

Z - —
°9

In general, Z as determined by equation (7) will be an irrationsal
nunber; noreover, conaideratiomes of design and performance will exert
addi ti onal influence onethe final cholce of the nunber of stages and
the division of power anmbng them |n approximating the heat |o0ss,
however, two stages are assumedfor the over-all pressure-ratio range
o< PS/P <16, three stages are assuned in the range 16 <P3/P4< 50,

and the turbine-stage pressurs ratio is taken as A /Ps/r4.
At eny point x al ong the expansion path through the turbine,

the tenperature of the combustion gas i s

T =T, 5 (8)

971
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Both the over-all pressure ratio amd the stage pressure ratio for

t he turbine are known; hence, by taking values of Px at the Jjunction
of adjacent stages, a graph of gas temperature plotted agai nst turbine
expansi on- path | engt h may beconstructed, The approxi nate curve thus
obtai ned, together with the actual curve for a six-stage turbine, are
shown in figure 4. The approximating curve is exponential In form
and can be deseribed by an emplricel equation of the form

T sTer (9)

Know edge of the pressure and tenperature at any point on the curve
mekes possible the evaluation of «. Substitution of the equivalent
of T_ 1in equation (6) gives for the tenperature difference at any
point&through the turbine

u -
To-T, =0 (‘I‘se TZ) (10)

At any point along the turbine, the heat less to the cool ant
is

S
dQ o ox
& = Oy g2 (Tse - Tz) (11)

where S A is the total heat-transfer area per unit length of
turbi ne expansion-path | ength, and ho is the gag-to-blade heat-
transfer coefficient, From reference 3 it can be shown that

C"_'ET (12)
1+ 32
5V

where ho amd hy are the gas-to-blade and netal -to-cool ant heat-

transfer coefficlents, respectively, whioh are cocmputed fromthe
met hods and data of reference 8, and W C and ‘-If.b are the right-

section perimeters of the coocling passage amd of the turbine blade,
respectively. For a fixed gas fl ow and turbine-inlet gas tenperature,
the right-hand menber of equation {(12) changes only slightly and C
maybe evaluated at the turbine inlet and considered constant for a
given se% of operating conditions.



16 NACA RM No. ESE10

The basic value of the heat-transfer coefficlent h, is obtained
from data given in reference 4. |n reference 8 (p. 221, fig. 111),
from which the data for the ealeulation of hy, are taken, it is shown
that in the range of gas-flow Reynol ds numbers used in turbine cooling
the rel ati on between h,, u, G and k is accurately given by

B, ® k (g)o. ° (13)

Know edge of h, at one set of turbine-inlet and weight-flow con~
ditlona pernits its conputation at any other set of comditions by
ratio and proportion. For a given engine-air weight flow and turbine-
inlet tenperature, ho also varies only slightly through the turbine
and neglecting variation along the flow path in b and C, the heat

loss fromthe turbine to its coolant is given by the integral of equa-
tion (11) over the length of the turbine expansion path and is

2%,

5 ax
bp, = — R . 118 oy 0 ('l‘se -Tz)d.x

8 (33 O
1.98 X 100 1.98 X 10 Vy Y%
778 S, | Ty, aB¥y
-l (2o 7o) -y, (14)
1.98 X 10 b |a

Coolant-pumping power | 0ss. - Experiments by FSttinger (refer-

ence 9) on the resistance to fluid flowin U shaped channels rotating
at high angul ar velocities show that in many instances the resistance
to suoh flow may be several hundred tinmes that conputed by conventiona
fluid-flow fornulas and methods. No rigorous treatment of this phe-
nomenon has yet been devel oped and t he power required to punp the

cool ant through the rotating blede passage will be approximated 'from
energy considerations by treating the blade passage as a hydraulic
pump With an efficiency of np.

A sketch of the cooling systemis shown in figure 5. The coolant
enters the blade at its base in the rimof the wheel, travels around
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the passage in the direction indicated by the arrows, and returns
t0 the wheel. The coolant enters the wheel at the axis of rotation
and is therefore, in effect, punped from the center ofthe wheel
(station 8) to the extrenity of the bilade passage. At the axis of
the wheel the translational wveloelty of the fluid in the passage
due to rotation of the wheel Vs is equal to zero. At the outer

extremty of the cooling passage, this veloelty is Vo which is

equal to Qr7 (where €2 is the angular velocity of rotation of the
wheel and r, the radial length fromthe axis of the wheel to the

extremty of the blade passage), If Mz is the rate of flow of

the cool ant through the wheel, the power requiredto punp the ecool-
ant from the axis of rotation to the extremity of the passage is

M
1
J6-7 = 5503(01'777 -Qrsvs) (15)
If there were no |osses, the system would be a conservative one
ard the power that would be returned to the wheel by the fluid in
flowi ng from the extrenity of the passage to the rotation axis would
be given by equation (15). Losses, however, render the system imper-
feot and, if the pumping process is assumed to be carried out with
an efficlency of n_, the power available at the extremity of the

coolant paseage 1s

n J

- -0
0 %7 =M 5508( 7oTs) (16)

The power returned to the wheel in the return-flow process is

J7-6 = TFI;JS-7 'q 550 (ﬂrv -Qr V‘a) (17)

and the net punping power is
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Id
1 2
J6_7 - J7-6 = m(0r7v7 -Qrsvs) (1 - Tlp) (18)

Tothis power nust be added hpF, the power required to overcome the

fluid frictional resistance i n t he coolant passages of the atator

bl ades. Methods for the caleulation of thi S fluid-friction power | 0SS
can De found | N reference 10. The pumping power required to circulate

t he oool ant through the heat-exohanger core is computed from information
from the Harrison Radiator Corporation, amd the punping power expended
in the heat-exchanger plunmbing isarbitrarily taken as one-half the
heat-exchanger punpi ng power. As conputed, these | osses are negligible,
and assessing their sumat 1 percent of the twrbine punping power is
more t han sufficient. The total punping power is then

hpp = 1.01Z (J’ﬁ__7- §__ 6 + hjpl) (19)

In estimating the cooclant pwmping power for the turbine, con-
sideration has been limted to the blade cooling passage proper. In
practice, the rotor will probably be hollowwith the cooling water
occupying t he chamber thus fornmed and passing from it to the bl ade
passage. Any friction loss in such a chanber woul d be that between
contiguous el enents of fluid and would be very small; this lossis therefore

neglected.

Turbine-coolant heat-exchanger-core drag | 0Ss. - Turbine-coolant
heat - exohanger-core drag estinates are based on the premise that the
heat exchanger is wel| ducted and egquipped with a variabl e-area exit
t hat mainteins a comatant coolant-exit tenperature by varying the
wei ght flow of oooling air through the heat exchanger. Thia type
of heat-exchanger Installation gives the minimwm pressure drop across
t he heat-exchanger core amd therefore the | east core drag or maxi-
mum core thrust under all operational conditions. A pressurized
system 1igassuned, calculations are based on cool ant entering the
heat exchanger at a tenperature of 250° F, and a heat-exchanger-core
area sufficient to provide adequate oooling for sea-level operation
at a flight speed of 200 niles per hour is selected.

A sketoh of the heat-exchanger element of t he o0o0oling system
is shown in figure 5. Air at station 0 in the free stream ofthe
at mosphere is diffused in the intake duet as static pressure at the
Pface of the heat-exchanger core; perfect recovery of the dynamic
pressure of the free streamis agsumed. |t can be assunmed with
negligible error that the heat-rejection rate of the eoolant to the
turbine~coolant heat exchanger equals that of the engime to the

-
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cool ant and the required turbine-coolant heat - exchanger air £lew and
associ at ed heat - exchanger-m pressure drop may be read off perform-
ance charts of Beat-exchanger bl ook tests (information from Harrison
Radi ator Corp.).

The process in the exit sectlon of the turbine-cool ant heat-
exchanger duet is treated in the same way as the process in the
engi ne exhaust nozzle amd use of equations (4) and (5), with appro-
priate values for v and T (reference 8}, amd f/a set equal
to 0, gives the exit velocity of the cooling air from the turbine-
coolant heat exchanger and Its thrust or drag horsepover.

Engi ne- Wi ght Anal ysi s

In order to obtath a substantially correct value of the installed
wei ght of the |iquid-cooled turbine-propeller engine, the weight esti-
mate i s based on a representative production axial-flow jet-propulsion
engi ne and a oonposite sel ection of physieal di mensions and air-capacity
data on several simlar engines that have attained operational success.
The size and ocapaclty of starters, punps, and auxiliaries in this type
of power plant are primarily functions of engine size rather than
engi ne output and any increase in the diameter of the |iquid-cooled
engi ne over that of the uncooled engine is assuned to be negligible.
Consequently, the principal contributions to increased weight in the
cooled engine will arise from the foll owing causes:

(a) Increase in thickmess of engine shell to withstand increased
pressures because the optimum-power pressure rati os used
in the liquid-cool ed engine are hi gher than current val ues
(b) Addition of turbine-cool ant heat-exchanger plumbing and cool ant
(c) Addition of cool ant pump

(d) Increase in number of conpressor and turbine Stages to
accommodete increased pressure ratios

(e) Addition of propellers because representative engines
furnishing data for the analysis are jet-propul sion engines

(f) Addition of propeller reduetion gear

(g) Increase in conpressor weight because rear half of compressor
nust be nade of steel to withstand high air tenperatures
agsociated w t h optimum-power pressure ratios
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Increase in _engine-shell weight. - The increased weight of the
engine shell will be taken as equivalent to the weight of a cast
steel shell whose intermal dianeter is that of the representative
machi ne, and of a thickness 8 such that the difference in naxi-
mum pressure between the |iquid-cool ed engi ne and t he uncooled
engine will develop a hoop stress of 40,000 poundas per square inch
in the material of the steel shell. If d denotes the interna
diameter of the alumnum shell of the representative engine, and
8 the thickness of the atell shell in inches

(P2r-%eu),
T44 % 80,000

8 =

The length L of the equivalent steel shell is assuned to be equa
to the length of the aluminum shell for arepresentative jet engine
and its weight is

npsL

Ve =T x 1728 28 (2d + 28) (20)
Wei ght _of turbine-cool ant _heat exchanger and coolant. - The

wei ght of the turbine-cool ant heat exchanger and its attendent cool -
ant is assessed at 20.9 pounds per cubic foot, which is the weight
of a suitable production-prototype aluminum heat-exchanger design
The value allowed for the plumbing and its attendant coolant is one-
quarter of the turbine-cool ant heat exchanger and its attendant
cool ant wei ght.

Increasein wei ght of turbine. = It is assumed that the turbine
stages added to acconmopdate the increased pressure ratio are the
same as those of the representative turbine used as a basis for the
analysis. The weight of a conplete turbine stage consisting of rotor
di sk, bl ades, and nozzle di aphragmis taken as 204 pounds.

Wei ght _of cool ant pump. - The wei ght of a commercial gear-type
wat er punp having the required capacity varies from 15 to 30 pounds
and is arbitrarily assessed at 30 pourds.

Weight of conpressor. - The increased compressor pressure ratio
requires an increase in the nunber of conpressor stages and conse-
quently au increase in the weight of the compressor. Conponent-wei ght
data on several successful representative jet engines having alunm num
alloy conpressors indicates that the ratio of conpressor weight to
t ur bi ne wei ght renges from1.6 to 2.4; an average value of 2 is

871
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chosen for this analysis. In the cases under consideration, the
tenperature of the air in the latter stages of compression is above
the |l evel where aluminumalloys are suitable; the rear half of the
conpressor will therefore be assumed to be nmade of steel and, con-
sequently, the initial conpressor-turbine weight ratio nmust be nulti-
plied by one-half the ratio of the densities of steel and al um num
to get acorrected value of 2.8.

Wei ght of reduction gear. - Propeller reduction-gear units hav-
i ng efficlencles of 95 percent at a reductionrati o of 10:1 can be
currently built at a specific weight of 0.05 pound per transmitted
hor sepower (reference 11). This value is used in formng the weight
estimate.

Wi ght of propeller. - A survey of the available data on uncooled
turbine-propeller engines shows that the ratio of propeller weight to
shaft horsepower varies from 0.437 to 0.188. A value of 0.302 will
be used in forming the weight estimtes

Cycl e Tenperatures and Pressures

The combustion-gas turbine operates on the Brayton cycle. A
sketch of the engine with the stations nunbered at which the inpor-
tant events of the cyole occur is shown in figure 2, amd in fig-
ure 3 are shown the pressure-volune and tenperature-entropy dlagrams
for one cycle of operation. Compression begins in the atmosphere
at sone point 0 and it is assumed that the sir obeys the
Bernoul I'i equation for conpressible flow of gases. It can be assuned
with but negligible error that full recovery of the free-gtream
dynamic pressure as static pressureis effected in the intake ducts
of the ccnpregsor and heat exchanger (reference 12) and the pres-
sure at the face of the heat-exchanger cere amd ccmpressor intake
is represented as follows:

Yo
Y -1 Vo2 \7, -1
: _— (21)
Sl =P0 \1 4 > . Yo&RTo
0

The tenperature of the diffused air is
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2 \
Y, - 1)V
T, =%, + (Yo -) 0 (22)
10 28YR
s
The desi gn compressor pressure rati o f or optimm power is o
n_
2(n - 1)
1>2 '1‘5 c
5 - 0,949 <5nhtpnbc ﬁ£> (23)

which is dexrived in appendix A, and t he temperature of the alr at
t he compresseox outl et 1s

n -1

c
n
//P c
T = T 2?)

I

The fuel-elr ratio f/a for the specified turbine-inlet temper-
ature 18 obtalned from the charts of reference 13. Perfect conbustion
mey be assumed because of the high precombustion temperature and pres=-
sure of the air, but a 2-percent pressure | oss 1s assumed to occur
between compressor outlet and turbi ne Inlet; hence

(24)

Py = 0.98 P, (25)

The turbine-outlet pressure is held to a constant value of
0.90 Pl' This value is | ess than anbient pressure at sone of the
lower flight speeds and in these cases the turbine 1s allowed to
exhaust to amblent pressure with negligible exlt weloclty and j et
thrust. When knowledge of its valuwe is required, the exlt tempera-

ture of the conmbustion gases fromthe turbine 1s obtained by com=
puting ite enthalpy from the relation

- 26
H, = H + AH +AH, - AH, (26)

where AEc and AEi, are the enthalpy increases in t he compression .
ad combustion proceseses, respectively (references 6 and 13) and
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i s the enthalpy drop in the expansion process through the Hurbine.
The temperature is then obtained from the combustion-alr temperature-
enthalpy charts of reference l4.

The applicatlon of the foregoing nethods is 11lustrated by a
sample cal cul ati on In appendix B.

RESULTS (F CALCULATTONS

Over-2ll Power-FPlant Performence

Speoiflc power output. = The wvardation of the specific power
output of the water-cooled turblne-propeller power plant with turbine-
Inlet temperature is shown 1n figure 6. |t i s immedlately apparent
that the high specific power output made possible by high-tenperature
operation is not rendered unavallable by the | osses Incurred in the
cool i ng process. At the design speed and altitude (600 mph and 35,000 £t,
respectively), the speclfic power output increases al nost linearly
f'rnl84. 6 horsepower per pound of conpressor air flow per second at
a turbine-inlet gas temperature of 2000° R to 506.0 hor sepower per
pound of compressor air flow per second et a turbline~inlet temperature
of 3500° Re At a given turbine-inlet gas tenperature, an increase in
efficiency and specific power output accompanies an increase in either
the flight speed or the altitwde. This effect is caused by an incresse
in the engine air flow 28 t he speed increases end the decrease in com-
presgor work associated with reduction in amblent tenperature as the
altitude is increesed.

In the interests of generality, the results have been given on
the basis of equival ent shaft horsepower per pound of conpressor eair
flow, but the cal culations show that a turbine-propeller engine,

21 inches In diameter, deslgned for a sea-level static air flow of

55 pourds per second, could develop 24,850 net equival ent shaft horse-
power for take-off without appreciable |ncrease in dianeter if oper-
ated at 8 turbine-inlet tenperature of 3500° R and a conpressor pres-
sure ratio of 27.64.

Wth a given conpressor gas-turbine power plant, the reduction
inair flowwth altitude causes a decrease in the power avail able
as the flight altitude is increased. The calcul ated variation of
power with altitude for ‘the water-cool ed turbine-propeller power

plant is shown in figure 7. It is seen that approximately 36 per-
cent of the rated sea-level power is available at the design altitude.
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Over-al .3 efficiency. = The ideal efficiency of the compressor
gas-turbine cycle is an exponential function of only the compressor
pressure ratio (reference 1). The optimm-power pressure ratios
agsoclated with the turbine-inlet gas temperatures used in this
analysisare in the range where the efficlency rises very slowly
with incressing pressure ratio, and it is primarily for this reason
that the efficiency curves have the sensibly constant character
exhibited in figure 8. The curves show that with appropriate pres-
sure ratlos, turbine-inlet gas temperatures of 3000° to 3500° R will
give over-all equivalent shaft efficliencies of 46 to 48 percent.

The dilscontinmuity in the curves at a temperature of 2500° 1s caused
by the increase in t he cooling-power loss, which 1s a result of the
change from a two-stage to a three-stage turbine at that point.

The efficiency curves of figure 8 show that the low=temperature
engines etteln efficlencles that approach those obtained in the hlgh-
temperature engines. This fact 18 primerily due to the increese in
the ratio of t he cooling-power loss to the turbine power ag the turbine-
Inlet temperature is increased, and the increase in heat |oss caused
by the change from a two-stage turbine in the low-temperature englines
to a three-stage turbine in the high~temperature engi nes. A con-
tributing cause lies in the fact that the use of constent polytropic
exponents In the evaluation of t he compressor and turbine work con-
Ters higher over-aell component efficlencies on the low-pressure-ratio
engi nes than those that result in the higher-pressure-raetio engi nes.

The pressure ratlo i s Increased with the turbine-inlet temperature;
hence the engi ne efficiency increases as the pressure ratio |sdecreased
with an effect on the over-=all effilclency that i s more favorable than
might be expected.

In making the performence calculations, 1t has been assuned t hat
in each engine there is no change in t he turbine or compressor pres-
sure ratio over the entire range of operating conditions for which
calculations are made. At a given turbine~inlet temperature, the
turbine power per wnit of compressor alr flow 1s therefore sensibly
congbant but the decrease In amblent temperature with altitude results
in a decrease in compressor work and outlet alr temperature and an
i ncrease in both the combustion temperature rise to the glven turbine-
Inlet temperature and the fuel-air ratio necessary to attain it In
addition, at a given speed, the specific heat |oss to the cooling
fluid increases with altitude, These |ast effects bal ance the decrease
in compressor work with sltitude so that at a constent flight speed
thereis little gain in thermal efflclency with altitude in the water-
cooled turbine-propeller sngine.

At a glven eltitude, the ram temperature of the alr entering
t he compressor increases with the flight speed; hence the conpressor
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work and outlet air tenperature increase with the flight speed but

the combustion tenperature rise and fuel-air ratio for a given turbine-
inlet tenperature decrease as does the specific heat loss to the
turbine coolant. The last three effects outweigh the increase in
conpressor work and at a given altitude there is an increase in thermal
efficiency with flight speed

It should be realized, however, that the theoretical gains in
efficiency accompaning an increase in pressure ratio cannot be real-
ized without simultaneously increasing the turbine-inlet tenperature.
In general, the polytropic exponent for the conpression process is
greater than that for the expansiom process; therefore at a constant
turbine-inlet temperature, the conpressor work will increase faster
than the turbine work as the oonpressor pressure ratio is increased.
The net specific power output will be dimnished and because there
will be no appreciable change in the fuel horsepower the efficiency
will be lowered. Conversely, an increase in the turbine-inlet tem
perature without a corresponding increase in the pressure ratio wll
yield an increase in the specific power output, but omly at the cost
of a | owered. efficiemcy because the exhaust gases nmust be rejected
to the air streamat a higher tenperature

It should therefore be emphasized that the compressoxr pressure
ratio nust be increased with the turbine-inlet temperature to gain
t he maximum benefits nade possible by liquid cooling of the turbine.

Brake specific fuel consumption. - The precedi ng discussion of
efficiency applies directly to the brake specific fuel consumpticn,
because one is but the reciprocal of the other nultiplied by a con-
stant conversion factor. This fact is illustrated. in the curves of
breke specific fuel consumption in figure 9. At appropriate pressure
ratios, the high-tenperature operation nmade possible by |iquid cool-
ing will give brake specific fuel consumptions of 0.283 to 0.260 pound
per brake horsepower-hour at the turbine-inlet temperatures capable
of attainment. Again the discontinuity in the curves at a turbine-
inlet temperature of 2500° R is causedbythe changefroma two-stage
to a three-stage turbine at this turbine-inlet gas tenperature.

Specific weight. - The specific-wei ght characteristics of the
wat er - cool ed turbine-propeller power plant are shown in figure 10.
At a flight speed of 200 mles per hour at sea |level, the caleculations
indicate an installed specific weight of 0.596 pound per equival ent
shaft horse-power for a power plant designed to operate at a turbine-
inlet tenperature of 3500° R.

At a given turbine-inlet gas tenperature and conpressor pres-
sure ratio, the Rower devel oped by the gas turbine is directly
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proportionsl to the amount of alr handled in unit time, which is in
turn & function of the flight speed end altitude. The over-all ef-
fect 1e a decrease in aixr wei ght flow with altitude, a consequent
reduction in power, and an increase in specific Wei ght. At +the
desi gn speed of 600 miles per hour &t an altitude of 35,000 feet,
the sea-|evel specific-weilght val ue of 0.596 pound per brake horse-
power for the englne designed to operate at a turbine-inlet tempera-
ture Of 3500° R has almost doubled i t S sea-level take-off value.

At a glven altitude, a merked decrease in specific weight attends
an increese in airspeed because of theincrease in air weight flow
through the englne with flight speed.

Power Losses |,

Specific heat loss to turbine coolant. - The largest single power
| oss introduced by the cooling process in the liguid-cooled turbine is
t he direct heat loss t 0 the turbine cool ant. The character of this
| 0ss |'s shown in figure 11. The caloulations showthat the direct
heat | 0SS to t he cooling £luid of t he engine W t h a turbine-inlet
temperature of 35Q0° R amounts to 8. 6 percent of the fuel horsepower
w?eg.So_ggga%bed at a flight gpeed of 600 miles per homr at an altitude
0 , eet.

Although all the heat | 0St o t he cooling fluid is considered
unusabl e because no effort i S made t0 recover it,actually most of
this heat would be lost If no cooling were employed because the gases
leaving the tail pipe would be at & higher temperature and thelr thermal
votential would be beyond recovery. Wien considered i N this |ight, the
actual power lost to the cooling fluid is ('qs -9 )h:pl . For the
. su 8,L

perticular case under consideration, t he amount that can actually be
said to be lost as a result of the cooling process is 28.5 percent
of the caleulated | 0SS or 2.5 percent of the fuel horsepowere. Al |

t he power | 0Sses are expressed in terns of +the fuel horsepower,but
in terms Of the breke horsepower the values are approximately double
t hose shown 0N t he power-loss curves.

At e glven turbine-inlet gas temperature, t he heet | 0SS t0 t he
coolant varies with the heat-transfer coefficient, which in turn,
varies with the 0.8 power of the englne alr f| ow Under the sane
condi ti ons, t heengine power and the fuel-consumption rete are in
direct proportion to the engline elr f£low; hence, t he specific-heat
| 0ss decreases slightly as t he engine ailr flow and power are increased.
As previously explained, the discontimilty in the curves at a turbine-
inlet temperature of 2500° R is ceused by the change from a two-stage
to a three-stage turbline at this tuwrbine-inlet temperature.
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The cool ant circulation rate (6.42 1b/sec) used in caleulating
the heat | 0SS gives a maximm average blade-metal temperature of :
approxime 860° F at a turbine-inlet gas temperature of 2000° R
(reference 4)s This blade temperature increases to 1085° R as the
turbine-inlet temperature i S | NCreased t 0 3500° R, Unfortunately,

t he characteristics of the awvaileble liquid coolents meke it 4if-
ficult to decrease the heat |oss by operating the turbine blades

at the hi ghest metal temperatures Iperm ssible, that 1s,in the
nelghborhood of 2000° R. At t he el evat ed coolant temperstures required
by high average blade temperatures, organic cooling agents such as

et hyl ene glycol decompose and yleldsolid products that would plug

the cooling passages and block cooling to the blades. With water as

t hecool ant, t he plunbing end heat-exchanging squipment necessary for
high-pregsure application would result in & large and bulky errangement
of considerable weight and doubtful efficiency. Inaemuich as operating
the blades at the meximm allowable metal temperature can increage the
net output by only 4 percent, t he safety mergin afforded by the lower
Plade-metal temperature Out wei ghs the slight | 0SS in aveilable powers

Several practical adventages are { 0 be gained by operating at
the | ow average bl ade tenperatures possible with < coolant flow
in excess of that required for the maximum average blade tempereture
permissible, The requirements for good aerodymamic efficiency of
t he turbine bladesdi ct at essmal | - di anet er cooling pessages within
‘them; hence, In practice, correct distribution of coolant flow might
prove déifficult to maintain in a finely deslgned SYyStem A coolant
flow | N excess of t he minimm requiremsnt insures that each of the
bledes on the turbine wlll always recelve at least the minimm require-
ment for adequate cooling. The low average blade temperature obtained
Insures that the extremities of the turbine blsde wlll not reach tem=-
peratures high enocugh to cause damage. All the criticsl components
of high~temperature gas-turbine power plants may be constructed from
the cheap end more common al | 0y Steel s that are eesily forged and
machined. The amount Of cooling used | N this analysis insures an
average blade btemperature In the range where blade strength is unef-
fected by thet enper at ur e of t he turbine-blade metal.

The direct heat loss t 0 the turbine cool ant, though of con-
si derabl e absol ute magnitude, i S a smell percentage of the fuel horse=-
power and net horsepower Of the power plant. There i s, however, one
possibllity Of redncing this| 0SS. The stator blades in t Urbi nes are
not subj ected t 0 centrifugal stresses and coul d be nade of ceramic
materi el s, which would require mno Cc00l i ng. Because cooling of the
stator blades has been taken into account instead of assuming the use
of ceramic Stators, the losees presented are higher than those that
mlght be readized i N practi ce.
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Coolant pumping power. ='AT & given codiant I.iloW unrougn each
turbine stage, the coolant pumping power is almost proportional to
the square of-the robative speed of the turbine end 1s directly pro=
portional to the mumber of stages in the turbine. The pumpling power,
for a glven coolent flow 1e t heref ore independent of t he power out-
put; hence, the percentage of the fuel horsepower expended in the
cool ant pumping process decreases as the power output increases.

Thi s trend le shown In the i ncrease of the specific pumping power
with altitude in figure l2. Over the entire range of flight con-
ditions for all the engines, the pumping power verles from a min-
dImum of 0.26 to 2425 percent of the fuel horaepowere. Aqal n the
discontinuity in all the ocurves at a temperature of 2500° R 1s caused
by the change from a two-gsbage to a three-stage turbine at that point.

Tur bi ne- cool ant heat exclanger, = The specific turbine-coolant
heat - exchanger requirement is shown in figure 13. Because the ratio
of the power output to the cross-section& air-flow area is very high
for the liquid-cooled, high~temperature, gas-turbine engine, for &
given engine the frontal area of the turbine-coolant heat- exchanger
core will be larger than the frontal area of the engine proper. Whén
conpared on the bagis of square feet of frontal area per net horse-
power, or pounds of heat-exchanger weight per net horsepower,however,

the turbine-coolant heat-exchanger requirenent of the I|iquid-cooled
turbine is approximately 20 percent of that of conterporary liquid-
cool ed reciprocating engines of the same power output. Calculations
consistently show that the heat-exchanger core gives positive thrust
rather then drag when operated at or near design flight speed, and
with cereful ducting, t he heat exchanger will recover a amall part

of the power lost to the cooling fluid.

GENERAT, DISCUSSICIN

The results of the calculations indicate that with all the
| osses incurred by liquid cooling deducted, a water-cooled turbine
t ur bi ne- propel | er power plant designed for operation at a turbine-
inlet tenperature of 3500° R, with a compressor pressure ratio of
27.6, and a sea-level static air flow of 55 pounds per second, would
give a specific power output of 506.0 horsepower per pound of com
pressor air flow per second when operated at a flight speed of
600 nmiles per hour at an altitude of 35,000 feet. The equivalent
shaft thermal efficiency and specific fuel consumption woul d be
48.2 percent and 0.283 pound per equival ent shaft horsepnr-hour,

respectively. The specific heat |oss to thecooling fluid would L

be 0.0855 horsepower per fuel horsepower, the specific coolant

971
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pumping power woul d be 0.00989 horsepower per fuel horsepower,
and the ingballed specific weight, based R the take-off horse-
power (flight speed, 200 mph) at sea |evel, would be 0.5964 pound
per horsepower. The wei ght of heat exchanger, plumbing, attendant
cool ant, propellers, and their associated reduction gearing is
included in the specific-weight estinate

The improvement in perfornmance indicated by these cal cul ations
is the result only of the use of high turbine-inlet tenperature oper-
ation made possible through liguid cooling, in conjunction with
appropriate pressure ratios. Its realization is dependent only upon
successful solution of the problems incident to circulating the cool -
ant through the turbine blading and plumbing system and the devel-
opmen’ of compressors conbining high pressure ratios with good effi-
ciencies. The performance ie calculated for current turbine materials
and is capable of attainment with nost of the cheaper and more conmon
alloy steels that are easily forged and machi ned by common shop
methods and production techni ques.

These predicted values of the performance of |iquid-cool ed
turbi ne-propel l er power pl ants are conservative. 5 estimate oOf
the heat 1oss to the ecooling fluid is particularly conservative
because to facilitate its calculation the total tenperature of the
gas streamrather than the effective gas tenperature is used in the
cal cul ati on of the heat-transfer temperature difference thereby over-
estimating the heat loss. The insulating effect of boundary |ayer
on the turbine blades ia al so neglected in the heat-1oss cal culation
The boundary-1|ayer phenonenon is of considerable inportance in reduc-
ing both the heat [oss and the average bl ade tenperature by shiel ding
the turbine blades from direct contact with the hot gas of the free
stream 5 weight estimate is also believed to be conservative
because in selecting the principal power-plant auxiliaries, those
whose wei ghts fell in the heavier range of their respective classes
were generally taken. In all cases the performance and physica
characteristics of the paver-plant auxiliaries are of conponents
al ready devel oped end currently in production.

SUMMARY OF RESULTS

From an anal ytical investigation of the performance of six
t ur bi ne- propel | er power plants having turbines equi pped with water-
cool ed bl ades and designed to operate at turbine-inlet tenperatures
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of 2000°, 2500°, 3000°, 3500°, 4000°, and 4500° R respectively,
t he following results wer e obtained : -

le At the design speed and altitude of 600 miles per hour and
35,000 feet, respectively, the net specific equivalent ghaft horse-
power incressed elmost linearly with t he turbine-inlet temperature
from 184.6 to 775 horsepower per pound of compressor alr flow per
second gs the turbine-inlet temperature was increased from 2000°
to 4500° R.

2. At the same conditions and over the same turbine-inlet-
temperature range, the over-all efficlency, baaed om t he net
equivalent shaft horsepower, Increased from 43 to 52 percent as
t he specific fuel consumption decreased from 0,314 to 0.264 pound
per equivalent shaft horsepowser~hour. Although the net specific
equivalent ghaft horsepower i ncreased almost lineerly with t he
turbine~inlet temperature, there was little gain in efficlency
or decreese i n gpecific fuel consumption at a.n,g operating confl-
tion above a turbine-inlet tempersture of 3500~ R.

3. The installed specific weight, based on the sea-level take-
of f horpepowsr decreased from 0,8084 powd per equlvaleunt shaft
horsepower for the engine designed to operate at a turbine-inlet
temperature of 2000° R to 0.5386 pound per equi val ent shaft horse=-
powsr for the engine designed to operate at 4500° R. For each engine,
t he specific weight increased steadlly with altitude and almost -
doubl ed its sea-level value at 35,000 feet.

4, T™e heat loss t0 the cooling fluid was t he largest gingle
| oss incurred in the cooling processs In a given engine thie | oss
varied slightly with opereting conditions. Over the entire range
of operating conditions for which performence calculations were
made, the power lost to the cooling fluid in cooling the turbine
bledes varied from a minimum of 5.8 to a mexlmmm of 6.5 percent
of the fuel horsepowerin the engine designed for a turbine-inlet
temperature of 2000° R In the englne designed for & turbine-inl et
temperature of 4500° R, this variation was from a minimm of 6.8
to a maximm of 8.8 percent of the fuel horsepower. The increase
in the specific heat | ose in these two cases was due entirely to
t he i ncrease in heat~transfer ares resulting from the difference
In the nunber of turbine stages (two in the engine designed for
a turbine-inlet temperature of 2000 ‘R and t hree in the engine deslgned
to operate at a turbine-inlet temperature of 4500° R). With a fixed
nunber of turbine stages, t he specific heat loss decreased with the

turbine=inlet temperature.

g7l
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5. The turbine-coolant heat-exchanger-core frontel-area require-
ment of the water-cooled turbine-propeller englne varied from
Ce440 sguare foot per 1000 take~off equivalent shaft horsepower for
t he 2000° R engine t 0 0. 3880 square foot per 1000 take-off equi val ent
shaft horsepower for the 4500° R engine.

6. The pumping power required to circulate the coolant was
negligible and It neverexceeded 2. 25 percent Of the fuel horsepower

i N eny of +the englnes.

7+ FOr the particular case of the engine designed with a com-
pressor pressure ratio of 27.6 t0 operate at a turbine-inlet tem=
perature of 3500° R, the following performence, which takes full
consi deration of a1l the | osses incurred by the cooling process,
vv?sg%b-g%..’én?a ?t a flight speed of 600 mleS pexr hour at an altitude
0 : eet.

(a) Net specific output, 506.0 equival ent shaft horsepower
per pound of compressor air flow per second

(b) Brake thermal efficiency, 48.2 percent

(¢) Brake specific fuel consumption, 0.283 pound per equivalent
shaft horsepower-hour

(d). Tnstalled specificWei ght at sea level including heat
exchangers and propeller, 0.5964 pound per horsepower

(o) Specific heat | 0SS to turbine coolant in cooling turbine
blades, 0.0855 horsepower per f uel horsepower

(f% Specific cool ant pumping power, 0.00989 horsepower per fue
or sepower

CONCIUSIONS

The following genersl conclusions may be drawn from theSt ud?/
of the effect of water-cooled turbine blades on the performance O
turbi ne-propel | er power plants;

_ 1. The improvement in gas-turbine performence Obtai ned by operat -
ing at the high turbine-met tenperatures possibl e through liquid
cooling is not vitiated by the | 0sses incurred in the cooling process
| f the proper pressure ratios associated with those high turbine-

I nl et temperatures are used.
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2. Full utilization of the high operational turbine-inlet tem
peratures nmade possible by liquid cooling demands an increase in
campressor and turbine pressure ratios fromthe present wvalues of
4to0 8 to a range fram 30 to 40.

3. The required turbine-cool ant heat-exchanger capacity and size
for the liguid-cooled turbine engine is approximtely 20 percent
of t hat of a liquid-cooled reciprocating engine of equal rated power.

4. Successful application of |liquid cooling to the blading of
gas turbines will permit high~temperature turbine blades, wheels,
and other parts exposed to the caombustion process and products to be
constructed entirely from common all oy steels such as SAE ni ckel,
chromi um nol ybdenum chrome-ni ckel, and chrome-nol ybdenum seri es.

Flight Propul sion Research Laboratory,
National Advisory Committee for Aeronautics,
QG eveland, Ohio.
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APPENDIX A
COMPRESSCR PRESSURE RATIO FOR OPTIMIM POJER

T# it is assuned that there is no pressure |oss between the
conpressor outlet and the- turbine inlet and that the adi abati ¢ exponents
for the conpression and expansion processes are the same, 1t is pPOS-
sible to derive a sinple relation between the conpressor pressure
rati o for best power and the rati o of maximm cycletenperature to
compressor-inlett enperat ure.

f The net power of the compressorand t urbi ne combination per pound
of air ise

Jeod ‘lm YRpTaMy )'1’ __"R TlMa 1’2
t=Jc = 415508 A (115508
If it is assumed that
Fe = %3
and
R, = B
it follows that
v=1 y=1
P P
G S n Tl-—%-)'y —2)7
t ¢ (y=-1)550g | 'm,t" 3 P, Py

Y =1

Y-l
v R]!J.M’a Tz PN\ v P\ o
= I u! —_— 1 4 - ._2 Y -l
('Y-l)'ﬂm, 2508 m,% myc T. P, By




g1
YRT M, [- T3l Py ’V ) o
" (W-Tny, 5508 "o tmy0 Tyt

When the right-band member 1s differentiated with respect to P and t he
derivative 18 Set equal to zer 0, there 1s cbteined

-2y 1l = 1
ol TgTe) _ s lo. v (E2\Y (Ba\Y | [vafF2 ] Y[ ,
3(FefFy) 'ch“-‘lr“_sso M, ¥me 10 T Y\ By %) Y \ B

Solving this equation for Py/P; yields

Pl Pl “’m,tnm,c Tl

For t he turbine-propeller engina, PufPy i S usual |y slightly less than wnity and for

al | conputational purposes in this report it is arbitrartly kept equal t0 0.9. In
addition, the polytroplc exponent n, will be substituted f or 'y. With these values,
the compresgsor pressurs ! at | O for best power becomes

Dy
S

P
p_1“°94‘9’|m tm, ¢

¥
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APPERDIX B

SAMPLE COMPUTATION

The use of the methods developed in the anmalysis section i s illustrated
in a sample computation for the 35000 R engine operating at a flight
speed of 800N |les per hour at an altitude of 35,000 feet.

Desi gn Operating Conditions and Data

In order to insure a common basis for comparing the results, the
following quantities are kept constant over the entire scope of the
anal ysis :

Ratio of specific heats for compression, ¥ . . .. « . « . 1.376
Ratio of specific heats for expansion, y% ... 1.220
Polytroplc exponent of compression, n, . 1.430
Polytropic exponent of expansion, ng 1.200
Mechanical efficiency of conpressor, nm e 0. 985
Mechanicel efficiency of turbine, “m t 0. 965
Exhausgt-nozzle coefficient, K 0.970
Air weight flow at sea-level static pressure

M.,l'b/sec... 55
Turblne coolant pumning eff|C|ency, y e . . . . . . . . 0.900
Cooling water f| ow per stage, bﬁj lb/sec . . . . . . . . . 12.640
Tur bi ne- cool ant, heat-exchanger eand compresassor-

inlet pressure-recovery efficiency. . . . . . . . « « « Perfect
Heating value of fuel, Btu/ib . . . C e e e 18, 700
Ri ght-section perinmeter of turbine blade, w s ft . . 0. 2514
Propel | er efficiensy ueed to cal cul ate equivdlent

shaft horsepower of turbine-cool ant heat-exchanger

and Jet thrust, nP e + e . e o 0. 85

The following variables are dependent on the £light conditions
and therefore apply only to the exanple given:

L. Pt 35,000
Flight speed TO, mph . I N SN 600
Ambient temperature, 'I'O, R e e e e e e 394. 35
Ambient pressure, Dgs 1b/sq ft . . . . . ... 498

Wor k of Conpressor and Tur bi ne Combination

At station 1 (£fig.2) in the diffuser, the ram pressure is given
by equation (21) amd with the value of <« of 1.401 taken fromrefer-
ence 5
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Yo

P Yo -1 v \%d
1= POl + — g ga

L

498 !:l 2 x 32.2 X 401 856)%3 X 394. 36 1

i T AN

850 pourds per square foot

The temperature of the diffused air (equation (22)) is

-1
T, = tg + ("’02%1)6__0_

2 .
- (0.401)(880) - 458.6° R
394.35 * 557357 » 53 33 x1.201 y

The conpressor pressure ratio is conputed fromthe relation
bet ween conpressor pressure ratio and engine tenperature ratio derived
in appendix A and is

n

C
Pz Ts Zlnc-lj
5 = 0.949 L "m,tﬁ
1.430
3500 FIO.tLSOS
0. 949 [O. 985 x 0.985 x 8.5
= 27.64

The engi ne from which the basic data for the report are taken
has a sea-level static air flow of 55 pounds per second. Wth a

971
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given engine, there is no change in its characteristic physical
dimensions: The gas constant Rc is a constant al 80 and t he non-

di nensi onal wei ght-fl ow paramster Ma/gD24|Plpe 4 reduces to
’J—
N%:%Ti/Pl. The corrected air Plow is obtained by equating the non-

dimensional wei ght-fl ow parameter at sea-|evel static perfornance
conditions to its value at the inlet conditions at altitude. There-

NGRS

C% T, <Pl>
7
2,4 1 /s \Fl A

0.5915-890 _

‘4458.6

23. 48 pounds per second

=
"

By equation (3) the power ebesorbed in the conpressor is

_ 1.376 x 52.3594 X 458. 6 .| 23.48
= 0,985 x 0376 27.64 o

6525 hor sepower

Equation (24) gives for the conpressor-outlet tenperature
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ng-1 0.43 '
(o]
2\ P 1.43
T, = Ty (F‘ = 458.6 x 27.64 .
1
= 1245° R

The tenperature rise fromconpressor outlet to turbine inlet

is 2255° F and the fuel-air ratio required to attain this tenperature
is 0.03945 (reference 13).

From equation (25) the turbine-inlet pressure is

IE’:5 = 0.98 Py = 0.98 X 27.64 X Py

= 27.09 Pl
and

P 0.9 P

4 1

By use of equation (2) the power developed in the turbine is found
to be

nt -1

. n |
bp, = M EYERETs |, (Fa) T ”a(l+£)
K O P3 550 a

0.
0.9 P, \1.
1 23.48
= &= —2B-%2 53563500 - 55— .
8-985—x—1—2P— 1l <%7.09P;) 5506 x 1.03945

N

= 19, 650 horsepower.
Power Losses

Heat | oss to cooling £luid. - From reference 4 the combustion-
gas-to-blade heat-transfer coefficient is 217 Btu per hour per

square foot per ©F. This value isfor e sea-level static air
wei ght flow of 55 pounds per second. The corrected heat-transfer

coefficient (equation (13)) is
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(g)O;s e,
52 ;. .0.8
®), =

0.8
23.48
i (0.1002 x 0.0433
0.5

55 )
(0.1401 x 0.0578

b,

= 104 Btu per hour per square foot per °F

The nondimeneional cooling coefficient, given by equation (12) is

= 0. 9215

-1+ 104 x 02514
0.1310 X 2370

The heat-transfer area per unit |ength of the turbine expansion path

So’*b is 37.25 square feet per foot and the average tenperature of

the coolant liquid flowing in the bl ade cooling passage Ty is 200° F.

There are three stages in the turbine and the right-section perineter
of a turbine blade is 0.2514 foot. Application of equations (8) and
(9) at the turbine inlet and the junction of the first and second

st ages yields t he following equation and val ue of a:
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ad, 1og e = ngrl-;l 10 i
°2 199 g9 my
nt-1 0.98 P,
a4 = - ———m———oH log ——
B, 2§y log e 0.9 By
- 0. 2 Jog 098 X 27.64
T.Z X 3 X 0.2514 X 0. 434294 0.90

= - 0.75169

When the preceding val ues are substituted. into equation (14), the
power loss to the cooling fluid is

= 17
hp, 778 Gchowg m-‘*(e -1)-'1‘12\511,
1.98 X 10 b _ . .

- -

- /78 x 0.9215 x 104 X 37.25 { 3500

3 Lo.7§1'é§ -\°

(v0.75169 X 3 X 0.2514 ;)
1.98 x 10

-(659.6 X 3 X 0.251;%
= 2126. 61 horsepower:
The tenperature drop due to the direct heat loss is

550 hp,

AT, =
vt~ 778 cp’sng(l + f/a>

- 550 X 2126. 61 _
S TR 025715 X 25 45 X 103045 - 21180 °F
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From equation (26) and reference 6, the uncorrected enthalpy
is

L . H O+ AEO + AH, - AHt = 14.044 + 207.62 + 570 - 592

199. 664 Btu per pound

When the uncorrected turbine-outlet tenperature Ty of 1991.80° R

(reference 14) is decreased by the temperature drop caused by cooling,
the actual turbine-outlet tenperature is found to be 1780° R

From equation (4), the exit velocity of the jet fromthe exhaust
nozzle is

Yi-1

gRyT 2o 't
= ) 4,corr | 1 (-2
vJ K\j2g ._(__sz__ —<P4 )

0.2

«2

= 0.97 2 32 21.2 X 53.56 X 1780 | 4 (498
0.2 765

= 1545 feet per second

And by equation (5) the thrust horsepower of the exhaust jet is

hpy = 17 700111, [(l * ') - vo}

_ 880 x 23.48 i _
(1’4700)(0.857(1'03495 X 1545 - 880) = 996 horsepover

Cool ant punping power. - The turbine in this instance has three
stages; thus wth the aid of equations (18) and (19) and reference 10
t he coolant pumping power 1is
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hpp

MZ

2
2
{ 6.42 200x X 21> - 3 ]
1.0L X 3Bttt [( - o] [1 - €0.90) | + 0.43651

242. 29 horsepower

Aerodynanmi ¢ _drag of turbine-cool ant heat-exchanger core. - From
i nformation supplied by the Barrison Radi ator Corporation, a heat
exchanger of sufficient size to provide adequate cooling at 200 niles

per hour at sea level wae selected. For the case under consideration
the follow ng val ues occur:

HBeat-dissipation rate, Btu/min .. . . . . . . . . . . 170,413.61
Tenperat ure of coolant entering heat exchanger °F . . . . .. 250
Initial turbine-coolant heat-exchanger temperature

difference, ®®# . . . . . . . . . .. . . . . .. 183. 43

Whenanair flow of 500 pounds per mimmte and & coolant flow of 130 gal-
lons per minute are used, the heat-dissipation rate is 6600 Btu

per 100° F initial tenperature difference per square foot of core

frontal area, and the required turbine-cool ant heat-exchanger-core

frontal area is 13.59 square feet

At a flight speed of 600 niles per hour at an altitude of
35,000 feet, the heat-dissipation rate of the enginse is
90,203.25 Btu per minute, apd the initial turbine-cool ant heat-
exchanger tenperature difference is 208.6 . Dividing the engine
heat - di ssi pation rate by the product of the core frontal area and
1/100 of the initial turbine-cool ant heat-exchanger tenperature dif-
ference glves a chart value heat-transfer rate of 3182.31 Btu per
mnute per square foot (test section) of core frontal area per 2100°
initial tenperature difference. TFrom the informstion obtained from
t he Harrison Radi at or Corporation, the required air flowis 187.5 pourds
per minute. The chart value of the required cooling-eir pressure
drop 1s 2.58 inches of water, which nust be divided by the altitude
density ratio ¢ to get a corrected value of
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2.85 _ 2.85
o~ 0.3098

APh=

= 9.2 inches of water
whi ch corresponds to 47.83 pounds per square foot.
From equation (21), the pressure at the front face of the turbine-

cool ant heat - exchanger core is found ¢ be 850 pounds per square foot.
At the outlet face of the core, the pressure is

P P, - Ap, = 850 - 47.83

2,h "1

802. 17 pounds per square foot

The exit tenperature of the cooling air fromthe turbine-cool ant
heat - exchanger coreis

Q 90203.25
g =T 4+ = 458.6 +
2,h 1 " 3800 cp,Z,hMa,h 13.588 x 0.2401 x 18/.5

605. 25 ©R

From equation {4), with appropriate val ue6 of n, and Ry from

reference 6, the exit velocity of the cooling air fromthe turbine-
cool ant heat - exchanger - duct nogzzle is

Tb‘l

Y
YoRoT 0
oRoT2,h (T } :o
2,h

0.401
' 1.401

_ 1.401 x 53.33 x 605.25 |, _{_ 498

= 0.97 X 32.2 2322 1 Giﬁ?i?)

= 933.5 feet per second
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Equation (5) with f/a set equal to 0 and H% n substituted
2
for M, permits the calculation of the thrust horsepower of the

tur bi ne-cool ant heat - exchanger core. Wth appropriate substitutions
for the case under consideration, the duct thrust horsepower is

971

npy, = Yo {Vz,n - Vo) M, , = 880(935.5 - 880) 187.5 x 13.588
17,700 n ,h 17,700 x 0.85 x 60

= 128. 8 horsepower

Engi ne- Wi ght  Anal ysi s

Engiine shell-casting wei ght. - The thickness of the equival ent
steel shell is

(Pa,1 - Pg,y)d _ (27.64 - 4.5) 3170 X 21
144 X 83000 144 X 83000

S5 =

= 0.1337 inch

and by use of equation (20), the weight of the equival ent stee
shell i s found to be

np L
= g g8 X 80
s = T <1778 2 X 0.1337 x42. 267

x X 4&
28 (24 + 28) Z x 1728

204. 64 pounds

Weight of turbine. - The weight of a complete turbine stage
Including rotor dish, blades, end nozzl e diaphragm i s assessed at
204 pounds. There are three such stages and the wei ght of the

turbine is 612 pounds.

Wi ght of conpressor. - From the section of the report entitled
"ANALYSIS", the weight of the conpressor is

We = 2.8 X612 = 1713. 60 pounds
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cool ant pump weight. - This weight is assessed at 30 pounds.

Engine-coolant heat-exchanger wei ght. - The weight of a suitable

tube and fin aluminum radiator emd |ts attendant coolant is 20. 9 pounds

per cubic foot. An allowance of 25 percent of the heat-exchanger
and its cool ant weight 1= mede for the plumbing, and t he wei ght of
t he turbine-cool ant heat-exchanger installation is
wh = 1.25 (turbine-cool ant heat-exchanger and cool ant wei ght)
= 1.25 x 20.9 x 13.568 = 354.99 pounds

. Ygtlsgftﬁ)ropelIeL-riduction gearl. - By the derivation given
in "ANAT, is wel ght is

w, = 0.05 x 29799.4 = 1489.97 pounds

Wei ght of propellers. - By the relations devel oped in "ARALYSIS',
the wei ght of the propellers is estimeted at

Wp = 0.0302 x 29799.4 = 8999. 42

The wei ghts of the principal engine components are tabul ated
as foll ows:

Wi ght

Conponent {1b)

Engine shell casting . C e e e e . ... ... . 204.64
Tur bi ne- cool ant heat exchanger plunbing and coolant . . . 354. 99
Turbine (three stages) e e e e 612. 00
Compressor . . . R B 2 20
cool antpu n1p ....................... 30. 00
Propel l er reduction gear unit . . . . . . . . . . . . . . 1489.97
Prope].lers e & & & & & & & & ¢ 8 @ ¢ € ¢ © 8 6 0 ® @ e 8999. 42
Basic engine welght.. . . . . . . . . . . . . . . . .. 1174.00
Cross wei ght 14,578.62

Speci fi ¢ Performence Val ues

Specific power output. - From equation (1) the net propulsive
hor sepower of the power plant is
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hpnet = hpt - hpc - hpz - hp + hp

-n
3 3~

R

= 19650 - 6525 - 2126.61 - 242.29 + 996.0 + 128.8

~
= 11,880.9 horsepower 5
The specific power output is
17,880.9
23.48
= 506. 0 horsepower per pound of compressor air flow per second
Specific weight. - The specific weight is
W _ 14578.6 .
hp__. 11,880,9
= 1.227 pourlis per net equival ent shaft horsepower .
Specific fuel consumption. - The specific fuel consunption ie
¢ o /2 Mg 36Q0_ 0.03945 x 23.48 x 3600
hp 11,880.9
net
= 0.2807 pound per brake horsepower-hour
Power - pl ant _brake thernal efficiency. - The brake thermal effi-
ciency of the power plant is
Mg = hpnet-_ hpnet
hp, (60 x 14700 x 778)
r f/a (M) 33000
33,000 x 11880.9
= 0.03945 x 23.48 X 60 x 18700 X //8 T

0.485 = 48.5 percent
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Speci fic Power Losses

Specific heat |oss. - The specific heat |oss 1is
e, 2126. 61
hp. 0.03945 x 23.48 X 60 X 18700 x 9778
33000
= 0.08679

= 8.679 percent of the fuel horsepower

Speci fic punping power. - The specific punping power is

b, 242. 29
Bp, _ 0.03045 x 23.48 x 60 X 16700 X 778
33000

= 0.009888 = (0.9889 percent of the fuel horsepower
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Figure 2. - Schematic diagram of engine and heat exchanger

for multistage-turbine turbine—propeller engine with
water-cooled turbine blades.
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volume diagrams for thermodynamic cycle of multistage-turbine
. turbine-propeller engine with water-cooled turbine blades.
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Figure 4. = Comparison of experimental and ideal relations between calcu-
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Figure 5. — Sketch of coolant circulation system for multistage—
turbine turbine-propeller engine with water—cooled turbine

blades.



54

Net specific equivalent shaft horsepower, hppet, hp/lb compressor air/sec
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Figure 6. - Variation of net specific equivalent shaft horse-
power with turbine-inlet temperature flight speed, and
altitude for mu | tistage-turbine turbine-propel ler engine
with water-cooled turbine blades.
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Equivalent shaft thermal efficiency, hppet/hp¢
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Figure 8. = Variation of equlvalent shaft thermal efficlency with

turbine-inlet tem

rature,

flight speed. and

altitude for multi-

stage-turbine turbine-propeller engine with water-cooled turbine

blades.
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Figure 10. — Variation of specific weight with turbine-inlet temperature,
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engine with water-cooled turbine blades.
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Figure 10. — Continued. Variation of specific weight with turbine-inlet

temperature, flight speed, and altitude for multistage-turbine turbine-
propeller engine with water—cooled turbine blades.
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Figure 10. —Concluded. Variation of specific weight with turbine-inlet
temperature, fl ight speed, and altitude for multistage-turbine turbine—
propeller engine with water-cooled turbine blades.
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Specific heat oss, hpy/hp¢
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Figure 1 1. — Continued. Variation of specific heat loss with turbine-

inlet temperature, flight speed, and altitude for multistage-turbine
turbine-propeller engine with water-cooled turbine blades.
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Figure 12. = Variation of specific coolant pumping power wtth turbine-

inlet temperature, flight speed, and altitude for multistage-turbine
turbine-propeller engine with water-cooled turbine blades.
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Figure 12, = Continued. Variation of specific coolant pumping power
with turbine-inlet temperature, flight speed, and altitude for multi-
stage-turbine turbine—propeller engine with water-cooled turbine blades.
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Specific pumping power, hpplhpf
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Figure 12. = Concluded. Variation of specific coolant pumping power with
turbine-inlet temperature, fl ight speed, and altitude for mul tistage-
turbine turbine-propeller engine with water-cooled turbine blades.
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Figure 13. = Variation of specific frontal-area requirement far heat-ex-
changer core in multistage-turbine turbine-propeller engine with water-
cooled turbine blades.
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