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l3VVEZI~ION OF llEEE I-40 JET-PROE'UI3ION  EPGIIE IN THE:

I -l?mEmMmmm~~~Ics

By Stanley L. Gendler and. William K. Koffel

The p8X'fOmnCe CharaCt8ristiCS Of the 1-40 jet-propulsion
win8 82'8 p.S8&8d and 8ll&lyZed  fOr a -8 Of altitude8 f3FCml
10,000 to 40,000 feet and a mnge of ram pressure ratios from 0.98
to 1.76.

At an engine speed of 11,500 w, the net thrust and the net-
thrust horsepower decreased about 25 percent at any airspeed with
each lO,mO-foot increaee Fn altitude. At an altitude of 30,000 feet
and an engine speed of 11,500 rpm, th8 net thrust increased from 1525
to 1890 pounds with an increase of aimpeed from 235 to 640 miles per
hour. At a Con&ant 8nglns 8p88d Of 11,500 r~pp, th8 Specific fuel
oonsumption based on net-thrust horsepower showed no apparent alti-
tude effect and deoreased from 2.10 pounds to 0.80 pound of fuel per
horsepower hour as the airspeed increased from 235 to 640 miles per
hour.

The use of gen8raUzing  factor8 for estimating altitude perform-
ance Of the engine gave only fair results; for example, the perPOm-
ance at 40,000 feet may be calculate& from data obtaIned at
20,000 feet with as acuuracy within about 9 percent at a corrected
engine speed of 11,500 rpm.

At an altitude of 20,000 feet, the internal w when the engine
was windmilling at airspeeds from 235 to 550 miles per hour ie shown
to increase from 2.6 to l3.i' percent of the net thrust developed by
the engine operate at 11,500 rpm at the same respective airspeeds.
At an air8p88d of 400 ml188 per hour the windmilling drag d8CreaS8d
from 8.4 percent of the net thrust developed by the engine operating
at 11,500 rpm at 10,000 feet to 5.6 percent at 40,000 feet.

. UNCLASSIFtED
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II'?lWDETION

An investigation has b88n ccmduoted  in the Cleveland altitude
Wi.dtUDIl8ltOd.8t8Z%liZI8th8~~OZWIlUe aId op8rrrtionalcharaCt8r-
i8tiCS & the I-40 jet-p~pLd.BiOn  SI@ILe and its CompOZmltS. The
over-all performance and the windmilling dm,g uhanaaterietics  crf th8
en&n8 over a range of altitude8 from 10,000 to 40,000 feet and mm
pZ'8SSUre ratios froaP 0.98 to 1.76 are pYT88ented. The88 mm preseure
ratio8 oorreepand to true airspeeds of about 0 to 640 mile8 per hour.

A preliminary preeentation of general 8ff8CtS observed in alti-
tude inv8stlgations  of several jet-propulsion eq3in88 in&w th8
I-40 wae given in reference 1. Th8 1-40 ~rfOZliBlIC8  dat8 pZ%Wted
herein SUp8Z'eede those in refer8nOe  1 where Sli&lt diff8XWnOeS 8Xi8t
betW8encorr8spondiPgCurv88.

HfiCi8ILCi88 of the en&ine components are presented ae an aid
in i&8-8ting the e.&ne-PerfonnanO 8 OUI'V88. An induction-system
8ffiCimCy  of 100 p8rOen-t yB8 USed in Calcubting the net thmst
and the airspeeds. Tb8 flB8-st= total PrM8W Wa8 a8d t0
be equal t0 the total pressur8 8t th8 c-ampr8s8or  inlet8 in Ord8.F
that the p8zfomanc 6 data may be applied to the iustallation of the
I-40 engine in any airpw8 in vhioh th8 i.UdUCtiO.U-8yEIta efficiency
18 kZOWKl. 0&8 flOWand thrust V8Z-e GaloUletted frODl 8Wvey-YXik8
ID8a8UtWIU8nts at the tail-pipe-n02218  Outlet. Th8 reliability Of the
US0 of g8IlSEXliZ~ faCtOEl in 8Stfmatiw 8qiIle p8tiOZXEUlC8 at eLlly
altitude from 8Q8rim8ntal data obtained at another altitude UaS
examined.

98V8lXl tn88 of fU81 8y'Bta Were illV88tigiated on the wine
inELU8ffOrt  t0 improV8 th8 eI3giZX3 OpeZXtiOL B8causenone &the
r8Vi8ed eystems materially &an@ the engine perfomance,  the per-
formance of the engine with the original fuel system including a
barmetric control end 40-gallon-per-hour fuel nozzle8 is pTX388nt8d.

The I-40 jet-propulsion engine is 102i inch88 in le&b from
the front of the acoeesory section to the rear of the exhaust cone,
48 inCh8S in diameter, and weigh8 approximately 1850 pounds. The
power ratin@ Of th8 engin for Static S8R-leV8l  OperPltiOn  are:
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Military
take-off NormalIdling

=‘&- SPe% b?P’d
Thrust, (lb)
ltTsimm exbaustteanperature, (OF)
ThlTU8t Sp8GifiC fuel COIISUBQ-

tion, (lb/(hr)(lb thru&))
Fuel flow, (lb/%??)

11,500 11,000 3500
3,200 2003,750

1,200 1,1(-j-o ------

1.20 1.20 ------
w--e--we ------ 880

Th8 8ll@n8 consists of fiV8 component se&ions: oompreesor,
ccaobustion chambers, turbine, acceseory section, and exhaust ae
& tail pipe. Th8 total ar8a of the ccappressor  iIIl8t8, inoluding
the S-mesh SCr88n COVering the Opew8, i8 6.53 eqUal% feet. The
wqressor casing contains an aluminum impeller of the double-entry
ceIltrifU&l type, whioh 18 30 illCh88 in diameter. Air dieCharge
from the Impeller into the diffLIS8r,  which @id88 and diffuses the
air into the air adapter8 connected to each of the 14 combustion-
Chamber fnl8tS.

The compre8sor impeller is bolted between two flanged shaft8
that rotate on a ball thrust bearW.2 at the front and a roller bear-
ing at the rear. The rear shaft is coupl8dtotheturbine shsftby
a Spliced coupling Etnd the front shaft drive8 the aooessory  tX%ZiIL
The turbine &aft also rotates on a ball thrust bearing at the front
of the shaft and a roller bearing immediately ah8ad of the turbine.

228 burner 88CtiOn 18 WIlpo88d of 14 combustion chambers of
the through-flow typwlnto which the air and the fuel are introduC8d
at the front and from which the hot product8 0s ccxabustion are die-
chargedfrom the rear. Each Gosibustion  Chamb8rcOntaine  &perforated
and truncated combustion liner that divides the combustion zone from
th8 tapered annular passage thxotgh which th8 88~On&?~y air f&%8.
!Ihe upstream end of the combustion liner 18 covered with a dome
haH.ng perforations for admittance of primary air into the combustion
zone. Each dome contains a 40-gallon-per-hour fuel nozzle with an
80° Spray Cone. Fuelis dlr8ct8ddownstr8am  alongtheaxia ti t&8
combustion chamber. Ignition for starting is provided by spark
~1~15s that project through the air adapter8 and the combustion-
Ohamber dCZII8s into the fuel sprays of two combustion chambers. 1111
combustion chambers ar8 intercOnne ct8d with cross-i5nition tubes,
whichignitetbe  remainIn combustionchambers.

3?h8 combustionchambers diSChaI?ge into a COlleOtOrthatfOI'm8
the nozzle box for the turbine. aust gases 1eaVing the turbine
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pass through the annular epace formed between the inner and outer
8&XlStCOn88. The inner cone is suppwted by four van88, which
also reduce the rotation af the gases before they are discharged
i&O the exhaust pipe.

In the standard fU81 system, fuel 18 supplied to each fuel-
injection nozzle from a won fuel manifold at pressures ranging
from 10 to 180 pounds per square inch, depending on engine speed
end altitude. The main fuel pump is a poeitive-displacement pump
driven by the e@n8. Fuel is pumped to the fuel-nozzle manifold
at high pressure. Fu8lflowi8 regulatedbythxwe controls: a
manual control valve, a 'barometrtc," and a governor. ThelJBJW?!l-
oontrol valve consiets of a poppet-type shut-off valve closed to
Stop the engine and a eliding-cylinder throttling Valve 88t by th8
pilot for the desired op8rrrtIng speed. The barometric and the
governor bypass the fuel from the high-pressure line between the
fU81 pwnp and the nO~zl88 bask to th8 pmp inlet. The fUnotiOn of
the barometric 18 to maintain constant engina 8g8ed for a given
OOGkpit thX'Ottl8 Setting, LT8gardl88S of change8 in altitude and
airspeed. The governor limit8 the maximum 8Q3ine speed to
11,300 rJml.

All bearings on tb8 impeller and turbine shafts and the eplined
coupling are lubrioated  by Jets of oil pumped from the acceeaory
section. The oil drains from the bearings into a eump and18 pump8d
back into the Oi1-8UpP1y  L-888I-VOir  in the accessory Ca88. The
accessory case is mounted on the front of the engine and support8
the engine aCC8SSOri8S. The gem and the b-8 in the acc8s8ory
drive assembly are eplash-lubricated from the gear that drivee the
oil pump.

Some of the air approaching the rear impeller inlet of the com-
preseor is used for engine cooling air. A cooling-airfanmounted
on the front Side of the turbine wheel pump8 cooling air through the
8Il&Il8 88 8hOWIl infigure 1. A baffle on the fmgine is S8ftl8d to
the nacelle wall to limit the cooling-air flow. The maximum cooling-
air flow is given by themanufecturer  a8 about 2 percmt of the air
flowthrough the engine atan engine s-peed of 11,300 rpm.

TUNNEL -ION AN0 ~A!J!ION~~IliE

AnI-40-3 8ngin8wa8in~tall8dinanairphn8 fUSel.agemOU&Bd
in the ZO-foot-diameter t8St 88CtiOIL of th8 altitude wind tunnel a8
showninfigure2. Air entered the airplane through inlets on both
sides of the fuselage near the wing fillet8 (fig. 3) and flowed
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through ducts into a plenum chamber eurrotiing the engine. The 8ir
then entered the engine through openings on both sidee of the double-
entry compre8sor. (See fig. 1.)

Two inlet configurations were used for theee runs. In the first
configuration, air was taken from the tunnel test 8eCtiOn through the
notil airplane intake ducts for "static tests" (fig. 3). In the
second configuration, air from the tunnel make-up air ayst8m w8e
introduced into the airplane'8 two inlet ducts through 8 Y-&aped mm
pipe (fig. 4). Thie air was throttled from 8pproxImately ee8-level
pressure to the pressure corresponding to the desired r8m pressure
ratio at 8 given altitude.

This airplane installation fncluded 8 tailpipe 93.3 in&e8 in
length. The tail pipe had 8 straight taper from 8 21-inch diameter
at the e&au&-cone discharge to a 19-inch diameter at the tail-pipe-
nozzle outlet.

The engine was extensively Instrumented. (See fig. 5.) The
location of the nine ststiona used inmaking the engine an8lysis is
showninfigure1. The data preeented were obtained by means of the
inetnrmentati~identifiedbyslant type infigure 5. Thermocouples
of the type used at &&ions 4 and 8 were calibr&ed  for impact tem-
perature rise over 8 remge of Mach numbers from 0 to 0.75. The
impact recovery factors thus obtained were used to correct the indi-
cated thermooouple  temperaturea.

Investigations were conducted over 8 range of altitudes fm
10,000 to 40,000 feet and ram pressure ratios from 0.98 to 1.76. At
e8ch altitude and ram pressure lgtfo, the engine speed wae varied
from 8pproxImately minimum operable speed to 11,500 rpm. During ram
tests, the pressure in the ram pipe was adjusted to give 8 tot81
pressure at the ccanpressor  inlet that oorresponded to the de&red
ram pressure ratio at the desired altitude; the pressure in the
tUUILe1 was 8djWted to the St8tiC pressure 8t that altitude. The
air temperatures in the ram pipe and In the tunnel were maintained
8s close to the desired values 8s the tunnel refrigeration eyatem
8l.d rUnning time would 811ow.

When the ram pipe wag installed, measurements of engine thru6t
and installation drag with the tunnel balance eoale were made pos-
sible by the slip jodnt in the r8m pipe about 36 feet upstream of
the inlets. (See fig. 4.)
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In order to determine the external dmg of the inetallatian,
power-aff  drag tests were conducted with the inlete and the tail-
pipe-nozzle outlet oovered with streamlined fairings. Powe2coff
drag te8iXi were 81SO run with the Y-ehaped ram pipe bSt8lled and
with 8 blind flange in the ram pipe just upstream of the slip joint.

During slxtio tests, speeds of 76 to 127 feet per second were
induced in the air of the tunnel teet se&ion by the ejector effect
of the jet 8nd by the tunnel exhaust scoop, which vas located in
the air sbe8m immediately downstreem af the test eection.

The eymbolsandneoessarynum~i~l~lues  usedinthis report
82% as folloue:

Ax
C

%

D,

“3

p;l

g

H

J

K

ccqrmsor  outlet area at station 4, (1.621 eq ft)

tail-pipe-nozzle outlet 8re8 at st8tian 8 (hot), (sq ft)

tail-pipe-nozzle Outlet 81338 at station 8 at 520° R,
(1.973 sq ft)

8nnular increment of area of t8il-pipe-nozzle outlet, (eq ft)

jet-thrust calLbr8tion factor for tail-pipe-nozzle outlet
rake, (0.968)

speoifio heat of air at constant pressure, (0.241 Btu/(lb)("R))

-lling drag, (lb)

jet thrust, (lb)

net thrust, (lb)

acceleration due to gravity, (ft/6eoz)

enthalpyof exh8ust gasas obtainedfzwnfigurs  lof reber-
ence 3, (Btu/lb)

mech8nioal equivalent of heat, (778 ft-lb/Btu)

@a-flow calibration f8CtOr for tail-pipe-nozzle  outlet tie,
(0.964)

e;
.
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i
M

N

P

P

pz/po

q

R

T

Tl

t

thP

v

v

W

Wfbj

wfbn

'f/w,

a

Y

mass flow, (alugs/sec)

eneke speed, kd

total #essure, (lb/eq ft 8bSOlUte)

Stat10 pressure, (Ib/sq f't absolute)

mm pressure ratio

dyn8mio pressure, (lb/sq ft)

gas const8nt, (ft-lb/(lb)(OR)); (for air = 33.30, for
eXh8USt g8S = 53.86)

tot81 temperature, (OR)

indic8ted wmperature, (OR)

static temperature, (OB)

net-thrust horsepower

velocity, (ft/sec)

a*speed, (mph)

weight flow

specific fuel
(lb/b) (lb

consumption based 011 Jet thrutat,
t-t))

8pecifi.c fuel
(lb/h) (lb

oonemnption based on net thrust,
thrust))

specific fuel ConsuIuption based on net-thrust horeepower,
(lb/(hr)(net-thrust  hp)) (Same 88 comected apeoifio
fuel consumption based on net-thrust horeepower.)

fuel-air ratio

thermocouple 5I6pact recovery factor (0.86 at ststicuu 4 8nd 8)

ratio of specific he8ts, (1.4 for air 8& variable for
e&must gas)

combustion effioienoy, (percent)
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'lC

'It

P

6

8

uompres8or 8diabatI.c efficiency, (percent)

turbine adiabatio efficiency, (peraent)

density, (slugs/cu ft)

ratio af the aver8ge total pressure at front and ne8r
oompressor Inlets to 8bsolute static pressure of NACA
etandaxdatmoephereateea level

r8tiO & the aver8ge tot81 tMQer8tWPe at front and
rear veesor inlets to absolute static tampera-
ture of NACA standard atmospbereatee8level

Subscripts:

0 effective free-stream ambient condition8

2 compressor inlet, (average of front 8nd rear inlets)

4 compressor outlet

5 turbine-nozzle inlet

8 tail-pipe-nozzle outlet

a air

f fuel

Q exhaust @8

J vena contracta Crp exhaust jet

B tail-pipe-nozzle outlet shell

X annular increment of area in fail-pipe-nozzle outlet

The following parameters are generalized to NACA standard atmos-
pheria conditions at se8 level:

FJb corrected jet thmst, (lb)

pnb corrected net thrust, (lb)

N/G correoted  engine speed, (rpm)

&

?

Y

Y
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thz /b-b)
vo/&
Wi.@b
Wfl(SG)
Wf/(Fj@)

wf/(wae)

corrected net-thrust horsepower

corrected true airspeed, (mph)

corrected air flow, (lb/eec)

corrected fuel flow, (lbfhr)

corrected specific fuel coxmumption baeed on Jet thrust,
(lb/b) (lb thrust) )

corrected specific fuel oonsmption based on net thrust,
(lb/h) (lb t-t))

corrected fuel-air ratio

METHOD OF C~ION

Temperature

The effective free-stream ambient temperature with the ram pipe
installed is oalculated from the ram pressure mtio:

r-1
Y

t0
pO

=T2 p20

The average total temperature at the compressor inlets was
assumed to be equal to the avenge indicated temperature at the mm-
pressor inlets; this assumption resulted in an error af lees than
0.2 percent.

Total temperature at the outlet of the ccmpreeeor was calcu-
lated frm the equation

T4 = Ti,4 + (+$(yi~'> (2)

but with the indicated temperature Ti,4 and total pressure P4 at
the ccmpreasor outlet instead of static tamperature t4 and static
p-s- pqj respectively. This procedure introduced a negligible
error in the impact-recovery corrections.
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The static temperature at the tail-pipe-nozzle outlet was cal-
culated from

t8 =

and the total temperature is

I
Ti,8 (-

‘-“8

dip8

(3)

(4)

4

The thermocouples in the turbine-nozzle inlet (fig. 5) did not
accurately measure the temperature of the gas because of the prox-
imity of the flame and the high turbulence of the flow. As a
result the enthalpy H5 at the turbine-nozzle inlet was calculated
from the tmperature at the tail-pipe-nozzle outlet by use of

Es-= cp (T4 - T2) + Q (5)

Equation (5) is based on two assuqtions: (8) The bearing friction
losses 8nd power to accessories are small, and (b) the total heat
loss between the turbine outlet and the tail-pipe-nozzle outlet is
small. The temperature at the inlet to the turbine nozzles T5,
correspcandIng to the total enthalpy Hg, was obtained from figure 1
ofreference 3.

f

--

All data have been corrected for small variations in the tem-
peretture of the air at the compressor inlets from the temper%ture at
the given altitude and ram pressure ratio by means of the usual
altitude generauzing factors.
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Effective Airspeed

Izaasmuch as 811 C8lcUlatiOnS  are based on 106PerCent r8m effi-
ciency, the ram pressure ratio is used to determine the effective
free-stresm velocity. The effective free-stream velocity was Cal-
culated from

V. = ,/m (6)

Owing to the losses in the intake ducts during static tests,
the tot81 pressure at the compressor inlets was slightly lees than
the free-stream static press- and the reeult- ram pressure
ratio was less than 1.0. Because effective free-stream velocity
becomes mathematically Fmaginary, quantities Fnvolving  initi8l
mamentum at a ram pressure ratio of 0.98 h8ve been omitted fKan this
report.

Gas Flow

OElsflowwae calculated fromtemperatureandpressuremeasure-
ments obtained with a survey rake located at the tail-pipe-nozzle
outlet. The equation for calculating gas flow was derived from the
definition of ieight flow:

wg = @&&

When Bernoullils compressible-flow equation for
the velocfty OS the jet at the nozzle outlet is

(7)

velocity is applied,

The expression for mass density is

'8
P8 = -

*88

1- 1

and, when equations (8) and (9) are substituted
the equation for gas flow is

(8)

into equation (7),
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Inasmuch as the total and static pressures and. temperatures
vary appreciably across the tail pipe, the gas flow is the summation
of the gas flow thmugh each annular element of the tail-pipe-nozzle
outlet area. Substitution of equation (3) and applicati'on of the
gas-flow calibration factor in equation (10) gives

wi3 = KP9II-*g,I
Ax [,'-lj+a[~~-j

%,I
/ /

The values of 7 used in equation (11) correspond to the
static temperatures at the tail-pipe-nozzle area and were obtaIned
from a curve for a fuel-air ratio af 0.02 and a combustion effi-
ciency of 70 percent.

In order to correct for the thermal expansion of the area of
tail-pipe-nozzle outlet, the coefficient of expansion of are8 is
taken as twice the linear coefficient of expansion times the temper-
ature rise. Because the coefficient of linear expansion for Inconel
is approximately 9 X 10W6 inuhes per inch per%for 8 range of term-
pemtures from 100° to 1400° F, the equation for the hot area becomes

Ae = Ag’ [l + 1.8 x lO-5 (Ts - 520)3 (12)

When modtiled to include the correction for the hot tail-pipe-
nozzle outlet area, equation (11) becomes

,

wg = ,,.7,,“dl +aLi,2Ti
Ef

y (n)
Ti,X

I

-

F

.
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where

y. = 1 + 1.8 x 10-5 (Ts - 520)

Air flow is then found by subtracting the fuel flow
.

Wa = Wg - Wf 04)

Thrust

The thrust was calculated from the temperature and pressure
measurements used in calculating the gas flow. Calculation of jet
thrust was acccmpliehed by the use of an equation derived from the
general formula

where

Fj = svj = 3353 + A8 (P8 - PO)

Substitution of equations
mation of the forces from

%3’8 = @$e2 (16)

(8) and (9) into equation (16) and sum-
each incremental 8lZlllti 8- givee

Substituting equation (17) into equation (15) and applying the
calibration factor C and the correction for the hot tail-pipe-
nozzle outlet area gLve8 the fin31 equatfon for jet thrust

tiereFJ =+p7~[($-  4 ++ (Pa - P.4 y08)

Y = -1 -I- 1.8 X 10-5 (T, - 520)

and y varies with the tail-pipe temperature.

The jet-thrust and the @.a-flow calibration factors, which are
defined as the ratio of the measured to the calculated values, are
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0.968 and 0.964, respectively, for the tail-pipe-nozzle  outlet rake,
Theee factor8 were determined from sea-level, st8tic test-stand
data. Altitude-wind-tunnel investigations indicated that these
factors were unaffected by altitude and engine speed.

Subtract- the initial free-stream momentum aP the inlet air
from the jet thrust gives the following equation for net thrust:

Fn = FJ - QVO (19)

Windmilling drag was calculated from the expression

a, = M, 00 - Vjl (201

which was In agreement with drag measured with the wind-tunnel
balance.

Horsepower

Net-thrust horsepower may be calculated from the product of
airspeed in feet per second and net thrust by the relation

%Vothp =-550 (21)

Compressor Efficiency

Compressor adiabatic efficiency is defined as the ratio of the
adiabatic temperature rise to the actual temperature rise through
the compressor

r-l

%
0p4 r -13=

T4 1- -
T2

Combustion Ef'ficiency

(22)

Combustion efficiency may be defined as the mtio of the "ideal"
fuel-air'mtio  required for the production of the measured combustion
temperature to the fuel-air mtio actually measured

c

z
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?b = ideal fuel-air ratio
actual fuel-air ratio

15

(23)

The ideal fuel-air ratio is obtained by use of an alinement
&art (fig. 1 of referance 2). The initialairtemperature  is taken
as the average couqreesor-inlet  temperature T2 and the final com-
bustion temperature is taken as the tail-pipe-nozzle outlet total
temperature T8' The engine burnedkerosene with8 hy&rogen-carbon
ratio of 0.175 and a lower heating value of 18,606 Btu per pound.

Turbine Efficiency

Turbine efficiency as used herein is the ratio of the actual
temperature drop totheadiabatic  temperature dropfromtheturbine-
nozzle inlet pressure to the tail-pipe-nozzle outlet pressure

(24)

Turbine efficiency is uncorrected for losses in the tail pipe
because the instrumentation gave inaccurate temperatures  at the tur-
bine outlet. Equation (24) probably gives values close to the a&a.&
turbine effioiency because the losses in the tail pipe are small.

FZWLTS AND DISCUSSION

Component Efficienciee

The performance of a jet-propuleion engine is determined to a
large extent by the &ficiencies of its components. Knowledge of the
effects of altitude and rem pressure ratio on the component efficien-
cies is of assistance in analyzing the over-all performance of 8 jet
engine. Figures 6 to 8 present the variation of compressor adiabatic
efficiency, ccrmbustion  efficiency, and turbine adiabatic &ficiency,
respectively, of the I-40 engine with engine speed, altitude, and
rml prea8ure retio.

Compressor efficiency. - Compressor adiabatic efficiency at a
ram pressure ratio of approximately 1.2 reached 8 maximum of 69.5 per-
cent at an engine speed of 10,000 rpm and fell off to 68 percent at
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11,500 rpn (fig. 6(a)). Altitude hadno signkficant  effect on com-
pressor efficiency at any engine speed. Figure 6(b) shows that the
compressor efficiency decreased rapidly with increasing ram pressure
ratio at low engine speeds. At engine speeds above 10,000 rpm,
however, ram pressure ratio had little effect.

Combustion efficiency. - The combustion efficiency decreased
rapidly with increasla@; altitude at low engine speeds, as shown in
figure 7(a). At 11,500 rpm the combustion efficiency varied from
approximately 96 to 94 percent with 8 change in altitude from
10,000 to 40,000 feet. Combustion efficiency was unaffected by ram
pressure ratio (fig. 7(b)).

Turbine efficiency. - Turbine adiabatic efficiency at a ram
pressure ratio of approximately 1.2 reached a maximum of nearly
84 percent at an engine speed of 7000 xpm and decreased to 80 per-
cent at 11,500 rpa (fig. 8(a)). Altitude had no discernible effect
on turbine efficiency at any engine speed. The data in figure 8(b)
indicate that turbine efficiency ie.at a xnisbnm at a ram pressure
ratio of approximately 1.08 at all engine speeds and deoreases tith
both increasing and decreasing ram pressure ratio. At engtie speeds
above approximately 8000 rpm, the effect of ram pressure ratio on
the turbine efficiency was small. No data points are shown in fig-
ure 8(b) because the great number of points would obscure the effect
of ram pressurW ratio.

Engine Performance

Altitude effect on performance. - Comparisonof engine perform-
ance at altitudes of 10,000, 20,000, 30,000, and 40,OCC feet at a
ram pressure ratio of approxinvltely 1.2 shows that air flow, Jet
thrust, net thrust, and net-thrust horsepower (figs. 9 to 12)
decreased with altitude as a result of decreased air density and
decreased mass air flow at high altitudes.

Altitude had no effect on the epecific fuel consumption based
on net-thrust horsepower as ehoun in figure 13. Inasmuch as the
compressor-inlet air tempemture decreased with increasing altitude
and the compressor operated at 8 higher effective corrected engine
speed and a higher compressor pressure ratio, the cycle efficiency
was increased. This increase in cycle efficiency was apparently
balanced by the loss in combustion efficiency (fig. 7). Increased
specific fuel conmmption in the low engine-speed range was caused
by the low component and cycle efficiencies. Similarly, the specific
fuel consumption based on net thrust (fig. 14) showed no altitude
effect. Atanengine speedof 11,500 rpmanda ram pressure ratio

.
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of approximately 1.2, the epeoific fuel consumption was 1.40 pounds
of fuel per horsepower-hour and 1.35 pounds of fuel per hour per
pouz?dofnetthrust.

Specific fuel consumption based on jet thrust (fig. 15)
decreased with increasing engine speed and deoreasing altitude.

The fuel oonsmption  of the I-40 engine (fig. 16) decreased
with increasing altitude at constant engine speed because the net
thrust horsepower (fig. 12) decreased with inoreasing  altitude and
the specificfuelcaneumptionbasedonnet~t  horsepower
(fig. 13) was unaffected by altitude.

The fuel-air ratio (fig. 17) increased with altitude through-
out the entire range of engine speeds. The increase in fuel-air
ratio at a given altitude as idling speed is approached is caused
by the rapid decrease in combustion efficiency.

Ram-pressure-ratio effect on performance. - Performance results
showing the effects of ram pressure ratio at an altitude of
30,000 feet are shown in figures 18 to 26. The increase in air
flow with increasing ram pressure ratio over the entire range of
engine speeds is showninfigure  18. The jet thrust (fig. 19) was
greater at high ram pressure ratios as a result of the increasing
mass air flow and jet velocity.

The curves of net thrust at an altitude of 30,COd feet plotted
against engine speed for several ram pressure ~tiOS.c~8s as shown
in figure 20. Asimilar effect of rampressure ratioandengine
speed on net thrust horsepower is shown in figure 21.

At e@.ne speeds greater than 85CC rpm, the epecifio fuel con-
sumption based on net thrust horsepower (fig. 22) decreased with
increasing ram pressure ratio because the cycle efficiency improved.
In the range of low engine speeds the specific fuel consumption
increased with ram pressure ratio because the ocxn
(fig. 6(b)) and the turbine efficiency (fig. 8(b)

eseor efficiency
p"decreased rapidly

with an increase in ram pressure ratio from 1.08 to 1.76, even
though cycle efficiency improved with mm pressure ratio,

Specific fuel consumption based on net thrust (fig. 23)
increased with increasing ram pressure ratio at all engine speeds;
whereas specific fuel consumption based on jet thrust decreased
(fig. 24). The increase in specific fuel consumption based on net
thrust with increasing ram pressure ratio results from the omission
of airspeed in the determination of th%net thrust specific fuel
consumption.
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The extended portions of the curves in figures 22 and 23 were
determined from the faired curves of fuel flow, net thrust, and
net thrust horsepower plotted against engine speed.

Fuel consumption was increased by increased ram pressure ratio
(fig. 25) at engine speeds greater than 9000 rpm and was decreased
at lower speeds. Fuel-air ratio (fig. 26) decreased with increased
ram pressure mti0 8t 811 en&X3 speeds.

The specific fuel-consumption data in figures 22 and 23 are
replotted in figures 27 end 28 against net thrust horsepower and
net thrust, respectively. The power specific fuel consumption of
the I-40 engine is a minimum at maximum power output.

As an aid in estimating the perpormanoe  cf an airplane-engine
combination, net thrust, net thrust horsepower, and specific fuel
consumption based on net thrust horsepower are plotted against air-
speed at several altitudes (fig. 29 to 31).

At an engine speed cf 11,500 at all altitudes, the minimum
net thrust (fig. 29) was at apprortmately 275 miles per hour. The,
decrease in net thrust at an engine speed of 11,500 zpm was approx-
imately 25 percent per lO,OOO-foot increase in 8ltitUde at any air
speed. At 30,006 feet and 11,500 rpm, an increase in airspeed from
235 miles per hour to 640 miles per hour resulted in an increase in
net thrust frcaP 1525 pounds to 1890 pounds (fig. 29) and an increase
in net thrust horsepower from 955 to 3200 (fig. 30).

At an engine speed of 11,500 rpm the speoific fuel consumption
based on net thrust horsepower (fig. 31) decreased from 2.10 pounds
to 0.80 pound of fuel per horsepower-hour as airspeed increased
from 235 to 640 miles per hour. Specific fuelconsumptionbaeed  on
net thrust horsepower showed no altitude effect.

generalizing Factors

Performance testing of Jet-propulsion engines would be greatly
facilitated if data obtained at a gfven altitude and ram pressure
ratio could be used to estimate engine performance at any altitude
condition. The generalizing factors 6 and 6 hsve been derived
for the reduction of data obtained at altitude conditions to eea-
level conditions by applying the methods of dknensional analysis
(reference 3). The generalized parameters used to present engine
performance are: engine speed, N/&; Jet thrust, FJ/~; net
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thrust, FJ8; net thrust horsepower, thp/(@/%); air flow,
w&G fuel-flow, wf/(w);
wfmjm i net thrust specific
thrust horsepower specific fuel
ratio, wf l<w,e> .

jet thrust specifio fuel consumpticm,
fuel consumption, Wf/(Fn&); net
OOIlSUEQtlOIl, wf /thp; and fuel-air

Altitude effect on generalized data. - Comected air flow,
corrected jet thrust, corrected net thrust, 8nd corrected net thrust
horsepower-each red&d to a single cumeat lowenglne speeds for
811 altitudes at a r8m pressure r8tio of approxImatel.y  1.2 83x3 shown
in figures 32 to 35. At 11,500 rpm, an increase in altitude from
20,OOC to 40,COO feet decreased the comected air flow about 5 per-
cent and decreased the corrected jet thrust, corrected net thrust,
and correoted net thrust horsepower about 9 percent each. The
failure of the data to generalize to one curve in figures 32 to 35
fs attributed to Reynolds number effect.

The specific fuel consumption based on net thrust horsepower
and net thrust, which coincidently fall on aale curves in fig-
ures 13 and 14, failed to reduce to single curves in figures 36 and
37 because the combustfou efficiency ~8s omitted fran the gener8L
izing factors. Corrected speoific fuel oonsmaptlon based on jet
thrust (fig. 38) was higher at high altitudes throughout the entire
range of engine speeds. The corrected fuel consumption plotted
against corrected engine speed (fig. 39) reduced to a single curve
only at corrected engine speeds gre8ter than 11,CCO m.

Corrected fuel-afr ratio (fig. 40) came within about 10 percent
or less of being a single curve at corrected engine speeds gre8ter
than 11,000 qm and a r8m preesure ratio of approxim8tely 1.2.

Inasmuch as quantities involving air flow geneslized to one
curve only at low engine speeds and quantities involving fuel flow
generalizedto  one curve onlyathfgh engine speeds, the use of
generalizing factors for the I-40 engine gives only fair results.

Corrected performance d8ta over 8 range aP r8m pressure ratios
at 30,000 feet are presented in figures 41to 49, Petiormnce at
a particular ram pressure ratio at any altitude can be estimated
from these curves with the apparent aocuracy Indicated In the gen-
eralization of altitude data.
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windmilling Drag Characteristice

A Jet engine is said to be windmillirag when it ie driven solely
by air forced through the engine by the forward motion of the plane.
Values of the ratio aP windmilling drag to net thrust developed with
the engine operating at 11,500 r~pa for the l-40 engine are plotted
against true airspeed infigure 50. The netthruetuaed  inthie
ratiowas obtainedfrcom figure 29 correepo~ingtothe airspeedand
altitude at which the windmilling drag wa8 meaeured. At an alti-
tude of 20,000 feet, when the engine was windmilling at airspeeds
of 255 ad 550 miles per hour, the fnternal drag increased frm 2.6
to 13.7 percent of the net t&u& developed by the engine operating
at 11,500 rpm at the Game respective airapeds. At an airspeed of
400 milee per hour the windmilling drag decreased fxm 8.4 percent
at an altitude of 10,000 feet to 5.6 percent at 40,000 feet.

Altitude had no effect on the ratio of WFnamilliq drag to
free-stream dynamic pre~leure,  which varied from 0.67 to 0.74 with
airepeeda of 125 and 650 mile8 per hour, respectively. (See
fig. 51.) An induction-system efficiency of 100 percent yB8
aas& in ccanputing the value of drag. In order to obtain the
total internal drag of the engine in8tallation in a particular air-
plane, the addition of the drag induced by losses in the induction
system to the windmflUng drag aP the engine 18 necessary.

The origin of windmillipg w is ahanr in surveya of the
total and static preeeures through the engine while windmilling.
(See fig. 52.)

From perforaance inveetigation8  of the I-40 Jet-propuleion
engine over a range of altitudes from 10,000 to 40,000 feet and ram
pressure ratios, baeed on compreeeor-inlet  prwaures, from approxi-
mately 0.98 to 1.76, the following reeulte were obtained:

1. At an engine speed of 11,500 qu, the net thruet and net
thru8t horsepower decmaeed about 25 percent with each lO,OOO-foot
increase 3n altitude at any airspeed.

2. Specific fuel consumption based on net t-t horeepower
showed no effect of altitude. At an engine speed of 11,500 rpm
the specific fuel consumption baaed. on net thrust horsepower
decreased frcm 2.10 pounds to 0.80 pound of fuel per horeegower-
hour as the ram pressure ratio increased from 1.06 to 1.76, which
corresponds to an increaere  in airspeed from 235 to 640 miles per
hour.
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.
3. At an altitude 09 30,000 feet and an engine speed &

11,500 rpm, an increase in airepeed from 235 to 640 miles per hour
resulted in an increase in net thrust fram I.525 to 1890 pounds and
an increase inn&thrust horsepower from 955to 3200.

4. The use nf generalizing factor8 for eetimating altitude
performance of the I-40 engine gave only fair results. PerPormance
of the engine at an altitude of 40,000 feet may be calculated from
wind-tunnel data obtainedat 20,000feetwithanaccuracywithin
about 9 percent at a corrected engine speed & 11,500 rpm.

5. At an altitude of 20,000 feet, the internal drag when the
engine was windmilling at airspeede of 235 ati 550 milea per hour
increased fran 2.6 to 13.7 percent of the net thrust developed by
the engine operating at 11,500 qm~ at the same respective airspeeds.
At an airSpeed of 400 miles per hour the w~illing drag decreased
from 8.4 percent at an altitude af 10,OCO feet to 5.6 percent at
40,000 feet.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautice,

Cleveland, Ohio.
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Figulce 18.0 Effeot of engine speed and ram pressure ratio on
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Figure S6.- Effect of corrected engine speed and altitude on
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Figure 38.0 Effect of corrected engine speed and altitude on
oorrected speclflc fuel consumption based on Jet thrust at
ram pressure ratio of approximately 1.2. Engine speed and
specffio fuel consumption aorrected to NACA standard atmos-
pher%c conditions at sea level.
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Figure 39.0 Effeot of corseated engllre Speed and altitude on
aorreated fuel consumption at rant pressure ratio of approxi-
mately 1.2. Engine speed and fuel oonsumption eorreoted to
RACA standard atmO6pheriC  oondit~ons at sea level.
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Figure 40.0 Effect of oorrected engine &ed and altitude on
corrected fuel-air ratio at ram pressure ratio of approxi-
mately 1.2. Engine Speed and iuel-air ratio aorreoted to
NACA standard ahospherle conditions at sea level,
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Figure 42.- Effect of correoted engine speed and ram pressure
ratio on corrected jet thrust at altitude of 30,000 feet.
Engine speed and Jet thrust oorreoted to ?ZACA standard atmos-
pheria aonuitlons at sea level.
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Figure  43.- Effect of correoted engine $peed and ram pressure
ratio on oorrected net thrust at altftude of 30,000 feet.
Engine speed and net thrust oorreoted to NACA standard atmos-
pher$c conditions at sea level.
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Figure 44.0 Effect of corrected engine speed and fam pressure
ratio on aorreated net-thrust horsepower. Engine speed and
net-mt horsepower  oorrected  to XACA standard atmospheric
oonditlone at sea level.
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pwer at altitude of 30,000 feet. Englpe speed aorreoted to
-CA standard auaospheria aonditionr  at sea level.
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Figure 47.0 Effect of aorreoted engine speed and ram pressure
ratio on corrected specific fuel oonsmption based on Jet
thrust at altitude of 30,OOC feet. Engine speed and speoific
fuel aonsmptlon corrected to HACA standard atiospherio con-
ditions at sea level,
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Figufe 48.0 Effect of correuted engine speed and ram pressure

rat10 on corrected fuel consumption at altitude of 30,000
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Figure 49.0 Effeot of oorretted engine speedand ram pressure
ratio on aorreoted fuelair ratio at altftude of 30,000 feet.
Engine speed and fuel-air ratio cosreoted to HACA standard
atmospherla conditions at sea level.
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Figure  61.0 Effeat of pressure altitude and true airspeed on
ratio of windmilling drag to free-stream dynamia pressure.
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