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INVESTIGATION OF THE I-40 JET-PROPULSION ENGINE
IN THE CLEVELAND ALTTTUDE WIND TUNNEL
IV - ANALYSIS OF COMBUSTION-CEAMEER PERFORMANCE

By Reece V. Hensley

SUMMARY

Conbust i on- chanber perfornmnce characteristics of the I-40
j et-propul si on engine were determined from an | nvestigation of the
conpl ete engi ne installed in an airpl ane fuselage in the O evel and
altitude wind tunnel over a range of rampressure ratios fromO0.98
to 1.76. The standard type C combustion chanmber and a modified
t ype E combustion chanber were investigated.

The combustion-chamber perf or nance characteristics are pre-
sented as functions of the engine speed corrected to NACA standard
sea-level inlet conditions. The effect of variationsin altitude
and rampressure rati o on conbustion efficilency end on combustion-
chanber pressure losses i s presented. The decrease in engine-
cycle efficiency due t o combustion-chamber pressure losses i S
eval uat ed

Conmbustion efficiency varied directly with the ram pressure
rati o and engi ne speed and inversely Wi th the altitude. The combus-
tion efficiency was generally higher for the type C combustion
chanber than for type E. Pressure |osses of about 6 percent of the
conmbustion-chanber-it total pressure were obtained with the
type C combustion chember and slightly |ower |osses were encountered
with the type E conbustion chanber. Percentage losses in tota
pressure were inappreciably effected by changes inaltitude or ram
pressure ratio up to & value of 1.3. At rated engine Speed, the
decrease in engine-cycle efficiency due to conbustion-chanber
pressure losses was alight; the fractional loss varied inversely as
the engi ne speed, generally reaching a value of one-half the engine-
cycle efficlency attained at a corrected engi ne speed bet ween 6000
and 8000 rpm.

SSIFIED




2 NACA RM No. E8GO2c

INTRODUCTION

An investigation under sinulated fight conditions of the per-
formance of the S-40 engine installed in an airplane fuselage has
been conducted in the Cleveland altitude wind tunnel. The perform
ance and operational characteristics of the conponent parts of the
S-40 Jet-propul sion engine installed in this airplane were deter-
mned in addition to the evaluation of the over-all characteristics.
Ref erencel summerizes t he over-al| engine-performance and wind-
mlling drag cheracteristice Of the unit and references 2 end 3
present the performance characteristics of the compressor and t he
turbine, respectively, as determned fromthe investigation of the
complete engline.

An analysis of the performance of the conbustion chanber,
Including a comparison of the performance of the gtandard type C
and a nodi fied type B (manufacturer's designation), i S presented.
For the flight conditions simulated, data are presented for both
the type C and the type B combustion chaembers that show the
combustion-chamber ef fici ency, the | osses in total pressure
occurring i n t he combustion chanber, and the effect of these pres-
mare | osses on the engine-cycle efficiency.

Operating charactevisticsof the conbusti on chambers coul d be
obtained only at conditions pernmtted by the over-all performnce
limts of the engine at each set of sinulated flight conditions.
The engi ne was operated from approxi mately static conditions to a
rem pressure retio (defined as the ratio of the total pressure at
t he compressor inlet to the tummel static pressure) of 1.76 and at
simul at ed altitudes from 10,000 to 50,000 feet. For all conditions
except the | ow ram pressure retios at sinulated altitudes of 30,000
feet and hi gher, corresponding NACA standard temperatures were
mai ntained. Atl ow ram pressure ratios in conbination with the
hi gher altitudes, temperatures were as nuch as 30° F above the
corresponding standard temperatures because of the limited
refrigerated-air supply available.

DESCRIPTION OF COMBUSTION CHAMEERS

The combustion section of the I-40 jet-propul sion engine con-
sists of 14 individual combustion chanbers. Air enters the combus-
tion chamber from the periphery of the centrifugal compressor through
elr adapters. The combustion chamber has & circular cross Section
and a decreasing area in the direction of the gas fl ow. Bach chanber
contains a removabl e perforated oonbustlion liner (fig. 1) that
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divides the conbustion zone fromthe passage for the secondary air
flow. The clrculer cross-gectional area Of the 1liner increases
slightly i n the direction of the fl ow. The Aownstream end of the

| i ner isa truncated cone that fits the t aper ed combustion chamber;
t he upetream end is closed by a hemispherical dome. A fuel nozzle

t hat directs t he fuel spray downstream along t he combustion-chamber
axis is | ocat ed in the cemter of each dome. Ignition is provided by
spark plugs in two of the 14 |iner domes. The ot her combustion
chembers axel i ght ed by cross-ignition pessages,whi ch interconnect
&1l the chanbers.

In the type C combustlon chamwber, t he dome has louvers near its
center to adnmit primary air to the conbustion zone. These louvers
give the primery air a swirling notion. The type C dome is removable
and isattached inside t he combustion chamber by brackets. A
40-gallon-per-hour Monarch fuel nozzle with an 80° spray cone was
used Wi th t he stendard type C combustion chamber.

The type E combustion chanber differs primerily from the gtand-
ard type cchamber in the design of the |iner done. The type E
dome has louvers only near its periphery for the admttance of air
to the combustion zone. Wth wisarrangenment, the air mustreverse
the direction of its flowin passing through the louvers in order to
reach the primary conbustion region in the center of the done. The
dowme isOf snmall er dlameter than the ilinerto provide an auxiliary
annul ar slot for air flow between the two perts. This design was
adopted t 0 lessen the deposition of carbon on the combustion |iner.
In the type E conbustion chanber, the standard type C liner was
used butslight 2lterations were mede atthe UpStreamend in order to
facilitate integral welding of the done and the liner that was used
instead of the bracket mounting used with the type C combustion
chanber.

The fuel system oft he engine configuration with the type E
conbusti on chambers also differed in several respectsfromtihe
standard fuel system. A30-gellon-per-hour Monarch nozzl e with a
spray-cone angle of 60° wae used. A single fuel-netering valve
controlled the fuel flowto all conbustion chambers; whereas the
fuel was metered individually by each of the nozzles in the standard
fuel system. This val ve was spring-loeded to i nsure acertain mini-
mum opening pressure for the low fuel-flow range. This chenge in
fuel systems may have resulted in an irregular distribution of fuel
fl ows anmong the individual combustion chambers at | ow fuel flowe when
the difference in the pressure of the fuel in the lines for the top
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and bottomunits may have been large enough relative to the fuel-
i ne pressure t 0 nake the fuel -delivery characteristics O the
individuel nozzles dissimilar.

ERGINE INSTALLATION AND INSTRUMENTATION

A detailed description of the installation of the airplane
fuselage in the altitude wind tunnel and Of the ingtrumentation of
the |-40 Jet-propulsion engine installed in the plane ia given in
reference 1. The outer sections of the wings were removed in order
that the resulting configuretion would spant he testsectionOf the
tunnel; otherwise the airplane as nounted in the tunnel essentially
duplicated the flight configuration. A Y-ghaped ram pi pe was
installed to i ntroduce air at greater-than-tunnel pressuresto the
inlet ducts whenconditions other than static operation were sima-
lated.

The stations at whi ch instrumentation was i nstall ed are shown
infigure 2. This report is mainly concerned with stations 2
(compressor i nl et), 4(combustion-chamber inlet), S(combustion-
chanmber outlet), 7(calibretion ring), and 8(tail-pipe-nozzle OuUt -
let rake). Meesurements at station 7 or 8 am necessary to deter-
mne the state of the gas after combustion; those at station 8
were used when available, but with the type E combustion chamber
no measurenments at station 8 were obtained.

At t he conbustion-chanber inlet (station 4), - temperature and
tot al - pressur e measurements were mede in three of the 14 individunal
chambers that make up the combustion section. ThesSe measurements
were made by usingthree rakem,each of which contained five total-
pressure tubes and four thermocouples equaelly speced and alternately
| ocated. The rekes spanned the elr adapters in a direction approxi-
mately perpendi cul ar to the engine redius. The plane of neasurenent
was | ocated 3. 75 inches downstream of the tralling edge of the inner
vane i n t he compressor-outlet el bow.

At station 5 the combustion-chanber-outlet total pressure was
nmeagured by singletotal-pressure tubes | ocat ed in three of the
chambers. The tubes Were | ocated 1. 68 inches from t he outside Sur-
face of the conbustion chembers and wer e circumferentially di epl aced
0.95 inch fromthe engine radii bisecting the conbustion-chanber
outlets. The pl ane of measurement was 1. 10 inches upstream of the
end of the combustion-chamber |iners. Thernocoupl es installed to
indicate which units were lighted were | ocated in each of the
carbustion-chamber outlets. Because these thermocouples were
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subjected to radiation fromthe hot gases in ths primry conbustion
zone, the readings were unsuitabl e for performance calculations.

The calibration ring (station 7) was mounted between the exhaust
cone and the tail pipe. The temperature &t t hi s point was obtained
by 14 equal | y spaced thermocouples extending 1.47 inches into the
gas stream. The total pressure was glven by two diametrically
opposite totel-pressuretubesextending 2.00 i nches into t he gas
stream Two dianmetrically opposite pressure orifices were used to
measure the static pressure.

The plane of measurement of the tail-pipe-nozzle outlet rake
(station 8) waelocated 1 inch inside the tail pipe. At this
station sufficient static-pressure tubes and orifices, total-
pressure tubes, and t her mocoupl es were installed for an accurate
determ nation of the state of the gas flow at the outlet of the tail-
pipe nozzle. Deteilsof the instrumentation at this station are
given in reference 3.

SYMBOIS
The synmbols used 1n this report are as foll ows:
A cross-sectional area, square feet

gas-fl ow ecalibration constant for use with calibration-ring
measur enent s

specificheat at constent pressure, Btuper pound °F

Q

accel eration due to gravity, 32.17 feet per second per second
combustion-chamber fricti on pressure-lossf act or

gas-flow calibration factor for tail-pipe-nozzle outl et rake
Mach nunber, ratioof gas speed tol| ocal speed of sound

rotati onal speed Of engi ne, rpm

T H Z X H ®

total pressure, pounds per square foot absolute

| 0ss in total pressure in combustion chamber due to friction,
pounds per square f 0ot

5

AP,. loss in total pressure in combustion cChamber due to addition
of heattothe air flowlng through the combustion chamber
(moment um pressur e loss), pounds per square foot
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APp over-all loss in total pressure in conmbustion chanmber due to

friction and heat addition, pounds per square foot
static pressure, pounds per square foot absolute

R  gas constant, foot-pounds Per pound °R

T total tenperature, °R

T, indicated temperature, °R

t stati c temperature, °R

W  air mees fl ow t hrough each combustion chamwber, pounds per second

Wy alr mass flow through engine, pounds per second

We fuel mase flow through engine, pounds per second

Wg gas megs flow through engine, pounds Per second

a thermocouple i npact - recovery fact or

4 rati o of specific heat at constant pressure to specific heat at
constant vol unme

CJ tenmperature correction factor, ratio of compressoxr inlet-air
total tenperature to NACA standerd sea-| evel static temperature

n engi ne-cycl e efficiency

T, combustion-chamberefficiency

Subscriptse:

0 free stream

2 compreasor inlet (average of front and rear inlets)

4 conbusti on-chanmber inlet

5 combustion-chamber out | et

7 calibration ring at juncture of exhaust come and tail pipe

8 tall-pipe-nozzle out | et rake

696
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9 vena contracta in jet from tail-pipe nozzle

B entrance to conbustion zone of equival ent combustion chanber
of constant area

b combustion chamber

J average between station 9 and free stream

B tail-pipe-nozzle outlet shell

x  samnulerincrenent of erea in teil-pipe-nozzle out | et
METHODS OF CALCULATION

Temperatures. - Statlc tempera.tures wers obtained from indicated
t enper at ure readingsby

Ty
2L
7
1+a<_—§) o= 1

Cal i brations of thermocouples of ths type used i n these investigations
gave 0.86 as the value of a. The total temperatures were cbtained
fromthese cal cul ated val ues of the statlic temperature by applying
the isentropic rel ation

t =

Z\

Because t he conditions O the air streamatthe compressor
inlet (station 2), rather than at the entrance of ths airplane duct
systemwere used t0 establish the simulated flight conditions and
all aucting | osses were thus left out of the engine conputations,
the static temperature tg corresponding to the compressor-inlet -

conditions had. to be calcul ated. The isentropiCc relation

- -1

)
(0] 21:2
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wasused. Inasnuch as the tail-pipe-nozzle outlet static pressure
was greater than the tunnel static pressure pg, the tenperature
of the exhaust gas at the tunnel static pressure tg was obtai ned
in a similer manner from the equation

pdut

P07
t9=t8 E

Because the thernocouples at Btation 5 were subjected to
radiation fromthe prinmary conbustion zone, they were unsatisfactory
for the deternmination of the conbustion-chanber-outlet tenperature.
As a result, Tg was calculated fromtenperature nmeasurenents made
downstream of the turbine: For the type ¢ conbustion-chanber
tenperature readings at the tail-pipe-nozzle outlet rake (station 8)
were used and, for the type E conbustion chanmber, the tenperature
measurements at the caliﬁration ring (station 7) were necessarily
used owing to the absence of the tail-pipe-nozzle outlet rake
during these tests. In the determination of the combustion-chamber-
outlet tenperature in this manner, the enthalﬁy drop across the
turbi ne was assumed equal to the measured enthal py rise across the
compressor. The tail-pipe-nozzle outlet total tewperature Tg (Or
the calibration-ring total tenperature T7) and the turbine enthal py
change were then uesed to obtain Tz by use of the chartsof refer-
ence 4. The value of T obtaineg by this method was in?htIy | ow
because of the negl ect o? mechani cal -friction losses and 0f radia-
tion between station 5 and the downstream measuring stati on used
in the calculation

Speci fic heats and ratio of specific heats. - For alllocations
downstream of the pornt at which fuel was Injected, the values of
cp and 7 used inthe calculations were obtained froma chart
relating these gquantities t 0 t he temperature and fuel-air ratio.
The val ues used i n preparing the chert were weighted averages of the
val ues for the various constituents of the exhaust gas obtained with
an assumed conbustion efficiency of 98 percent. The chart was
devel oped for a fuel having a hydrogen-carbon ratio of 0.170. Meas-
ured values of the fuel-air ratio and the average value of the tem
perature for the part of the cycle under consideration were used in
conJunction With the chart in the determ nation of cp and 7.

Gas flowaend air flow =~ For the data presented for the type €
combustion chanber, the gas fl ow wes determ ned fromtail-pipe-
nozzle outlet neasurements. Because of the variation of the pres-
sures and tenperatures acrossthe tail pipe at the plane of meas-
urement, the total area was divided into a series of anrmli and the
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gas flow through each emnulus wascal cul at ed. The vaiue of the
total gas flow through the engine, taken as the summetion of these

i ncrenental values, was gi ven by the following equation (derived
i n reference 1):

—_

7 Y
P. P
5 (—pi) -1 +a.<§-:-:) -1
X
k rg \frTTy-la 'Az/\' T = oY

—
where —

m’-’:
]
—

Y=1+18x 10 (TB - 520)

For use in this equation, R was assumed constant and egqual %o
53.86. In this equation Y is stenperature-correction factor to
account for the change in area of the tail-pipe-nozzle outlet with
t he temperatures encount ered duri ng operati on.

When the calibration-ring meeasurementshad tobeusedto
obtain the gas flow, conputations were made by the nethod used by
the manufacturer and the following equation was used:

7-1 7-1
1 AN 1 R
f 2 ) "HYY\s
r__ZE;T_. —
Wg = Cpshy 7-1RN Ty 7

The values f 7 and R used in this equation were assumed constant
end equal to 1.33 and 33.4, respectively; the sane velueswere used
by the manufacturer. The calibretion constant C was alsec devel oped
by the manufacturer to correct the cal cul ated gas flows to actual
values. Thisconstant therefore served as scorrection for systema-
tic errors in measurement at station 7, for the expansion of the
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tail pipe at station 7 with temperature, and for the error intro-
duced into the calculations by the assunption of a constent val ue
of 7.

The airfl ow was obtai ned from

Wa:Wg-Wf

The eir flow througk each conbusti on chanber Wwasconsidered to
be one-fourteenth of the total air flow

Combustion efficiency. - The combustion efficiency is defined
as the ratio of the actual increase i N enthalpy of the gas across
t he combustion chanber to the theoretical increase that woul d result
from conpl ete conbustion of the fuel charge. The | ower heating
value of the fuel used was18, 600 Btu per pound; the follow ng
expression was therefore used in the conputations:

_ Sp,b (Ts - Ta) (1 + Wy /ug)
o 18,600

Pressure |osses. =- The Cal cul at ed pressure loases for t he
type C conbusti on chamber were obtai ned by means of the pressure-
loes chart shown i N figure 3. A similer chert wasused t0 obtain
comparable date for the type E combustion chanber. The devel opnent
and use of this type of pressure-loss chart are explained in refer-
ence 5. The lines in guedrantB | and IV, characteristic of the
type C conbustion chanmber, were established from neasured data in
t he manner described in reference 5. The termK reprements t he
friction pressure-losscharacteristics of the combustion chanber.
Its significance is clarified by the follow ng equation:

AP, W T,
B, 2
4 P,

where APp is the pressure loss measured across the combustion
chamber wth the air flow ng and no conbustion (engine windmilling).
Tae term Ag represents the crosg-sectional area of an equival ent
combustion chamber of uniformsection having the same pressure

| osses due to heat addition to the air as in the actual combustion
chanber. The lines in quadrant || were obtained by transferring the
combustion-chamber-characterigtic lines appearing in quadrent I tO
the second quadrant. This transfer wesaccomplished by using t he
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curves Of constant My appearing in quadrant II of the pressure-

| oss chart given in reference 5. The branchi ng of the combustion-
chamber-characteristic | i nes occurs at hi gh combustion-chamber-inlet
Mach nunbers. After the characteristic lineswer e established, the
pressure-1o88 chart was used i N t he following mennser:

The value of the friction pressure-lossratio APp/Fs was
obt ai ned on the ordinate in quadrant I by starting in guedrent |V

wWith any given value of WATy/P; and proceedinz counterclockwise.
The value of the noDnMeENtUmM pressure-loss ratio APy/Pp corresponding
toths measured value of Ts/T4 was found by proceeding through
quadrant IT and into quadrant Ill. The over-all pressure-loss retio
APq/P4 wasthen obtained from the rel ation

APT=APF+APM

P4 P4 Py Py P

The value of K for the type C combustion chamber was deter-
mined from windmilling data. The val ue of K for the type B com-
bustion chember and the val ues of Ag for both types of combustion
chamber were obtained fromthe charts by applying to actual experi-
mental data the methods described in reference 5.

AP Pp APy
APp APp APy _APp |

Cycle efficiency. - The cycle efficiency isdefined by

- heat supplied by souree - heatrejected to sink
K heat supplied Dy source

Expressed | n termsof t he gquantities obtained fromthe i nstrunent a-
tion used, the efficiency is given by

_ cp b (T5 - Té) - GP;,J (tg - to)
n= O.P,'b (Ts - T4)

The lose in cycle efficiency resulting fromthe pressurelosses
in the combustion chanber was cal cul ated by the method given in refer-
ence 6:
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7=l

P\ 7
c + ]l = ==
P,J 9 P4

Ay =

Correl ation of date for types C and E conbustion chanmbers. =
Average val ues of the pressuresand temperatures overthe entire
tail-pipe cross-sectional aree could be determined only from meas-
urements Obtai ned at station 8. Calculations for the type E com-
bustion chanber, however, were necessarily based on measurements
at station 7 inasmuch as NO weagurements Wwere obtained at station 8
during tests with this conbusti on chember. Owing t 0 differences i n
instrumentation at these two stations, to probabl e errors i n meas-
urement caused by the proximity of station 7 to the turbine, and to
heat |osses between the stations (which is of |east significance),
data cal cul ated from measurenents at both stations coul d not be
directly conpared with satisfactory precision. Correlations were
therefore devel oped with data fromtests for which both measurements
were available. Data presented for the type E combustion chsmber
were obtained by use of these correlations and are comparable tO
date presented for type C

RESULTS AND DISCUSSION
Combustion Efficiency

The resul ts presented cover the operabl e range of engi ne apeeds
at sinulated altitudes from 10,000 to 50,000 feet fromstatic condi-
tions to a ram pressureratioof 1. 76.

Ef fect of engine speed and altitude. - The effect on combustion
efficiency of varirations 1n corrected engi ne speed andsimlated
altitude at 8 ram pressure ratio O approximately 1.10 is showm in
figure 4 for the types C and B combustion chembers. The conbustion
efficiency decreases rapidly wth decreasing engine speed. The rate
of decrease W th decreasing engi ne speed i S generally greater for
the type E conbusti on chemwber than for type C. Meximum conbustion
efficiencies of 97 and 96 percent were obtained for the types C and
E combustion chambers, respectively. This maximm velue occurred
near the rated engine speed.

696 "
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At the highest corrected engine speeds, variations i N simulated
altitude from 10,000 to 30,000 feet have |ittle effect on the com
bustion efficiency for either type of conbustion chamber. At |ow
engi ne sveeds the conbustion efficiency drops off rapidly wth
increasing altitude for both types of combustion chanber. Between
30,000 and 40,000 feet the combustion efficiency for the type E
combusticn chanber decreases approximtely 20 to 35 percent im-
val ue over the range of engine speeds and 8 rurner decrease of
about 20 percent occurs between 40,000 and 50,000 feet. The rate
of decrease in efficiency islarger,i N general, as the altitude
increases. At 8 given altitude and corrected engine speed, the
type C conbustion chamber generally gives a higher combustion effi-
ciency than type E.

One factor that may have contributed to the | ow combustion
efficiency at low engine speeds and hi gh altitudes is the proba-
bility of changed fuel - spray characteristics due to | ow fuel flows.
Wth the standard Monarch fuel nozzles, higher fuel flows were
required to keep the engine operating at |ow speeds than were
required with duplex fuel nozzles, which were briefly investigated
during the program. Each of the dupl ex nozzl es contained two
fuel -di scharge orifices. The smell orifice al one discharged fuel
at low fuel flows; whereas for high fuel flows both orifices
operated. The maximum fuel -di scharge rate for the duplex nozzles
was 45 gall ons per hour. Wth this arrangement nore unifor mfuel-
spray characteristics and better atom zation of the fuel were obtain-
able at |ow fuel flows than were obtainable with 8 nozzle having 8
single fuel -discharge orifice capable of giving the high fuel flows
required for operation at the engine speeds encountered in flight.

The followi ng table gives values of the fuel flow at an engine
speed of 4500 rpm for the engine equipped with standard Monarch
fuel nozzles and using kerosene as fuel anmd equipped w th duplex
nozzles and using kerosene and gasoline 88 fuels:

Fuel flow
(1b/br)

Monarch, 40 gal/hr|Kerosene 640
Duplex, 45 gel/hr |Kerosens 440
Duplex, 45 gal/hr |Gesoline 380

Nozzle Fuel

These val ues are averages for conparable ram pressure ratios and
altitudes and were obtained while all conmbustion chanbers were
operating . The greater fuel flow when the engine was equipped wth
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Monar ch nozzlesindicates t hat 8 lower combustion efficiency was

obt ai ned with this type (f nozzle at | ow engine speeds than was
obtained when the duplex nozzlea were used. The tabulated fuel-flow
values indicate that hi gher combustion efficiencies were obtained
when the dupl ex nozzles were used with gasoline than when they were
used With kerosene, for both fuels have approxi mately the sane

heati ng vawe. This difference indicates that further development
of fuel nozzl e8 should result in an inprovement of conbustion effi-
ciency (and sconsequent decrease in fuel flow) at |aw engine speeds
when kerosene is used 8s the fuel.

696

Effect of xram pressure ratio. - The conbustion efficiency
increaseswlth ram pressure ratio at a constant simulated altitude
and corrected engine speed (fig. 5). The efficiency increases from
94 to 97 percent at a corrected engi ne speed of 12,000 rpm and from
84 to 90 percent at 10,000 rpm With a change fromstatic conditions
(ram pressure ratio, 0.98) to a ram pressure ratio of 1.76 aan
altitude of 30,000 feet. The occurrence of 2 ram pressure ratio
smaller then 1.0 for static conditions is caused by the loss in total
pressureinthe inlet ducts, which gives a total pressure at the
compressor inlet lower thant he tunnel static pressure.

Correl ation of combustion effici ency with combustion-chamber
operatingvariables. - Reference /7 showed that combustion effli clency
I N an snnular combustion chanber wasincreased as combustion-chamber-
inl et pressure and temperature wer e increased and was decreased ss
inlet-air velocity was increased. The trends in combustion effi-
clency Wi th these parameters are probably &lsc applicable in the
I-40 engine. For the data presented, an increase in simulated alti-
tude for constant corrected engi ne speed and rampressure ratio
results In lower combustion-chamber-inlet pressures and temperatures
and hi gher conbustion-chanber-inl et velocities. According to ref-
erence 7, all these changes woul d result In the observed [ owering
of combustion efficiencies with increasingalititude. Wien the ram
pressure ratio i s increased at comstant al titude and corrected
engi ne speed, each of the three parameters increases. An increase
i n conbustion-chanber-inlet tenperature and pressure tendstogive
an increased conbustion efficiency, whereasahi gher combustion-
chamber-inlet velocity results in a [ower efficiency. These results
could explain the moderate increase in conbustion efficiency with
increasing ram pressure ratio.

A nmethod of correlating the combustion efficiency with the
conbust i on- chanmber-outl et tenperature waspresented in reference 6.
I n this correlation t he product of the conmbustion efficiency and
t he square root of the combustion-~chamber-outlet tenperature
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Ts is plotted on a logarithmic scale against the reciprocal Of
t he” combustion-chanber-outlet tenperature |/T5 for constant val ues
of the parameter, conmbustion-chanber-inlet pressure divided by the

square of the air flow 1=4/w2. Figure 6 shows such a correlation
for the type C conbustion chamber for two ranges of the paraneter.
The points shown are actual data points covering the conplete

range Of ram pressure retios, altitudes, and engi ne speeds di s-
cussed. Ranges of the paraneter rather than single fixed values
are shown in order that sufficient data points mght be availeble
to define the curves. Straight lines ere established by the data
for both rangesof the paraneter given. This correlation is 8
semiempirical rel ation and, al t hough appliiceble to the present data
as well as to those of reference 6, should not be considered gener-
ally established.

Combustion-Chamber Pressure Losses

Losses in total pressure occurring during the passage of the
gas through- t he conbustion chanber are shown in figures 7 and 8.
The Logsesare Ji ven as the ratio of the pressure loss to the
conbustion-chamber-inlet total pressure. The over-all pressure
| 0SS can be considered asthe sum of two separate loasses: one due
to the friction of the flow and the other due to the addition of
heat to the flowi ng air(reference 5). By means of the pressure-
| 0ss chart (fig. 3}, the over-all pressurelosswas separated into
t hese conponent parts; the ratios of each to the combustion-chamber-
inlet total pressure are alsoplotted in these figures.

Ef fect of engine speed and altitude. - The neasured values of
t he over-all prsssurs-lossratio are In agreement with the val ues
cal cul ated by use of the pressure-losschart for both the type C
and type E conbustion chembers at sinulated altitudes 8s high 8s
30,003 feet (fig. 7). These data are for a ram pressureratio of
approximately 1.10. At altitudes of 40,000 and 50,000 feet, the
measured val ues of the over-all pressure-lossratio for the type B
conbusti on chamber are | arger than the cal cul at ed values. This
di fference between experinental date and conputed veluesmey ve
caused by I naccuraci es i n measuring t he pressures.At the hi gh
altitudes; a given increment (f error in measurement Woul d represent
8l arger proportion of the pressure measuredthan at |ow altitudes.

For the type C conbustion chanber, the over-all pressure-|o0ss
ratio maintains 8 value Of ebout 0.06 over most Of the operating
range. The |owest values of the over-all pressure-lossratio
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(about 0.04) occur at the | owest corrected engi ne speeds, and peak
values are obtained at internediate speeds. The pressure |osses for
the type Bconbusti on chambex are in general slightly smaller than
for the type C conbusti on chamber and tend t o0 decrease more in the
high engine-speed range. Chenges in altitude have negligible effect
on the over-all pressure-loss ratio.

Neither the friction pressure-lossrationorthe nmomentum
pressure-loss ratio for the type C conbustion chanber is signifi-
cantly affected by changes in altitude. At the highest corrected
engi ne speeds these two pressure lossesare approxi nately equal. At
| ower speeds the pressure |oss due to friction i S greater than that
due to the addition of heat. At simulaeted altitudes up to 30, 000 feet,
the friction preasure-loss rati os for the types E and C combustion
chember are approxi mately equal; whereas the nonentum pressure-|oss
ratio is lower for type E then for type C. The differences between
measured and calculated over-all pressure-lossratios far the type E
combustion chanber at altitudes of 40,000 and 50,000 feet probably
make any precise conpari son of the relative magnitudes of the two
conmponent pressure | 0sses under these conditions unwarranted.

The relativemagnitudes Of the pressure | 0sses for the different
types of conbustion chanber can be explained by reference to the
equi val ent areas Ag and the friction pressure -loss factors K f or
%[hlei tWwo types. These values for ssingle conbustion chamber are as

ol | ows:

Conmbustion- Ag K
chamber type (Sq ft)
C 0.126  1.47
B 134 1.62

Because the nonentum pressure | 0ss varles inversely W th Ap and
the friction pressure |oss veries directly with K, the occurrence
of higher values for both factors with the type E conbustion chanber
produced counteracting changes t hat resulted in sslightly | ower
over-all pressurel 0SS than was obtained With the type C combustion
chamber.

Ef fect of rem pressure ratio. - The pressure-|0ss ratios for
the type C conbustion chember at ssinulated altitude of 30,000 feet
and oversrange of ram pressure ratios fromO0.98 (staticconditions)
to 1.76 are shown in figure 8. The calculated and neasured over-all
pressure-loss ratios are i n agreenment for all ram pressure rati 0os up
to 1.26. Chenges of rampressure ratio within this range have little




NACA RM No. E8GO2c 17

effect on the over-all pressuredossratio. The friction and momen-
tum pressure | osses are about equal for static conditions over the
entire engine-speed range. At values Of the corrected engine speed
near 12,000 rpm, increasing the ram pressure ratio has slight effect
on either the frictionor nDNENt UM pressure-lossratios. At lower
corrected engine speeds, however, the friction pressure-loss ratio
increases and the momentum pressure-1oss ratio decreases slightly
with increasing ram pressure ratio.

The meesured values Of the over-all pressure-loss ratio are
consigstently higher than the cal cul ated values at ram pressure
rativsof 1.53 and 1. 76. This discrepancy can be explained by ref-
erence to figure 9, where the combustion-chanber-inlet Mach nunber
is plotted against the corrected engine speed for three different
ram pressure ratios at a sinmulated altitude of 30,000 feet. At a
constant corrected engine speed the conbustion-chsnber-inlet Mch
nunmber increases with an increase in ram pressure ratio. At the
high inl et Mach mumbers, the | ocation of the origin of the flame
may have changed or the ges flow nmay have streanmed through the com
bustion chanbers in such s manner that omly part of the cross-
sectional area of the conbustion liner wasutilized for conbustion.
|f either of these phenonena occurred, a |ower equival ent area and.,
consequent |y, 8 higher nmoment umpressure | 0SS than at | ow Mach num
bers would result. The data for these conditions indicated that a
smal | er val ue for the equival ent combustion-chember area was applic-
abl e during operaticn at hi gh ram pressure rati 0s than at | ow ram
pressure ratios. In the pressure-loss chart (fig. 3) the lines
mar ked "Ap constant” Were established by the data for [ow ram

ssure ratios and were used in calculating the pressure losses
Fr? all conditions under mh|ch t he standard combusti on chanber was
tested. The lines marked "Ap verying" were determined by some
of the dat8 for the higher ram pressure ratios and combustion-
chanber |nIet Mach numbers. Duplicate cal cul ations using these
"Ag varying" lines were made for the data obtai ned at rampressure
retiis of 1.53 and1.76. Two curves are thus given for the nonen-
t um pressure-loss ratio (and consequently for the cal cul ated over-
all pressure-1oss ratio) for these two operating conditions in
figure 8. In general, the measured pressure losses |ie between the
curves calculated fromthe two sets of characteristic |ines of fig-
ure 3: This phenomenon iS interpreted to mean that the average
effective cross-sectional area of the 14 individual conbustion
chanber s changed graduslly and that thisares was general ly Iarger
than the equivalent combustion-chanmber area used to obtain the “Ap
varying" |ines.
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The characteristic lines of figure 3 Yrepresenting a varyi ng
cross-sectionalarea were established by the portions of the experi -
mental data of the conplete programthat deviated mostfromthe
predi cted values. Consequently, any experinental data for the
type C combustion chanber obtal ned within the operating range covered
in this investigation will probably either be represented by cal cu-
| ati ons baaed on a constant equival ent area or be within the range
esteblished by the two sets of cal cul ations.

Predi cted pressure lossesup to rampressure rati 08 of about
1.3 are in agreenent with the measured losses.The mninum flight
velocity corresponding to this rem pressure ratio is 413 nile8 per
hour at altitudes greater than 37,000 feet. The rampressure ratio
of 1.76 correspond8 to a flight velocity of 620 m|e8 per hour at
the same altitudes. Consequently, combustion-chamber pressure
lossesfor the |-40 jet-propulsion engine can be accurately predicted
by the method of reference 5 for flight velocities up to 400 niles
per hour. Mbderate error8 are encountered when simiar predi ction8
are made for flight velocities from 400 to 600 mle8 per hour

Losses i n Engine-Cycle Efficiency Due to
Combusticn-Chamber Pressure lLosses

Ef fect of variations in engine speed and altitude. - The frac-
tional lossin engine-cycle efficiency due t0 combustion-chamber
pressure losses An/m for engine configuration8 having the types C
and E comwbustion chanbers isshown in figure 13 for a rampressure
ratio of approximately 1.10. At the rated engine speed of
11,500 rpm corresponding to the highest corrected engi ne speed on
each curve in figure 10, a nmininumfractional lossin engine-cycle
efficiency of about 0.08 is obtained with the configuration using
the type C conbustion chamber. A mininumvalue of about 0.05 is
encountered Wi th the engine configuration having the type E combus-
tivn chanber under the sameconditions. The fractional |oss
increases rapidly a8 the engine speed is decreased, general |y
reaching a value of one-half at a corrected engine speed between
6000 and 8000 rpm. The effect of changesin sinulated altitude at
constant value8 of corrected engine speed isshown by the cross
plots of figure 11. In general, a alight increase in engine-cycle-
efficiency fractional losses due to combustion-chanber pressure
losses is indicated with increasing altitude

The | ower fractional loss in engine-cycle efficiency for the
type E conbustion chanber as conpared to that for the type C
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chamber (fig. 10) isthe result of the |ower over-all pressure
lossesencountered with this combustion chember (fig. 7), which
are nost noticeable at high engine speeds. The losses i N engine-
cycle efficiency at high engine speeds are sol OW agtohave a
negligible effect on the performance of the unit. The fractional
lossesat the | ower engine speeds are | arger and woul d be of i npor-
tance in operation at |ow epeeds or in acceleration of the engine
froml ow speeds.

Effect Of ram pressureratio. - The effect on engine-cycle
efficiency and on the fractional lossin engine-cycle efficiency
due t 0 combustion-chamber pressure losses of variations in ram
pressure ratio at a Si MUl at ed aititude of 30, 000 feet i1sshown in
figures 12and 13 for the typeCcombustionchanber. The fractional
losses i N cycle efficiency due to combustion-chanber pressurelosses
decrease Wi th an increase in ram pressure ratio.

SUMMARY OF RESULTS

An altitude-w nd-tunnel investigation of the conplete [-40 jet-
propul sion engine gave the follow ng results on the operating charac-
teristics of the conbustion chanbers:

1. Maximum conbustion efficiencies of 97 and 96 percent were
obtained with the types C and ® conbustion chanbers, respectively,
at a rampressure ratio of approximately 1.10. At conparable
operating conditions the type C combustion chanmber gave generally
hi gher conbustion efficiency than did the type E.

2. Combustion efficiency varied directly with the engine speed
and ram pressure rati 0. The combustion efficiency decreased With
increasing altitude; at |ow engine speedst he decrease wesgreater
than at high speeds.

3. Combustion efficiency could be correlated with the combustion-
chanber-outlet tenperature. Wen the product of the conbustion effi-
ciency and the square root of the conbustion-chanber-outlet tenper-
ature wasplotted on a logarithm c scal e against t he reciprocal of
the same tenperature, straight lines were established for constant
val ues of the parameter, conbustion-&enber-inlet pressuredivided
by the square of the air weight flow

4. Conbustion-chanber pressure | 0sses of about 6 percent of the
combustion-chamber-inlet t ot al pressure were obtained with the type C
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combustion chanber over most of the operating range. Slightly I ower
pressurelosses\Were obtained with the type E conbustion chanber. .

969

5. Percent age lossesin conbustion- &nber total pressure were
negligi bly affected by changesin altitude or in ram pressureratio
up to approximately 1.3.

6. A pressure-losschart could be used to predict with fair
accuracy the preessure-losscharacteristice (X these conbustion
chambers undernpat flight conditions.

7. At rated engine speed and a ram pressure rati o of approxi-
mately 1.10, losses in total pressure Int he combustion chanbers
caused fracti onal lossesi n engine-cycleefficiency O about 0. 08
and 0.05 for the types C and E combustion chambers, respectively.

The fractional losges vari ed i nversely as the enginespeed, generally
reaching a value of one-half at a corrected engine speed between
6000 and 8000 rpm.

Flight Propulsion Research Laboratory,
Nat i onal Advisory Committee for Aeronautics,

Cleveland, Ohi 0.
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