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By Reece V. Reneley

Combustion-chamber performance characterietica  of the z-40
jet-propulsion engins were determfned fram an Investigation of the
complete engine installed in an airplane fueelage in the Cleveland
altitude wind tunnel over a range of ram pressure ratios from 0.98
t o  1 . 7 6 . The standard type C combu&ionohamberandamodified
type E combuetion chamber were investie;ated.

The combustiowchamber  performance characteristios  are pre-
sented as functions of the engine speed corrected to RACA standard
sea-level inlet conditions. The effect of variatfona  in altitude
and ram pressure ratio on combustion efffciency end on combustion-
chamber preesure losees is presented. The decrease in engine-
cycle efficiency due to combu&Aon-chember  pressure loseee is
evaluated.

Combustion efficiency varied directly with the ram preesure
ratio and engine speed and inverwly with the altftude. The combue-
tion efficiency vas generally higher for the type C combustion
chamber than for type E. Pressure losses of about 6 percent of the
combustion-chamber-it total pressure were obtaIned with the
type C ccunbuatioqohamber and slightly lower losses were encountered
tith the type E combustion chamber. Percentage loeees in total
pressure were inappreciably effected by changes inaltitude or ram
pressure ratio up to a value of 1.3. At rated engine speed, the
decrease in engine-cycle efficiency due to combustion-chamber
pressure loeeee was alight; the fractional loss varied inversely a8
the engine epeed, generally reaching a value of one-half the engine-
oyole effioYency attained at a corrected engine apeed between 6000
and 8000  rpm.
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An investigation under simulated flight conditions of the per-
formance of the S-40 engine installed in an airplane Fuselage has
been conduoted  in the Cleveland altitude wind tunnel. !Fhe perform-
ance and operational characteristics of the component parts of the
S-40 Jet-propulsion engins installed in this airplane were deter-
mined in addition to the evaluation of the over-all characteristics.
Reference1 summrlzes the over-all engine-performanceandwlnd-
milling drag charaoteristics  of the tit and references 2 and 3
present the performance characteristics  of the caqressor and the
turbine, respectively, as determined from the investigation of the
completeengine.

An analysis of the performance  of the combustion chamber,
l.ncludinga comparisonofthe perfosauano eofthestanda.HtypeC
and a modified type E (manufactuzwr's  designation),  is presented.
For the flight conditions simulated, data are preeented for both
the type C and the type E oombustion chambers that show the
cc&ustion-ohamber efficiency, the losses in total pressure
ocourrlng in the cc&u&ion chamber, and the effeot of these pres-
mare losses on the engine-cycle effioiency.

Operating  charaoteristios  of the combustion ohambers could be
obtained only at conditions permitted by the over-all performance
limits of the engine at each set of simulated flight conditions.
!Fhe engine was opelateil from approximately statio conditions to a
ram prelrsure ratio (defined 88 the ratio of the total pressure at
the oompz~~ssor  inlet to the tunnel etatio pressure) of 1.76 and at
simulated altitudea  from 10,CKJO to 50,000 feet. For all conditions
except the low ram pressure ratios at simulated altitudes of 30,000
feet and higher, oorreeponding  XACA standard tenrperatures lmrq
maintained. At low ram p?~ssure ratios in combination with the
higher altitudes, temperatures  were as much as 30° F above the
oorreeponding  star&ud temper&uresbecause  ofthelimited
refrigerated-air supply available.

The ccanbustion  section of the I-40 jet-propulsion engine con-
sists of 14 individual oombustlon chambers. Air enters the oombus-
tloa3 ohamber fran the periphery of the centrifugal compressor through
sir adapters. !Che combustionchamberhass  oircukr Cro68 section
and a decreaeing area in the direction of the gas flow. Eaoh chamber
contains a removable perforated oombustlon liner (fig. 1) that
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divides the combustion zone from the pae8age for the aecc&ary air
flow. The CirCIlhLYP  C??OBB-BeCtiO&  area Of the 1iPer increMe8
Blightly in the dimctick of the flow. The kwn~tre~an end of the
liner is atruncatedconethatfitethe tapered combustionchamber;
the UpBtXYXm  end fB doBed  by a heBIiBpheriCti  do=. A fuel mZzh¶
that directe the fuel BpY’a~  do3mstmam along the combution-cham~r
exie ie located in the ceder  of each dorm. Ignltian ie !provided by
spark plugs in two of the 14 liner dcmee. !ke other cwIbwtion
chEU.tIbere  are lighted by CrOBB-i@tia  paSsSgeB,  which izrterCCDneCt
all the chambers.

Inthetype C ccunbuetionchamber,  the dcsne haslcuvere pearite
center to admit primary air to the combustion zone. !&tee louver8
give the pre air a 6wirling motion. Thetypegdo-me  iB mmavable
and fe attached inside the cc&u&ion&amber by bmClPbtB. A
40-gallon-per-hour Monarch fuel nozzle with an 80' spray  cone WE&B
used with the staz&ard type C combuetion Chamber.

l?hetypeE combuBtionchamberdifferB pr~~frcmthe stand-
ax&type C chamberinthedesignofthe  liner dome. ThetypeE
dome has louvers only mar its periphery for the admittance of air
to the combuBtion zone. With this arrangement, the air must reverBe
the direction of its flow in passing through the louvers in order to
lleach the primary combustion region in the center of the dome. The
dCP1)B is of smaller diemeter than the liner to provide an auxiliary
annular slot for air flow between the two part@. This design WaB
adopted to LeeBenthe deposition of carbon on the combtmtioa liner.
In the type E combustion chamber, theBtanamatypecliperuaB
used but slight alterations  were made at the upstream e&L in order to
facilitate integralweld~ofthe  dome a&the liner that wa8 wed
in~teadofthebraclwtmauntingueedwiththet~  C combmtion
chamber.

The fuelayetem of the engirte configum.tion withthetypeE
combustion chambera alto differed in several 3XMpeCtB f’rcm the
Btryrirti  fuel ByBteIlI. A 3O-gallon-per-hour Monarch nozzle with a
spray-coneangle  of 6oowaetl8ed. A single fuel-metering valve
controlled the fuel flow to all combustion chambers; whereas the
fuel W&B metered individually by each of the nozzles in the &and&?&L
fuel syetem. This valve wa8 epring-lcadedto  insure a certainmini-
mumopeningpre~mre  forthe lowfuel-flowrange.  Thiachange in
fuel systems may have resulted in an mgclar distribution of fuel
flows among the individual com.bustion chambere at low fuel flow6 when
the difference in the preesure of the fuel in the lines for the top
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and bottom units may have been large enough relative to the fuel-
line preemre to make the fuel-delivery CheulscteriBtiCS Of the .
indIvidualnozzlee diB6tiihY?.

A detailed description of the installation of the airplane
fuselage in the altitude windtunneland of the in&rumentationof
the I-40 jet-propuleicn  engine'installed in the plane ie given in
reference 1. The outereections  ofthewingewere removed in order
that the 2%8~tingCanfigUZTStiOnWauld  epan  the teBt aeCtiCII  Of the
tunnel; otherwiee the airplane ae mounted in the tunnel essentially
duplicated the flight configuration. A Y-&aped ram pipe was
inetalledto  introduce air at greater-than-tunnel P~BBLUWB  to the
inlet ducts When conditions other than BtatiC Operation were eimu-
lated.

The Btations at which instrumentation W&B installed are shown
in figure 2. This report is mainly concerned with etatione!  2
(compreseor inlet), 4(combaetlon-&amber inlet), 5(combuetion-
chamber outlet), ?(calibration ring), and B(tail-pipe-nozzle  out-
let rake). Meaeurements at station 7 or 8 am necenary to deter-
mine the state of the gae after ccmbustion; thOBe at etation 8
we~uaedw~navailable,butviththetype$ ccaabuetionchamber
no measurements at statian 8 were obtained..

At the combustion-chamber inlet (station 4),~temperature  and
total-pressure meamrements were mule in three of the 14 individual
chamberstkLatmakl9  apthe combu8tion eection. These measurementa
were made by wing three rakee,  each of which contained five total-
pressure tubes ~fourthermocoupl.eBequaUy epacedandalternately
located. The rakes epannedtheair adapters inadirectionapproxi-
ruately perpendicular to the engine mdiue. The plane of measurement
was located 3.75 inchee duwnetream of the trailing edge of the inner
vane in the ccmpreeeor-outlet  elbow.

At station 5 the combustion-chamber-outlet total preeeure was
mea8uredby sine;le to-l-pressure tubes located inthree of the
ChamberB. !!!he tubee were located 1.68 inChe6 frcm the OutBide sur-
face of the combustion chambere a& were circumferent1aU.y dieplaced
0.95 inch from the engine radii bieecting the combustion-chamber
outlete. The plane ofmeaBurement was 1.10 inchee upetream of the
end of the combustion-chamber liners. Thermocouples irmtalled to
micate which units were lighted'we~ located in each of the
cabustion-chamber OutletB. Because them thermocouplee  we-
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subJected  to radiation from the hot g!ases in ths primary combustion
zone, the readings were unsuitable for perfomance calculations.

The calibratfonring  (station7) uasmountedbetwsenthe  exhaust
cone ad the tail pipe. The temperature  at this point vae obtained
by 14 equally spaced thermocoupleB e&ending 1.47 inchee into the
gas stream. Thetotalpsmrewa.~givenbytwodiametricall.y
Opposite tOt&-plceBSUr8  i~beB eXkIdiIIg 2.00 inches intO the gas
stream. TV0 diametrically opposite preesum orifices were nsed to
measure  the BtatiC  preeI3tIre.

The plane of measurement of the tail-pipe-nozzle outlet ralw
(station 8) WBB  located 1 inch inside the tail pipe. At thie
Station Bufficient  static-preeBure  tubee and orifiCe8, toted-
pressure tubee, and thermocouples were inetalled  for an accurate
determination of the state of the gas flow at the outlet of the tail-
pipe nozzle. &tRilB  of the ir&BtrUmentation  at thie StatiCrn are
given in reference 3.
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The symbols used in this report are as follows:

cross-sectional mea, square feet

gas-flow calfbration constant for we with calibration-riag
measurements

BpeCifiC  heat at COnstmt pressure, BtU per pound 9

acceleration due to gravity, 32.17 feet per second per second

ccmbuetion-chamber friction P~BBu?.%-108~  factor

gas-flow calibration factor for tail-pipe-nOZZle outlet mks

Mach number, ratio of gas speed to local speed of eound

rotational speed Of engine, rpm

total pressure, pounds per square foot absolute

loss in total pressure in cmbustion chamber due to friction,
pounds per BQuare foot

loss in total prees~re in CcmbUBtion  Chamber due to addition
of heattothe airflcwingthroughthe  combustionchamber
(momentum pressure lees), pouMs per square foot
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over-all loss in total pressure in combustion chamber due to
friction and heat addition, p-8 per square foot

static pressure, pounds per square foot absolute

@B conBt&ult, foot-pounds Per pound OR

total temperature, 93

indicatedtemperature,  oR

static tentpersture, ?Et

air maee flow through each combustion chamber, pounds per second

airmase flowthrotlghengine,  POUIldB per second

fuel mass flow through engine, pomde per second

garrmass fluuthroughengine, m Per secoti

thermocouple  impact-recovery factor

ratio of specific heat at constant pressure to specific heat at
conBtsnt volume

temperature correction factor, ratio of cawpressor inlet-air
total temperature to ISACA ~-knda?d sea-level static temperate

engine-cycle efficiency

ccdnmtion-chamber  efficiency

SubSCriptB:

0 free stream

2 ccenpreseor  inlet (average of front and rear inlets)

4 combustion-chamber inlet

5 combustion-chamber outlet

7 calibrationrfng  at juncture ofezhauetcone  and tail pipe

a tail-pige-nozzle  outlet rake



NACARMRo. E8GO2c

I
.

9 vena contracts in jet from tail-pipe nozzle

B entrance to combustion sons of equivalent combmtfon chamber
of constant area

b combustion chamber

j average between station 9 and free atresm

B tail-pipe-nozzle outlet shell

X anmlai  increment of sma iii tail-pipe-nozzle outlet

TemperatUrea. -Static'%emperat~auers  obtained- indfcatsd
temperature readinge by

t= Tir-1.
[. ..IP yl+a -. . 6) .-1

Calibrations of thermocouple of ths type used in theBe inveetigations
g8ve 0.86 as the value of a. The total tempezaturee wqre obtainsd
from these calculated values of the static tempemtum by applyiq
the isen$ropic  relation

k+
T P-=

0t P

BeCaUSe the COILditiOnB  Of the air Btra2111  at the compressor
inlet (station 2), rather than at the entrance of ths airplane duct
system were wed to estiblish the B-ted flight conditions anb
all ducting losses were thus left out of the emgine computations,
the static temperature to COZYLWBpOIlding  t0 the CCZQXTeBBOr-itit-

conditions had. to be calculated. The isentropic relat%on

.I B
PO y

to =T2 pz( >
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WaB used. Inasmuch as the tail-pipe-nozzle outlet static pressure
w8s greater than the tunnel static pressure po, the temperature
of the exhaust gas at the tunnel Static pressure tg was obtained
in a simil8r manner from the equation

Because the thermocouples at Btation 5 vere subjected to
r8diation from the primary combustion zone, they were unsatisfactory
for the determination of the combustion-chamber-outlet temperature.
As a result, 115 was Galculated  from temperature measurements made
dotitresm of the turbine: For the type C combustion-chamber,
temperature readings at the tail-pipe-nozzle outlet rake (station 8)
were used and, for the type E combustion chamber, the temperature
measurements at the calibration ring (station 7) were neceserarily
used owing to the absence of the tail-pipe-nozzle outlet rake
during these tests. In the determination of the combustion-chamber-
outlet temperature in this manner, the enthalpy drop across the
turbine w88 aeswPed equal to the measured enthalpy rise across the
compressor. The tail-pipe-nozzle outlet total tempereLture  T9 (or
the calibration-ring total temperature T7) and the turbine enthalpy
change were then uBed to obtain T5 by use of the charts of refer-
ence 4. The value of T5 obtained by this method was slightly low
becauee of the neglect of mechanical-friction losees ard of radia-
tion between Btation 5 and the downstream me8suring station ueed
in the calculation.

Specific heats and ratio of specific heats. - For all locations
downstream of the point at which fuel was injected, the values of
cp and 7 used in the calculations were obtained from a chart
relating these quantitiee to the tempr8tuZW and fuel-air ratio.
The values used in preparing the chart; were uefghted averages of the
values for the various constituents of the exhaust &as obtained with
an assumed combustion efficiency of 98 percent. The chart was
developed for a fuel having a hydrogen-carbon ratio of 0.170. Meas-
ured values of ths fuel-air ratio and the average value of the tem-
perature for the psrt of the cycle under consideration were used in
conJunct>on with the chart in the determination of cp and 7.

Gas flow 8nd air flow. - For the data presented for the type C
combugtion  chamber, the gas flow wan determined from &U.-pipe-
nozzle outlet measurements. Becauee of the variation of the pres-
sures 8nd temperatures across the tail pipe at the plane of me&~-
urement, the total area was divided into a series of annul1 and the
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g8e floWthroaghe8ch  ~IUT&UBWSB  calculated. TheValUe OfthS
total gas flarthroughthe  engine, tabnaethe sumnationofthees
incremental valuee, was given by the following equation (derived
in reference 1):

J

Y= 1 + 1.8 x 10J (TB - 520)

For use in this equation, R was 8SBumed  constanttiequalto
53.86. In this equation Y is 8 temperature-correction factor to
account for the change in area of the tail-pipe-nozzle outlet with
the temperatuzsa encountered during operation.

When the calibration-ring maaeuremente  h8d to be wed to
obtain the gas flow, computations were made by the method used by
themanufacturer~the  foU.mingequationwasused:

'phe V&he8 Of Y and R USedinthiS ~UehtiCmWgXW 8SBUUISdCOnB~
aad equal to 1.33 and 33.4, respectively; the same valuee uere used
by the manufacturer. The calibration coIlletant C was aleo developed
by the manufacturer to correct the calculated gas flows to actual
values. This constant therefore served as 8 correction for Bysterna-
tic error6 in measurement at station 7, for the expansion of the

.
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tail pipe at station 7 with temper8ture, and for the error intro-
duced into the calculations by the assumption of a constant value
of 7.

The air flow was obtained from

wa = wg - Wf

The airflowthrougheach combustion chamber W WBB  considered to
be one-fourteenth of the total air flow.

Combustion efficiency. - The combustion efficiency is defined
ae the ratio of the actu8l increase in enthalpy of the gas acroBB
the combwtion chamber to the theoretical increase that would reBul.t
from complete combustion of the fuel ch8rge. The lower heating
value of the fuel used wa8 18,600 Btu per pound; the following
expression was therefore used in the computations:

'lb =
%,b (T5 - T4)(l + W8/Wf)

18,600

Pressure losses. - The3 Calculated pZeBSuI'e lOBBe for the
type C combustion chamber were obtained by me8ns of the PYXBB~-
1088 Chart BhcrVn in figure 3. A Bimilar chsxt 1~88 used to obtain
comparable data for the type E ccinbuBtion chamber. ff%e development
and use of this type of press-loss chart are explained in refer-
ence 5. ThelinesinquadrantB I and Iv, char8cteristic  of the
type C combustion chamber, wex% establiehed fra measured d8t8 in
the manuer deecribed in reference 5. The term K reprcesents  the
friction ~ZWSSWX~-~.CBB  characteristics of the combustion chamber.
Its eignificance is clarified by the following equation:

E.EpE-+ *4
pa p42

where @F i6 the presBuX'e lOBs meLBW%d 8CrOBs  the CCdIUBtiOn
chamber with the air flowing and no combustion (er@ue windmilling).
Tae telrp Ag represents the cross-Bectional area of an equivalent
combuetion chamber of uniform section having the aams pressu~~
losses due to heat addition to the air as in the actual cmbustion
chamber. The lines inquadrant  II were oblxained bytrsnsferringthe
combuetion-ch8mber-characteristic  linee appearing in q+dr8nt I to
the second quadrant. This transfer WBB 8ccompliahed by using the
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3m
curve8 of conBt8nt M4 appearing inquadrant IIofthe pressure-
loss chart given in reference 5. The branching of the CCQbUBtiOP
chamber-ch8racteriBtic  lines occurs at high combusticm-chebmbsr-inlet
M8ch numbers. After the Charac~riStiC  llnee were established, the
~BBUlX-lO8B  chart was USed in the follOwing mmnsr:

The value of the friction PIVBETUY~-~OBB  ratio aF/P4. w&s
obtained onthe ordinebte inquadrant Iby starting inquadrapt IV
with 8ny given value of Wrr(T /P4 4 8ndpr0ceedingcountercl0ckwise.
The v8lue of the momentum presStlre-loee  ratio G&B CO?TeBpOlldill8
toths measuredvalue of T5/T4 was foundbyproceedingthrough
qusdr8nt Irand into quadrant III. T h e  o v e r - a l l  P?%BaUre-1OSB  lgtio
APT/P4 wa8 then obtained frcap the relation

or

eT =F =M *'F =M- r - + - s - + -
P4 P4 P4 P4 Pg

The v8lue of K for the type C combuertion chamber w8s detsr-
minedfromwindmillingdata. The value of K forthetypeEcom-
bustion chamber 8nd the values of A.P for both typee of combustion
chamber were obtained from the charta by applying to actual experi-
mental data the methods described in reference 5.

cycle efficiency. - The cycle efficiency IB defined by

rl= heat supplied by Bource - heat rejected to sink
he&t supplied by Bource

Expreesed in terme  of the qu8ntities obt8ined from the instrumenta-
tion UBed, the efficiency is given by

cp ,, (T5 - T4) - Cp,j (tg - to)
? =

Cp,b tT5 - '4)

The lose in cycle efficiency resulting f’rom the pxxsmre  1oBBeB
in the combuBtion chamber was calculated by the methcd given in refer-
ence 6:

.
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Correlation of data for types C an8 E combustion chambers. -
AveraRe values of the presmree  and temwmhuree  over the entire
tail-pipe crose-sectio&  area could be-determined only frm me&s-
uremnts obtained at station 8. Calculations for the type E can-
bustion chamber, however, were necessarily based on msaeuremente
at St&ion 7 IntTbBmWh as no msasuremsnts  were obtained at station 8
during tests with thie combustion chamber. ovlng to differencee in
instrumsntation  at these two stations, to probable errors in me&~-
uremsnt caused by the prorimity  of station 7 to the turbine, and to
heat losses between the stations (which 18 of least signific8nce),
data calculated f'xxn measurements at both etations could not be
directly compared with satisfactory precirrion. Correlations were
therefore developed with data from tests for which both msaauremsnte
were
were
data

available. -Data presented for the type E canbuBtion chamber
obtained by use of theee
presented for typs C.

R?zmms

correlatio&-audm  comparable to

AHD DIscussIOI7

Combustion Efficiency

The results preerented cover the operable rssge of engine speede
at simulated altitudes from 10,000 to 50,000 feet from static coadi-
tions to a ram pmseure  ratio of 1.76.

Effect of en#ne sueed and altitude. - The effect on ccuubustion
efficiency of variations in corrected engine epeed and Bimulated
altitude 8t 8 r8m pressure rat10 Of approximately 1.10 iS BhcWn in
figure 4 for the types C 8nd E CcQibuBtion  chambere. The combustion
efficiency decreases rapidly with decre8sing  engine speed. The rate
of decrease with decreasing engine speed is generally gmater for
the type E combustion chamber than for type C. Mimum combustion
efficiencies of 97 and 96 percent wers obtained for the types C and
E combustion chambers, respectively. !L%is msximum vslue occurred
near the rated engine speed.
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At the highest corrected engine Bpeede, v8riations in simul8ted
altitude fram 10,000 to 30,000 feet have little effect on the com-
bustion efficiency for either tm of combustion chamber. At low
engine SIJMMJ.B the combustion efficiency drops off rapidly with
increasing altitude for both types of combustion chamber. Between
30,000 and 40,000 feet the combustion efficiency for the type E
combusticn chamber deCYX8SeB approximately 20 to 35 percent in-
value over the range of engine speeds and 8 further decrease of
about 20 percent occurs between 40,000 and 50,000 feet. The rate
of decrease in efficiency is larger, in generetl, as the altitude
increases. At 8 given altitude 8nd corrected engti speed, the
type C combustion chamber generally gives a higher combustion effi-
ciency than type E.

One factor that may have contributed to the low combuBtion
efficiency at low engine speeds  and high altitudes is the proba-
bility of changed fuel-spray ch8racteristics  due to low fuel flows.
With the standard Monarch fuel nozzles, higher fuel flows were
required to keep the engine operating at low speeds than were
required with duplex fuel nozzles, which were briefly investigated
during the progr8m. Each of the duplex nozzles contained two
fuel-discharge orifices. The small oriffce alone discharged fuel
at low fuel flows; whereas for high fuel flows both orifices
operated. The maximum fuel-discharge rate for the duplex nozzles
was 45 gallons perhour. With this arrangement more uniform fuel-
spray characteristics and better atomization of the fuel were obtain-
able at low 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 following 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 8nd equipped with duplex
IlOZZleS and UBiQ3 kerosene and g8SOliIIe 88 fuels:

These values are averages for comparable ram pressure ratios and
altitudes and were obtained while all combustion chambers were
operating . The greater fuel flow when the engine was equipped with
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Monarch nOZZlea  indiC8teS that 8 lawer COIIIbWtiOn efficiency W?LB
obtained with thiB typ Of IIOZZle 8t low engine BpeedB than W&S
obtainedwhenthe duplexnozxleswere  used. The tabulated fuel-flow
values indioate that higher combustion efficiencies were obtained
when the duplex nozzles were used with gasoline than when they warn
used with kerosene, for both fuele have approximately the same
heating value. This difference indicates thst further deve'LopmeIIt
of fuel nozzle8 should result in an improvement of combustion effi-
ciency (and 8 consequent decrease in fuel flow) at law engine speede
when kerosene ie used 8s the fuel.

Sffect of ram pressure ratio. - The combustion efficiency
iIlW%&BeS  tith rajn pZ'es8ure ratio at a COIlBt8nt Simulated altitude
and corrected engins speed (fig. 5). The efficiency increases from
94to 27 percent&t8  corrected engine Bpeed of 12,000 rpm and from
84 to 90 percent at 10,000 rpm with a chsngs from static conditions
(ran presBure ratio, 0.98) to a rerm pressure ratio of 1.76 at an
altitude of 30,000 feet. The occurrence ofaram prerssure  ratio
smaller than 1.0 for static conditions is c8used by the loss in total
pr~eeure  in the inlet ducts, which givee a total pressure at the
comprSssor  inlet lower  than the tunnel static preesure.

Correlation of combustion efficiency with combuetion-chamber
aperating variables. - Reference 7 showed that combustion efficiency
in 813 annular CombuBtiOn chamber was increased as combustion-ohamber-
inlet pressure smdtempsr8ture  were increasedandwas decreased 8s
inlet-air velocity was increaeed. The trends in ccmbuetion effi.-
clency with these pareuPeterB 8XS probably also applicable in the
I4engine. For the data preBented, an increase in sULkted alti-
tude for constaat corrected engine speed and ram presses ratio
resultsinlower combustion-chamber-inletpreeenzree sndtemper8tures
and higher combustion-chamber-inlet velocitiee. According to ref-
erence 7, all these changes would reerult In the observed lowering
of combustfon  efficiencies with in~~&~ing  8ltfhd.9. When the rsm
pressure ratio is incre8Bed at const8nt altitude and corrected
engine speed, each of the three p8r3mstere  increases. An increase
in combustion-chamber-inlet temperature and pesure tends to give
an increased combustion efficiency; W~M%&B a higher ccmbustion-
chamber-inlet  velocity results in a lower efficiency. These results
could explain the moderate increase in combustion efficiency tith
incre8sing ram pressure ratio.

.

A method of correlating the ccmbuBtion efficiency with the
combustion-chamber-outlet temperature use preeented in reference 6.
In thiB'correl8tion  the product of the combustion efficiency 8nd
the square root of the combustion-chsmber-outlet  temperature
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IQ, fi iB plotted on a loe;arithmic  Bti sgainstthe reCiproC8l Of
the combustion-chamber-outlet temperature l/T5 for constant values
of the parameter, combustion-chamber-inlet pressure divided by the
square of the air flow P@. m 6 shows such a correlation
for the type C combustion chamber for two ranges of the parameter.
The points shown 8re actual dat8 @x&s covering the complete
range of ram pressure I’ELtiOB, altitudee, and engine speede dis-
cussed. Ranges of the parameter rather than single fixed values
81% shown in order that sufficient data points might be available
to define the curves. Straight liaes 8re established by the data
for both rangee  of the parameter given. This correlation ie 8
semiempiric8l relation and, although a~licable  to the present data
as well as to those of reference 6, should not be considered gener-
ally established.

Combustion-Chsmber Pressure Losses

Losses in total preesure occurring during the pass8ge of the
gas through, the combustion chamber 81% shown in figureB 7 and 8.
The losseB are given as the ratio of the pressure loss to the
combustion-chamber-inlet total pressure. The over-all pressure .
loss can be consideW as the sum of two separate loases: one due
to the friction of the flow and the other due to the addition of
heat to the flowing air (reference 5). By me8ns of the pressure-
loss chart; (fig. 3), the over-all preemre  loss was separated into
these component parts; the ratios of each to the combuetfon-cPlamber-
10-t total pressure are 8-0 plotted in these figures.

Effect of engine B.peed and altitude. - The measured values of
the over-all prsssurs-loss ratio are in agreement with the values
calculated by use of the pre~m-108~  chart for both the tspe C
and type E combustion chambers at simulated altitudes 8s high 8s
30,003 feet (fig. 7). These data are for a ram pressure  ratio of
approximately 1.10. At altitudes of 40,000 and 50,000 feet, the
measured values of the over-all pressure-10~s  mtio for the type E
combustion chamber 8re larger than the calculated V8lU~3. This
difference between experimental data and computed vah.leB maJr  be
caused by Inaccuracies in mea+ring the ~XWBSUIWB.  At the high
altitudes; a given InCIWDent Of error in ~aBLKWEN3nt would IWpI%Sent
8 larger proportion of t'ne pressure measured  than at low altitudes.

For the type C combustion chamber, the over-all pressure-loss
I&JO md11t81~~  8 v&he Of &bout 0.06 over mSt Of the OpeYFktiIIg
we= The lowest values of the over-all pressure-10~s  ratio
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(about 0.04) occur at the lowest comcted engine spseds, 8nd peak
v8lues are obtained at intermediate speeds. The pressure losses for
the type E combustion chamber 81‘8 in general slightly smaller than
for the type C combustion chamber and tend to decrease more in the
highengine-speedrange. Ch8nges in altitude have negligible effect
on the over-all pmssure-loss  ratio.

Neither the friction presmre-loss  r8tio nor the momentum
pressure-loss ratio for the type C combustion chamber is signifi-
cantly Etffected by ch8nges in altitude. At the higheet corrected
engine speeds these two pressure los~ee are approximately equal. At
lower aweds the pressure loss due to friction is greater than that
due to the ebddition of heat. Atsimul8tedaltitudes  up to 30,000 feet,
the friction pressure-loss  ratios for the tepee E and C combustion
chamber are approximately equal; whereas the momentum pressure-loss
ratio is lower for type E than for type C. The differences between
m@Wured and calculated  over-all ~xwSSU?~~-~OBS ratios far the type E
combustion chamber at altitudes of 40,000 and 50,000 feet probably
make any precise comparison of the relative magnitudes of the two
component presBure losses under these conditions -ted.

The rel8tive  m8gnitudes  of the press losses for the different
types of combustion chamber can be explaIned.  by reference to the
equivalent areas A2 and the friction P~SBtlZW -1OSB factors K f Or
the two types. These v8lueB for 8 single combustion chamber 8re 88
follows:

Combustion- Ag K
chambertype  (sq ft)

C 0.126 1.47
E .134 1.62

Because the momentum pressure loss varies invereely with Ag and
the friction pressure loss variee directly with K, the occurrence
of higher value6 for both factors with the type E combustion chamber
produced counteracting changes that reBuIlted in 8 elightly lower
over-all pree~ur~ loss than was obt8ined with the type C combustion
chsmber.

Effect of r&m pressure ratio. - The pressure-loss r&foe for
the typs C combustion chamber at 8 simulated altitude of 30,000 feet
8nd over 8 range of r8m pressure ratios from 0.98 (8t8tiC  conditioIIB)
to 1.76 are shown in figure 8. The calculated and measured over-all
preesure-loss  ratioe 8re in agreement for all r8m pressure ratios up
to 1.26. Changes of ram pressure ratio within this range have little
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effect on the over-all pressure-loss ratio. The friction and momn-
turn pressure losses 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 r8m pressure ratio has slight effect
QI~ either the friction or momentum preesure-loss  ratioa. Atlower
corrected engine speeds, however, the friction pressure-lees  ratio
increases and the momentum pressure-loss ratio decreases slightly
with increasing ram pressure ratio.

The II!eaBured v8lues of the over-all pressure-loss ratio are
consietently higher than the calculated values at ram pressure
l?iStiuB  of 1.53 8nd 1.76. This discrepancy can be explained by ref-
erence to figure 9, where the combustion-chamber-inlet Mach number
is plotted against the corrected engine speed for three different
ram pressure ratfoe at a simulated altitude of 30,000 feet. At a
constant corrected engine speed the combustion-chsmber-inlet Mach
number increases with an increase in m pressure ratio. At the
high inlet Mach ran&era, the location of the origin of the flame
may have changed or the gas flow may have streamed through the com-
bustion chambers in such 8 manner that only part of the cross-
sectional srea of the combustion liner wae utilized for combustion.
If either of these phenomena occurre d, a lower equivalent area and.,
consequently, 8 higher momentum pressure loss thanat low Mach num-
bers would result. The data for these conditions indicated that a
smaller value for the equivalent combustion-chsmber area was amlic-
able during operaticn at high ram press ratios thanat low ram
pressure ratios. In the pressure-loss  chart (fig. 3) the lines
marked nAg constant” were established by the data for low ram
pressure ratios and were used in calculating the pressure loeses
for all conditions under which the standard combustion chamber was
tested. The line8 ma;rhed flAg varying'* wire determined by SOD
of the dat8 for the higher ram pressure ratios and combustion-
chamber-inlet Mach numbers. Duplicate calculations using these
"AR varying" lines were made for the data obtained atram  preBSUl%
ratf,s of 1.53 8nd 1.76. Two curves are thus given for the momen-
tum Dressure-loss ratio (and consequently for the calculated over-
all pressure-loss ratio) for these two operating condftions  in
figure 8. In gellsral, the measured pressure losses lie between the
curves calculated from the two sets of ch8r8cteristic  lines of fig-
ure 3: This phenomenon is interpreted to mean that tine aver8ge
effective cross-sectional area of the 14 individual combustion
chambers chan&Lgraduallyandthatthis  are&was generally larger
than the equivalent combustion-chamber area used to obtain the
varying~ lines.

"A2
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The characteristic lines of figure 3 repreeenting a varying
cross-eectional  area were established by the portions of the experi-
mental data of the complete program that deviated roost  f’rm the
predicted valuee. Consequently, any experimental data for the
type C combu8tion  chamber obtained within the operatiw range covered
in thie investigation will probably either be represented by calcu-
lations baaed on a constant equivalent area or be within the range
establiehed by the two sets of calculations.

Predicted pressure 10~8~8  up to ram preeeure ratio8 of about
1.3 are in agreement with the measured loetwa. The minimum flight
velocity corresponding to thie rem geesure ratio is 413 mile8 per
hour at altitudes greater than 37,000 feet. The ram pre88ure ratio
of 1.76 correspond8 to a flight velocity of 620 mile8 per hour at
the 8ame altitudes. Conerequently,  combuetion-chamber pressure
loe~es for the I-40 Jet-propulsion  engine can be accurately predicted
by the method of reference 5 for flight velocities up to 400 miles
per hour. Moderate error8 are encountered when similar prediction8
are made for flight velocities from 400 to 600 mile8 per hour.

Loeees in Engine-Cycle Efficiency Due to

Combuetion-Chamber Pmeeure Losee

Effect of variations in engine speed and altitude. - The frac-
tional loss in engine-cycle efficiency due to combustion-chamber
pressuz~ losee A~/T for engine configuration8 having the types C
and E combuetion chambers ie shown in figure 13 for a ram pressure
ratio of approximately 1.10. At the rated engine speed of
11,500 rpm, corre8ponding to the higheet corrected engine epeed on
each curve in figure 10, a minimum fractional 108s in engine-cycle
efficiency of about 0.08 ie obtained with the configuration ueing
the type C combustion chamber. A minimum value of about 0.05 is
encountered with the engine configuration having the type E combus-
ticln chamber under the 8ame conditions. The fractional loss
increases rapidly a8 the engine speed is decreaeed, generally
reaching a value of one-half at a corrected engine speed between
6000 and 8OOOrzlm. The effect of chngee in simulated altitude at
constant value8 of corrected engine speed fe ahown by the cro88
plots of figure 11. In general, a alight increase in engine-cycle-
efficiency fractional loeees due to combustion-chamber preeeure
losses is indicated with increasing altitude.

The lower fractional 1088 in engine-cycle efficiency for the
type E combustion chamber as compared to that for the type C

.
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chamber (fig. 10) is the re8ult of the lower over-all pressure
losses encountered with this combudfon chamber (fig. 7), which
are most noticeable at high engine speeds. The lOBBe  in engine-
cycle efficiency at high engine speed8 are 80 low a8 to have a
negligible effect on the perforce of the unit. The fractional
lOSEe at the lower engine Speed8 are larger end would be of impor-
tance in operation at low speed8 or in acceleration of the engine
from low Speeds.

Effect Of ram P~SSUre  I’& i0. - The effect on engine-cycle
efficiency and on the fractional lose in engine-cycle efficiency
due to combustion-ohamber pressure loese8 of variatione  in ram
pre88~re ratio at a simulated altitude of 30,000 feet is shown in
figures 12 and 13 for the type  c com?metion  chamber. The fractional
lOSEe in Cycle efficiency due to combustion-chamber ~~BBI.UW  1OSSeS
decrease with an increase in ram preeBur~ ratio.

An altitude-wind-tunnel investigation of the complete I-40 jet-
propulsion engine gave the following results on the operating charac-
teristics of the combustion chambers:

1. ~imum combustion efficiencies of 97 and 96 percent were
obtained with the types C and E combustion chambers, respectively,
at a ram pressure ratio of approximately 1.10. At comparable
operating conditions the type C combustion chamber gave generally
higher combustion efficiency than did the type E.

2. Combustion efficiency varied directly with the engine speed
and ram presence ratio. The ccmbuetion efficiency decreaeed with
increasing altitude; at low engine 8peed8  the decrease w’as greater
than at high speeds.

3. Combustion efficiency could be correlated with the combustion-
chamber-outlet temperature. When the product of the combustion efff-
ciency and the 8quare root of the combustion-chamber-outlet temper-
ature was plotted on a logarithmic scale again8t the ~ciprocti of
the 8ame temperature, straight lines were established for constant
values of the parameter, combustion-&ember-inlet p1-e88~re  divided
by the square of the air weight flow.

4. Combustion-chamber ~XWSSUZW losses of about 6 percent of the
combustion-chamber-fnlet  total preaeure were obtained with the type C
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uombustion chamber over moat of the operating range. Slightly lower
presSure  ~oeses  were obtained with the type E combustion chamber.

5. Percentage 1088e8 in combustion-&amber total pressu~ were
negligibly affected by changes  in altitude or in ram pressure  ratio
up to approximately 1.3.

6. A ~IWBSUXW-~OBB  chart could be used to predict with fair
accuracy the ~ZWBB~-~OBB  CharaCteriBtiCB  Of th8Be combustion
ohambere under moat flight ConditionB.#

7. At rated engine speed and a ram pressure ratio of app??oxi-
rmtely 1.10, loesee in total presSwe  in the CombuatiOn chambers
caused fractional lOSEeS in en&m-o’gCl8  8ffiCi8nCy Of abcut 0.08
and 0.05 for the types C and R oombuetion Chambers, respectively.
The fractional JOSSES varied inversely as the engine speed, generally
reaching a value of one-half at a corrected engine speed between
6000 and 8000 rpm.
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Figure I. - Combustion-chamber liners used In I-40 jet-propu
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Simulated
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(a) !Pype C combustion ohamber.
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(b) Type E combustion chamber.
Figure 4.0 Effect on oombustion effiolency of variations

in corrected en he speed and simulated altitude at
ram pressure M&o of approximately 1.10.
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