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RESEARCH MEMORANDUM

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

Combustion-chamber performance cheracteristics of the I-40
Jet-propulsion engine were determined from an Investigatlon of the
complete engine ingtalled in an airplane fuselage In the Cleveland
altitude wind tummel over & range of ram pressure ratios from 0.98
0 1.76. The standerd type C combustion chamber and a modified
type E combustion chamber were investlgated.

The combustlon-chamber performance characteristics sre pre-
gented ag functlons of the engine speed corrected to NACA standard
sea-level inlet conditions. The effect of varistions 1In altitude
and ram pressure ratioc on combustion efficlency and on combustion-
chamber pressure losses l1s presented. The decrease Iin engine-
cycle efficiency due to combustion-chember pressure losses is
evaelueted.

Combustion efficiency varied directly with the ram pressure
ratio and engine speed and inversely with the altitude. The combus-
tion efficlency was generally higher for the type C combustion
chamber than for type E. Pregsure losses of about 6 percent of the
combustion-chamber-inlet total pressure were obtained with the
type C combustion chember and slightly lower losses were encountered
with the type E combustion chamber. Percentage losses in total
pressure were inappreciably affected by changes in altitude or ram
pressure ratio up to & value of 1.3. At rated engine speed, the
decrease in engine-cycle efficiency due to combustion-chamber
pressure losses was slight; the fractional lose varied inversely as
the engine speed, generally reaching a value of one-helf the engine-
cycle efficiency attained at & corrected engine speed between 6000
and 8000 rpm.

SSIFIED
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INTRODUCTION

An investigation under simulated flight conditions of the per-
formance of the I-40 engine installed ln an airplane fuselage has
been conducted in the Cleveland altitude wind tunnel. The perform-
ance and operational characteristica of the component parts of the
I-40 Jet-propulsion engine installed in this alrplane were deter-
wined in addition to the evaluatlon of the over-all characteristics.
Reference 1 summarizes the over-all engine-performance and wind-
milling drag characteristics of the unit and references 2 end 3
present the performence characterlstics of the compressor and the
‘turbine, respectively, as determined from the investigation of the
complete engline.

An analysis of the performeance of the combugtion chamber,
inclinding & comparison of the performance of the standard type C
and a modified type E (manufacturer's designation), is presented.
For the flight conditions sirlated, data are presented for both
the type C and the type E combustion chambers that show the
combustion-chamber efficlency, the losses in total pressure
occurring in the combustion chamber, and the effect of these pres-
sure losges on the engine-cycle efficiency.

Opereting charactevistics of the combuastion chambers could be
obtained only at conditions permitted by the over-all performence
limits of the engine at each set of simulated flight conditions.
The engline was operated from approximately static conditions to a
rem pressure retio (defined as the ratioc of the total pressure at
the compressor inlet to the tummnel static pressure) of 1.76 and at
gimlated altitudes from 10,000 to 50,000 feet. For &ll conditions
except the low rem pressure ratios at simulated altitudes of 30,000
feet and higher, corresponding NACA standerd temperatures were
maintelned. At low ram pressure ratios in combination with the
higher altitudes, temperatures were as much as 30° F above the
corresponding standard temperatures becaunse of the limited
refrigerated-air supply aveilable.

DESCRIPTION OF COMBUSTION CHAMEERS

The combustion section of the I-40 Jet-propulsion engine con-
siste of 14 individual combuastion chembers. Alr enters the combus-
tion chamber from the perliphery of the centrifugal compressor through
alr ajapters. The combustion chamber has & circular cross section
end a decreasing area in the direction of the gas flow. Each chamber
conteins & removable perforated combustion liner (fig. 1) that
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divides the combustion zone from the passsge for the secondary air
flow. The circular cross-gectional aree of the liner increases
slightly in the direction of the flow. The Aownstream end of the
liner is & truncated cone that £its the tepered combustion chamber;
the upstream end is closed by a hemispherical dome. A fuel nozzle
thet directs the fuel spray downstream along the combustlon-chamber
axis is located in the center of each dome. Ignition is provided by
spark plugs in two of the 14 liner dowes. The other combustlion
chembers are lighted by cross-ignition passages, which interconnect
all the chambers.

In the type C combustion chamber, the dome has louvers near 1ts
center to admit primery air to the combustion zoms. These louvers
glve the primery alr a swirling motion. The type C dome 1s removable
and is attached inside the combustion chamber by brackets. A
40-gallon-per-hour Monarch fuel nozzle with an 80° spray cone was
used with the stendardé type C combustion chamber.

The type E combustion chamber differs primerily from the stand-
ard type C chamber in the design of the liner dome. The type E
dome has louvers only near its periphery for the admittence of alr
to the combustion gone. With this arrangement, the alr must reverse
the direction of ite flow in paessing through the louvers in order to
reach the primary combustion region in the center of the dome. The
dome 1s of smeller diameter than the liner to provide an esuxiliary
amular slot for eir flow between the two perts. This design was
sdopted to lessen the deposition of cerbon on the combustion liner.
In the type E combustion chember, the standard type C liner was
used but slight alterations were mede &t the upstream end in order to
facilitate integral welding of the dome and the liner that was used
ingtead of the bracket mounting used with the type C combustion
chamber.

The fuel system of the engine configuration with the type E
combustion chambers also differed in several respects from the
standard fuel system. A 30-gellon-per-hour Monarch nozzle with a
spray-cone angle of 60° was used. A single fuel-metering valve
controlled the fuel flow to all combustion chambers; whereas the
fuel was metered individuelly by each of the nozzles in the standard
fuel system. This valve was spring-loaded to insure a certain mini-
mum opening pressure for the low fuel-flow range. This chenge 1n
fuel systems may have resulted in an irregular distribution of fuel
flows emong the individusl combustion chembers at low fuel flows when
the difference in the pressure of the fuel in the lines for the top
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and bottom units may have been large encugh relastive tc the fuel-
line pressure to make the fuel-delivery characteristics of the
individuel nozzles dissimilar.

ERGINE INSTALLATION AND INSTRUMENTATION

A detalled description of the installatlon of the airplane
fuselage in the altitude wind tunnel and of the instrumentation of
the I-40 Jet-propulsion engine insgtalled in the plene 1a given in
reference l. The outer sections of the wings were removed in order
that the resulting configuretion would span the test section of the
tunnel; otherwise the airplene as mounted In the tunnel essentially
duplicated the flight configuration. A Y-shaped rem plpe was
installed to introduce air at greater-than-tunmel pressures to the
inlet ducts when conditions other than static operation were simm-
lated.

The stations at which instrumentetlion was 1installed are shown
in figure 2. This report is mainly concerned with stations 2
(compressor inlet), 4(combustion-chamber inlet), 5(combustion-
chamber outlet), 7(calibretion ring), and 8(tail-pipe-nozzle out-
let rake). Measurements at station 7 or 8 are necesesary to deter-
mine the state of the ges after combustion; those at station 8
were used when available, but with the type E combustion chamber
no measurements at station 8 were obtained.

At the combustion-chamber inlet (station 4), temperature and
total-pressure measurements were mede in three of the 14 individual
chambers that make up the combustion section. These measurements
were mede by using three rakes, each of which contalned five total-
pressure tubes and four thermocouples equelly speced and altermately
located.. The rekes spanned the alr adapters in a dilrection approxi-
mately perpendicular to the engine redius. The plane of measurement
was located 3.75 inches downstream of the trailing edge of the inner
vane 1n the compressor-outlet elbow.

At station § the combustion-chamber-outlet total pressure wes
measured by single total-pressure tubes located in three of the
chambers. The tubes were located 1.58 inches from the outside sur-
face of the combustlon chembers and were circumferentially displaced
0.95 inch from the engine radil bisecting the combustion-chamber
outlets. The plane of measurement was 1.10 inches upstream of the
end of the combustion~chamber liners. Thermocouples installed to
indicate which units were lighted were located in each of the
cambustion-chamber outlets. Because these thermocouples were

696
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subjected to radistlion from the hot gases in the primary combustion
zone, the readings were unsultable for performance calculations.

The celibration ring (station 7) was mounted between the exhaust
cone and the tell pipe. The temperature at thie point was obtained
by 14 equelly spaced thermocouples extending 1.47 inches Into the
gas stream. The total pressure wes given by two diametrically
oppoeite totel-pressure tubes extending 2.00 inches Into the gas
stream. Two dlametrically opposite pressure orifices were ueed to
measure the static pressure.

The plene of mesgurement of the tall-plpe-nozzle cutlet rake
(station 8) was loceated 1 inch inside the teil pipe. At this
station sufficient static-pressure tubes and orifices, totel-
pressure tubes, and thermocouples were Installed for an accurate
determination of the state of the gas flow at the outlet of the tall-
pipe nozzle. Detalls of the instrumentation &t this station are
given In reference 3.

SYMBOLS
The symbols used in this report are as follows:
A crosg-gectional ares, square feet

gas-Tlow calibratlon constant for use with calibration-ring

measurements
¢y specific heat at constant pressure, Btu per pound O
s acceleretion due to gravity, 32.17 feet per second per second
K combustion-chamber frictlion pressure-loss factor
o gas-flow calibration factor for tail-pipe-nozzle ocutlet rake
M Msch number, ratio of gas speed to local speed of sound
N rotational speed of engine, rpm
P total pressure, pounds per sgquare foot absolute

AP loss in total pressure in combustlon chamber due to frictilon,
F
pounds per square foot

loss in total pressure in combustion chamber due to addition
of heat to the air flowlng through the combustion chamber
(momentum pressure loss), pounds per square foot


http://www.abbottaerospace.com/technical-library

6 RACA RM No. E8GO2c
APp over-all loss in total pressure in combustion chamber due to
friction and heat addition, pounds per square foot
statlc pressure, pounds per square foot absolute
R gas constant, foot-pounds per pound °R
T total temperature, °R
T, indicated tempersture, °R
static temperature, °R
w alr mass flow through each combustion chamber, pounds per second
W air mass flow through engine, pounds per second
Wy fuel mass flow through engine, pounds per second
Wg gas megs flow through engine, pounds per second
o thermocouple impact-recovery factor
Y retio of specific heat &t constant pressure to speciflic heat at
constant volume
e temperature correction factor, ratio of compressor inlet-air
total temperature to NACA standerd sea-level statlic temperature
n engine~cycle efficiency
T, combustion-chamber efﬁciency
Subscriptse:
o free strean
2 compressor inlet (average of front and rear inlets)
4 combustion~-chamber inlet
5 combustion-chamber outlet
7 calibration ring at Juncture of exhaust cone and tail pipe
8 tall-pipe-nozzle outlet rake

696
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9 vena contracta in Jet from tall-plipe nozzle

B entrance to combustion zone of equivalent combustion chamber
of constant area

b combustion chamber
J average between statlon 9 and free stream
8 tail-pipe-nozzle_-outlet shell

x  annular increment of area in tell-pipe-nozzle outlet

METHODS OF CAICULATION

Temperatures. - Static ‘temperatures were cbtained from indicated
temperature readings by

2

4
1+a(_—§) =1

Calibrations of thermocouples of the type used in these investigations
gave 0.86 as the value of «. The total temperatures were cbtained
from these calculated values of the statlic temperature by applyling
the 1sentropic relation

21

2@

Because the condltions of the air stream at the compressor
inlet (station 2), rather then at the entrance of the airplane duct
system were used to esatabllish the simmlated flight conditions and
all ducting losses were thus left out of the engine computetions,
the statlic temperature %y corresponding to the compressor-inlet -
conditions hed to be celculeted. The isentropic relation

t =

- -1

Po
t = T (—)
(0] 2 P'z
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was used. Inasmuch as the tall-pipe-nozzle outlet static pressure
was greater than the tunnel statlic pressure pg, the temperature

of the exhaust gas at the tunnel static pressure tg was obtalned
in 2 similar menner from the equation

pdut

P07
t9=t8 E

Becanse the thermocouples at station 5 were sudbjected to
radiation from the primary combustion zone, they were unsatisfactory
for the determination of the combustlon-chamber-outlet temperature.
As & result, Tg was calculated from temperature meesurements made
downstream of the turbine: For the type C combustion-chamber,
temperature readings at the taill-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 necessarily
used. owing to the absence of the tall-pipe-nozzle outlet rake
during these tests. In the determination of the combustion-chamber-
outlet temperature in thils manner, the enthalpy drop across the
turbine was assumed egual to the measured enthalpy rise across the
compressor. The tail-pipe-nozzle outlet total temperature Tg (or
the calibration-ring total temperature T7) and the turbine enthalpy
change were then used to obtain Ts by use of the charts of refer-
ence 4. The value of Tg obtalned by this method was slightly low
because of the neglect of mechanical-frictlon losses and of radia-
tion between station 5 and the downstream measuring station used
in the calculation.

Specific heats and ratio of speciflic heats. - For all locations
downstream of the polnt at which fuel was injected, the values of
Cp andi 7 used in the calculations were obtalned from a chart
relating these guantlties to the teuwpereture and fuel-air ratio.
The values used in preparing the chart were welighted averages of the
values for the various constituents of the exhaust gas obtained with
en assumed combustion efficlency of 98 percent. The chexrt was
developed for a fuel having a hydrogen-carbon ratio of 0.170. Meas-
ured values of the fuel-alr ratlio 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 determinatlion of cp and 7.

Gas flow and alr flow. - For the datea presented for the type C
combugtion chamber, the gas flow was determined from taill-pipe=
nozzle outlet measurements. Because of the varlation of the pres-
sures and temperatures across the tail pipe at the plane of meas-
urement, the total area was divided into a serles of anmuli and the
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gas flow through each annulus was celculated. The value of the
total gas flow through the engine, taken as the summation of these

incremental values, was given by the following eguation (derived
in reference 1):

—_

7 r4
P P
(.pé) -1l + ‘_E) -1
2 X .
k pg '\Jiy - 1;3 'Az/\ Tz > Y

—
where —

m’-’:
]
A

Y=1+1.8x107° (7, - 520)

For use in this equation, R was assumed constant and equal to
53.86. In this equation Y is 2 tempersture-correction factor to
account for the change in area of the tell-pipe-nozzle outlet with
the temperatures encountered during operation.

When the calibration-ring measurements had to be used to
obtain the gas flow, computatlons were mede by the method used by
the manufacturer and the folliowing equation was used:

Fq 2\ 7
[2 7/ " HTY\3y
14 —
Wg = Cp7hy '("—'7 - 1)R N Ty 7

The values of ¥ &and R used in this equatlion were assumed constant
and equal to 1.33 and 53.4, respectlvely; the same values were used
by the manufacturer. The callbretion constant ¢ was also developed
by the manufecturer to correct the calculeted gas flows to actunal
values. Thie constant therefore served as a correction for systema-
tic errors in measurement at station 7, for the expansion of the


http://www.abbottaerospace.com/technical-library

10 RACA BM No. E8GO2c¢

tall pipe at statlion 7 with temperature, and for the error intro-
duced into the calculations by the assumption of & constant value
of 7.

The alr flow was obtalned from

Wo = W - Wp

g

The eir flow through each combustlion chamber W was considered to
be one-fourteenth of the total air flow.

Combustion efflciency. - The combustion efficliency is defined
ag the ratio of the actual increase in enthalpy of the ges across
the combustion chamber to the theoretical increase that would result
from complete combustlion of the fuel charge. The lower heating
value of the fuel used was 18,6800 Btu per pound; the followling
expression was therefore used in the computations:

- Sp,b (Ts - Bg) (1 + Wy /Wp)
b 18, 600

Pressure losses. - The calculated pressure losses for the
type C combustion chamber were cbtalned by means of the pressure-~
loss chart shown In figure 3. A similar chert was used to obtaln
comparable date for the type E combustion chamber. The development
and uee of this type of pressure-loss chart are explained in refer-
ence 5. The lines in quedrants I and IV, characteristic of the
type C combustion chamber, were esteblished from measured data in
the manner described in reference 5. The term K represents the
friction pressure-loss characteristics of the combustion chember.
Ites eignificance 1s clarified by the following equetion:

APp W om,

where APy 1s the pressure loss measured across the combustion
chamber with the air flowing and no combustion (englne windmilling).
Tae term Ap represents the cross-sectional area of an equivalent
combustion chamber of uniform sectlon having the same pressure
losses due to heat addition to the air as in the z2ctual combustion
chamber. The lines In quadrant II were obtained by transferring the
combustion-chamber-characteristic lines appeering in quadrent I to
the second quadrant. This trensfer was accomplished by using the
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curves of constant My appearing in quadrant II of the pressure-
loss chart given 1n reference 5. The branching of the combustion-
chamber-characteristic lines occurs at high combustion-chamber-inlet
Mech numbers. After the characteristic lines were established, the
pressure-loss chart was used In the following menner:

The velus of the friction pressure-loss ratio APp/Py was
obtained on the ordinate in quadrant I by starting in quedrant IV

with any given value of WA/T,/P; and proceeding counterclockwise.
The vaelue of the momentum pressure-loss ratioc APy/Pp corresponding
to the measured velue of T5/Ty wes found by proceeding through
quadrant IT and into quadrant III. The over-all pressure~loss ratio
APy/P4 was then obtained from the relation

=APF+APM

APT APF APM APF APM
= + - o m—
P4 P 4 P4 P4 PB

The value of K for the type C combustion chamber was deter-
nwined from windmilling data. The value of X <for the type E com-
bustion chamber and the values of Ap for both types of combustion
chamber were obtained from the charts by applying to actual experili-
mental data the methods described in reference 5.

Cycle efficlency. - The cycle efficlency is defined by

heat supplied by source - healt rejected to sink
heat supplied by source

Expressed in terms of the quantities obtained from the instrumenta-
tion used, the sfflciency is given by

= Cp,b (Is = Ty)
The loss in cycle efficiency resulting from the pressure losses

in the combustion chamber was calculated by the method given in refer-
ence 6:
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P\ 7
c + ]l = ==
P,J O P4

Cp,d (Ts - Tq)

an =

Correlation of datea for types C and E combustlion chambers. -
Average values of the pressures and temperatures over the entire

tail-pipe cross-sectional area could be determined only from mees-
urements obtained at station 8. Csaslculations for the type E com-
bustion chamber, however, were neceseerily based on measurements

at station 7 inasmich as no measurements were obtained at station 8
during tests with this combustion chamber. Owlng to differences in
instrumentation at these two stations, to probable errors in meas-
urement caused by the proximity of station 7 to the turbine, and to
heat losses between the stations (which is of least significance),
data calculated from measurements at both stations could not be
directly compared with satisfactory precision. Correlations were .
therefore developed with data from teste for which both measurements
were avallasble. Data presented for the type E combustion chamber
were obtalned by use of these corxrelations and are comparable to
data presented for type C.

RESULTS AND DISCUSSION
Combustion Efficlency

The results presented cover the operable range of engine speeds
at similated altitudes from 10,000 to 50,000 feet from static condi-
tiona to & ram pressure ratio of 1l.76.

Effect of englne speed end altitude. - The effect on cambustion
efficlency of variations in corrected englne speed and simulated
altitude at a ram pressure retio of approximetely 1.10 is shown in
figure 4 for the types C and B combustion chembers. The combuastion
efficiency decreases repldly with decreasing engine speed. The rate
of decrease with decreasing engine speed is generally greater for
the type E combustion chamwber than for type C. Meximum combustion
efficiencies of 97 and 96 percent were obtained for the types C and
E combustion chambers, respectively. This maximum value ocourred
near the rated engine speed. .
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At the highest corrected engine speeds, varlations in gsimulated
altitude from 10,000 to 30,000 feet have little effect on the com-
bustlon efficlency for either type of combustion chamber. At low
englne sveeds the combustlon efficiency drops off rapidly with
increasing altitude for both types of combustion chamber. DBetween
30,000 and 40,000 feet the combustion efficlency for the type E
combusticn chamber decrezses approximstely 20 to 35 percent in-
velue over the range of englne speeds end a further decrease of
gbout 20 percent occurs between 40,000 and 50,000 feet. The rate
of decrease in efficilency is larger, in genersl, as the altltude
Increases. At a glven altitude and corrected engine speed, the
type C combustion chamber generslly gives & higher combustion effl-
clency than type E.

One factor thet may have contributed to the low combustion
efficlency at low englne speeds and high altitudes 1s the proba-
billity of changed fuel-spray characteristics due to low fuel flows.
With the standard Monarch fuel nozzles, higher fuel flows were
required to ksep the engine operating at low speeds than were
required with duplex fuel nozzles, which were briefly investligated
during the program. Each of the duplex nozzleeg contalned two
fuel-discharge orifices. The small orifice alone discharged fuel
at low fuel flows; whereas for high fuel flows both orifices
operated. The meximm fuel-discharge rate for the duplex nozzles
weg 45 gallone per hour. With thls errangement more uniform fuel-
spray characteristics and better atomization of the fuel were obtain-
able at low fuel flows than were obtalnable with a nozzle having a
single fuel-dlscharge orifice capable of glving the high fuel flows
required for operation at the engins 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 and equipped with duplex
nozzles and using kerosene end gasoline as 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 values are averages for comparable ram pressure ratios amd
altitudes and were obtained while all combustion chambers were
operating. The greater fuel flow when the englne was equipped with
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Monarch nozzles indicates that & lower combustlion efficlency was
obtained with this type of nozzle at low engine speeds than was
obtained when the duplex nozzles were used. The tabulated fuel-flow
valnes indicate that higher combustion efficlencies were cbtained
when the duplex nozzles were used wlth gasoline than when they were
uged with kerosene, for both fuels have approximetely the same
heating value. This difference indicates that further development
of fuel nozzles should result in en improvement of combustion effi-
clency (and a consequent decreese in fuel flow) at low engine speeds
when kerosene is used as the fuel.

696

Effect of ram pressure ratio. - The combustion efficiency
increases wlth ram pressure ratio at a constant simulated altitude
and corrected engine speed (flg. 5). The efficlency increases from
94 to 97 percent at a corrected englne speed of 12,000 rpm and from
84 to 90 percent at 10,000 rpm with & chenge from static conditlons
(ram pressure ratio, 0.98) to & ram pressure ratio of 1.76 at an
altitude of 30,000 feet. The occurrence of & ram pressure ratlo
gmaller than 1.0 for static conditions is caused by the loas In total
pressure in the inlet ducts, which gives & total pressure at the
compressor inlet lower than the tunnel static pressure.

Correlation of combustion efficiency with combustlon-chamber -
operating variables. - Reference 7 showed that combustion efficlency
in an snonular combustion chamber was increased as combustion-chamber-
inlet pressure end temperature were Increased and was decreased as
inlet-elr velocity was increased. The trends In combustion effi-
clency with these perameters are probasbly alsc appllcable In the
T-40 engine. For the date presented, an increase in simulated altli-
tude for constant corrected engine speed and ram pressure ratio
results in lower combustion-chamber-inlet pressures and temperatures
and higher combustion-chamber-inlet velocities. According to ref-
erence 7, all these changes would result in the obaerved lowering
of combustion efficlencies with increasing altitude. When the ram
pressure ratio is increased at constant altitude and corrected
engine speed, each of the three parameters increases. An Increase
in combustion-chamber-inlet temperature and pressure tends to give
an Increased combustion efficlency; whereas a higher combustion-
chamber-inlet velocity results in a lower efficiency. These results
could explain the moderate increase in combustlion efficlency with
increasing ram pressure ratio.

A method of correlating the combustion efficiency with the
conmbustion-chamber-outlet temperature was presented in reference 6. .
In this correlation the product of the combustion efficiency and
the sguare root of the combustion-~chamber-outlet temperature
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Ts is plotted on & logarithmic scale against the reciprocal of
the combustion-chamber-outlet temperature 1/Ts for constant values
of the parsmeter, combustlion-cheuber-iniet pressure divided by the

sgquare of the air flow P4/H2. Figure 6 shows such a correlation
for the type C combustion chamber for two ranges of the parameter.
The points shown are actual data points covering the complete

range of ram pressure retlos, altitudes, and engline speeds dis-
cusged. Ranges of the parameter rather then single fixed values
ere shown in order that sufficient date polnts might be avallable
to deflne the curves. Stralght linesg are establlshed by the data
for both ranges of the parameter given. This correlation is a _
semiempirical relation and, although appilceble to the present data
as woll ag to those of reference 6, should not be considered gener-
ally establlisghed.

Combustion-Chamber Preassure lLosgses

Losses in total pressure occurring during the passage of the
gas through - the combustlion chamber are shown in figures 7 and 8.
The losses are glven as the ratlo of the pressure loss to the
combustion-chanber-inlet totel pressure. The over-all pressure
loss cen be considered as the sum of two separate losses: one due
to the Priction of the flow and the other due to the addition of
heet to the flowing alr (reference 5). By means of the pressure-
loss chart (fig. 3), the over-all pressure loss was separated Into
these component parts; the retios of each to the combustion-chamber-
inlet total pressure are also plotted in these figures.

Effect of engine speed and altitude. - The measured values of
the over-all pressure-loss ratio are 1n agreement with the values
calculated by use of the pressure-loss chert for both the type C
and type E combustion chembers at slmulated altitudes as high as
30,000 feet (fig. 7). These data are for a ram pressure ratio of
approximately 1.10. At altlitudes of 40,000 and 50,000 feet, the
measured values of the over-all pressure-loss ratlo for the type E
combustion chamber are larger than the cealculated values. Thie
difference between experimental date and computed values mey be
caused by inaccuracles in measuring the pressures. At the high
altitudes, a given increment of error in measurement would represent
a larger proportion of the pressure measured than at low altitudes.

For the type C combustion chambex, the over-all pressure-loss
ratio maintains a value of about 0.06 over most of the operating
range. The lowest values of the over-all pressure-loss ratlo
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(about 0.04) occur at the lowest corrected engine speeds, and peak
values are obtained at Intermediate speeds. The pressure losses for
the type E combustion chamber are in general slightly smaller than
for the type C combustion chamber and tend to decresse more 1n the
high engine-speed range. Chaenges in altitude have negligible effect
on the over-all pressure-logs ratio.

Nelther the friction pressure-loss ratio nor the momentum
pressure-loss ratio for the type C combustion chamber is signifi-
cantly affected by changes in eltitude. At the highest corrected
englne speeds these two pressure losgses are approximately equal. At
lower speeds the pressure loss due to frictlon is greater than that
due to the addition of heat. At simulated altitudes up to 30,000 feet,
the friction pressure-loss ratios for the types E and C combustion
chamber are approximately equal; whereas the momenium pressure-loas
ratioc 1s lower for type E then for type C. The differsnces between
measured and calculated over-ell pressure-loss ratios for the type E
combustion chamber at altitudes of 40,000 and 50,000 feet probebly
make any precise comparison of the relative magnitudes of the two
component pressure losses under these conditions unwarranted.

The relative megnitudes of the pressure losses for the different
types of combustlion chamber can be explained by reference to the
equivalent areas Ap and the friction pressure-loss factors K for
the two types. These values for a single combustion chamber are as
follows:

Combustion- Ap K
chamber type (sq ft)
c 0.126 1.47
E 134 1.62

Because the momentum pressure logss varles Inversely with Ap and
the friction pressure loss veries directly with K, the occurrence
of higher values for both factors with the type E combustion chamber
produced counteractlng changes that resulted in a slightly lower
over-all pressure loss than was obtalned with the type C combustion
chamber.

Effect of rem presgure ratio. - The pressure-loss ratios for
the type C combustion chember at a simuleted altitude of 30,000 feet
and over a range of ram pressure ratios from 0.98 (static conditions)
to 1.76 are shown in figure 8. The calculated and measured over-all
pressure-~loss ratlos are Iin agreement for all ram pressure ratics up
to 1.26. Changea of ram pressure ratlo within this range have little
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effect on the over-all pressure-loss ratio. The friction and momen-
tum pressure losses are about equal for statlic conditions over the
entire engine-gpeed range. At velues of the corrected engine speed
near 12,000 rpm, lncreasing the ram pressure ratlo has slight effect
on either the friction or momentum pressure-loss ratios. At lower
corrected engine speeds, however, the frictlon pressure-loss ratlo
increeses and the momentum pressure-logs ratio decreases slightly
wlth increasing ram pressure ratio.

The measured values of the over-all pressure-loss ratlo are
consistently higher than the calculated wvelues at ram pressure
rativs of 1.53 and 1.76. This discrepancy can be explained by ref-
erence to flgure S, where the combustlon-chamber-inlet Mach mumber
is plotted agalnst the corrected engine speed for three different
ram pressure ratios at a simulated altitude of 30,000 feet. At a
constant corrected engine speed the combustion-chamber-inlet Mach
nuwber increases with an Increase in ram pressure ratio. At the
high Inlet Mach numbers, the locatlon of the origin of the flame
may have changed or the ges flow mey have streesmed through the com-
bustion chambers in such a manner that only part of the cross-~
sectional area of the combustion liner was utilized for combustlion.
If elther of these phenomena occurred, a lower equivalent area and,
consequently, & higher momentum pressure loss than at low Mach num-
bers would result. The data for these condlitlons indlcated that a
spmaller value for the eguivalent combustion-chember area weas applic-
able durlng operaticn at high ram pressure ratios than at low ram
pressure ratios. In the pressure-loss chart (fig. 3) the lines
marked "Ap constant” were established by the date for low ram
pressure ratios and were used 1n calculating the pressure losses
for all conditions under which the standard combustion chamber was
tested. The lines merked "Ap varying” were determined by some
of the dete for the higher ram pressure ratios and combustlon-
chamber-inlet Mach numbers. Duplicate calculatlons using these
"Ap varying" lines were made for the data obtained at ram pressure
rati.s of 1.53 and 1.76. Two curves &re thus glven for the momen-
tum pressure-loss ratio (and consequently for the calculated over-
all pressure-loss ratic) for these two operating conditions in
figure 8. In general, the measured pressure losses lie between the
curves calculeted from the two sets of characteristic lines of fig-
ure 3. This nhenomenon is inbterpreted toc mean that the average
effective crogs-sectional area of the 14 individuael combustion
chambers changed graduslly and that this arese wasg generaslly larger
then the equivalent combustion-chamber area used to obtain the "Ag
varying" 1lines.
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The characteristic lines of figure 3 representing a varying
cross-gectlional earea were established by the portions of the experi- x
mental data of the complete program that deviated most from the
predicted values. Consequently, any experimental data for the
type C combustion chamber cobtained within the operating range covered
in this Investigation will probably eilther be represented by calcu-
lations based on & constent equivalent area or be within the range
established by the two sets of calculations.

Predicted pressure losses up to ram pressure yatlos of sbout e
1.3 are in agreement with the measured losses. The minimum flight
velocity corresponding to this ram pressure ratic is 413 miles per
hour at altitudes greater than 37,000 feet. The ram pressure ratio
of 1.76 corresponds to & flight velocity of 620 miles per hour at
the same altitudes. Consequently, combustion-chawber pressure
losses for the I-40 Jet-propulsion engine can be accurately predilcted
by the method of reference 5 for flight velocities up to 400 miles
per hour. Moderate errors are encountered when similar predictions
are made for flight velocities from 400 to 600 miles per hour.

Losses in Engine-Cycle Efficiency Due to
Combustion-Chamber Pressure lLosses

Effect of variations in engine speed and altitude. - The frac-
tional loss in engine-cycle efficlency due to combustlon-chamber
preasure losses An/n for englne configurations heving the types C
and E combustion chambers 1ls shown in figure 10 for a rem pressure
ratio of approximetely 1.10. At the rated engine speed of
11,500 rpm, corresponding to the highest corrected engine speed on
each curve in figure 10, a minimmm fractionsl loss 1ln engine-cycle
efflclency of about 0.08 is obtained with the conflguration using
the type C combustion chember. A minimum value of about 0.05 1s
encountered with the engine configuration having the type E comwbus-
tiun chamber under the same conditions. The fractional loss
incresses rapidly as the englne speed 1s decreased, generally
reaching a value of one-half at a corrected englne speed between
6000 and 8000 rpm. The effect of changes in simulated altitude at
congtant values of corrected engine speed is shown by the cross
plots of figure 11. In general, a slight Increase in engline-cycle-
efficiency fractional losses due to combustlon-chamber pressure
losses is indicated with incressing altitude.

The lower fractionsl loss 1in engine-cycle efficlency for the
type E combustion chamber as compared to that for the type C
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chamber (fig. 10) is the result of the lower over-all pressure
losses encountered wlth thils combustion chamber (fig. 7), which

are most noticeable et high engins speeds. The losses in engine-
cycle efficlency at high engline speeds are so low as to have &
negligible effect on the performance of the unit. The fractional
losses at the lower engine speeds are larger and would be of impor-
tance in operatlon at low speeds or In acceleration of the engine
from low speeds.

Effect of ram pressure ratlo. - The effect on englne~cycle
efficiency and on the fractlonal loss 1ln engine-cycle efficiency
due to combustion-chamber pressure losses of variations in ram
pressure ratlo at a simulated altitude of 30,000 feet 1s shown In
figures 12 and 13 for the type C combustion chember. The fractlomal
logses In cycle efficiency due to combustion-chamber pressure losses
decrease with an lncrease I1n rem pressure ratlo.

SUMMARY OF RESULTS

An 2ltitude-wind~tunnel investigetlion of the complete I-40 Jet-
propulsion englne gave the following results on the operating charac-
teristics of the combuetion ckambers:

1. Maximum combustlon efficlenciles of 97 and 26 percent were
obtained with the types C end E combustion chambers, respectlvely,
at a ram pressure ratio of approximately 1.10. At comparable
cperating conditions the type C combustion chamber geve generally
higher combustion efficlency than did the type E.

2. Combustion efficiency varied directly with the engine speed
and ram pressure ratio. The combustion efficlency decreased wilth
increassing altltude; at low engine speeds the decrease was greater
then at high speeds.

3. Combustion efficiency could be correlated wlth the combustion-
chamber-outlet temperaturs. When the product of the combustion effi-
clency and the squere root of the combustion-chember-outlet temper-
ature was plotted on & logarithmic scale against the reciprocal of
the same temperature, straight lines were established for constant
values of the parameter, combustion-chamber-inlet pressure divided
by the square of the air weight flow.

4. Combustion-chamber pressure losses of about & percent of the
combustion-chamber-inlet total pressure were cbtalned with the type C
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combustion chamber over most of the cperating range. Slightly lower
pressure losses were obtained with the type E combustlon chamber.

5. Percentage losses in combustlon-chamber total pressure were
negligibly affected by changes 1n altitude or in ram pressure ratio
up to approximately 1.3.

6. A pressure-loss chart could be used to predict with fair
accuracy the pressure-loss characteristics of these combustion
chambers u_nder moat fllght conditions.

7. At rated engine speed and a ram pressure ratio of approxi-
mately 1.10, losses in total pressure in the combustion chambers
caused fractional logses in engine-cycle efficlency of about 0.08
and 0.05 for the types C and X combustion chambers, reapectively.

The fractional losses varied inversely as the engine apeed, generelly
reaching a value of one-half at a corrected engine speed between
6000 end 8000 rpm.

Flight Propulsion Research Laboratory,
Netlional Advisory Committee for Aeronmutics,
Cleveland, Ohlo.
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