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AITTITUDE -WIND-TUNNEL INVESTIGATION OF A 4000-POUND-THRUST
AXTAT.~-FIOW TURBOJET ENGINE
VI - COMBUSTION-CHAMBER PERFORMANCE

By I. Irving Pilnkel and Herxrold Shames

SUMMARY

An analysis of the performance of the types A, B, and C com-
bustion chambers of the 4000-pound-thrust axial-flow turbojet
engine is presented. The data were obtalned from investlgations
of the camplete engine over a range of pressure albtltudes fram
5000 to 40,000 feet and ram pressure ratlos from 1.00 to 1.86.
The combustion-chamber pressure losses, the effect of the losses
on cycle efficiency, and the combustlon efficilency are dilscussed.

The type A combustion chamber had the highest over-all (total)
pressure loss and the type C the lowest, of the three combustion
chambers investigated when used under equivalent englne configura-
tions and operating conditions. Pressure losses due to friction
were highest for the type A and lowest for the type C combustion
chamber; pressure losses due to heat addition to the air flowing
in the combustion chamber were highest for type C and lowest for
type A. The variation with altitude of the ratios of the pressure
losses due to heat addition and those due to friction to the
combustion-chamber inlet total pressure, called the momentum and
friction pressure-loss ratios, respectively, was negligible for
the type A combustion chamber. The date for the type B combustion
chamber showed that the friction pressure-loss ratlo increased,
and the momentum pressure-loss ratlc decreased, with increesing -
ram pressure ratlo.

The loss in cycle efficiency due to the pressure losses in
the combustion chamber was found to be of little consequence in
the design operating range of the engine. At low englne speeds,
however, this loss in cycle efficiency cean be as large as 50 per-
cent of the cycle efficlency attalned.

The data taken at static condltlions and a pressure sltitude of
5000 feet show the type B combustion chamber to have the highest
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and the type A the lowest combustion efficiency. The combustion
efficiency improved with engine speed end rem pressure ratlio at all
gltitudes and decreased with increasing altitude. At rated englne
speed the altitude effect on cambustion efficlency was no greater
than 5 percent for the range of pressure altitudes investigated.

INTRODUCTION

A study of the performence of the camponents of 4000-pound-
thrust axial-flow turbojet engine has been conducted in the
Cleveland gltitude wind tunnel. An snalysis of the performance
of the combustion chamber baged on date obtalned wlth the complete
engine 1g presented. A djiscussion of performence and operational
characteristics of the camplete engine is given in references 1
to 3 and en analysis of the compressor and the turbine performance
is given in references 4 and 5, reapectlively.

The working substances of the work cycle in Jet-propulsion
engines are the materials involved in the combustion. For this
reason the flow characteristics of the combustion chambex and the
manner of heat release influence the over-all performance of the
Jet engine. The combustion of the fuel should be completed before
the gases reach the turbine and the loss in total pressure of the
gas flow through the combustion chamber should be low compared
with the difference between the compressor-outlet total pressure
and the free-stream static preassure. If combustion is incomplete,
not only is fuel lost but also the fuel that is unconsumed in the
combustion chamber msy burn on the surface of the turblne blades
and ralse the turbine-blade temperature above safe limlta. The
loss in total pressure through the combustlon chamber reduces the
cycle efficiency and the mass flow of alr through the erngine.

The variation with simulated flight conditions of the pressure
losses through the combustion chamber, of the lose In engine cycle
efficiency that results from these pressure losses, end of the
combustion-chamber efficiency are discussed for the types A, B, and
C combustion chambers. These coambustion-chember types represent
the standard combustion chamber (type A} and two modificabtions.

The pressure losses due to fluild frictlon and to the addition of
heat to the flowing gas in the combustion chamber are separately
evaluated by means of a pressure-loss chart developed in refer-
ence 6. The combustion efficiency of the cambustlon chamber of
the axial-flow-type turbojet engine investigated is correlated
with the tempersture of the gas at the cambustlon-chember outlet.

The engine operating range for which data are discussed
extended from pressure altitudes of 5000 to 40,000 feet and ram
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pressure ratlos from 1.00 to 1.86. The ram pressure ratio is
defined ss the ratio of the totel pressure at the englne Inlet to
the tunnel static pressure. The data for this range are necessarily
regtricted to the operable engine speeds at each pressure altituds
and ram pressure ratio and are not sufficlently complete to deter-
mine the altitude limits of operstion of the three ccmbustion
chambers used 1n this investigatlion.

The high-flow compressor represents no engine modification
contemplated for productlion by the engine manufacturer but revpre-
gents the attempt of the engine manufacturer to obtain increased
performance by modifylng the stendeard 4000-pound-thrust aexlal-flow
turbojet engine at the time of thls investigation.

DESCRIPTION QF .COMBUSI'ION CHAMBERS

The three combustlion chambers are illustrated in figure 1.
Rach chamber consists of an outer duct and a liner (sometimes
referred to as a "basket"™). All the chambers have the same dimen-
gions and differ only in the primary-alr entrance arrangements on
the liner dome. In the type A cambustion chamber (fig. 1), standard
for the englne Investigated, all the louvers shown In the dame are
pushed out. In the type B combustion chamber, the mlddle row of
louvers is pushed In to give an upstream-veloclty component to the
air on the inside surface of the dome and thus Improve the engine
starting characteristics. The type C combustlion chamber has fewer
louvers, which are pushed in. The dome is surrounded by & ram
hood. Swirling of the air inside the dome of the type C combustion
chamber 18 accomplished by two rows of louvers arranged to induce
circumferential alr flow in opposite dlrections. Type C was
designed to ralse the upper blow-out limit for high-altitude opera-
tion. The blow-out limits and the starting charscterlstics of the
three types of combustion chamber are dlscussed in reference 2.

The turbojet engine has elght combustion chambers arranged in
parallel. Fach combustlon chamber is fltted with inlet and outlet

ducts leading to the compressor outlet and turbine inlet, respectively.

ENGINE INSTALLATTON AND INSTRUMENTATION

A complete description of the installabtion and Instrumentabtion
of the 4000-pound-thrust axial-flow turbojet engine In the,Cleveland
altitude wind turnmel is glven in reference 1; the description per-
tinent to thils report is included hersein.
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The engine was rigidly suspended from a 7-foot-chord wing
mounted in the test section of the tunnel (fig. 2). For the static
runs, a cowling was fitted to the englne inlet and the engine air
was drawn from the tummel. For the runs that simulated flight con-
ditions, alr was supplled to the englne inlet by a duct connected to
the tunnel make-up alr supply. Inlet-alr pressure up to approxli-
mately sea-level atmosphere could be maintailned at all pressure
altitudes corresponding to the desired ram pressure ratio (ratic of
engine-inlet total preassure to tunnel static pressure) to be simu-
lated. At a pressure altitude of 40,000 feet, ram pressure ratlos
as high as 1.86 were attained by this means. Although refrigerated
air was used, the cooling capacity of the system was insufficlent to
meintain NACA standard temperatures at the englne inlet for the low
ram pressure ratios at the high altitudes. At pressure altitudes
above 30,000 feet, the engine inlet-alr temperatures were usually
higher than those regulred by the simulated flight conditions in
standard NACA alr.

The stations at which pressure probes and thermocouples were
installed are shown In figure 3. The Instrumentation at the inlet
and the outlet of the combustlion chamber, statlons 4 and 5, is
pertinent to this report.

The arrangement of thermocouples and total-pressure probes at
the compressor outlet, teken as the combustlion-chamber inlet, is
ghown in figure 4. Two separate sets of total-pressure probes were
used. The NACA set consisted of three probes mounted on rakes lying
on radii that bisect the compressor outlets. The other probes were
single total-pressurdg probes displeced circumferentially from these
radll In the same campressor outlet. Two exposed thermocouples were
installed with each set of NACA total-pressure probes. Four of the
elght compressor outlebts were so instrumented. The total pressure
at the turbine inlet was obtalined with two diametrically opposite
total -pressure probes located on the leading edge of the turbine-
nozzle vene at the mean radlus of the turbine-nozzle annmunlus. No
thermocouples were placed at the entrance to the turbine nozzle.

The turblne-inlet total temperature was compubted from the total
temperature of the gases in the tall pipe.

Pressures were measured by mercury manometers with the tunnel
static pressure used es the reference pressure. The manomebers
were read to +0.05 inch of mercury, which 1s equivalent to a maxi-
mum reading error of +3.6 pounds per square foot. An error of
7.2 pounds per square foot 1s possible in computing the dlfference
in the total pressure of the flow from compressor outlet to turbine
Inlet. For low alr mass flows through the engine, thils error is
gometimea 25 percent of the measured pressure drop across the com-
bustion chamber.

¥<9
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The types A, B, and C combustlon chambers were installed in

configurations of the turbolet engine shown in the following table:

Combustion |Compressor| Turbine- |Tall-pipe-
chamber nozzle nozzle
area diameter
(sq in.) (in.)
A Low flow |Small, 163
101.9-97.7
B Low flow [Standard, 163
106.8-108.0
c High flow |Large, 18
121.0-119.9

Becaumse of the different engine configursbions used wlith each
combustion-chamber type a dlrect comparison of performance smong
combustion chambers was sometlmes Impossible.

SYMBOLS ~

The following symbolg are uged in the analysis:

ares of equivalent combustion chamber of constant cross
sectlon, square feet

constant,. p/ p?
specific heat at constant pressure, Btu per pound °r

average specliflc heat at constant pressure for cambustion
chamber, Btu per pound °R

average apecific heat at constent pressure for compressor,
Btu per pound

average speciflc heat at constant preassure from statlion 9
to station 0, Btu per pound °R

average specific heat at constant pressure for turblne, Biu
per pound °R

mess ratio, 32.2 pounds mass per slug
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lower heeting value of fuel, Btu per pound, (18,600)
mechanical equivalent of heat, foot-pounds per Btu, (778)
combustion~-chamber friction pressure-loss factor

Mach number, ratlo of gas speed to local speed of sound
englne rotational speed, rpm

totel pressure, pounds per square foot absolute

loss in total pressure due to friction, pounds per square
foot

loss in total pressure due to heat additions to the gas in
the combustion chamber (so-called momentum pressure loss),
pounds per sguare foot

over-all loss in total pressure due to frictlion and momentum
changes, pounds per sguare footb :

atatic pressure, pounds per square foot absolute

gas constant for alr, foot-pounds per pound. °R, (53.3)
total temperature, °R

indicated temperature, °R

static temperature, °R

alr mass flow through each combustion chamber, pounds per
second :

alr mass flow through entire englne, pounds per second
fuel mass flow, pounds per second
gas mass flow through entire engline, pounds per second

ratlo of specific heat at constant pressure to gpecific heat
at constant volums

engine cycle efficlency

engine cycle-efficiency loss

69
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Ty combustion-chamber efflciency

g, turbine adisbatic efficlency

62 ratio of compressor linlet-alr total temperabure to NACA
standard sea-level statlic temperature

o] alr density, pounds per cublc foot

P alr density, msasured under stagnetlon conditions, pounds
per cubic foot

Subscripts:

0 . free stream

1 entrance to engine diffuser

4 combustion-chamber inlet; also compressor outlet

S combustion-chamber outlet; alsc turbine 1n;|.et

6 turbine outlet

8 tall rake .

9 vena contracta In jet lesuing from tall-plipe nozzle

B entrance to combustion zone of eguivalent combustion chember
(station B)

c compressor

t turbine

METHODS OF ANALYSIS

Toss in total pressure across combustion chamber. - The meas-
ured Joss in total pressure across the combustion chamber was subject
to appreciable error because 1t was computed by teking the differ-
ence in readings-of separate msrcury mancmeters comnected to the
compressor-outlet and turbine-Ilnlet total-pressure tubes. The NACA
instrumentation at the compressor outlet (fig. 4) gave substantially
the same readings as the other Instrumentation, but the small differ-
ences in readings obtained with the two sets of instrumentation gave
differences in combustion-chamber pressure losses as great as 50 percent.
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The turbine-inlet total pressure was obtalned at two polints in the
turbine-nozzle dliaphragm annulus. These two pressure measurements
were insufficient to glve an accurate. representative reading of the
total pressure at the turbine inlet.

Because of the uncertalinties in the preasure-loss data, the
pressure~loss chart developed In reference 6 was used to aid in
determining which set of Inatrumentation was giving pressure-loss
values closer to the correct values. The chart 1s reproduced as
figure 5. This chart also provides a means of separstely deter-
mining that part of the pressure loss due to flow losses involving
friction APp and that part of the pressure loss due to the addi-

tion of heat to the alr stream APy. The chart permits the

pressure-logs characteristics of the combustion chamber to be
apecified by a friction pressure-loss factor K related to the
friction pressure-loss characteriatics and by an equivalent area A
related to the momentum pressure-loss characterlstics of the conm-
bustion chamber. The frictlon pressure-loss factor 1s defined by
the eguation

APp = K ———_P4 (1)

The equivalent area A 18 the cross section of a corresponding com-
bustion chember of constant cross-sectlonal area having the same
momentum presgsure-loss characteristics as the actual combustion
.chamber. The over-all pressure loass across the combustlon chamber
is APp = APp + APy. A résumé of the use and applications of the

pressure-loss chart is glven 1in appendix A.

Cycle efficlency. ~ The cycle efflclency was determined accord-
Ing to the standerd definition; that is,

_ heat supplled by source - heat rejected to sink
- ’ heat supplled by source

GELb (Ts - T4) - GP:J (tg ~ to)
Op,-b (Ts - T4)

The expression for the loss in cycle efficiency due to the
pressure losses in the combustlion chamber is developed in
appendix B (equation (B6)) as
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7=k

P\’
OP,th 1l - P—é.

cp,b (Ts - T4)

An =

where 7 13 the average value between stations 5 and 9. This
expression i1s approximate because of the assumptions maede In its
development.

Combustion-chamber efficiency. - The cambustlon-chamber effil-
clency 1s defined as the ratio of the actual enthalpy rise across
the conmbustion chamber of the gases with en average speciflc heatbt
to the theoretical enthalpy rise that would be realized with com-
plete combustion; that 1s,

Gp’b (TS - T4)
Ty = (W /W )k

No correctlion was made for heat losses from the combustion chamber.

Greatly simplified conslderations involving the kinetics of
the combustlon reaction and the reasction time avallable 1n the
combustion chamber indicated the possibility of plotting log 'q.JTS

against 1;25 ag gtraight lines for comstant values of the param-
eter Py, . Combustion efficlency was so plotted for the type B

combustion chamber.

METHODS OF CALCULATION

Determination of air flow. - The air flow through the combus-
tion chambers was determined from the temperature and pressure
meesurements obtalned wlth the survey rake placed at the outlet of
the tail-pipe nozzle (station 8, fig. 3) by

7g-1

7
_— PSAB ZchP 8 P__B 8 -1
g R tB Pg
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Tnasmuch as the turbojet engine investigated has eight combustion
chambers, the alr flow per combustion chamber W 18 equal to Wa/é.

Determination of temperatures. - Static temperatures were cal-
culated from indicated temperature readings by '

Ty

4

P

1 — -1
ra|(®) -

where o 18 the thermocouple impact-recovery factor taken as 0.85,
based on the calibration of the type of exposed thermocouple used
in this investigation.

t =

The total temperature was obtained from the isentropic adiabatic
relation :

z-1
T _(E\7
T \p

Determination of combustion-chamber outlet total temperature. -
The combustion-chamber outlet totel temperature Tz was computed
from the rake temperature Tg by

Ts = ATg + Tg

The total temperature at the turbine outlet TG was congidered to
_ be equal to the total temperature at the tall rake Tg. Based on

the agsumption that the measured enthalpy rise across the compres-
sor cp,cATc is equal to the enthalpy drop across the turbins

Cp,t4Tt and Wy = Wgs the value of AT, 1is

c AT
ATy = RS C
Cp,t
The expression for Ts 18 then
c AT
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No correction was made for mechanical-friction losses that would
glve slightly higher values for ATy and Tg5 than were computed
from the preceding equations.

Determination of amblent gas temperatures at englne Inlet
and outlet. - The engine Inlet-alr temperature that corresponds to
ram pressure ratlo and pressure altitude could not be maintained
for all of the runs. The calculated emblient temperature tg that
corresponds to the engine inlet conditions was computed from the
isentropic relation

70-1

7
P\ °
tg = T1 5

Because the tall-rske statlic pressure Pg 1s generally

greater than the tunnel embient pressure pgy, the temperature of
the exhaust geses tg at the amblent tunnel pressure was similerly
computed )

')’5‘1
Py 78

EXPERTMENTAL RANGE

The combustion-chamber data dlscussed are restricted to the
operable range of englne speeds that correspond to the pressure

altitvdes and ram pressure ratios investlgated. Dabta with the type A

end type C combustion chambers were taken only for the static case
over an altitude range from 5000 to 40,000 feet; all comparisons
among combustion chambers are therefore limited to this case. Data
for the type B combustion chember were taken at pressure altlitudes
of 5000 and 40,000 feet for the static case and at 30,000 and
40,000 feet for ram pressure ratios ranging from 1.10 to 1.86. At
a rem pressure ratlo of 1.20, data were avalleble to compute the
type B combustion-chamber efflciency over a range of pressure alti-
tudes fram 10,000 to 40,000 feet.
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RESULTS AND DISCUSSION

Combustion-Chamber Pressure losses

634

A comparison of the experimentally determined over-all (total)
pressure-loss ratios APT/P4 with those obtained froam the pressure-

loss chart for the types A, B, and C combustion chambers at pres-
sure altitudes from 5000 to 40,000 feet under static conditions is
shown In figure 6. A simllar comparison 1la given in figure 7 for
the type B combustion chamber opereting at pressure sltitudes of

30,000 and 40,000 feet with the ram pressure rstlo ranging from

1.10 to 1.86. The corresponding values of the frictlon pressure-
loss ratlos APF/P4 end the momentum pressure-loss ratios APM/P4

obtained from the pressure-loss chert are included In flgures 6

and 7. In general, the values of the over-all pressure-loss ratlios
obteined from the chart lie between tLe values obtained with the
NACA and the cammerclal Instrumentation. The values of the friction
pregsure-loss Tactor K and the eguivalent area of cross section A
uged to obtain the pressure-loss ratios from the chart asre given

in the following table. The methods used to obtaln the velues of K
and A are discussed In appendix A.

Combustion | ¥ A EAZ
chaember (sq £t)
(a}
A 0.667 | 0.30 | 0.080
BP .432 .25 | .027
B® .447 .25 | .ozs
c .347 .24 .020

8actual liner cross-sectional area
is approximately 0.30 sguare
foot.
PRresults obtained with friction and
over-all pressure-loss data
(f1g. 20(a), eppendix A).
CResults obtalned only with over-all .
pressure-loss data (fig. 20(b),
appendix 4).

The lerge difference in the values of KA? for the types A
and B combustion chambers appears to be excesalve in view of the
small difference in liner-dome arrangement Involved. In figure 6,
however, the values of the over-all pressure-loss ratios predicted
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from the chart with the values of EAZ given for the three types
of combustion chamber are shown to agrese with the measured values
within the limits of experimental error.

The curves plotted in figures 6 and 7 are regrouped in sub-
sequent figures to provide comparisons and to indicate the trends
in the data. ’

In order to make the comparison of the pressure losses for
types A, B, and C cambustlon chambers shown in figure 8, the pres-
sure losses For types B and C were campubted by means of the
pressure-loss chart. This method of comparison was reguired
because the englne configuration differed for each combustlon cham-
ber., The compukatlion of pressure losses was based on the assump-
tion that the types B and C combustion chambers were Installed in
an engine with the same components used with the type A cambustlon
chamber. The data for type A were obtained with the low-flow com-

pressor, the small turbine nozzle, and the 16_%-inch-d1meter tail-~
plipe nozzle for statlic conditions.

The type of combustion chamber with the lowest value of oross-
sectional area of the equivalent cambustion chember A haes the high-
est value of momentum pressure loss for a glven value of generalized

air mass flow W,/T4/P4 and temperature ratio ‘1'5/‘1‘4. The type C
combustion chamber would therefore have the highest momentum pres-

sure losses and type A the lowest. This relatlve order of the
momentum pressure-loss values 1s shown in figure 8, in which the

calculeted momentum pressure-loss ratio APy/Pg for all combustion
chembers 1s plotted against the corrected englne speed N/,/6; for

pressure &ltltudes of 10,000 and 30,000 feet for the static
conditions.

The friction pressure loss increases with the value of K.
According to the listed values of K, the friction pressure-loss

ratio APp/P, should be highest for the type A cambustion chamber
and lowest for type C. The order of the relative values of APp/P,

for the combustion chambers is indicated by the relative values -

of X. The calculated friction pressure-loss values for all coam-
bustion chambers are also shown in figure 8. A comparison of the
dste in figures 8(a) and 8(b) shows that AFR/P,; 18 greater then

APy/Py for types A and B combustion chembers for all values of the
corrected engine speed N/./6,. For the type C combustion chamber,
APM/PB is approximately egual to APF/P4 for all values of N/./ 8o


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

14 NACA RM No. ESFO%e

at pressure altlitudes of 10,000 and 30,000 feet. The computed over-
all (totel) pressure-loss ratio APp/P,, also plotted in fig- .

ures 8(a) and 8(b), 1s highest for type A and lowest for the type C
combustion chamber for both altitudes.

654

The values of APp/Ps, APp/P,, and APy/Pg are given in

figure 9 for the type B combustion chamber at a pressure altitude
of 30,000 feet with velues of rem pressure ratlio ranglng from 1.10
to 1.76. The largest effect of ram pressure ratio on the friction
presgure-logs ratio occcurred between a ram pressure ratio aof 1.20
snd 1.85. In general, the over-all and frictlion pressure-loss
ratios 1ncrease and the momentum pressure-loss ratlo decreases with
ram pressure ratio, The increase in APF/P4 is dvwe to the large

W./T./Bs at the high ram pressure ratios and the decrease in
APy/P, 1s attributed to the emall temperature ratio required to
maintain a given engine speed at high ram pressure ratios.

Plots of APp/Py, APp/Py, and APy/Pp are given in figure 10
for the type A combustlon chamber for static conditlons at pressure
altitudes renging from 5000 to 40,000 feet. The curves show that the
effect of altltude on a2ll the pressure-loss ratios 1s negliglible for
the engline configuration with the low-flow compressor, the small tur-

bine nozzle, and the 16i—inch-diameter tall-pipe nozzle,.

Cycle-Efficlency Losses

The expression developed 1n appendix B for the loss 1n cycle
efficlency An can be conaidered only approximate because of the
assumptions mede in the develomment: +that the englne speed and
the temperature rise across the combustion chamber are the same
for the cases with or wlthout cambustlon-chamber pressure losses.

The cycle-efficiency losses that result from cambustion-
chamber pressure losses are shown for the types A, B, and C combus-
tion chambers in flgure 11 for statlic conditions with altitudes
renging from 5000 to 40,000 feet, and in figure 12 for the type B
combustion chamber at an altitude of 40,000 feet with the rem
pressure ratlo renglng fraom 1.20 to 1.86, The data are presented
as the fractional cycle-efficiency loss A'q/'q- The values of the
corregponding cycle e¢fficlency 1 are plotted for reference. AL
the low corrected engine speeds the losse in cycle efficiency rep~
resents as much as one-half the efficlency obtained. The fractional '
cycle-efficlency loss varlied inversely with corrected engline speed.


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

NACA RM Wo. ESFO0%e 15

Above a corrected engine speed of 7600 rpm, the fractional cycle-
efficiency losses are no greater than 0.06 for any combustion
chamber.

The effect of eltitude on An/n for the type A combustion
chamber is shown in figure 13 replotted from data gliven in fig-
ure 11 for static conditions at pressure asltltudes ranging from
5000 to 40,000 feet. The fractional cycle-efficlency losses
increasse wlth pressure altitude (except at 30,000 f£t) for veluss
of the corrected englne sSpeed less than 6500 rpm. The curve for
a pressure altitude of 30,000 feet varies fram the genexral trend.
At a corrected englne speed of 5750 rpm, the value of an/n st
40,000 feet im 1.6 the value at 5000 feet. In the neighborhood of
the design engine speed (7600 rpm) the effect of altitude on An/n
is poorly defined In figwre 13.

The effect of ram pressure ratio on An/n at a pressure alti-
tude of 40,000 feet is shown in figure 14 replotted from data gilven
in figure 12 for the type B combustion chember. The value of An/n
decreases with incressing ram pressure ratio for the entlre range
of corrected engine speed. At a corrected engine speed of 6250 rpm,
the value of A'q/q for a ram pressure ratlo of 1.20 1s 1.7 the
value for a ram pressure ratio of l.62.

High cycle-efficiency losses contributed to englne-acceleration
difficulties encountered in operation et low engine speeds. The
high cycle-efficiency losses reguire a larger temperature rise across
the combustion chambey to provide the energy to accelerate the engine
than would be needed wlthout these losses. AL starting engine speed
the combustion efficiency is quite low. Under these conditlons,
large increases in the fuel-alr ratlo are required to cbtaln the nec-
essary temperature rise across the combustlon chamber. As a result,
high cycle-efficlency losses require that the cambustion chamber
operate in the range of fuel-alr ratlos where the combustion-chamber
efficlency falls rapidly with increasing fuel-alr ratio.

Canbustion Efficiency

The combustion efficlency My 18 plotted agalinst the corrected
englne speed N/ /62 for the types A, B, and C combustion chambers
in figure 15. These data show that, at a pressure altitude of
5000 feet and for static condltlons, the cambustion efficlency of
81l the combustion chambers increased with corrected engine speed.
The combustion efPiciency was highest for the type B combustion
chamber and lowest for type A.
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The effect of pressure altitude on the combustlon efficiency of
the type B combustlion chamber at a ram pressure ratio of 1.20 is
showm iIn figure 16. Combustlon efficlency decreased with Increasing
altitude over the entire range of corrected engine speeds. The
variations in combustlon efficiency with pressure altitude for the
type B combustion chamber are shown to decrease with increasing
corrected engine speed.

The variation of combustion efficiency with ram pressure ratio
is shown In filgure 17 for the type B combustion chember at a pres-
sure altitude of 40,000 feet. The combustion efficiency improved
with ream pressure ratlo over the entire range of corrected engine
speeds. - The improvement obtained at the high ram pressure ratlios
was greatest In the low range of corrected engine speeds.

A method of correlating combustion efficiency is presented in
figure 18. Log 7Ty «/Tg5 1s plotted against 1/Tg Ffor the type B

combustion chamber. Points representing constant values of the
parameter Pu/W? for a range of engine conditions determine a

gingle straight line. The points on this flgure were obtained from
cross plots of 1,/T5 agalinst Py/M?  end 1/T5 against PBy/we.
Charts of this type are useful In obtalning an estimate of the com-
bustion efficliencies beyond the value of Tz covered by experiment
because the direction of extrapolation is well defined by straight
1ines. Extrapolatlon should not be made to a set of combustion-
chamber conditions for which there is reason to belleve that the
location of the origin of the flame changes.

SUMMARY OF RESULTS3

The following results were obtained for types A, B, and C cam-
bustion chambers operating in the complete 4000~pound-thrust axlal-
flow turbojet engine at static conditions over & range of pressure
eltitudes from 5000 to 40,000 feet and for the type B combustlon
chamber at ram pressure ratios from 1.00 to 1.86 and the same pres-
sure altitudes:

1. From the measured pressure-loss data, the following values
of the friction pressure -Loss coefficlilent XK and the cross-
gectlional area of the equivalent combustion chamber A were
obtalned:
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Combustion K A K42
chamber (sq £t)
A 0.667 0.30 0.080
B <432 <25 . 027
C «347 24 .020

By means of the pressure-loss chart and these values of K and
&, which define the pressure-loss characteristics of the combus-
tlon chembera, the following conclusions regarding the pressure
losses of the types A, B, and C combustion chambers are drawn.

(2) For the same values of the corrected engine speed N/,./03,

the combustion-chamber momentum pressure-loss (that is s loss due
to heat addition to gas flowing in combustion chamber) ratio
APy /Pp obtained by meens of the pressure-loss chart wes highest

for the type C combustion chamber and lowest for the type A combus-
tion chamber. For types A and B the friction pressure-loss ratio
was always grester than the corresponding momentum pressure-loss
ratio. For the type C cambustlion chamber the momentumn pressure-
loss rabtio wes approximately egual to the frictlon pressure-loss
ratlo over the entlre range of corrected englne speeds at pressure
altitudes of 10,000 and 30,000 feet.

(b) For the same values of the corrected engine speed, the
friction pressure-loss ratio APp/P, was highest for the type A
combustion chamber and lowest for the type ¢ coambustion chamber,

(c) The over-all pressure-loss ratio APRp/Py was highest for

the type A cambustion chanber and lowest for type C at all pressure
altitudes for the statlic case.

(d) For the type A combustion chamber used with the low-flow
compressor, the smell turbine nozzles, and the lsé—inch-diameter

tall pipe, the combustion-chamber momentum, friction, and over-all
(total) pressure-loss ratlos were only slightly affected by var-
iatlons in pressure altitude for the same values of the corrected
engline speed.

(e) The friction and the over-all pressure-loss ratlos increased
with ram.pressure ratio and the momentum pressure loss decreased
wlth increasing ram pressure ratlo for the type B combustion chember.

2. The fractional cycle-efficiency loss An/n due to combustion-
chamber pressure losses varied Inversely wilth corrected engine speed.
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The value of An/n increased with pressure altitude and decreased
with increesing ram pressure ratio. The loss In cycle efficlency
due to combustlon-chamber pressure losses was negligible in the
deslgn operating range of the engline, but at low engine speeds was
as high as 50 percent of the efficlency attalned.

3. The data taken at statlc conditlons and a pressure altitude
of 5000 feet indicate that the type B combustion chamber hed the
highest combustion efficlency and type A the lowest. The ccmbus-
tion efficiency generally increased with corrected engine speed and
ram pressure ratioc and decreassed with increasing pressure altitude.
At the rated engine speed the altitude effect on combustion effl-
clency was no greater than 5 percent for the range of pressure
altitudes investigated.

4. In the range of the data discussed, stralght lines were
obtained when log nyTs was plotted against 1/rs for constant

values of the parameter P4/W s Where 1y 1s combustilon-chaumber
efficiency, Ts 1is turbine-inlet total temperature, P, 1is

compressor-outlet pressure end W is alr flow through one combus-
tion chember. Such plots are useful for predicting approximate
combustion efficiencles for operating condi‘bions beyond the limits
of the data.

Flight Propulsion Research Laboratory,
National Advisory Cammittee for Aeronautics,
Cleveland, Ohio.
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APFENDIX A

PRESSURE-LOSS CHART

The development and use of the combustion-chamber pressure-loss
chart described in reference 6 1s summarized.

Development of chart. - The followlng assumptions were made to
derive the egquations on which the combustion-chamber pressure-loss
chart is based:

1. The actual combustion-chamber pressure losses can be matched
by those of an equivalent combustion chamber of uniform cross-
sectional area A having the form shown in flgure 19.

2. The over-gll loss in total pressure APp 18 equal to the
sum of the pressure loss across the combustion chamber with the air
flowing and no combustion occurring (engine windmilling) ARy plus

the pressure loss due to heat additlion to the alr flow in the com-
bustion chamber, or the so-called momentum pressure loss, ARy;
that 1s,

APp = APp + AFy (a1)

The texrm APy Includes only the pressure losses duse to the addition
of heat to the alr flow in the combustion chamber. The term AFp

includes the pressure losses involved in bringing the alr from the
compressor outlet through the basket and into the combustion zome.
The pressure loss due to friction in the unobstructed combustion
zone is consldered negligible compared with the frictlon pressure
losses involved in conducting the alr into the combustlon zone.
Inasmuch as Pg = Py - APp and AFp 18 no greater than 0.04F4

for the combustion chamber, little error is made in wrlting

APy _ APy
B R

and

APp A ARy A AP
e e (a2)

4 4 4 4 B
Once the values of KX and A for the combustion chamber are
known, the values of APr/P, end APy/Pg for known values of the
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combustion-chember inlet parameter W./ T4/P4 and the total-

temperature ratio T5/T4 may be obtalned from the pressure-~loss
chart. :

Use of pressure-losg chart. - The pressure-loss chart 1s
nged as follows to determine the various pressure losses: The
valueg of K and A are assumed to be known for the combustion
chember. For known values of W,/T,/P, and the temperature ratio

'1‘5/I4 > ‘the pressure losses due to friction and momentum are then
evaluated in four steps around the chart (fig. 5). The point on
the ordinate of guadrant IV having the value W./T, /P4 is the

starting point on the chart. From the curve that has the appro-
priate value of A, the value of M, 1s determined on the abscissa

of quadrent IV and the corresponding value of APF/P4 is obtained

by means of the curve in guadrvent I that has the value of KAZ for
the combustion chamber. From this value of APF/P4 and the curve

In quadrant IT having the value of My previously obtalned, the
value of Mp is determined on the absclssa of quadrant II. From
the proper Tg/Ty curve in quadrent III, AB,/Py 1is obtained on
the ordinate of quadrant IITI. The value of ABI./P4 is the sum of
APp/Py and APy/Pp according to equation (A2).

Determination of X and A. - The values of KX and A for
a given combustion chiémber can be determined by means of tke
preasure-loss chart if ABI-/P4 end APF/P4 are known from exper-

iment for the same velue of W./T;/P,. The friction pressure loss
APp 18 messured across the entire combustion chamber with eir

flowing through the combustion chamber wlthout combustlon taking
place. Tn figure 20(a) the values of A eand EA? for the type B
combustion chamber were obtalned from the pressure-loss chart with
the following experimentally determined date:

APp
?4— = 0,0420

Afgp

7, = 0.0280 (from engtne windmilling data)

A AP A
B _ (AP LFR) G oo1a (according to equation (A2))
Pp Py By -

654
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T
-—5— = 1.?8
Ty

Wls o a6
7 .

In the chart of figure 20(a) the following construction was
used: Line B-A, quadrent TIT, was drawn parallel to the ebscissa
through the known value of APM/PB and ended on the proper Ts/"I‘4

curve. Line C-D wes drawn perallel to the absclssa through the
value of ABp/Ps. Line E-F wes drawn peralliel to the ebscissa

through the value of W,/T;/P;. Line A-G was drawn parallel to the

ordinste. The intersection of lines A-G and C-D determined a value
of My. The line H-J wes drawn parallel to the ordinste through

Mg on the sbscissa of quadrant I. The Intersection of line E-J

with line C-D determined the value of KAZ = 0.0269 for the type B
combustion chamber. The intersection of lines E-F and E-J simllarly
determined the value of A in quadrant IV egual to 0.25 sgquare foot.

If APy 1s known for a different velue of Wa/Tg/Py than
corresponds to the known value of ABp, the required value of APp
corresponding to ABRp can be obtained from an evaluation of X in
equation (1) with the lmown value of APFp and the corresponding
value W,/Tz/P4. The required value of APy 1s then obtained from
K eand the value of W./Ty/P, corresponding to APg.

A method of f£inding KA® and A for a combustion chamber when
only the over-all loss in total pressure APp can be obtalned is

ghown in figure 20(b). It is assumed that for a known value of

W./ ‘1‘4/?4 two values of AI—IT/P4 can be measured that correspond to
two known different values of the combustion-chamber temperature
ratio Ts5/T4. For both cases AFp/Ps hes the same value because
W./T4/Ps 1s the seme (eguation (1)). The difference in the meas-
ured values of APp/P, represents the difference in the values of
APy/Pp (equation (A2)). This difference is set on a pair of

dividers according to the scale of the ordinate of gquadrant TIIT

(fig. 20(b)). With the line Joining the divider points held par-
allel to the ordinate, one leg of the divliders 1s moved along one
of the curves in gquadrent ITY heving one of the values of TS/T_,;=

used in the investigation until the second leg of the dividers
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intercepts the curve having the other value of Tg/T,. The values
of APw/Pg are thus determined for both engine conditions and the
value of APp/P,; 1s obtalned by subtracting APy/Pp from the
corresponding value of APp/P, (equation (A2)). A comstruction

similar to that previouslyzdescribed. for figure 20(a) can then be
made to obtain A and KA® as ehown in figure 20(b) for the
experimental data given in the figure.

654
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APPENDIX B

EFFECT OF PRESSURE 10SSES THROUGH COMBUSTION
CHAMBER ON CYCLE EFFICIENCY

Cycle efficiency 7 1s defined &s

c_'p,b (Ts - Té) - GPJJ ('bg - to)

cp,b (Ts - Tg) (52)

'['l:

The efficlency for the case with no combustlon-chamber pressure
losses 1s compered with that for which pressure losses occur in
obtaining the effect of combustion-chamber pressure losses on cycle
efficiency. The same engine entrance conditlons, englne speed, tur-
bine efficiency, turbine temperature ratlo TS/TS , and temperature
rise through the combustion chamber are assumed for both cases. The
flow processes In the tail pipe and the tall-pipe nozzle are con-
sidered to be 100-percent efficient. The expression for the loss in
cycle efficiency An due to combustion-chamber pressure losses 1s

A=t -1
_%p,p (T5-Ta) -op,j (6o’ ~%0) opp (T5-Ta) -cp,y (Bo' - %o)
Op,b (Ts - Té) Gp,'b (Ts - T4)

_ °p,3 (89 - o)
cp,b (T5 - T4)

(B2)

where n' i1s the cycle efficiency with no combustion-chamber pres-
sure loss snd tg' 1s the temperature of the exhaust geses wilth no

combustion-chamber pressure loss. The unprimed terms correspond to
the case in which combustion-chamber pressure losses occur.

In order to use equation (B2), a relation tg9' = £ (Tg, Ps, P5'),
vhere Pg' 1s the totael pressure at the turbine inlet with no

combustion-chamber pressure losses, must be obtalned. This rela-
tion is derived in the followlng steps.

Turbine efficiency 1s given by
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. Tg - Tg
t 3
P 4
6
T 1 -=
from which
z-1 T -1
o7 (g -1 xR N\
6) - 5. (v (83)
P - = \Pg'
5 N 5

as Tg/Ts 1s assumed equal to Tg'/Ts' -and ny 1s assumed to be

the same for the cases with and without combustion-chamber pressure
losses.

The isentroplc adlabatlc relation and the equation of state
for a perfect gas give

L 1 1y 1y Z= =2
PoR.og?=(E\p? =RTP7=RT<-1-> =Rt(%)
oy P o £

At the turbine inlet, then

end inasmuch as Tg = Tg'

e

Likewlse, because Tg = Tg'

@ -

X[+
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and
Fran squation (B3)

therefore

From equation (B4) and from the assumption that the flow 1s adiabatic
and isentropic between stations 6 and 8 (Cg = Cg)

pduiS L i -1
ERS = o8
Ps' - \Cs Ce tg \Pg'

Inasmuch as Dpg = Pg = Pg', Wwhere py 1s the free-stream

statlc pressure
Ps \ 7 %y
=) "%

wvhere 7 Is the average value between statlons 5 and S.

Because 1t represents the total pressure at the cambustion-

chamber outlet for the case of no pressure losses, Pgt = P4 ; Thus
z-1
7
Ps\* _ %' (85)
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By substitution of equation (BS) in eguation (B2)

=1

Pg\ 7
Cp,th l - 'PZ'

An = B6

1 cp,b (Ts - Ty) (86)
where

Ps _P4 - APp . _APp

Py Py 4

The sssumpbtion that the engine speed, the temperature rise
across the combustion chamber, end the total-temperature ratio
across the turblne are the same for the cases with and without
pressure losses across the combustlon chember represents an approx-
imation. In order to maintain the engine speed with the reduced
pressure drop across the turbine resulting from the combustion-
chamber pressure losses, higher turbine-inlet temperatures would be
réquired than for the case wlthout pressure losses.
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Q NACA total-~pressure probes
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X NACA thermocouples

<A

Figure 4. -~ Location of total-pressure probes and thermo-
couples at compressor outlet, station 4.
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— Combustion-chamber pressure-loss chart.

by 22-inch copy of this chart can be obtained upon request

from the NACA}.
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Figure 12.- Effect of ram pressure ratlio on loss in ecycle
efficiency due to combustion-chamber pressure losses for

type B combustion chamber.
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Figure l14.~ Effect of ram-pressure ratlio on loss in cycle
effliclency due to combustlon-chamber pressure losses for
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Figure 16,- Effect of pressure altitude on combustion efficiency
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