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FR RY NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS
Q o
RS RESEARCH MEMORANDUM
;% for the
% §§ Air Materiel Command, Army Air Forces
203 |
%5 | & | @ | PERFORMANCE INVESTIGATION OF A JUMO 004 COMBUSTOR
& |\ 2 By Robert C. Miller
g & ™
-
V= SUMMARY

A German Jumo 004 combustor was investigated under conditions
simulating zero-ram operation of a 24C jet-propulsion engine over
ranges of altitude and engine speed to obtain the altitude oper-
ating limits and characteristics of the German combustor. The
combustion efficiency, outlet-temperature distribution, and total-
pressure drop were determined. A compariscn of the performance
of the combustor with 62-octane (AN~F-22) and JP-1 (AN-F-32) fuels

was mede.

The combustor was found to be altitude-limited at approxi-
mately 27,000 feet and 45,000 feet at low (5000 rpm) and high
(11,000 rpm) simulated engine speeds, respectively, with 62-octane
fuel and at altitudes of 22,000 feet and 47,000 feet, respectively,
with JP-1 fuel. Local maximum and minimum values of combustor-
temperature rise were about 30 percent higher and 10 percent lower,
regapectively, than the average combustor-temperature rise, Little
or no resonant combustion was present at any of the operating
conditions investigated. In the operating region approximately
15,000 feet below the altitude limit curve, combustion efficiency
wag 80 percent or greater; whereas combustion efficiencies
approximately 5000 feet below the altitude operational limits
varied from about 80 to 45 percent. The combustor total-pressure
drop varied from about 2 to 6 percent of the inlet total pressure,
with the lower percentage pressure drops occurring at the lower

simulated engine speeds.

Experimental results also show that combustor-temperature
rise for a given fuel-air ratio: (a) in general increased with
increasing inlet-air total pressure; (b) increased with increasing
inlet-air temperature; and (c) decreagsed with increasing inlet-air
velocity, After 66 hours of combustion operation, no warping of
the combustor was apparent.
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INTRODUCTION -

As part of a program requested by the Air Materiel Command,
Army Air Forces, to determine the effect of design on performance
of turbojet-engine combustors, an investigation was made at the
NACA Cleveland laboratory with one of gix chambers of the same
design that comprise the combustor section of the German manufac-
tured Jumo 004 turbojet engine.

Because combustor performance data are difficult to obtain

- from the complete engine assembly, the combustor was tested inde-
pendently of the compressor and gas turbine. This simplified
‘-manner of testing makes it possible to study more conveniently the
problems of combustion under various simulated engine operating
conditions.

Altitude operational limits and combustion efficiencies were
determined for a range of simulated altitudes and engine speeds
using the operating conditions of a 24C turbojet engine inasmuch
a8 this information on the Jumo 004 ‘turbojet engine wasg unknown at .
the time of this investigation. In addition, the variation of -
combugtion efficiency with fuel-air ratio, the combustor total-
pressure drop, outlet-temperature distribution, and the effects
of independently varying combustor inlet-air temperature, pressure,
and velocity were investigated. These data were desired in order
to evaluate partly the current state of development of combustion
chambers for aircraft gas turbines and turbojet engines.

APPARATUS
Combuator

A dijagrammatic sketch of the Jumo 004 test setup showing the
combustor and auxiliary ducting is shown in figure 1, Three
quartz observation windows were installed in the combustor and
ad jacent ducting to permit axial and radial views of combustion.

A geries of photographs of the Jumo 004 combustor showing sequence
of the assembly of the outer shell, the flame tube, the fuel-
injection nozzle, and the liner are shown in figure 2(a). Several
views of the flame tube are presented in figures 2(b) to 2(d).
Figure 2 also shows the general construction of the combustor
including the inlet-air swirl vanes (swirl, approximately 60°) and
the respective locations of the fuel-injection nogzzle and spark
plug (figs. 2(c) and 2(b), respectively).

s
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The liner and flame tube are constructed from 20-gage mild
steel. Both are protected by an aluminum-oxide coating (refer-
ence 1) with the exception of the upstream halfof the flame tube.
The fuel-injection nozzle is a centrifugal, hollow-cone spray
type (spray angle, 60°; delivery, 185 1b of AN-F-22 fuel/hr at
100 Ib/sq in. pressure), which sprays the fuel upstream. A cut-
awvay assembly drawing of the combustor illustrating the general
air-flow pattern is shown in figure 3.

Instrumentation

Temperature- and pressure-measuring instruments were located
at three sections, A, B, and C, as indicated in figure 4. The
number and type of instruments at each section are presented in
the following table: .

Ingtrumentation Number of instruments
section Thermocouples | Total~-pressure | Wall static-
probes pressure
' ' orifices
Combustor inlet, A 3 : 4 2
Combustor outlet, B 24 o lz : 4
Discharge, C 6 : 0 0

The construction and installation details of the combustor ingtru-
mentation are, in general, the same as those of reference 2. The
thermocouples and total-pressure probes were located at approxi-
mate centers of equal areas. The thermocouples were made of
chromel-alumel wire and were connected to self -balancing poten=-
tiometers. Fuel flow was measured with a calibrated rotameter
and combustion-air flow was measured with & 12-inch variable-
area orifice. Pressure measurements were taken by photographing
banks of manometers. : ' '

METHODS

Performance data supplied by the manufacturer of the 24C turbo-
Jet engine were used to determine combustor-inlet and combugtor-
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outlet conditions required to simulate zero-ram operation of the
Jumo 004 combustor, inasmuch as this information on the Jumo 004
turbojet engine was not available at the time of this investigation.
Air weight flow per unit area through the maximum cross-sectional
area of the Jumo 004 combustor was fixed as equivalent to the air
woight flow per unit area through the maximum cross-sectional area
of the 24C combustor. The inlet-air conditions of total pressure,
temperature, and weight flow and the required combustor-outlet gas
temperatures as set up for the Jumo 004 combustor investigation
are presented in figure 5 for simulated ranges of altitude (0 to
50,000 £t) and engine speed (4000 to 12,000 rpm).

In general, the lgnition of the fuel-air mixture by the
Jumo 004 spark plug was obtained at the following approximate
conditions: (a) air flow, 0.60 pounds per second; (b) inlet total
pressure, 29 inches mercury absolute; and (c¢) fuel flow, 35 pounds
per hour. After ignition, all operating points were approached by
setting the inlet-air temperature, increasing the air flow to the
desired value, and adjusting the fuel flow to give the required
combustor-temperature rige. Inlet total pressure, in general, was
initially higher thean required and was reduced.

The altitude operational limits of the engine as imposed by
the combustor were established by operating the combustor at
inlet-air conditions simulating zero-ram operation over a range of
altitudes and engine speeds. For each simulated altitude-engine
speed condition, the fuel flow was varied through a wide range in
an attempt to obtain the combustor-temperature rise required for
engine operation at the simulated flight conditions. If the
required temperature rise could be obtained, the simulated flight
conditions were considered to be within the operable range of the
engine; if the requlred temperature rise was not obtainable, the
flight conditions were considered to be in the inoperable range.

Combustion efficiency (defined as the ratio of measured
temperature rise to the theoretical temperature rise as obtained
from reference 3) was determined for all operating points inves-
tigated. Data for the combustion efficiency at a given simulated
engine speed and altitude were recorded only when the combustor-
outlet temperature was set at_the required value for this engine
condition or not more than 20° F higher. All the runs were made
using 62-octane gasoline (AN-F-22); however, altitude operational
limits were also determined uging JP-1 (AN-F-32) fuel.

The sensitivity of the Jumo 004 combustor to variations in the
inlet-alr parameters of total pressure, temperature, and velocity
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was determined by holding two of the parameters constant for any
test and independently varying the other. In general for each set
of combustor-inlet conditions, the fuel-air ratio was varied to
the limits of combustion. The quantity presented as the inlet-air
velocity was computed from the mass flow of alr, the maximum cross-
gectional area of the combustor, and the density of the air at the
combustor inlet; inlet-air dynamic pressure was computed from the
inlet velocity as Just defined and the inlet density. This expres-
gion of inlet velocity and dynamic pressure was uged in order to
facilitate comparison of this combustor with other turbojet-engine
combustion chambers. Data were found to be reproducible within

5 percent.

. RESULTS AND DISCUSSION
Altitude Operational Limits

The altitude~operational-limit curve for AN-F-22 fuel is
presented in figure 6 in a plot with altitude and engine speed
ag coordinates. This curve separates the region where the
required combustor-outlet gas temperatures were obtainable from
the region where the required combustor-outlet temperatures were
not obtainable for the steady zero-ram operation of the turbojet .
engine. The -altitude limits for the combustor were approximately
27,000 and 45,000 feet at simulated engine speeds of 5000 and
11,000 rpm, respectively.. A tabulation of combustion efficiency
at each operable point and three lines of constant combustion
efficiency (70, 80, and 85 percent) obtained by interpolating
between the data points are included in figure 6. The altitude
operational limits determined for AN-F-32 fuel are presented in
figure 7 with the altitude-operational-limit curve of figure 6
shown for comparison. The altitude limit was reached in this
case at approximately 22,000 and 47,000 feet at simulated engine
speeds of 5000 and 11,000 rpm, respectively.

Combustion Efficiency

The combustion-efficiency data presented in figure 6 show
that the lines of constant combustion efficiency have the same
general shape as the curve of the altitude operational limits;
however, at the low engine speeds the spread between the lines
shown is slightly larger than that at the high engine speeds.
At operating points approximately 15,000 feet below the alti-
tude operational-limit curve, values of combustion efficiency
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of 80 percent or greater are indicated; whereas, at conditions
5000 feet below the altitude-operational-limit curve, combustion
efficiencies ranging from about 45 to 80 percent are shown.

Typical variations of combustion efficiency with fuel-air
ratio are presented in figure 8 for two operating conditions
(15,000 £+, 6,000 rpm; and 35,000 ft, 11,000 rpm), Data for the
same two operating polnts are presented in figure 9 to show the
variation of combustor-temperature rise with fuel-air ratio. In
general, combugtion efficiency decreased with fuel-air ratio
(fig. 83 and combustor-temperature rise increased with fuel-air
ratio (fig. 9). The decrease in combustion efficiency with fuel-
air ratio was greater at altitudes approaching the operational
limits and as a result a peak value of combugtor-temperature rise
was generally obtained as fuel-alr ratlo was increased at alti-
tudes near the operational limits, as will be shown later.

Effect of Varying Inlet Parameters

The results of independently varying the inlet-air conditions
to determine their effect on combustor-temperature rise are pre-
sented in figure 10. The following reference inlet-air conditions
were uged: total pregsure, 13,9 inches of mercury absolute; tem-
perature, 39° F; and velocity, 202 feet per second. These condi-
tions simulate an engine speed of 7000 rpm and an altitude of
35,000 feet, which lies close to the altitude- operational -1imit
curve. , _

A plot of combustor-temperature rise against fuel-air ratio
for inlet-air total pressures of 13.0 to 18.0 inches of mercury
absolute is presented in figure 10(a). The general trend of the
data shows that at a given fuel-air ratio the combustor-temperature
rise increases with increasing inlet-air total pressure; however,
the data at an inlet pressure of 13.9 inches of mercury disagree
with this general trend. It is possible that this reversal in
trend is within the limits of experimental accuracy bhecause a
relatively small temperature range is covered by the data and the
operational characteristics at the reference operating conditions
were poor. In previous work (for example, reference 4), it has
been shown that at a given fuel-air ratio combustor-temperature
rise increases with increasing pressure. The maximum combustor-
temperature rise was obtained between fuel-air ratios of approxi-
mately 0.010 and 0.013 for all pressures,

The variation of combustor-temperature rise with fuel-air
ratio is shown in figure 10(b) for inlet-air temperatures ranging
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from 0° to 190° F. In every case, increasing inlet-air temperature
regulted in an increased combustor-temperature rise, Meximum
combustor-temperature rise was obtained in the range of fuel-air
ratios from 0,012 to 0.018,

Combustor-temperature rise for inlet-air velocities of 164
to 227 feet per second was determined for a range of fuel-air
ratios. As presented in figure 10(c), combustor-temperature rise
decreased with increasing inlet-air velocity for any given constant
fuel-air ratio. Maximum combustor-temperature rise was obtained in
the range of fuel-air ratio from 0.012 to 0.013 for the range of
inlet-air velocities shown in figure 10(c). A small trend toward
increagsed optimum fuel-air ratio with decresased inlet-air velocity
is noted; based on investigations of other combustors (reference 4,
for example), it is probable that as inlet-air velocity further
decreases the peak combustor-temperature rise will shift to higher
fuel-air ratios,

Temperature Distribution

The temperature distribution at the combustor outlet (mec-
tion B) is shown for two operating points, 7000 rpm and 35,000 feet
(fig. 11(a)) and 11,000 rpm and 35,000 feet (fig. 11(b)). These
temperature distributions are typical for both 62-octane (AN-F-22)
and JP-1 (AN-F-32) fuels in that temperatures measured near the
outer wall and the center of the combustor-outlet section (sec-
tion B) were lower than temperatures recorded between these radial
sections. This temperature pattern is probably a result of the
method of cooling the outer shell with a portion of inlet air and
by the mixing baffle at the downstream end of the flame tube. (See
fig. 3.) Local maximum and minimum values of combustor-temperature
rise were about 30 percent higher and 10 percent lower, respec-
tively, than the average combustor-temperature rise for all points,

General Operating Characteristics

When 62-octane fuel was used at altitudes above the operating
limits, combustor-temperature rise Increased continuously with an
increase in fuel-air ratlio until the flames were extinguished, but
blow~out occurred before the required combustor-outlet temperature
was reached., When JP-1 fuel was used, flickering burning and a
maximum combustor-outlet temperature below that required was
obtained with an increase in fuel-air ratio before blow-out
occurred, For the altitude-limit runs with JP-1 fuel, it was
found necessary to ignite the combustor with 62-octane fuel to
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obtain satisfactory ignition. Carbon formation was negligible with
62-octane gasoline. During the runs with JP-1 fuel, however, the
spark plug required frequent cleaning and carbon deposits were evi-
dent in the upstream end of the flame tube., For both fuels an
intensified flickering of the flames at the upstream end of the
flame tube was apparent before blow-out, which was the only indica-
tion of resonance.  No appreciable afterburning was at any time
encountered from section B (combustor outlet) to section C (dis-
charge section). After 66 hours of combustion operation, no warp-
ing of the flame tube or liner was detected end the combustor was
apparently in the same condition as when installed.

Pressure Drop

A combustor pressure-drop correlation is presented in fig-
ure 12 in terms of the ratio of combustor total-pressure drop to

inlet dynamic pressure iA'B against inlet-~to-outlet density
v AP, _
ratio pA/pB; The value of ~a—¥§ varied from about 10.5 at

isothermal conditions (pA/pB = 1) to roughly 13.0 during combustion
(pA/pB = 2,4), at which condition apprecilable scatter of the data

AP
exists. The value of —£B obtained during combustion corre~
dp
sponds to pressure drops of from 2 to 6 percent of the inlet-total
pressure with the lower percentage drops occurring in the low
engine-gpeed range. :

' SUMMARY OF RESULTS
From an investigation of the Jumo 004 combustor under condi-
tions of combustor inlet-air pressure, temperature and velocity

gimulating zero-rem operation of the 24C turbojet engine, the
following results were obtained:

1. The-operable range of the Jumo 004 combustor, as deter-
mined by its ability to produce the temperature rise required by
the 24C turbojet reference engine, had maximum simulated altitudes
of 27,000 and 45,000 feet at simulated engine speeds of 5000 and
11,000 rpm, respectively, with 62-octane fuel. Altltude opera-
tional limits with JP-1 fuel were 22,000 and 47,000 feet at
simulated engine speeds of 5000 and 11,000 rpm, respectively.
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2. In the operating region approximately 15,000 feet below
the operational limits, the average combustion efficiency was
80 percent or greater., This efficiency varied from about 80 to
45 percent at altitudes approximately 5000 feet below the opera-
tional limits.

3. The maximum combustor-temperature rise was attained in
the fuel-alr-ratio range of 0.012 to 0.015 for most of the oper-
ating points tested near the altitude operational limit.

4, Local maximum and minimum values of combustor-temperature
rise were about 30 percent higher and 10 percent lower, respec-
tively, than the average combustor-temperature rise for all
points tested.

5. The combustor total-pressure drop varied from 2 to 6 per-
cent of the inlet total pressure, with the lower percentage pres-
sure drops occurring at the lower engine speeds.

6. Combustor-temperature rise for a given fuel-alr ratio:
(a) decreased with increasing inlet-air velocity; (b) increased
with increasing inlet-air temperature; (c) in general increased
with increasing inlet-air total pressure.

7. After 66 hours of combustion operation, no warping of the
flame tube or liner was detected and the combustor was apparently
in the same condition as when installed.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.

oot p (il

Robert C. Miller,
Mechanical Engineer.
Approved : '
Walter T. Olson,
Chenmist,
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Jem




10

1.

2.

3.

4,

NACA RM No. ETFO3

REFERENCES

Anon.: Report on the Metallurgical Examination of a Combustion
Chamber Taken from a Crashed German Me 262 Jet Propelled
Aircraft, Paper No. R.C. 185. High Temperature Material’
Res. Comm., Nat. Phys. Lab., Ministry Aircraft Prod. (British),
Jan, 1945, ’ '

Manganiello, Eugene J., and Bogart, Donald: Simulated Altitude
Performance of Combustors for the Westinghouse 9.5 Jet Engine.
I - 9.5A Combustor, NACA MR No. E6F28, Bur. Aero,, 1946. -

Turner, L. Richard, and Lord, Albert M.: Thermodynamic Charts
for the Computation of Combustion and Mixture Temperatures at
Constant Pressure. NACA TN No, 1086, 1946.

Childs, J. Howard, McCafferty, Richard J., and Surine, Qakley W.:
A Study of Combustion Performance in a Westinghouse 19-B Com-
bustor. NACA MR No. E6HOS, Bur. Aero., 1946. :




[V
*Butionp Auey|i1xne pue 403}SNQWOD HgQ Ownr, 40 yd31a9xys dirjewwesbeiq - | sunbiy
D uotieis
jUBWNIISU| SO INYNOYIV ¥04 3IJLLIWNOD
v UGI11e1S . AHOSIAQY TYNOI AWM
g uoliels JUBWNI IS U
JUBWNI IS U]
: SMOPUIM
U0 1RAIDSqQ
0 ! ! 1035NquIo) |
\ ,.// A 7] I
N
= O (@) _ &
I ﬁ 1
| 1 z |
o~ 8 | WJ0C
:mm. > u9-:Z)
add piepueys -weip ,g
. 38Ut JIB-UOI}SNQWOoY)
O .
w
T~
w .
o /«m:mzxm apniilly
=
=
o
<
Q
<
=

e o @
@ ° @ L3
® @ ®
® ® ®
®
®

® 13
?9% 2290 20 0@ . ¥

r w RRO4RET ¢




E7F03

NACA RM No.

i

*1031SN0quWod 00 ownr - g 24nbig
*flquasse 40 sduanbas u| J4suji| pue 8]zzou uotidafui=-yany ‘eqny swe(|y ‘||BYS J8iInQO (e)
St-2-0! ajzzou  uoloafui-jand
Zigei-0
VOUN

13Ul agn; awo|4 /.:mcm 1340

es ° 03

e @ L3 °

@ ° °

. ® *

s ® ® .

2200 2042 neoe : t ¥



ETFO3

NACA RM No.,

*6bnid %seds pue 8jzZzZou

G¥-2-0i
S0EEL-D
VOVN

fnid waodsg

uoyjpoo; bBnjd-yipdg

o0 ® -
° s - ®
» e ®

. e ®
®
.

L3 L
2e¢ 2e0e 2200

*101SNqWoo $QQ ownp

uor3oafuy~-|any 40 uo

*panu

11eo0|

1u0)

*z @4nbi14

Buimoys 8qny swe|) jO M3IA B8PIS (Q)

8|zzou uoljoslui-jand



8 o3
®

®
%

sven 3200 ¢0E
o ®

L] L]

e @

NACA RM No., E7FO03

{c)

Upstream end of flame tube showing inlet-air swirl

Figure 2.

Continued.

Jumo 004 combustor.
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NACA RM No. E7FO03 Fig. 10a
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(a) Inlet-air total pressure,

Pigure 10, -~ Variation of average combustor-temperature rise with fuel-air
ratio for several inlet=air parameters., Jumo 004 combustor; fuel,

62 octane (AN-F~E2).
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Fig. 10b
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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(b) Inlet-air temperature.
Figure 10, - Continued, Variation of average combustor-temperature rise with fuel-air

Patio for several inlet-air parameters,

» (AN-F=22).,

umo 004 combustor; fuel, 62 octane
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NACA RM No. ETFO03 Fig. 10c
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COMMITTEE FOR AERONAUTICS
Inlet-air Inlet=air total Inlet-air Inlet-air
temperature pressure velocity weight flow
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(c) Inlet-alr velocity.
Figure 10. Concluded, Variation of average combustor-temperature rise

with fuel-air ratio for several inlet-air parameters.

fuel, 62 octane (AN-F-22).

Jumo 004 combustor}
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Altitude operating limits and characteristicsof the Jumo OOl combustion chamber were
investigated under conditions simulating zero-ram operation of a 24C jet-propulsion en-
gine, It was found that the combustion chamber is altitude-limited at approximately
27,000 ft, and 45,000 to 47,000 ft at low and high simulated engine speeds depending
on fuels used, Combustion efficiency was at least 0%, 15,000 It below altitude limit,
and decreased up to 45%, 5000 ft below the limit. Combustion chamber temperaturesrose
with increasing inlet-air pressure and temperature and decreased with increasing

t inlet-air velocity.
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