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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

INVESTIGATION OF LOW-PRESSURE PERFORMANCE OF EXPERIMENTAIL TUBULAR
COMBUSTORS DIFFERING IN ATR-ENTRY~HOLE GEOMETRY

By Ralph T. Dittrich

BUMMARY

An investigation was conducted to determine, by experiments within
the scope of air-entry-hole geometry, design criteria for tubulsr com~
bustors having good low-pressure performance. Combustion efficiency,
operable fuel-air-ratio and pressure ranges, and minimum ignition pres-
sures were determined for numerous 6.25-1nch-dlameter combustor con-
figuretions at conditions simleting & 5.2-pressure-ratio turbojet engine
operating at 85 percent of rated rotor speed, a flight Mach number of 0.6,
and altitudes from 56,000 to 80,000 feet.

The best over-all performance with respect to combustion efficiency,
opereble fuel-air-ratio and pressure ranges, exhaust-gas temperature pro-
file, and combustor-well temperstures was obtained with combustor con-
figurations having alternate zones of closely spaced l/ls—inch-diameter
holes and widely spaced 5/8—1nch-diameter holes throughout most of the
combustor length. The maximum combustion efficiencles obtained for a
temperature rise of 680° F were 94, 85, and 67 percent at simulated alti-
tudes of 56,000, 70,000, and 80,000 feet, respectively. With a con-
figuration having an ignition and fleme-piloting reglon located upstream
of the normel fuel-spray cone, lgnition was obtained at s pressure of
3.8 inches of mercury absolute and an air-flow rate of 0.93 pound per
second per square foot by means of an inductance spark having an esti-
meted energy of 0.025 Jjoule per spark.

INTRODUCTION

Combustion research in progress at the NACA Lewis lgborstory includes
studies of design criteria for turbojet combustors. The research described
herein consists of preliminary investigstions of the effects of air-entry-
hole geometry on the low-pressure performance of & tubular, research com-

bustor.
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In the operation of current turhbojet engine combustors at low inlet-
alr-pressure conditions, high altltude and low englne gpeed, the follow~
ing combustor operational deficiencles are encountered: (l) low combus-
tion efficiency, (2) flame blow-out and instability, (3) insufficient
temperature rise, and (4) nonignition. Previous investigations, some of
which are summarized in reference 1, indicate the exlstence of a rels-
tion between combustor alr-entry-hole geometry and 10w—pressure per-
formance. T e — - -

The investigation described herein had a two-fold objective: (1)
to determine, by experiments within the scope of sir-entry-hole geometry,
design criteria for tubular combustors hgving good low-pressure perform-
ance and (2) to achieve a better understanding of the relation between
air-entry-hole geometry and combustor performance at low-pressure oper-
ating conditions. The air-entry-hole gecmetries investigated included
variations in hole size, total hole aresm, hole-area distributlion, end
hole arrangement. Hole arrangement was varied to induce different air-
flow patterns within the combustion zone.

A total of 104 different combustor-liner configurations of 6.25-
inch diameter were tested in a relatively large-diameter test chamber.
A large-diameter test chamber was used in place of a conventional close-
fitting combustor housing in order to—provide equal statlc pressures at
all air-entry holes for all configurations. The performance of each
configuration was determined on the basils of combustion efflciency,
flame blow-out, and lgnition, at inlet-air pressures of 15, 8, and 5 in-
ches of mercury sbsolute, en inlet-air temperature of 268° F, and air-

flow rates representative of current engine-design practice. These inlet=

air conditions simulated operation of & 5.2-pressure-ratioc engine at a
flight Mach number of 0.6 and altltudes from 56,000 to 80,000 feet. The
relatively low-pressure-ratio engine was con81dered because it entails
more difficult combustion conditions. Fuel conforming to specification
MIL-F-5624A grade JP-4 was used in the investigation.

The results presented hereln are for 55 selecied canfigureilons
that (1) gave the best performance or (2) best illustrate the trends
observed. A discussion of the observed effects of alterations in air-
entry-hole geometry on combustor performance 1ls presented. In addition,
the performence trends of several experimental configurations are com-
pared with those of a current production-model turbojet combustor.

APPARATUS
Test Installatlion
A dlagram of the test-chamber installation is shown 1in flgure 1.

The air-supply and exhaust ducts were connected to the laboratory
combustion-alr and low-pressure-exhaust systems, respectively. Air-flow
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retes and chamber pressures were reguleted by means of sultable remote-
control valves, An electric alr heater supplied the necessary preheated

air.

Test Chamber

A relatively large-diemeter test chamber (24-in. diam., 30-~in.
length), details of which are shown in figure 1, was used in order to
maintain equal static-pressures at all alr-entry-holes for all configu-
rations. The combustor unit was accessible and removable through an
18-inch-diemeter manhole. By means of observaetion windows located in
the manhole and in the T-gection of the combustor exhaust (fig. 1), both
side and exial views of the flame were possible. Side views of the
flame were obtalned by sighting through the liner air-entry holes.

As shown in detail A, figure 1, the plate that served as the up-
stream enclosure for the combustor and on which were mounted the fuel
atomizer and the ignltion plug had & 6.25-lnch-diameter V-groove on its
dowvnstream face. A ring at the exhaust end of the combustor (detail B,
fig. 1) had a similar V-groove on its upstream face. The combustor liner,
assembled between the plate and the ring, had its ends located in the V-
grooves. Three clamp rods, equally spaced 1n a 7.25-inch-dlamster cilrcle,
wore connected by removable pins to a bracket assembly that weas anchored
to the downstream wall of the test chamber. At the upstream end of the
combustor the rods fitted loosely into the holes of the plate (detail A)
and were provided with coll springs and adjustment mats. The use of
coil springs prevented damsge to the combustor assembly by thermal ex-
penslion. An adjustsble vertical support (not shown) was located under
the combustor end plate in order to prevent sagging of the combustor
assembly. A small pipe (fig. 1) connecting the low point of the test
chamber with the low-pressure-exhaust duct was used to drain-off eny
liquid fuel thet might accumilate in the test chamber during the start-

ing procedure.

Instrumentation

Alr flow to the combustors was metered by a sharp-edged orifice
(fig. 1) installed according to A.S.M.E. specifications; fuel flow was
metered by a calibrated rotameter. The combustor inlet-air temperature
was measured by means of a single iron-constantan thermocouple located
at station 1 (fig. 1). Exhaust-gas temperstures were measured at sta-
tion 3 by means of 17 chromel-alumel thermocouples. Detalls of thermo-
couple construction and arrangement are given in figure 2. The ten-
perature of the thermocouple located on the duct center line at station 3
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was used for reference only. The temperatures measured by the remsining
16 thermocouples, equally spaced along center lines of two equal areas

of the duct cross section (station 3), were used in combustion efficiency
calculations. The location of .station 3 relative to the fuel atomizer .
tip is approximately equivalent to the turbine position in a conventional
turbojet engine. By means of & suitable switchling arrangement, elther
individual temperatures or an average temperature of all thermocouples
(excluding the thermocouple located at the duct center line) could be

cbtained. The thermocouples were connected to a self-balancing poten~
tiometer. ; : :

Combustor-inlet static pressure and.coﬁbustor stetic-pressure drop
were measured with absolute and U-tube manometers, respectively; the
manometers were connected to static-pressure taps located at stations 2
and 4. - -

Combustor Fabrilcation

The cylindrical portion of the combustor was fabricated from 1/32-'
inch-thick perforated sheet steel having 1/16-inch-diemeter holes on
equilsteral trianguler centers 3/16 inch apart. Larger holes were made
a8 required. Holes ndot required for a particular configuration were
closed by meens of metal clemp-on bands or, in the case of holes 1/8
inch in dismeter or smsller, by applylng a porcelain-type cement. TIt—
wvas possible to remove the clamp-on bands or the porcelain cement in
order to reuse particuler holes in later configurations.

Combustor Modifications

Alr-entry-hole arrangement. - The 55 combustor configurations re-
ported herein had four Typee of hole arrangement. The different types
were intended to induce different air-flow patterns wlthin the combustor,
namely: rotational, funneled, zlgzag, and segmented flow. Sketches ghow~
ing configurations representative of each type are presented in figure 3.

Alr-entry holes. - Varlations in air-hole distribution, hole size,
and total hole area were Investigated with each type alr-~flow pattern.
The number of air-~hole varlations investlgated for each type flow pattern
are as follows: rotetional, 8; funneled, 36; zlgzag, 3; and segmented,

8. The over-all range in air-hole distribution investigated is indicated
by the shaded area of.figure 4. Hole silzes (excluding the rectangulsr
dilution-air slots) varled from 1/16~ to 15/16~inch in diameter. Alr-
hole total area varied from 19.9 to 43.9 square Inches.

2934
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Fuel atomlizer locatlon and combustor length. - A hollow cone,
simplex-type fuel atomizer heving an 80° spray angle and rated at 15,3
gallons per bhour {at a pressure of 100 lb/sq in.) wae used in this in-
vestigation. The dlstance from the face of the combustor end plate to

the plane of the fuel-atomizer tip (stomizer protrusion distance) of
various configurations ranged from O (flush) to 4.4 inches. Twenty~-
inch-long combustors were used with stomizer protrusion distences from
0 to 1.5 inches. Longer combustors were used with atomizer protrusion
distances greater than 1.5 inchee in order to maintain s distance of
approximately 27 inches from the fuel atomizer to the combustor-outlet
temperature-measuring plane (station 3, fig. 1).

The ignition spark gap was located at a point 1.50 inches from the
combustor center line and 2.25 inches from the combustor end plate.
Since the distance from the spark gap to the combustor end plate was
constant for all configurations, the position of the spark gap relative
to the normal fuel-spray cone varled with atomizer protrusion distance.
The spark gap was located downstream of the normal spray cone for
atomizer protrusion distances less than 0.5 inch and upstream for atom-
izer protrusion distences greater than 0.5 inch.

Ignition System
A commercial ignition plug having a 0.070-inch spark gap was used
with all configurations. The ignition current was supplied by & 115-by-
5000 volt, B80-cycle-per-second transformer; the estimated spark energy
was 0,025 joule per spark.

Procedure

Combustor performance date were recorded for a range of fuel-sir
ratios at the following condilitions:

Condi- | Combustor- } Combustor- | Air-flow rate(a) Simulated
tion inlet inlet tem- | per unit area, flight alti-
static perature, |1b/(sec)(sq £t} |tude in
pressure, op reference
in. Hg &bs engine at
cruise speed,
£t
A 15 268 2,14 56,000
B 15 268 2.78 56,000
c 8 268 1.485 70,000
D 5 268 .926 80,000

8pgsed on reference cross-sectional area of 0.373

sq ft.
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These conditions simulated operation of the combustor 1in a reference
turbojet engine having a pressure ratio of 5,2 and operating at 85 per-
cent of rated engine rotor speed at = flight Mach number of 0.6. Air-
flow rates at conditions B, C, and D are representative of those used in
current tubular-combustor design practice; the alr-flow rate at condition
A is 77 percent of current values.

Combustor reference velocity (Vi) vas computed from the air mass-
flow rate, the combustor-inlet density, and the reference cross-sectional
area. The reference cross-sectional area (0.373 sq £t) was that of an
imaginary combustor housing haviung an area 1.75 times the cross-sectioneal
ares of the combustor liner. ' '

Combustion efficiency is defined as the ratio of actual enthalpy
rise across the combustor (between stations 1 and 3, fig. 1) to the
enthalpy supplied by the fuel and was computed by the method of refer-
ence 2, Inspection data for the MIL-F-5624A grade JP-4 fuel used in
this investigation are shown in table I. The static-pressure loss
between the combustor housing and the outlet duct (stations 2 and 4,
fig. 1) is presented in terms of the dimensionless paremeter AP/qy.

The reference dynemlc pressure q, was computed from the inlet-air den-

sity and the combustor reference velocity Vi.

Since each combustor configuration was modified in order to produce
succeeding configurstions, the reproducibility of data during the inves-
tigation was not determined. From previous experience with similar_
spparatus, 1t 1s estimated that the values of combustlon efficiency re-
ported herein are reproducible within +3 percent.

[

RESULTS AND DISCUSSION

Combustion-efficiency datae obtained with 55 different combustor
configurations are presented in figures 5 to 8. Internal air-flow
pattern, air-entry-hole distributlon, total air-hole area, and alr-hole
slze were varied. The date are grouped in figures 5 to-8 according to
type of internsl alr-flow pattern and operating condition. For sim-
plicity, individual configurations are not treated in these figures;
rather, the figures indicate the over-all difference in performance
obtained with a large variety of turbojet—combustor designs. A brief
description of the design and performance of several individual con-
figuretions is presented in table IT.

Curves are falred through data polunts (figs. 5 to 8) that represent
the maximum and minimum combustion efficiencies obtained throughout the
fuel-air-ratio range. It is noted that, in general, at the high-pressure
conditions (A and B), the difference in combustion efficlency of the

2934, |
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various configurations was small over most of the fuel-air-ratio range
investigaeted and that the greater differences occurred st the lower fuel-
eir ratios. At the low-pressure conditions (C and D), the greater 4if-
ferences sometimes occurred at high fuel-air ratios, indicating more
eritical rich-mixture conditions at the lower pressures. In addition,
detailed inspection of the data indicated that no one configuration had
the highest combustion efficiency at all conditlions investigated.

Best Performing Configurations

From the 55 configurations, three were chosen to represent the best
performance obtainable, each with respect to one of the following charac-
teristics: (1) combustion efficiency at a pressure of 8 inches of mer-
cury (condition C), (2) combustion efficiency at a pressure of 5 inches
of mercury (condition D), and (3) minimm ignition-pressure limit.

Design detalls of the three selected configuratlons are presented 1ln
figure 9; the operational data, Iin table III; and the combustion effi-
cilency date, in figure 10. Configurastions 75 and 79 had the highest
combustion efficiency over a wide fuel-air-ratio range at conditions C
and D, respectively; configuration 87 had the lowest ignition-pressure

limit.

For a comparison of performance trends, combustion-efficiency data
obtained with a current production-model turbojet combustor (ref. 3) are
included in figure 10. The absolute performance level of the experi-
mental combustors should not be compared with that of the production-
model combustor. The production-model combustor was of smaller diameter,
end the basis for its deslign included factors beyond the scope of the
present Iinvestigation, such as carbon deposition, wide operating ranges,
and durability problems encountered at low eltitude.

At conditions A and B, the combustion efficiency of the experimental
combustors (fig. 10) was essentially constant over the fuel-air-ratio
range investigated; at the low~pressure conditions C and D, however, com-
bustion efficiency decreased with an increase in fuel-air ratio. The
observed effect of fuel-alr ratic indicates that the experimental com-
bustors had a rich primary-zone mixture condition at low operating pres-
sures. In contrast, the combustion efficiency of the production-model
combustor increassed with an increase in fuel-air ratio at operating con-
ditions A, B, and C, indicating a lean primary-zone mixture condition at
low fuel-air ratios. This lean-mixture condition may account for the
fact that burning was not possible at conditlion D with the production-

model combustor (ref. 3).

A correlstion of the combustion efficiency data of the three selected
conflguraetions with a combustion parameter Vr/PiTi (reciprocal of the

persmeter used in ref. 4) is presented in figure 11 (Vr is the combustor
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reference velocity; P;, the combustor-inlet absolute static pressure;

and T;, the combustor-inlet absolute temperature). In figure 11(a) it
the combustor-inlet—sbsolute static temperature). In figure 11(a) it
will be noted that, for a combustor temperature rise of 680° F, the »
highest combustion efficiency obtained at a pressure of 15 inches of e
mercury (condition B) was 94 percent; at & pressure of 8 inches of mer- T
cury (condition C), 85 percent; and at & pressure of 5 inches of mercury
(condition D), 67 percent Combustion efficiencies obtained for a
temperature-rise of 1180° F (fig. 11(b)), at conditions A, B, and C,
were only slightly lower than those obtained for 6800 F at similar inlet )
conditions, ' _ S g;; -
Y]

The ignition~pressure limit of configuration 87 was lower than its
stable-burning pressuré limit with the ignitor off. At ajr-flow rates
of 0.93 and 1.47 pounds per square foot (based on a reference combustor -
housing cross-sectlonsl area of 0.373 sq ft), ignition was obtained at e
pressures of 3.8 and 5.0 inches of mercury absolute, respectlvely, with I
a spark energy of spproximately 0.025 joule per s&park. Reference 5 Tz
indicates that;for a production-model combustor with comparable ignition -
equipment, the pressure required for ignition is cousiderably higher than
the minimum pressure at which stable burning is obtained.

Representative combustor-outlet temperature profiles at station 3 . -
(see fig. 1) for configurations 75 and 79 are presented in figure 12. ]
Configuration 79 (fig. 9), which had the larger dilution-air slots and .
no closely spaced small holes in the downstream portion of the combustor, s
had lower tempersture gradients. :

The static~pressure losses of the three selected configurations for
a8 range of inlet-to-outlet density ratios are presented in figure 13.
The data of figure 13 indicate the pressure loss accurring inside the
combustor liner only. Pressure-loss data obtained in other investiga-
tions usually include, In addition, the loss due to air flow through a
relatively small annular area between the liner and the combustor housing.

Inasmuch as the experimental combustors were not investigated at
high-pressure conditions, little is known concerning the durability of
the liner and ignition plug or the carbon forming tendencies.

Effect of Combustor Design on Performance

In the present experimental investigatlion, only limitted dste were
obtained to indicate the effects of systematic varlations in combustor
geometry on combustor performence. An attempt was made, nevertheless, .
to analyze combustor performance with respect to the design parameters
investigated: internal air-flow pattern, sir-entry area, air-hole size,
end combustor geometry upstream of the fuel-spray cone. Cee o —w



27

=62

Ci=~2

NACA RM ES3GO1 SRR g

Effect of internal air-flow pattern. - A comparison of the maximum
combustion efficiencies (the upper envelope curves from figs. 5 to 8)
obtained with each of the four different alr-flow patterns 1s presented
in figure 14. It is noted that the maximm combustion efficiencies
obtalned with funneled-flow configurations, at any fuel-alr ratio or
operating condition, were approximately equal to or higher than those
obtained with any of the other configurations. Also, individusl
funneled-flow configurations had the widest operable fuel-gir-ratio
ranges at conditions C and D. None of the segmented-flow configurations

would burn at condition D.

It is of interest to note that the high combustion efficlenciles
obtalned with some configuratlions at low fuel-alr ratios (fig. 14) were
not obtaingble at high fuel-air ratios regardless of air-hole geometry

used.

Combustor-outlet gas-tempersture profiles, obtained at station 3,
for representative funneled-, segmented-, and zigzag-flow configurations
are presented In figure 15. These three configurations had a similar
dilution-air-hole geometry at the downstream portion of the combustor.
It is noted that the zigzag-flow configuration had an unsymmetrical
outlet-temperature profile and that the temperature gradient of the
segmented-~-flow configuration was greater than that of the funnheled-flow
configuration. Similar data for rotational-flow configurations were not

obtained.

Of the four air-flow patterns investigated, the funneled~flow con-
figuration gave the best over-all performance with respect to combustion
efficiency, operable fuel-air-ratio and pressure ranges, combustor~wall
temperature, and outlet-temperature profile. The zigzag-flow combustors
produced unsymmetrical outlet-temperature profiles and hot-spots on the
combustor liner. The segmented-flow and most of the rotational-~flow
combustors would not burn at the lowest pressure investigated.

Effect of air-entry area. ~ The range of variations in air-hole
distribution Investigated and the air~hole distribution of the three
best performing configurations are Indicated in figure 4. With a par-
ticular air-flow pattern, the effects of varying air-hole distribution
and total air-entry area were shown to be very significent, particulerly
at low-pressure and low-fuel-alr-ratio conditions (figs. 5 to 8). 1In
the best performing configurations, approximately 25 percent of the total
air-entry ares was located in the firsi one-half of combustor length
(fig. 4). This value is substantially in agreement with that of refer-
ence 6, which suggests that approximately 20 percent of the total air-
entry area be located in the first one-half of combustor length. A
marked reduction, below 20 percent, in percentage total air-entry area
within the first one-half of combustor length resulted in a downsiream
shift of the visible flame front at high fuel-air ratios, indicating
over-rich primary-zone mixture conditions.




i 3 . NACA RM E53GOL1

Analysis of date obtained with all conflgurations indicated the
importance, with respect to combustion efficiency and opersble fuel-air
ratio and pressure ranges, of alr~entry area in the upstream portion
of the combustor. An illustration of the trends noted is shown in fig-
ure 16. Four combustors were investigated that varied only in air-entry
area within 4 inches of the fuel-atomigzer tip. At condition C (fig.
16(a)), it 1s noted that, as the air-entry area near the fuel atomizer
was lncreased, the combustion efficlency increased at rich fuel-air
ratlios and decreased st lean fuel-air ratios, indicating a reduction of
primary-zone fuel-alr ratios. The peak combustion efficiency at condi-
tion C, however, was not affected by varistions in primary-zone air-
entry area. At condition D (fig. 16(b)), an increase in air-entry area
increased both the rich and lean blow~out fuel-air ratios,

The effects of varistions in total air-hole area on combustion
efficiency were not systematically investigated. In general, it was
observed that for configurations having reduced total air-entry ares,
hence higher pressure loss, combustion efficlency was less sensitive
to variations in fuel-sir ratio. - o '

Effect of hole size., - Within the range investigated, variation in
hole size in the downstream three-fourths of combustor length had little
effect on combustion efficlency; its effect on combustor-wall temperature
and exhaust-geas temperature gradient was, however, significant. The use
of only closely spaced, small holes (1/16-in. diam.) throughout the com~
bustor length confined the visible flame zone to the combustor core and
produced large exhaust-gas temperature gradients. With such combustors,
low temperatures on the liner walls were dbserved.m Configurations having

only widely spaced, 5/8 inch-diameter holes in the second and third
quarters of combustor length produced more uniform exhaust-gas tempera-
tures, but-a substantial increase in downstresm combustor—wall tempera-~
ture was observed. _ . : :

Visual cobservatlons of internal mixing indicated that deeper air-
Jetpenetration resulted from the use of the larger holes and that the
grester circumferential spacing between theé ‘large air jets permitted the
flame path to approach the conbusior wall. In general, high wall tem-
peratures were observed with any configuration in which relatively large
areas of the combustor wall had no closely spaced small holes. With
configurations having alternate zones of tlosely spaced l/ls-inch-dlameter
holes and of widely spaced 5/8 inch-diameter holes (confilguration 79 or
87, fig. 9), the visible flame boundary was observed to recede from the

of large holes.
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Another example of the effect of hole size on exhsust-gas tempera-
ture profile is shown in figure 12 (configurations 75 and 79). Con-
figuration 79, which had larger dllution-air slots than configuration
75 (fig. 9) and no closely spaced small holes in the downstream portion,
had the lower exhsust-gas tempersture gradient.

Relatively cool combustor walls and low exhaust-gas temperature
gradients were obtained at the operating conditions of this investiga-
tion by the use of a distribution of large and small holes as indicated
for configurations 79 and 87, figure 9.

Effect of combustor geometry upstream of fuel-spray cone. - The
annular volume (fig. 3(b)} bounded by the normal fuel-~-spray cone, the
combustor wall, and the upstream end plate constituted the ignition and
flame-piloting zone. A Fflame located in this region was considered to
ald veporization of fuel by direct heat transfer to the spray droplets
and by lncreased combustor-wall temperature in the fuel-impingement

region.

Variations in the air-entry-hole geometry, the volume of the flame-
piloting region, and the spark-gap location (relative to the normal
fuel-spray cone) were investigated in an effort to improve ignition and
Plame-plloting characteristics of the combustor. Some configuretions
having a large flame-piloting-region volume (fuel-atomizer protrusion
distance of approximately 4.4 in.) had an alr jacket surrounding the
fuel-supply line in the combustor (e.g., configuration 75, fig. 9). Alr
entered this Jacket through openings in the upstream end plate of the
combustor and was discharged radlially from holes in the Jacket wall and
axjaelly, in an upstream direction, from curved tubes. This Jjacket was
intended to reduce heat transfer to the fuel within the supply line, and
the air jets were intended to increase the recirculation of gases in the
fleme piloting region. With such configurations, the ignition and flame
plloting characteristics were similar to those observed with configura-
tions having an stomizer protrusion dilstance of only 1.5 1nches and
having no Jjacket with elr-gulide tubes. With configurations 79 and 87
(fig. 9), flame piloting occurred upstream of the normal fuel-spray cone
at all fuel-alr retios of the various opereting conditions investigated.
The minimum ignition pressures obtained for a number of configurations
increased from epproximately 4 to 2 inches of mercury absolute with an
increase in air-flow rate for the range of air flows investigated (0.93
to 2.78 1b/(sec)(sg f£t)). In general, ignition was obtained at or below
the steble-burning pressure limits for combustors having & ring of six
5/8—inch-diameter holes locsted spproximately 3 inches downstreem of the
plane of the atomizer, rings of closely spaced l/ls—inch-diameter holes
upstresm of the 5/8-inch-diemeter holes (e.g., configurations 79 and 87,
fig. 9), and a spark-gap located upstream of the normal fuel-spray cone.
Apparently, the air-flow currents, as produced by such an air-entry-hole
geometry, delivered fuel vapors upstream to the spark-gap region, and
the local gas velocities were sufficiently low for initiation and prope-

gation of flame.
SRR
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Protrusion of the fuel atomlzer Into the combustion zone caused
some prevaporization within the atomizer assembly at low fuel flows and
resulted in fuel surging and combustion instability.

SUMMARY OF RESULTS

The—-salr-entry-hole geometry of & tubular research combustor was
experimentally varied to determine combustor design principles for good
low-pressure performance. The following results were obtained:

1. Of the combustor configurations 1nvestigated, those having alter-
nate zones of closely spaced l/ls-inch-diameter alr-entry holes and
widely spaced 5/8-inch~diameter holes gave the best—over-sll performance
with respect to combustion efficiency, operahle fuel-air-ratio and pres-
sure ranges, exhaust-gas temperature profile, and combustor-wall tem-
perature. : - . :

2. At conditions simulating a 5.2-pressure-ratio turbojet engine
operating at 85 percent rated rotor speed, s flight Mach number of 0.6,
end a combustor temperature rise of 680° F, maximum combustion effi- .
ciencies of 894, 85, and 67 percent were obtained at simulated altitudes
of 56,000, 70,000, and 80,000 feet, respectively.

3. Within.an ignition and flame-plloting region located upstream of
the normal fuel-spray cone, ignition was obtained at or below the stable-
burning-pressure limit of the combustor. With a configuration having such
an ignition and flame-piloting reglon, ignition was obtained at a pressure
of 3.8 inches of mercury absolute and an air-flow rate of. 0,93 pound per
second per square foot, by means of an inductance spark having an esti-
mated energy of 0.025 joule per spark, T T ’ '

Lewis Flight Propulsion ILaboratory S
Natlonal Advisory Committee for Aeronautics
Cleveland, Ohio, July 2, 1953
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TABLE I. ~ FUEL ANALYSIS

SRACA

NACA BM ES3GO1

Fuel properties

MIL-F-5624A grade JB-4
(NACA fuel 52-53)

A,S.T.M. distillation
D86-46, °F
Initial bolling point
Percent evaporated -
)
10
20
30
40
.50
60
70
80
90
Final boiling point
Resldue, percent
Loss, percent

Aromatics, percent by
volume
A.s.T.M. D-875-46T
Silice gel .
Specific gravity
Viscosity, centlstokes
at 100° F
Reid vapor pressure,
ib/eq in.
Hydrogern-carbon ratio
Net heat of combustion

136

183
200
225
244
283
278
(301
321
347
400
498
l.2
0.7

8.5
10.7
0.757
0.782

2.9

0.170
18,700

n

B
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TABLE IT. -~ DESCRIPTION AND PERFORMANCE OF INDIVIDUAL CONFIGURATIONS

[fs noted in the text, the major differences in performance of the
various configurastions occurred mostly at the low-pressure
conditione,C and D.]

<A

Configuratlion

Description

Performance

Fuel atomizer flush with
end plete. Total hole
area, 40.9 sg in. Hole

area wlthin 47 in. of
atomlzer, 3.8 sq Iin.

Combustion efflcliency at
condition D veried from
82 to 65 percent In fuel-
elr-ratio renge from
0.010 to 0.014. Rich
blow-out at 0.0144.

Fuel atomizer protrudes
l% In., Otherwise iden-

tical with conflguration
60.

Combustion efflciency at
condition D varied from
67 to 54 percent in fuel-
air-ratlio range from -
0.0125 to 0.0204.

Similar to configuration
79 (fig. 9) except that
configurstion 80 has 2
rings of 5/8-in, diam.
holes end fewer 1/16-in.-
diem. holes irn primary
zone,

Combustion efficiency and
operable range slmllar to
that of configursbtion 79
of text. Ignition at
pressure of 4.0 In. Hg
ghs. Good flame pilot-
ing.

Similaer to configuration
87 (fig. 9) except that
configuration 88 has no
5/8-in.-diem. holes in

primary zone.

Combustlon efficiency as
mich as 30 percent lower
at condition C than for

configuration 87. Would
not burn at condition D.

Similer to configuration
87 except that rings of

Combustion efficlency et
condition D epproximetely

93

(= E=T=NEK-T-1 k-] o
— 1/16~in,-dlem. holes 15 percent lower than for
oooloololo were replaced by 5/8~in~ | configuration 87 st com-
diem. holes. pargble fuel-alr ratios.
Ll___lo co | oo lo o = High well temperatures.
92 |
Similer to configuration | Combustion efflelency
SIS oSS S 92 except that there approximately 10 percent
—3 were no 1/16-in.-dfam. lower at condition D than
holes between 1st and for configuration 92 st
Qqoojooioc  © 2nd rings of 5/8~in.- compareble fuel-gir
—1 diem. holes. ratios. High wall
| Siec |oo o (=] temperatures




18 ] NACA BM E53GOL
TABLE II. ~ DESCRIPTION AND PERFORMANCE QF INDIVIDUAT. CONFIGURATIONS - Continued
[As noted in the texty the major differences in performance of the
various configurations occurred mostly at the low-pressure
conditions,C and D.] W
Configuraetion Description Performance
Total hole ares, 34.0 sqg |Combustion efficiency at
in. Ares of 1/16-1n.- condition D varled from
O diem. holes, 20.6 sq in. [30 to 25 percent in fuel-
alr-ratioc range from
O 0.014 to 0.026. Low
" wall temperatures.
95 |
Total hole ares, 32.7 s8q |Combustion efficiency at
in. Area of 1/16-in.- condition D varied from
dlem. holes, 15.6 sq In. 50 to 25 percent in fuel-

air-ratlo range from
0.016 to 0.028. Low
wall temperatures.

Total hole area, 31.7 sq
in. Area of 1/16~in.-
diam. holes, 16.0 sq in.
Rings of six 7/16ein.—
and of three 5/8-in.-diem.
holes.

Combustion efficlency at
condition D varied from
43 to 21 percent in fuel-
gir-ratio renge from
0.018 to 0.026. Ignition
erratic.,

Bimilar to conflguration
99 except thet3/4-in.-
diam. holes replace
7/16-1n.-diam. holes.

Lean blow-out at condi-
tion D at fuel-air ratio
of 0.0165. Combustlion
efficlency at condition D
varied from 47 to 20 per-
cent in fuel-gir-retio
range from 0.017 to 0.035.
Ignition at 4.9 in. Hg sbs.

Total hole area, 22.6 8g
in. Area of 1/i6-in.-
diam, holes, S.3 sq in.

Combustion efficiency at
condition C varied from 80
to~75 percent in fuel-eir-
ratio range from 0.010 to
0.028; et condition D, 40
percent at 0.014. Ignl-
tion at 4.9 in. Hg abs.

Total hole area, 35.0 Bq
in. Area of 1/16-in.-
dilam, holes in primary
region, 3.9 sq in. B8ix
15/16-fn. I.D. swirl
generator tubes.

Very unsteady burning at
condition C. No burning
at condition D.

762
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TABLE IT. - DESCRIPTION AND PERFORMANCE OF INDIVIDUAL CONFIGURATIONS - Concluded

[As noted in the text, the major differences in performance of the
various conflgurstions occurred mostly at the low-pressure

conditions,C and b.J

KA

Configuretion

Description

Performance

Total hole area, 32.4 sq
in. Area of 1/16-in.-
diem. holes In primary
region, 1.3 sq ln.
Otherwise similer to
configuretion 47.

Conbustion efficiency

et condition C verled
from 80 to 69 percent

in fuel-slr-ratlo rsnge
from 0.010 to 0.018; at
condition D from 61 to
48 percent in range from
0.016 to 0.026. Rich
blow-cut at both condi-
tions.

Total hole area, 32.6 sq
in. Hole ares of 1/16-
in.-diam. holes in pri-
mary zone, 5.8 sq in.

Combustion efficlency at
condition C varled from
84 to 60 percent in fuel-
gir-retio renge from
0.014 to 0.026; at condi-
tion D from 54 to 26 per-
cent Iin range from 0.013
to 0.023. Rich blow-out.

Total hole area, 30.4 sq
in. Hole area of 1/16-
in.-4iam. holes in pri-
mery zone, 1.1 sq in.
Other holes varied in
diam. from 1/16 to 3/8
in.

Combustion efficlency at
condition C similar to
that for configurstion
58. Would not burn at
condition D.

Total hole ares, 40.4 sq
in. Hole slzes ranged
from 1/16 to 3/16-in.-
diam, Dilutlon-air-slot
area, 18.0 sq in.

Combustion efficiency at
condition C varied from
86 to 45 percent in fuel-
glr-ratio range from
0.014 to 0.028. Would
not burn at condition D.

Total hole area, 28.4 sq
in., Similer to confligur-
atlon 84 except for
dilution-air-slot area of
6.0 sq in.

Combustion efficlency at
condition A varied from
41 to 89 percent in fuel-
sir-ratio renge from
0.008 to 0.022. Would
not burn at condition C
or D.




TABLE ITX. - OPERATIONAL DATA POR THREE SELECTED COMBUSTOR CONFIGURATIONS

NACA RM E53GOL

Puel-

Run | Cambustor- |Combustor | 4ir Combustor | Static- Fuel |Fuel Mean Combustion
inlet inlet- flow, reference | pressure flow, | atomizer air combustor- | afficlency,
static tempera- | 1b/sec | velooity, | drop lb/hr | pressure ratio |outlet percent
preasure, ture, Vs through drop, tempera-

2., Ty, £t/seo combus tor, AP, ture
in. Ag abs °r AP, 1b/sq in. 5r
in. Hg
Configuration ‘75

952 15.0 728 0.800 78.4 0.68 24.4 18 0.0085 1300 82.4

9535 .89 29.7 "16 .0103 1415 92.3

854 7 41.8 18 .0145 1855 80.7

355 .84 51.8 54 .0180 1850 80.3

256 .89 8Q.3 41 0209 1995 89.0

857 .96 66 .4 47 0231 2080 87.8

958 15.0 728 1.040 102.0 1.03 24.4 18 .0065 1185 S4.9

958 1.10 34.8 . 16 .0083 13540 90.5

860 l.24 45.8 27 .0133 1600 92.5

961 1.34 83.0 43 .0168 1795 91.3

862 1.46 74.3 59 .0198 1945 8g.8

963 8.0 728 0.560 103.0 .68 21.8 —-— .0108 1490 98.1

984 <74 34.8 - 0173 1725 83%.0

965 l l l .82 42.3 20 .0210 1900 8l.8

966 .89 50.4 27 .0250 2040 78.2

Configuration 79
1038 15.0 728 0.802 78.6 0.52 22.5 — 0.0078 1220 85.9
1039 .59 298.5 - .01l02 1405 91.7
1040 .70 41.6 17 0144 1645 80.3
1041 .77 52,0 27 .0180 1835 88.0
1042 .83 60.7 39 .0210 1995 88.7
1043 . .88 66.9 47 .0232 2100 ag8.1
1044 15.0 728 1.040 102.0 ..86 24.7 — .0066 1160 a8.5
1045 .85 34.3 — 0082 1360 94.9
1046 1.10 0.0 24 0133 1600 82.2
1047 1.26 63.0 42 .01568 1780 89.9
1048 1.38 74.5 59 .0199 1945 89.5
1048 1.42 81.38 70 0219 2045 89.0
1050 8.0 728 . 0.554 101.9 .51 19.7 - .0098 1340 85.3
1051 .61 24.7 — 0124 1470 83.7
1052 67 54.2 - 0l72 1725 a3.3
1053 .72 4£1.8 hE:} 0210 1880 80.4
1054 <17 49.8 25 0250 1860 66.9
1055 -70 55.4 37 .0278 1765 55.3
1063 5.0 728 0.340 100.0 .37 17.4 —_— Ol42 1420 68.1
1064 -40 4.7 .0202 1520 £3.6
1065 1 -39 28.9 0236 1560 51.0
1066 «35 36.3 0297 1485 37.4
1087 5.1 98.2 <27 42.3 - 0350 1405 28.6
Configuration 87

1231 15.0 728 0.803 78.7 0.54 23.3 - 0.0081 1240 86.6
1232 .60 29.8 - 0103 1410 91.5
1233 .86 39.3 . 16 0136 1580 89.5
1234 .80 53.2 30 .01l64 1850 88.5
1235 .87 63.2 43 0219 2030 88.0
1236 8.0 728 0.555 102.1 .54 20,2 - 0101 1360 86.2
1257 0.557 102.5 .59 24.7 0123 1470 84.1
1238 .63 ea.2 +Ol4l 1560 83.5
1239 .71 35.3 -— .0176 1710 80.1 .
1240 , .75 41.7 19 0208 1845 78.4
1241 | <78 S0.7 27 0253 1830 64.3
1242 <70 54.3 31 0271 1680 51.7
1251 5.0 ' 728 0.350 103.0 .35 19.0 — 0151 1300 52.9
las52 : 37 23.5 - .0186 1370 48.7
1253 .38 28.5 - 0236 1370 40.6
1254 .37 33.0 - 0262 1315 32.3
1255 .34 37.8 - .0298 1200 22, -

i
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(a) Rotational flow.

(b) Funneled flow.

(c) Zigzag flow. _

3140

Q
(]

(d) Segmented flow.

Flgure 3, - Sketches of typical experimental combustor configurations

showing internsl sair-flow peatterns.
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Distance from plene of fuel atomlizer, 1n.

Flgure 4. - Range of variatlon in cumulative alr-entry-hole area investigated and
1o cumulative air-entry-hole area of three selected expsrimental configurations

as functlon of distance from plane of fuel-atomizer tip.
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é% (a) Operating condition A. Data for 8 configurations.
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(b) Operating condition B.

Data for 7 configuratlons.

Figure 5. -~ Effect of alr-entry-hole geometry on combustion
efflclency of rotationel-flow configurations at various oper-

ating conditions.
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Combustion efflclency, percent

b Y NACA RM E53GOl
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(c) Operating condition C. Data for 6 configurations. -
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(d) Operating condition D. Data for 2 configurations.
Figure 5. - Concluded. Effect of sir-entry-hole geometry on

combustion efficiency of rotational-flow conflgurstions at
various operating conditions. '
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(b) Operating condition B. Data for 26 configurations.

Figure 6, - Effect of air-entry-hole geometry on combustion efficiency of
funneled-flow configurations at various operating conditions.
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Fuel-gir ratio

(d) Operating condition D. Deta for 22 configurations.

flow configurations et various operating conditions.
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Effect—of alr-entry-hole geometry on combustion efficiency of funneled-
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Combustion efficlency, percent
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(a) Operating condition A. Data for 3 configurations.
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(b) Operating condition B.

Deata for 3 configurations.

Figure 7. - Effect of air-entry-hole geometry on combustion
efficiency of zigzag-flow conflgurations at various operat-

ing conditions.
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Combustion efficiency, percent
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(8) Operating conmdition D. Data for 2 configurations.
Figure 7. - Concluded. Effect of alr-entry-hole geometry on

combustion efficlency of zlgzag-flow configurations at
varlous operating condltlons.
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(a) Operating condition A. Data for 8 configurations.
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(b) Operating condition B. Data for 7 configurations.
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(c) Operating conditlon C. Data for 7 configurations.
Figure 8. - Effect of air-entry-hole geometry on combustion effi-

ciency of segmented-flow configurations &t various operating
conditions.
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(c) Configuration 87.

Figure 9. - Design details of three selected experimental combuator configurations
showing number, size, and location of air-entry holes.
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(b) Operating comiition B.

Flgurs 10. ~ Combuation efficiency of three selectel exrperimental combwetors and
of current production-model turbojet combustor et various operating conditions.
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Combustion efficlency, percent
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(d) Operating condition B.

Figure 10. - Concluded. Combustion efflcilency of three selected experimen-
tal combustors and of current production-model turbojet combustor at :

various operating conditions.
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Flgure 11. - Correlation of combugtion-~efflclency data of three selected erparimental combustors

with comhustion parameter (ref. 4) at two values of combustor temperature rise.
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Combustor-outlet temperature, °F
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(a) Vertical traverse. (b) Horizontal traverse.

Figure 12. - Combustor-outlet temperature profiles at statlon 3 and condition B
for confugurations 75 and 79, (Average outlet temperstures are based on
average of 16 thermocouples not on center line of duct.)
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Figure 13. - Static-pressure losses of three selected experi-
mental configurations.
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(b) Operating condition B.

Figure 14. - Comparison of curves of maximum combustion effielency (from
figs. 5 to 8) obtalned with various types of internal air-flow pattern

at varions operating conditions.

ve6e

9e

TODESE WH VOVN




2934

Combustion efficlency, percent

NACA RM E53GOL A 37
100 ~
~
™~
~
/\' — S
- | _ =
80 = N — = 1
\\ .
NIAN
N N
80 AN \\
40
(c¢) Operating condition Q.
100 -
1 [ I l I
Alr-flow pattern
Zigzeg T
—_—_—— Furmmel ed
80 ~ —— - — Rotational —
~ i ——— HSegmented
~
T~
~ 1
N ~
'\ - \
60 -
~ .
- —
——
\ \ -
~
~
40 J
~
~
Py
:NACA;
20 l I
.008 .012 .016 020 024 .028 .032 .036

Figure 14. - Concluded.
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(d) Operating oondition D.

Comparison of curves of meximum combustion efficlency (from

Flgs. 5 to 8) obtained with various typee of internel ailr-flow pattern at various

operating conditlons.
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Figure 15. - Combustor-outlet gas-

temperature profiles at condition
B for funneled-, segmented-, and

zilgzag-flow configurations.
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Figure 16, ~ Bffect of verlation in percent totsl air-entry-hole area within 4 inches of plane of
fusl atomizer tip cn combustion afficlency at two opermting conditions.
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