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' SUMMARY

o

ve sﬁELt multielement turbojet combustors were designed for use
with hydrogen fuel, and thelr performence was Investigated in a quarter-
anpulus duct. One combustor consisted of an array of U-gutter flame-
holders; the other four combustors were manifolded arrays of swirl-can
combustor elements. Fuel inJection into each swirl-can element through
e ‘tangentiasl sonlc orifice created s swlrling fuel-aslr mixture withln
the can. The elements varled in size from 1.5 to 2.0 inches in length
and simllearly in exlt dlameter.

Four of the test combustors gave combustion efflclencles exceeding
86 percent at a reference velocity of 180 feet per second, an. inlet-air
total pressure of 5.7 inches of mercury &bsolute, and an inlet—air ‘tem-
perature of 350° F at over-ell combustion lengths as short as 13.5 inches.
Reducing the combustion length to 10.2 inches decreased the combustion
efficlency by 2 to 8 percent.

An outlet-gas temperature profile of 1569°#65° F was achieved
wlth a combustor conslisting of 20 swirl-can elements through regulation
of the fuel flow to each row of elements. Temperature profiles for
combustors having 8 and 10 swirl-can elements were too irregular to be
acceptéble. Total-pressure losses of all five combustors variled from
gbout 1 percent of inlet total pressure at a reference veloclty of 75
feet per second to 11 percent at a velocity of 180 feet per second.

INTRODUCTION

Hydrogen fuel offers asdvantages for aircraft 1n that the high heat
release per pound of fuel can greatly increase flight range (refs. 1 and
2) and the high heat cepacity furnishes a large heat sink for cooling
the airframe at very high flight speeds (ref. 3).
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The well-known combustion propertles of hydrogen, high flame speed,
low quenching distance, and high reaction rate, allow the combustion chamber
to be shortened without a loss in combustion efficiency. Thls has been
demonstrated for turbojet combustion chambers (refe. 4 and 5) _‘7_

The length of a combustor 1s usualily dictated by two considerationa.
the combustion reaction must-be essentlally complete, and.the outlet-gas
temperature must be nearly uniform. With a reactive fuel such as hyd.’rogen
the gecond consideration is probably the more critical. ‘..fn order to ob-
tain a sestisfactory outlet temperature profile in a short:combustor, Fhe
secondary air must be mixed rapidly with the combustion Igod.uc'b 3 therﬁfore ’
{this mixing must stert as near the combustor inlet as posﬂible.

{ 1

One deslign that should provide this early and rapid m:!xing conslsts
of many small combustors, or combustor elements, rather than a- 8ingle
large one. A study of individual "swirl-can" elements (ref. 5) has
shown that excellent stebility and efficlency can be obtairied from rather
small and simple geometrles. In these "swirl-cans,” fuel is injected at
sonic velocity parellel to the surface of the conical shell and normsl
to the axis (fig. 1). A small emount of air 1s admitted thHrough an ori-
fice plate covering the upstream end of the can. Two factors contribute
to the rapid mixing of the fuel and the air: (1) the high veloclty dif-
ferential between the two streams and (2) the instebllity resulting from
the superimposition of a high-density gas (air) on a low-demsity ges
(hydrogen) in a centrifugal field. Within the swirl caen, then, the com-
bustion is initiated and stabilized. The can discharges a bot mixture, -
which still conteins considereble unburned fuel.. The alr flowing outside
the can serves not only to complete the combustion, but elso commences
immediately to dilute the hpt combustion products. The use of many emall
cans provides a high interfacisl area between the secondary alr and the
hot gases; consequently, the mixing is rapid. Bome of the swirl cans
were provided with tralliing V-gutters to Increase the rate at which 'bhe
hot fuel-rich gases. could mix with the main airstream. :

The obJjective of the resesxrch program described hereln was to study
the performance of . two types of multlelement combustors in a one-gquarter
sector of an annular combustor. Four of the test combustors consisted
of manifolded arrays of swirl-can combustor elements, and the other com-
bustor was an arrsy of sloping radial fuel injectors within U-gutter
flameholders. Combustion efficlency, outlet-temperature &lstribution, -
end total-pressure loss were determined. The range of inlet condlitions
simulated operation of an engine with a compressor sea-level-static total-
pressure ratio of 6.8 at altitudes from 70,000 to 90,000 feet at Mach 0.9
and at an altitude of 110,000 feet—at Mach 3. To determine the feaslbility
of these combustors for a duel-fuel englne, tests were lncluded using
propane gas as the fuel to simulate the combuation of va.porized. J'P-type
fuels (ref. 6)}.
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SYMBOLS

The followlng symbols are used in this report:
P totel pressure, in.. .Hg 8bs

Py . combustor inlet-alr tdta.l pressure, in. Hg ebs

T, combustor inlet-air ‘total temperature, OF
T, combustor outlet total temperature, Op
APPARATUS
Installation

A schematic diagram of the combustor installation is shown in figure
2. Alr of the desired quantity and pressure was drawn Pfrom the leborsatory
alr-supply system, metered with & sharp-edged orifice, heated to the de-
slred combustor-inlet temperature in the heat exchanger, passed through
the combustor, and exhausted into the altitude exhaust system. Hot gases
for the heat exchanger were provided by two gasoline-fired slave combustors.

A schematic dlegrem of the hydrogen-fuel system ls shown in figure 3.
The fuel wes commercial hydrogen with a purity of over 99 percent and was
metered with a sharp-edged orifice.

The combustor test sectlion consisted of a orne-quarter section of an
ennular combustor heving an outside dlameter of 25.5 inches and an inside
diemeter of 10.8 inches. The combustor cross section was approximastely
104.5 square inches. The combustor length could be altered by lnserting
or removing flenged sections between the. inlet diffuser and the outlet

nozzle.

Ignition was provided by & sparkplug with an extended center electrode.
The spark discharged directly to the downstream edge of a swirl can or to &

U-gutter.

TInstrumentation

The instrumentation stations are shown in figure 2. Combustor-inlet
total temperature and total pressure were measured at stetion 1 with four
bare-wire Chromel-Alumel thermocouples and four total-pressure tubes,
respectlvely. Combustor-outlet temperatures and pressures were measured
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at statlon 2 with a combined total-pressure and totsl-temperature probe
(containing a platinum - 13-percent-rhodium-platinum thermocouple} in a
volar-coordinete traversing mechanism (ref. 7). A two-pen X-Y recording
potentiometer connected to the survey system ¢ohtinuously recorded outlet
temperature and totel-pressure differentlal across the combustor. Sta.tic-
pressure ‘taps were also loc:a:l:.ed gt stations 1 a.nd 2 ’

For some of the test runs (model 5) a gas a.nalysis probe was sub-
stituted for the combined temperature ~ total-pressure probe. The exhaust
gases from the combustor weréeé quenched ln the water-cooled probe and -
pessed. through a modified heliim lesk detector (wass spectrogreph), which. .
reported the concentration of unburned fuel in the exheust gas. The
instrument was calibrated by passing known samples (mixl'.m'es of hydrogen
and nitrogen) through the instrument. A description of the sampling probe
and probe tests is glven 1n the appendix. )

' é8Ly

Test Combustors

The five combustor models investigeted in the course of the program
were constructed as shown in figures 4 to B. . _ .

it

Mod.el 1l was a single combustor made up of sloping rad_tal U-gutters ]
attached to a central circumferential U-gutter (fig. 4(a)}). Comstruction v
detalls of this combustor are shown in figures 4(b) and (¢). Fuel was
injected in the upstream direction from tubes situated within the gutters.

Four small V-gutters were added to the loner radius of the centrel U- -
gutter to ilmprove the temperature prafile. These drew thelr fuel from T
the central gutter. The main radlel gutters were slotted, and the re-
sulting tabs were sdjusted to lmprove the temperature profile. This
combustor was tested gt over-all combustion lengths of 13.5 and 17.5
inches measured from the upstream face of the conibustor to the exhaust
Instrumentation plane.

Model 2 wag a multlelement array made up of eight swirl cans, 2 inches
long with a 2-inch exit dlameter. The swirl cans were arranged in two
rows, five in the ou'ber row end three in the inner. ~Figure 5 shows the
details of this model. A central manifold supplied fuel to a single
fuel-injection orifice in each swlrl can. Eight V-gutters attached to
the exit of each can acted as flame sprea.ders. "This model was tested
gt combustion lengths of 10.2 and 13.5 inches measured from the upstream
face of the swirl can to the instrumenta.tion plane

Model 3, another multielement arraey, resembled. model 2 except that
five smaller swirl cans (1.75 in. long and 1.5 in. in outlet dlam.) replaced
the three cans in the inner row. The smgll swirl cans were provided with
six V-gutters as flame spreaders (fig. 6). This model was tested at S
combustion lengths of 10.2 and 13.5 inches. _
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Model 4 was made up of cylindricel swirl cans arranged in two rows,
five cens in the outer row and four in the inner (fig. 7). The exit of
each can was slotted and flered to act as & flame sgpreader. The fuel
supply tubes running through each can allowed two injJection orifices,
one on elther side of the can. -Furthermore, the fuel flow to each row
of elements, being separately controlled, provided a means of varyling
the outlet-temperature profile. The combustion length for this model
wes 12.5 inches.

Model 5 consisted of three rows of small swirl cans, agein with the
fuel supply tube passing through each can (fig. 8). These small cans
were not provided with exit flame spreaders. The fuel flow to each row
of elements was agaln individually controlled. For this model the combus-
tion length was 11.0 inches.

PROCEDURE

Combustor performence was evaluated over a range of fuei-aﬂr ratios
at the following conditlons:

Inlet-air | Airflow|Inlet-alr | Refer-|{Simulated|Flight
total pres-| rate, totel tem- ence |altitude,|Mach
sure, 1b / sec perature, | veloc- £t number
in. Hg ebs, ° 1ty,
B £t/sec
(a)
b5.7 0.52 350 75 90,000 | 0.9
P3.0 .79 80,000
D147 1.28 70,000
¢i15.8 2.34 900 210 | 100,000 | 3.0
5.7 0.79 350 120 | =—emee- —_——
5.7 1.28 350 180 | —---—- —-

8Based on the meximum combustor cross-sectional area of
0.73 sq £t and inlet conditlons.

bFor an englne having a sea-level-statlic compressor total-
pressure ratioc of 6.8.

CFor an engine having & sea-level-static compressor total-
pressure ratlio of 5.0.
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The last two test conditions were used to determine performance of
the combustors at higher air velocities and lowest total pressure.

CALCULATIONS

Combustion efficiency was calculated as the percentage ratio of -
actual to theoretical increase in enthalpy from the combustor-inlet
instrumentetion plane (station 1, fig. 2) to the combustor-outlet plane
(station 2, fig..2) using the method described in reference 8. Enthalpy
values for hydrogen and its combustion products were obtained from
reference 8. A value of 50,965 Btu per pound was used as the lower heat
of combustion of hydrogen. The enthalpy of the gases at station 2 was
assumed to correspond to the area-average temperature obtalned from the
traversing probe. A few data points were also calculated using the
more precise mass welghting procedure described in reference 5, and good
agreement was found between these combustion efficlencles and the area-
average combustion efficlencles. The data presented were calculated by
the ares-average method. When the gas analyzer was used (model 5) the
combustion inefficiency (100 - Combustion efficiency) was assumed to be
the ratio of the fuel-ailr ratio at station 2 to the original (over-all)
fuel-alr ratio. Again the unburned fuel-alr ratio at station 2 was
assumed to be represented by an area-average of—the readlngs from the
traversing probe.

Outlet-temperature dilstributlons were plotted directly from the
indications of the exhaust survey probe, and average radlal-temperature
profiles were constructed from the distributions. Total-pressure loss
was measured directly and recorded as a functlion of probe position.

RESULTS AND DISCUSSION

A sumery of the results obtained in this investigation is presented
in table I.

Combustlion Efficlency

The combustion efficiencies of the five test combustors at thelr
shortest combustion lengths are summarized In flgure 9. With the excep-
tion of model 4, the conmbustion efficlencles are nearly identical at the
same test condlition. As cad be seen from teble I, increasing the combustor
length for models’1l, 2, and 3 Increased combustlion efficiency from 2 to 5
percent. The combustlon-efficlency data for model 5 were taken by
gas analysis and dld not correspond too closely to data taken with the
thermocouple system. T

68L%
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However, the dasta for models 1 through 4 with the thermocouple probe
were reproducible and do not seem too unreasonable. The thermocouple-
measured efficlencies for model 5 were occasionally as low as 65 percent
et the extreme test condition, but were not found to be reproducible.

A minimum combustlon effilciency of 93.5 percent was measured at the

same test condition by gas analysis. 8peclel tests of the gas analyzer

end the gas sampling probe led to the conclusion that the readings from

the instrument were correct. The appendix describes these tests as well
es one-possible source of error in the thermocouple reedings. However,

the efficlencles indicated by the two systems were in substantlal agree-
ment when the conbustors were operated at pressures of 1/ 2 atmosphere or
greater. '

Model 4, the array of cylindrical swirl cans, was more unstable than
the other combustors, with Intermittent hlowout often noted. This probably
accounts for the lower efficlencies of thls combustor.

Temperature Profliles

A satlsTactory turbojet conmbustor must exhibilit hligh combustion ef-
ficiency and a uniform temperature profile. It would be difficult to
choose a flnal combustor type from models 1, 2, 3, and 5 on ‘the basils
of combustion efficlency (fig. 9). However, combus‘bor-outle'b temperature
profliles were very lrreguler for models 1 to 4 (fig 10) With model 5,
an average outlet-temperature profile of 1569 C465° F was obtalned by ad-
Justing the relative fuel flow to each row of elements. Figure 11 shows
the outlet-tempera:bure distribution for model 5 at an average ocutlet tem-
perature of 1569° F.

The temperasture profile for model 1 was unsatlsfactory, since both
radlal and clrcumferentlal temperature gradients were too large for
turbine blades to withstand. Further modificatlon of this coumbustor
could have lmproved the temperature profile, but probebly at the expense
of increased pressure loss or lower combustlon efficiency. Furthermore,
such a combustor design would not lend itself to scaling.

The temperature profile for model 2 was less severe clrcumferentlally
but more severe radially than model 1. Spreading the two rows of swirl
cans apart dild not improve the profile markedly. The V-gutters attached
to the can exits to spread the hot burning gases were less effective than
expected.

Combustor model 3, with five small swirl cens in the inner ring In-
stead of three large ones, showed some profile lmprovement. As might be
expected, the circumferential proflle was less irregular downstream of
these cans, but the radlal profile was little if any better than before.
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Model 4 combustor (cylindricel ewirl cans) was equipped with a
separate fuel control to each row of cans to provide grester control
of the temperature profile. However, these elements were only merginally
stable and tended towards rich blowout; consequently, the fuel-flow
control was not effectlive in rectifying the temperature profile. The
operatlion of these elements was so unsatisfactory that further research
on cylindrical swirl cans was not atiempted.

The use of many small swirl-can elements (without V-gutters for
flame spreading) seemed to offer the best approach for temperature-
profile control. As can be seen from figures 10 and 11, good control
was achieved with model 5 by adjusting the rows of swirl cans radially
and by controlling the proportion of the total fuel aupplied to each
row. For the particuler run shown in figure 11, the outer and middle
rows had the same fuel flow peT can, while the Inner row flow per can
was reduced by sbout 20 percent. This ratic was malntalned for most of
the other rums. ' '

Pressure loss

The total-pressure loss was very low for all five models, 1 to l.4
percent at a reference velocity of 75 feet per second and from 9.4 to
12.5 percent at 180 feet per secomd (fig. 12). The pressure losses gt
the 75-foot-per-second conditlon are less than one-third—those of present- -
day longer combustors and less than one-half those of previous short
combustors (ref. 4). Within the accuracy of the measurements, the five
test combustors had substantially the same losses.

Durebility

At no time during the experimental program was any fallure of the
combustors or thelr fuel tubes noted due to heat distortion or pressure
effects. Inastead, the fuel flow wée sufficient to cool the fuel tubes
and the swirl cans. Heating was cbserved only et very high inlet-air
temperatures or low fuel flows. Slight demage was Incurred et the tips
of the four small V-gutters of model 1, but these gutters were made of
stalnless steel rather than Inconel.

Comparison with Previous Short Combustors

Figure 13 compares the performance of models 3 and 5 with that of
a previous short—(19.4 in.) hydrogen combustor described in reference. 4.
As can be seen, the short multlelement. combustors have combustion effi-
clencies comparable to those of the longer combustor.

1 LI
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Operation with Propane Fuel

The operatlion of these test combustors wilth propane fuel has been
reported (ref. 6). FPFigure 14 compsres the performance of models 1, 3,
and 5 with propane fuel, the combustors operating at an inlet total
pressure of 14.7 lnches of mercury ebsolute, a reference velocity of 75
feet per second, and an inlet-air temperature of 350° F. The tests were
intended to explore the posslblility of using e vapor hydrocarbon fuel in
such multlelement combustors. The operating limits of the combustors
were found to be dquite close to the 1/2-atmosphere pressure conditlons,
model 5 being somewhat less stable than models 1 end 3. "Intermittent
operatlon often noted with model S5 probebly contributed to its lower
efficiency. However, at operating pressures sbove 1/2 atmosphere the
performence of the short combustors seems satlsfactory.

SIMMARY OF RESULTS

Flve experimental combustors using hydrogen fuel were evaluated in
a quarter-sector ennular duct. Combustor length was varied from 10.2
to 17.5 inches. Four combustors consisted of arrays of many small swirl
cang; the other comprised an array of U-gutters Into which fuel was in-
Jected. The followlng results were obtained:

l. A minlmum combustion efficlency of 93.5 percent was measured with
the gas analyzer at a pressure of 5.7 lnches of mercury ebsolute, a
reference velocity of 180 feet per second and an Inlet total temperature
of 350° F.

2. For the subsonic test conditions, combustlon efficliencles as
measured by the gas analyzer and thermocouple system varled from 93 to
100 percent.

3. An average outlet radial temperature profile of 1569°%465° F was
obtalned with & combustor comprisipg 20 swirl-cen elements. Combustors
with 8 to 10 swirl csns did not glve a satisfactory outlet-temperature
profile.

4. Combustor total-pressure loss was very low for ell models tested,
being approximately 1 to 1.4 percent of the inlet total pressure &t an
inlet total pressure of 5.7 to 14.7 inches of mercury ebsolute, a refer-
encg velocity of 75 feet per second, and en inlet total temperature of
350" F.
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CORCLUDING REMARKS

A1l the short combustors lhvestigated gave high combustion efficien-
cles and low total-pressure losses. However, only model 5 was Judged to
have an acceptable temperature profile. It would appear that for future
turbolet englines multlelement combustors similer to model & would offer
marked sdvantages over a conventionally designed turbojet combustor.

Iewls Flight Propulsion Laboratory
National Advisory Commlittee for Aeronautics
Cleveland, COhlo, April 23, 1958 _

' BALY
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APPENDIX - COMBUSTION EFFICIENCY MEASUREMENTS
Water-Cooled Gas-Sampling Probe

Flgure 15 is a sketch of the water-cooled gas-sampling probe. The
probe body was a 3/8- by 1/32-inch-wall stainless-steel tube ebout 30
inches In length. Coollng water enters at the base of the probe, fills
the entire probe body, and leaves through three l/32—inch-d.1.ameter holes
at the tip of the probe. The ges sample is drawn into the probe at sonlc
veloclty through an l/B-inch-diame'ber orifice and passed down through a
tube (1/4-in. diem. by 0.020-in. wall) to the gas enalyzer.

Quenching Tests

The effectiveness of the water-cooled probe 1n guenchlng the hot
geses was established experimentelly ess follows. A gas sample was made
up conslsting of 3.4 percent hydrogen and 3.8 percent helium in nitrogen.
This mixture was passed through a capillery tube and dumped into the main
gas stream gbout 1/8 inch from the orifice in the gas-sampling probe.
Thus the bulk of the gas sample entered the sampling probe and, hence,
the mess spectrogreph. A length of the capillary tubing immersed 1n the
hot gas stream served as a heat exchanger to raise the temperature of
the gas seample to approximstely that of the surrounding alrstream.
Measurements of hydrogen and hellum concentrations were made &t various
operating condlitions as shown in the followling teble:

SUMMARY OF QUENCEING TESTS FOR HYDRO-

GEN IN WATER-COOLED PROBE

Hydrogen |Belium |Hydrogen- | Condition
reading |reeding|helium

ratio
13 6.2 2.08 Burning
14 7.2 1.94 No burning
18 11.5 1.56 Burning
28 18.5 1.51 No burning
28 17 1.65 Burning
28 17 1.65 No burning

The fact that the hydrogen-to-helium ratio remained substantially constent

gt all conditions indicated that even at the hlgh stream temperatures little
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if any of the hydrogen reacted. It was noted that the coll of capillary
tubing becamered hot, even with the high sample flow rate. This indi-
cates that the heat excha.nger was relatively effective in preheating

the sample. On the besls of these tests, it was concluded that the water-
cooled sampling probe was effective in halting the combustion reaction.

Possible Thermocouple Probe Error

The discrepencles between the efficiencies measured by gas-sampling
and those determined by means of the sonic asplirated thermocouple might
be attributed to a deterioration of the probe system or—to a difficulfy
of a more fundamentel neture. Such a difficulty might be anticipated if
the combustor-outlet gases were a nonhomogeneous mixture contalning very
hot and very cold gas. 8Such a stream, with temperature and density vary-
ing rapldly with time, might be expected, especlally in view of the very
short mixing length of these combustors and their multiplicity of fleme

sources. In such a heterogeneous stream, the sonic aspirated thermocouple . .

would not be apt to draw in & truly representative sample. Moreover, even
though the flow becoines sonic wlthin the probe, “the velocity at the probe
entrance 1s much less than local stream velocity. Consequently, any small
volumes of cold dense gas would tend to be drawn in, while the hot low=
density gas would more easily flow aslde. Any errorfrom heterogenelity
would then act to give lower than "ectual" time-average temperatures.
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TABLE I. - EXPERIMENTAL DATA I
i Cami e o e UGS = -
cmbustor- [Combustor- |Air- [Combustor |Fuel- |[Fuel-dir Mean Combus -
let inlat " " "7 |Tlow |reference|flow [ratio combustor tion
1 total rate, |veloocity, |rate, outlet length,
pressure, |[temperature, seac ﬂ:/uo lb/h.z- tempera- in.
in. Hg abs op ’
op
) el e s ol
5.7 SB0 0.51 76 9.93|0.00544 1327 1.3 13.5
14.81( .00817 16878 1.3
1705 .00934 1839 1.4
. 1185 1.2 1
0.79 117 14.75|0.00517 1240 3.4 15.5
21.17{ .00592 1093 3.2
21.18] 00742 1561 5.7
24.94] .00875 1728 4.0
1.28 188 22.9860.00498 ne4 10.9 13.5
' 15.36| . . 902 10.2
29.48| .00639 1395 11.7
56.76| .00780 | 1880 $0.3 5
2.0 350 0.79 74 26.50[0.00729 " 1633 96.5 15.5
25.40| .00588 13592 95.9 I
14.40] 00348 1087 104.5
15.8 800 2.58 211 52.02|0.00380 1635 835.8 13.5
42.71| .00488 1683 81.3
83.58] .00742 2042 1.1
0.78 115 15.79|0.00569 1554 95.4 17.6
21.88] .00 x 1837 80.9
27.18( . 1888 90.7
135.068| 00459 1214 98.0
1.29 180 22.91]0.00497 1218 89.8 1 17.5
50.62] .004885 1485 92.7 1
57.80| .00820 1724 83.2-
18.61| 00368 1017 g4.8
RO ...~ 1 sor gy ST o g
5.7 350 0.49 72 ' { 9.35|0.00529 1288 95.0 0.7 10.2
6.58| 00572 1029 92.7 T
12.59| .00714 | 1548 21.0 .8
16.04] . 1808 $0.9 .8
0.81 119 ..]15.58|0.00556 1280 90.9 3.7 10.2
20.50( .00702 16554 gl.4 5.8
10.42] .00358 1004 92.4 5.2
15.25| . 1158 91..49 5.5
1.30 181 25.9 | 0.00457 1051 82.2 ———— 10. 2
30.4 Q0616 15567 88.8 12.2
16.5 | 00244 782 86.5 | 10.4
s5.9 | .o0783 | 1581 8s.9 | 12.5
8.0 350 Q81 76 15.25 |0.00453 1262 103.4 1.3 10.2
9.35| .00320 1007 103.0 1.1
16.1%] .00554 1593 99.7 1.4
20.24) .00885 1648 102.0 1l.4
15.8 200 Z2.37 211 . ]26.4 |0.00297 1453 103.35 6.3 I0.2
s59.4 | .DO459 | 1681 98.2 | 6.9 1
49.2 | .00577 94.3 7.2 y
5.7 350 0.45 87 lggg 0.008‘13 1471 ig 15.6
Tom g [I0.55]0. S5
20.82| .00718 1584 5.2 l
16.17| .00558 1535 5.7
1l.28 188 5.87]0.00548 935 —— 15.5
15.95( 00443 1088 -
24.50] .00809 .| 1388
52.85 .OCS'(;I.S____1 1828
8.0 350 0.80 756 8.47(0.00292 861 13.5
10.97| .00379—| 1118
16.81[ .00546 1405
20.28] .00700 1848
15.8 g00 2.32 208 17.58|0.00210 1300 15.5
28.20! .00314 1470
35.20| .00423 1829
58,00| .00547 1798 ... )
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TABLE I. - Ooncluded. EXPERIMENTAL DATA

abustor-~|Combustor- |[Alr- Tuel-]Fusl-air[Wean Nean !conbus-[Tatal-
i total Sooiiy, |race,| T2t [octhet e [Toagwre|tioce
rate, Ta offi- lloas .
%.m h-p.s:hu.-. lh}lzc 200 M; m- ar/P; T'
. Bg abs e, [rjme,
' Hydrogen fuel; modsl 3
8.7 80 0.81 1027 | 0.9 | —- 10.2
781 | 89.8 | ——
s | 874 | —- l
1207 | 88.2 [ «e—e
0.61 68 | 87.8 | —- 10.2
1208 | e8.7 | ——
2100 | 89.4 | e
] =
- 825 | ®80.1 | — 16.2
°.0 - 5890 0.81 678 | 86.7 | — 10.2
- 987 | 97.0 | —
- 1290 | ss.8 | — l
15.8 900 2.54 589 | 102.a | 5.2 10.2
T | s7T.2 | 8.2
22| 353 ) 5
6.1 580 0.m 1041 | 98.0 | 1.0 15.8
1207 | 94.1 | 1.1 i
e | 841 .2
0.7% 974 | 89.8 | 3.2 18.8
1248 | 91.4 | 3.4
egn | 95.35 | 2.9
5786 | 85.7 | 2.8
1.28 76k | 87.8 | 9.7 13,8
aoa | 88.7 [ 9.4
909 | 87.0 | 10.2
1101 | ss.9 | 10.8
9.0 380 0.78 806 | #8.7 [ 1.0 155
750 | 101.0 | 1.0
1266 |1016 § 100.7 [ 1.1
1512 (1em | wee.1 | 1.3
18.8 900 2.57 1593 493 | 107.8 | — 15.8
1588 688 | 102.7 | —
1727 837 | I01.7 | ——e
1951 |1081 | 101.0 | —
. B 380 X1 1278 926 | 92.5 [ — 12.8
. 149 1099 | 8.8 | —-
1088 708 | 92.0 | r——o
854 504 | 91.85 | —o
079 1085 745 [ 80.8 | —— 5
31 88l | 02.2 | ———
1933 885 [ 78.5 | ——
1409 1088 | 78.7 | —
| 1.27 [T Tl [ —— 2.5
' 1073 s} .8 | —
1206 ass | 78.8 | —- l
1556  |1008 | 75.8 | ——
9.0 3850 0.80 1510 (1180 | 88.8 | —— 12.5
1380 |w010 | 938 I
10 8 | 96.5 | ——
83 633 | 95.4 | ——
| Hydrogen fuel; model 53 gas snalysis
5.7 =80 0.50 —_— | 1.3 11.0
—— — 1.4 l
AR f— 1.5
0. — |/ 2.0 u‘.o
1.28 — — 10.7 JJ].O
| 9.0 380 0.78 —_— |— 1.6 11.6
1 — f— 1.4 l
I [EREN p— —
I 1s.8 2.5¢ — — —— 11.Q
; —_— f— — 1.0
I 14.7 380 |1: | 7 Jes.sofo.0m2 na | m|-mo| 1.2 1.5
H Eropsne fuely modsl 3
%.7 350 1.88 75 |s7.381 0.002¢ 1184 et [ 87.9 [ 1.2 15.5
&1, .00898 948 B8 | ss.8 | 1.1
88.87] .0348 1341 991 [ 90.8 | 1.3
. .0201 Jees jisve | 87.2 | 1.4
Propans fusl; model B
14.7 580 1.26 72 |71.412] 0.0080 1343 993 | 8s.0 ] 1.1 13,0
. 5O, .a110 1021 esl | ®0.8 | 1.2
. B8, R 1134 784 | 8.3 | 1.3
| 81.48 .0178 1388 |10%8 | 0.3 o
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Figyre 1. - Operation of swirl-can combustor ele?ant.
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Figure 2. - Test ingtallation.
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(b) Cross—mecticnal view of conbustor mountsd in quarter-sector doot (dimengions in inches).

Mgre 4. - Contiimed. U-gubtar oosbustor, modsl 1.
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{c) Detail of U-gutters. All fuel orifices 0.03 insh in diameter; 20 fusl
orifices equally epaced in central gutier (dimensioms in inches).

Figume 4. - Concluded. U~gutter combustar, model 1.
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(a) Cosbustor momnted in quarter-sectar duct; view looking upstreas.
rs,gm,}ﬂ - Bwirl-gmm postmator, model 2.
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{b) tross-sectiomal viev of ommbmwtor momunted in guarter-ssoboar dnot {4imensions in inchea).

Swirl~ocem cowbostor, wodsl 2.

Figus 6. ~ Contlomed,
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{c) Detail of individual swirl can (dimensions in inches).

Figure 5. - Conoluded. Swirl-can combustor, model 2.
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(a) Comdbustor wountsd in querter-ssctor duct; viey looking upstrean.

Figme 6. - Swirl-oan oombustor, model 5.
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(b) Cross-msctional view of cowbustor mowrted ih (usrter-sector dict (dimensions in inches).

Figwe 6. ~ Continued. Bwirl-can combustor, model 3.
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{c) Detail of individuml swirl cans (dimensions in inches).

Figure 6. - Concluded. Bwirl-can combustor, model 3.
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(a) Combustor mownted in quarter-sector duct; view looking upstream.

Figure - Swirl-can combustor, model 4.
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{b) Cross-sectiomel view of combustor mcumbed in quarter-pectar dnct {dimenaions in inohes).

Figare 7. - Coutimaad. PBwirl-can oombugtor, modal 4.
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Figure 7. -~ Concluded.

{c) Detaill of individual swirl cans.
Swirl-can combustor, model 4 (dlmensions in inches).

ARl¥



(a) Combmptor wonnted in querter-ssctor fuct; view Looking Tpstream.
Figurs 8. - Swirl-oan ocosbustor, modsl 5.
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(b) Cross-ssctional view of cowbustor mounted in quarter-sectar duct ?;t'm“"'““ xrobe W

Pigurs 8. - Contimuad. Swirl-can combuster, modsl 5.
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(c) Detail of individual swirl can (dimensions in inches).

Figure 8. - Concludad. Swirl-can combustor, model 5.
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Combustlon efflelency, percent

L NACA RM ES58D15
T T T 1 t
Model Cambuation
lemngth,
In.
o 1 13.5 -
o 2 10.2
< 3 10.2
A 4 12.5 }
v 5 11.0 (saa
analysis data)
100 — —
o -]
A a O O
80 F—oT ~C —
A
o <
80

(e} Inlet-air totsl pressure, 5.7 inches aof mernurx_ahno ute; inlet-alr temperature,
50° F; reference veloolty, 75 reet per second. - o

100 .-
o} N v —ip
]
o T
90 ol — H
—-\,‘Q.
~a_]
80 - vy e -
70 —
.002 L0035 . ., .004, . .005 . __..006 __  ,007_  __ .00 ' .009  .0OIQ

Fuel-air ratio

{b) Inlet-air total pressure, 5,7 inches of mercury absolute; inlet-alr temperature,

350° P; reference veloclty, 115 feet per secoUm.
Figure 9. - Combustion efficlency of five short combustors with_hydrogen fuel.
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Combustion efficlency, parcent

T T T T T T
Model Combustion
length,
In.
[o] 1 13.5
=] 2 10.2
<A> 3 10.2
4 12.5
100 v 5 11.0 (gas
analysis data)
X% L
o Y
g0 q—
[o] "]
d T, o
_o_n———" 1
_—-o-" [u}
80 >
70

(¢) Imlet-air total pressure, 5.7 1nohéa of mercury absolute; inlet-air temperature,
350° F; reference velocity, 180 feet per second.

o ! "
100 , sa—
s —12 o o o
80 \A\\\
\\A
80

(d) Inlet-air total pressure, 8.0 inches of mercury absolute; inlet-air temperature,
3509 F; reference veloclity, 75 feet per second.

r.
100
e =
80
.002 .003 .004 .005 .006 .007 .008 .009 .010

Fuel-air ratio

(e) Inlet-air total pressure, 15.8 inches of mercury absolute; inlet-air temperature,
900° F, reference veloclty, 210 feet per second.

Figure 9. - Concluded. Combustion efflciency of five short combustors with hydrogen
fuel.



T.rpersture, °F

> NACA RM ES8D15

T T T
Model Aversge
tempera-
i " T 7 ture,
Op
200} © 1 1485
o 2 1528
O 3 1457
| X g 1356 ..
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Figure 10. - Comparison of turbilne-inlet temperature profiles
for five experimental combustors. . Combustor inlet-air total
pressure;_ 5.7 Inches of mercury ebsolute; inlet-air tempera=--
ture, 350° F; refercuce velocity, 180 feet per second.
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Total-pressure loss, AP/Pi, percent:

NACA RM ES58D15

14 | | |
Reference
Model velo;ity,
o i ft/sec
0 2 ,/15’
12— 53 5 ””’,E;"”
5 }_/
//f;’ﬁk“=$'° —
/
/j’ 4 % 180

10 /O"AO/

8

6 ) 210

/D/J M/
4> % (Inlet-air tempersture, S00° F)
¢ | ed 1
EJ‘/'EOdF’lJ_.S—
g ___-0—X
2
A T, S
ﬁ@—-ﬂkrﬂ’-’&é'g
0
1.0 l.4 1.8 2.2 T 2.8 3.0

Total-temperature. ratio, T,/Ty

Figure 12. - Totel-pressure loss in percent of inlet total .
pressure for models 1, 2, 3, and 5. Inlet-air tempera-

ture, 350° F, except as noted.
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Combustion efficiency, percent

VPN SRR

I P | |
Combus- Inlet-air
tion temperature,
| length,
in.
O Model 3 10.2 350
O Model 5 11.0 350
{ Combustor  19.4 80
¢ of ref. 4 |
! J
100 — — /-Gas enalysls data —
\
90 ——
\
‘~°-'--
80 -
.003 004 .005 .006 .007 .008 009 .010

Fuel-air ratio

Figure 13. - Comparison of combustion efficiency of models 3 and 5 with previcus short

combustor (ref. 4).
erence velocity, 75 feet per second.

Inlet-air total pressure, 5.7 inches of mercury absolute; ref-
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Combustion efficiency, percent
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Fuel-alr ratio

efficlency of models 1, 3,
Inlet-alr total pressure, 14.7 inches of mercury

018
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5 with propane fuel.
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temperature, 350° F; reference velocity, 75 feet per second (yef. 8).
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