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The performance of "swirl-can" combustor elements for an experimental
short-length turbojet combustor utiljzing hydrogen fuel was studied at
high-altitude operating conditions. 1l was injJected into each element
through a tangential, sonic orifice at created a swirling fuel-ailr
nmixture within each element. The elements varied from 1.5 to 2.5 inches
in length and from 1.3 to 2.0 inches in diameter ‘and sBerved as ccmbined
fuel ipjeetors. and ;;gmg_ﬁtabilizers. Combustion efficiency of ‘the
individual elemerits exceeded 70 percent at a reference velocity of 180
feet per second, & pressure of 5.7 ,inches of mercury absolute, and an
inlet temperature of 350° F in a combustor length of about 13.5 inches.
Conical and cylindrical elements with an inlet that was covered with an
orifice plate blocking about 75 percent of the area operated stably with
hydrogen 'to velocitles as high ss 280 feet per second at the same inlet
air pressure and temperature. Temperature distribution dowvnstream from
an individual element tended to have a hot center core; more uniform
distributions were obtained with V-gutter flame spreaders at the dows-
stream end of the elements. The swirl-cen elements also operated satis-
factorily, at less severe condiflons, with gaseous propane fuel.

: SRR i —_ <o

A quarter-annulus‘combustor with an array of these elements gave
combustion efficiencies exceeding 85 percent in preliminary tests at a
reference velocityvbf 180 feet per second, a pressure of 5.7 lnches of
mercury absolute, an inlet temperature of 350° F, and a combustor. length
of 13.5 inches. Total-pressure loss for this combustor was low; the
outlet temperature distribution was initially unsatisfactory but was ex-
pected to improve with rearrangement of the combustor elements.

LN 1,394/

INTRODUCTION MAY 14 1957

Hydrogen used as a fuel for turbojet engines has shown promise of
considerable increases in aircraft range; in addition, liquid hydrogen
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] ntsgg large potential heat sink for airframe and engine cooling
as m t Myrequired for very high flight speeds (refs. 1 and 2). Satls- *

facta® c stlon performence of hydrogen fuel at the very severe operat-
ing condit®Ons encountered at high altitude has been demonstrated in
full~scalesfpurbojet engine tests (ref. 3). Finally, the use of this fuel
may allow @¥major reduction in combustion-chamber length, ensbling a
saving in eggine weight. T e T
»

Expertﬁental performance results have already been reported 1in the
literature“for a hydrogen-~-fuel turbojet combustor two-thirds the length
of -areon¥engional annular turbojet combustor (refs. 4-and 5). The shorten-
ing of .the;Tombustion chamber was accomplished by a reduction in the
primary combustion-zone length; a substantial length was still required
for miXing‘iold secondary alr and the hot combustion gases for suitable
turbine-~inlet—temperature profiles.

101515 2

In a current research program conducted et the NACA Lewis laboratory,
an alternative approach to turbojet combustar design is being explored
which permits reductions in the secondary combustion-zone length as well .
as in the primary-zone length;/'In this design, the combustor is composed -
of a large number of similar ‘elements which combine the functlons of-
fqg;_injactiqg; mixiqg,nggd flame stabi%}zation. These elements are small
cans within which rapld swirling mixes the fuel and slr in a very short
length. These individual swirl-can elements can be combined into a
multiunit arrey covering the combustor cross section. The air necessary
to complete the burning and reduce the temperature to the desired turbine-
inlet temperature flows through the spaces between the combustor elements.
This procedure results in many small cores of hot gas with a large inter-
face area hetween the hot and cold streams. Rapid mixing can therefore
be expected. This is In contrast to the usual combustor design where
dilution alr passing from an annulus into a single, large core of hot
gases regquires a relatively long length for adequate mixing.

This report presents the first phase of this research program. In
this phase, the individual swirl-can elements that compose the combustor
array are investigeted. The isolated elemenis were operated with gaseous
hydrogen in a one-twelfth sector of an annular turbojet combustor. Com-
bustion efficiencies were lnvestligated over a range of inlet total pres-
sures from 5.7 to 14.7 inches of mercury absolute, reference velocities
(based upon inlet conditions and maximum combustor croess section) from
75 to 180 feet per second, and a temperature of 350° F. These conditions
included simulated operation of an engine with a compressor preésure ratio
of 6.8 at altltudes from 70,000 to 90,000 feet at-a Mach number of 0.9.
Blowout 1limits were determined st combustor-inlet reference velocities up
to 280 feet per second and total pressures as low as 4.0 inches of mercury
gbsolute. .Effects of geometry and fuel:injector'ﬁosition on the stability
and combustion efficilency of the elements are described, and exasmples of
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the exhaust temperature distribution downstream of the combustor are
shown. Brief tests were also made with propane fuel for comparison pur-
poses. In addition, preliminary results obtained with an array of
several combustor elements in a quarter-annulus short combustor are
presented.

SYMBOLS

A area
G mass f£low rate per wnlt area
8a gravitational coanversion factor
H total enthalpy
P pressure
R specific gas constant
T temperature, °R
t temperature, °F
v velocity, ft/sec

-
Y ratio of specific heats
Subscripts:
B combustor outlet
in inlet
M mass-weighted

ref reference

8 static

+ total -
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APPARATUS
Instellation

A schematic diagram of the combustor installation 1s shown in figure
1. Air of the desired quantity and pressure was drawn from the laboratory
air supply system, metered with a sharp-edged orifice, passed through the
combustor, and exhausted into the altitude exhsust system. Combustor-
inlet temperatures were controlled by an Inlet air heat exchanger sup-
pllied with hot exhaust gases from a gasolline-fired slave combustor.
Airflow and combustion-chamber-inlet total pressure were reguleted by
remotely controlled valves with bypass lines and valves for fine
adjustments.

The fuel supply system was similar to that used in previous research
described in reference 5. The fuel was commercial hydrogen with a purity-
in excess of 99 percent. It was supplied in compressed-gas trallers at
8 maximum pressure of 2400 pounds per square inch. The fuel f£rom the
cylinders was reduced in pressure to 20 to 80 pounds per square inch
gage, metered with a sharp-edged orifice, and then injected into the
combustor.

The combustor test section comsisted of a one-quarter sector of an
annular combustor having an outside diameter of 25.5 inches and an inside
diameter of 10.8 inches. This combustor houslng was divided into three
equal sectors by means of radial separation plates, each consisting of
two parallel 0.06-inch walls separated by an alr-cooled gap of 0.l2 inch.
With this arrangement, it was possible to Investigate three different
conbustor elements simulteneously. The combustor cross-sectional ares
was 105 square Inches for the one-quarter sector: each of the three
one-twelfth sectors occupied approximately 32.7 square inches, and the
balance was the blockage of the sector-dividing plates. A three-quarter
view of the combustor 1z shown In filgure 2 to illustrste the mountling of
the combustor elements in the three independent sectors. A cross-
sectlonal sketch of the combustor is shown in figure 3. The distance
from the inlet of the combustor elements to the exhaust instrumentation
Plane wes approximately 13.5 inches, depending upon the reletive plece-
ment of the element with respect to the fuel supply tube.

A single-electrode spark wire provided ignition for starting the

combustor elements. Each sector had its own lgnition system, and the
spark discharged directly to -the downstream edge of each combustor element.

Combusgtor Instrumentatlion
The combustor instrumentation statione are shown in figure 1. At

station 1 four bere-wire, Chromel-Alumel thermocouples, four total-
pressure rakes, and a static-pressure tap measured the combustor-inlet

NeEeH
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total temperature, total pressure, and static pressure, respectively.

At station 2, a combined total-pressure and platinum-l3-percent-rhodium -
platinum aspirating-thermocouple probe in a polar-coordinate traversing
mechanism (ref. 6) measured combustor-outlet total pressures and total
temperatures. The probe moved clrcumferentlally across all three seciors
at five radiasl positlons representing centers of equal amnular areas.

A two-pen X-Y recording potentiometer connected to the survey system re-
corded outlet temperatures and total-pressure drop across the combustor
from stations 1 to 2. Static pressure was also measured at station 2

at duct wall taps.

Combustor Elements

The operation of a swirl-can combustor element is illustrated
schematically in figure 4(a). Fuel was injected from a simple orifice
at sonic velocity tangentlal to the inner surface and approximately
normal to the axls of the can. The bangential velocity of the fuel
caused the fuel to spiral downstream along the 1nside of the wall of the
combustor element as verlfled by heat marks wilthin the elements and
observation of the flame through the perlscope. Thus, the length of the
average path travelled by the fuel stream through the combustor element
was considerably greater than the axial distance from the fuel injector
to the dowvnstream edge of the element.

A cross-sectional view of a typical swirl-can combustor element is
shown in figure 4(b). Each element consisted of & conical or a cylindrical
shell; five slzes of conical shapes and three sizes of cylinders were
investigated. A number of modifications to the inlets of the shells
were tested to obtaln the best combustion stability characteristics.
Two confligurations also were constructed with V-gutter flame spreaders
at the outlet of the shell in an effort to improve outlet temperature
distributions. Fuel was inJected into the element through a spray bvar
with a 0.089-inch orifice; the spray-bar position was varied from 0.62
to 1.62 inches from the upstream edge of the element. The direction of
fuel injection was varied from normel to the axis of the element to an
angle of 40° in an upstream direction.

The combustor-element modifications investigated are listed and
described in table I. The elght sizes of conicael and cylindrical shells
are designated by the letters A to H; the deslgn modifications are desig-
nated by the numbers O to 11. Performance notes in table T will be
discussed in the RESULTS and DISCUSSION sections.
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PROCEDURE
Operating Conditions

The performance of the swlrl-can combustor elements was investigeted
over a range of fuel-air ratios at the following inlet—=lyr conditions:

Total Adirflow |Total Reference |Simulated Severity -
Ppressure, jrate for|temper-|velocity, |altitude, factor,
Pt,in’ qgazgsr :ture, erf: £t v'ref
in. Hg secvor, t,in’ | f£t/sec Pt inTt.din
1b/sec 2 ’ ’
abs F | (a) cu ££/(1b)
(sec)(CR)
14.7 1.28 350 75 70,000 8.9x1075
2.0 .79 350 75 80,000 15
5.7 .51 350 75 90,000 23
5.7 .79 350 115 | ====-- 35 «
5.7 1.28 350 180 | --==-- 55
®Based on combustor maximum cross-sectional ares .

of 0.73 eq £t (quarter annulus)} and combustor-inlet
air density.

The first three condltlions represent a present-day engine operating at

e Mach number of 0.2 with an snnular combustor and a compressor having

a spea-level gstatlc total-pressure ratio of 6.8. The last two conditions
were used to determine the performance of the combustors at higher veloc-
ities at the lowest pressure condition. The factor vref/pt,inTt,in

characterizes the severity of each operating condition. The parameter,
derived from an analysis which assumes that the chemical reaction rate
controls the combustion efficiency (ref. 7), has been used to correlate
experimental combustion efficiency data. Generally, three different
models were operated simultanecusly at neerly identical conditions with
data from all three of the models being recorded by the survey probe.

. Calculations
Blowout limits. - Blowout of the combustor elements was observed
visually through a periscope mounted upstream of the combustor as shown
in figure 1. Blowout limits are reported in terms of the severity factor

NARTH
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at blowout (vfef/Pt,inTt,in)BO' Only the pressure and velocity were

varied. Similar parsmeters of the type pl*°T/V (ref. 8) or V/pT
(ref. 9) have been used by other investigators to establish aspproximate
criteria for combustor blowout.

—

Combustion efficiency. - Combustion efficiency was calculated as the
percentage ratio of actual to theoretical increase in enthalpy from the
combustor-inlet instrumentation plane (station 1, fig. 1) to the
combustor-ocutlet traversing plene (station 2, fig. 1) using the method of
reference 10. Enthalpy values for hydrogen and its combustion products
were obtained from references 11 and 12. A value of 51,571 Btu per pound
was used for the lower hest of combustion of hydrogen.

Fuel and air flows to each of the three individusl sectors of the
combustor houslng were not measured directly. The three combustor elements
to be operated simultaneously in each run were matched to obtain equal
effective fuel-orifice sizes and, consequently, egual fuel f£lows before
installation in the combustor housing. As & first approximation, the air-
flows to each sector were assumed equal. Combustion efficiency was then
calculated from fuel-aslr ratio snd enthalpy values based upon this mass-
flow assumption. These combustion efficiencles were used to compare the
performances of various configurations.

The performance of the most promising models was determined by means
of a more preclse method of calculation. This calculation required the
determination of a mass-welghted combustor-outlet enthalpy snd the actual
mass flow through each combustor sector. The local mass-flow rate at any
polnt in the combustor-outlet plsne could be computed from the statle
pressure, total pressure, and total tempersbture by the following relation:

-L y-i
G=p 2rge (P'QLB)xT_ ﬂé) T )
8V (r-1)RTy 5 \ Pg Pg

The exhaust-duct cross section was subdivided into 50 equal area incre-
ments AA for each one-twelfth sector. For each area Increment, P4,B

and Tt,B were known from the continuous record of the exhaust survey
probe, and the value of pg; measured at the wall tap was assumed constant
across the duct. Accordingly, Pt,Bs Pg> and T’b,B were substltuted into

equation (l) to calculate G for each increment. The summation of all
incremental airflows times the Incremental area gave the total mass flow
per sector.
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The mass-welghted enthalpy Hy was defined by the summation

> HG AA

e

(2)

where for each area increment the entheipy H was determined from the
local temperature and the enthalpy data for combustlon products. Substi-
tuting equation (1) into equation (2) and assuming p, R, and y %o be
approximately constant across the duct give

=L x-t
H(Eze)z“ \[L_(Em) T
P Tt,B Py
=L -l

PtBZY 1 IfPt,B v
Sk L -1
( P ) It,B ( Ps )

(3)

8

RESULTS

A summary of the combustion performance characteristics of the dif-
ferent combustor elements investigated with hydrogen fuel is presented
in teble I. A brief description of the deslgn modifications made and
the purpose of the modification are noted in the table. The performance
of each element is reported in table I in terms of (1) blowout severity
factor (vref/bt,inTt,inlBO’ (2) range of combustion efficlency for fuel-

air ratlios from 0.0016 to 0.0038 at a pressure of 5.7 inches of mercury
absolute, a reference velocity of 75 feet per second, and an inlet-
temperature of 350° F, and (3) comments on the operation of the elements

based on visual observaetion. Performance data for propane fuel are shown
in table II for four of the better modifications.

Combustor Blowout

Stable operation was not obtained with a simple conical-shell element
(model AQ). As inlet blockage was increased, the stability defined by the
blowout severity limit (Vref/btjinTt,in)Bo generally increased. Thus,

stability was poorest for models Al and A2 where inlet—blockage was pro-
vided by a V-gutter extending across the inlet of the element.. BSince
there was also a tendency for fuel to spill out of the V-gutter and the

06y
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inlet lip and burn outside the element, a ring wes added to the inlet of
model A2 to control thils spillage. Increased blockage with the use of
conical inlets (model B3) gave an improvement in stability limits.
Further Increases in stability were obtained by slotting the inlet cones
(models A4 and B4), reducing the inlet-cone dlsmeter (models AS to B6),
or twisting the serrations of the inlet cone to lncrease the turbulence
level within the element (models A7 to A8). It was found, however, that
the stebility of the best conical inlet (model A8) could be duplicated by
a much simpler modification consisting of a circular orifice plate blocking
gbout 75 percent of the inlet area. The orifice-inlet configuration was
investigated in a number of different basic shells (models A9 to H9).
There appeared to be llittle difference in performence with respect to
stebility between the various conlcal shells, A to E, or the cylindrical
shells, F to H. Excellent combustion stabillty was alsc oblained with
an orifice-plate inlet with a blockage of only 65 percent (model AlO).

In most cases, the severity factor at blowout decreased as fuel-air
ratios were increased. This may be attributed to the fact that the
elements operated at an internal fuel-alr ratic above stolchiometriec.
For example, the internal fuel-alr ratio for model B2 was calculated to
be 40 times the over-all fuel-zir ratlo, neglecting the aerodynsmic
effects due to the burning within the element. For the over-all fuel-air
ratio range of 0.0016 to 0.0032, calculated local fuel-alr ratios for
this model varied from 0.064 to 0.128. Thus, at severe condltions rich
blowout might be expected, and 1t was not surprising that the configure-
tlons were slightly more steble at leaner fuel-sir ratios. The effect
of fuel-air ratio, however, was quite smell and (vref/bt;inTt,in)BO

values presented in table I are average values obtained over a range of
fuel-alr ratios. Blowout was also determined at several mass flows;

and, although the conditions at flame blowout were not entirely reproduci-
ble, the severity factors (V ef/bt inTt in)BO agreed to within 20 percent

for different combinations of V,.p and P, in: Thus, the blowout sever-

ity factor of 87X10~° for model B9 (tsble I) corresponded to blowout (at
a constant inlet temperature of 350° F) at approximately 280 feet per
second and a pressure of 5.7 inches of mercury sbsoclute, or at 180 feet
per second and a pressure of 3.6 Inches of mercury ebsolute. In addition,
the axial location of the fuel injector had little Influence on combustion
stability over the range of positions investigated. When the injector was
located near the downstream end of the element, however, the fuel holes
were drilled at an angle of 40° upstresm of the normal to increase the
residence time of the fuel in the element.

Propane stability data (table II) indicate that the selected elements

can operate stebly with this fuel, although blowout occurred at
vV ef/Pt,inTt,in)BO values 10 to 20 percent of the corresponding values
for hydrogen. Best combustion stebility wes obtalned with models BZ and

B11.
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Combustion Efficiency

Combustion efficiencles generally ranged from 80 to 90 percent for
all the configurations at the conditlons cited in table I. The efficlen-
cles were calculated using area-average combustor-exhaust temperatures
and the assumptlion that the mass flows through each combustor sector were
equal. These values were suffilclently accurate to allow recogmition of
gross changes in performance accompanying the varlous design features.
The combustlon efficiency of three of the best models, B9, C9, and DI,
however, was calculated using the Incremental-aree method expressed by
equation (3). These elements ranged in inlet diameter from 0.93 (model
C9) to 1.50 inchee [model BY9) and in length from 1.50 (model C9) to 2.00
inches (models B9 and D9). The smallest elements (model C9) were alweys
operated In palrs to secure a coverage of the duct area comparable to that
of the larger elements. Efficienclies are plotted against fuel-alr ratio
in figure 5 for four operating conditions. At the most severe conditlon
(reference velocity, 180 ft/éec; pressure, 5.7 in. Hg abs; and lnlet
temperature, 350° F) the efficiency of models B9, C9, and DS varied from
64 to 78 percent. At the conditlions of lower reference velocities and
higher pressures, efficiency lewvels improved appreciably. The effect
of fuel-air ratio on combustion efficlency was not large. Combustion
efficiency was not determined for propsne operation with these three
configuretions, but, with model Bll, combustion efflciencies of 86 to
100 percent were obitained with propasne at the 14«7 Inches of mercury
pressure condition (fig. 5(d)).

Outlet Temperature Distributlon

With the simultaneous operation of only three combustor elements
within a quarter-annulus sector having a cross-sectional area of 105
square inches, a nonuniform outlet temperature distribution was to be
expected. Two modifications, 6 and 11, incorporated V-gutter flame
spreaders at the outlet of the element for the purpose of Improving the
outlet temperature distribution. Typical temperature profiles obtained
with elements B9 without flame spreasders and Bll with flame spreaders
at sbout the same fuel-air ratio are shown in figure 6. These profiles
were constructed directly from the date recorded by the temperature
survey probe by drawing constent=temperature contour curves between the
recorded temperature-position data points. With model Bll the band of
high tempersatures is much broader, and the temperature-gradients are
reduced. . . i}

Prellminery Performance of Multielement Combustor

A multielement combustor (fig. 7) consisting offive elements of
model Bll at one radius and three elements of model B1ll at a shorter

o8ey
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radius was constructed. This combustor was mounted In a quarter sector
of an annular housing ldenticel to that used in the study of the isolated
elements, except that the radlel separator plates were omitted. Each
element had its own fuel injector supplied from & common manifold.

Brief tests were conducted with this combustor to demonstrate the
feaslbility of the multielement array. Combustion efficiencies were
deternined with hydrogen (fig. 8) at two reference velocities of 115 and
180 feet per second at an lnlet total pressure of 5.7 inches of mercury
absolute and an inlet total temperature of 350° F. At a velocity of 115
feet per second combustion efficiency varied. from 92 to 97 percent, and,
at the higher velocity, efficiency varied from 85 to 89 percent. The
combustor was not operated with propane.

The distance from the upstream end of the combustor elements to the
exhsust instrumentation pleane was 13.5 inches, somewhat shorter than the
corresponding length of 20 lnches for the earlier quarter-annulus channelled-
wall hydrogen combustor (ref. 5). Efficlencles with the latter combustor
were of the order of 84 percent at conditlons corresponding to a

erf/Pt inTt, in value of 52X10~° cubic foot per pound-second-°R, compared
2 2

with 85 to 89 percent for the multielement combustor at a Vief/Pt,inTt,in
of 55X107°.

A typilcal outlet temperature distribution obtained with thils quarter-
annulus combustor is shown in figure 9. The temperature gradients were
rather steep radislly with the highest temperatures at the midspan of
the duct; circumferentially the hot gases were well distributed except
near the side walls.

The isothermal pressure loss for thils combustor was approximately
0.9 percent of the inlet total pressure at an inlet velocity of 75 feet
per second, or dabout 4.5 times the Inlet reference dynamlc pressure.

DISCUSSION

at the inlet face of the combustor element had the largest effect on
combustion steblility. Best results were obtained with inlet arez bloc

as high as 75 percent; thils was most easily accomplished with a flat plate
having a circular orifice. For conical shells, Increased inlet area
blockage was also produced by a decreased inlet diemeter. Where the
orlfice-plate inlet was installed, however, the amount of blockage at the
inlet face provided by the plate was suffliciently great that changes in
the inlet diameter of the element did not affect combustion stability.

The position of the fuel inJector wlthin the element shell appeared to

Of the seversl geometry varlebles investigated, the amount of blozzjf$V/
ge
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have no effect on the stability of the element, provided the injector
was not placed too close to the downstream end of the element thus
allowlng fuel to spill out too quickly.

From the 10 orifice-plate configuratlons, models BS, C3, D9, and Bll
were arbitrarily selected for more extenslve studles because these elements
were conveniently sized for & proposed multielement combustor. These
elements operated stably wlth hydrogen at conditions simuleting operation
of & present-day engine with a sea-level static compressor total-pressure
ratioc of 6.8 at a Mach number of 0.9 and altitudes of 70,000 to 90,000
feet. Even with the less-reactive propene fuel, stable operation was ob-
telned at condltions simulating an altitude of 70,000 feet. Although
these models were selected for expedience, it must also be noted that
excellent performsnce was obtalned wlth other configurations, partlcularly
the cylindrical shells. A further investigation &lsoc may be warranted
of other types of inlet blockage such as perforated plates, which have
been shown to be very effective turbulence promoters and flame
stabilizers (ref. 11).

The combustion efflclencies of the selected models, B9 to DI, are
presented. as a functlon of over-all fuel-alr ratio in figure 5. This
fuel-air ratio was based upon the entire mass flow through easch combustor
sector, and the values of this fuel-alr ratio were considerably leaner
than those expected with a full combustor. The airflow through each
sector served only one lsolated combustor element, whereas In a complete
array three or more elements would occupy this space.

The combustion efficiency of the three selected models is plotted
as a function of the parameter vref/bt,inTt,in at a representative fuel-

air ratio of 0.0030 in figure 10. The data were obtalned from the faired
curves of flgure 5. As expected from previous experience wlth this
parameter (ref. 7), combustion efficiency decreased with an increase in
Vref/Pt,inTt,in' Model B9 gave somewhat higher efflciencies than the

other two configurations. However, the spread among the efficlenciles

of the three models shown in figure 10 was probably less than the inac-
curacy in the determinstion of combustion efficiency, since the nonuniform
outlet temperature and pressure proflles introduced sampling errors.

The preliminary program with the quarter-anmulue combustor used an
array of model Bll elements with outlet V-gutter flame spreaders for
control of temperature dlstributions. Combustion efficiencles with this
combustor were higher than those obtained with the longer channeled-wall
hydrogen combustor (ref. 5) at corresponding conditions. In addition,
the isothermal total-pressure-3loss for the multielement combustor was
gbout 4.5 times the inlet reference dynamic pressure, a value considered
more than satisfactory. The outlet temperature distribution (fig. 9) had

o6e¥d
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sharp radial gradients, but no effort was made to optimize this charac-
teristic of the combustor. It is reasonsble to expect that improvements
in the temperature dlstribution can be brought sbout with small modiflca-
tions in the array of elements.

No significant amount of warping or erosion of the swirl-can elements
occurred during the course of the. investigation, which accumilated more
than 60 hours of operating time. The elements, however, were not operated
for very long periods of time at high-temperature conditions. Visual
observation of the elemenis through a periscope showed that the metal
shells glowed red in some cases, indicating wall temperatures of perhaps
1200° to 1500° F. The elements operated cooler at higher fuel-air ratlos
because of the cooling effect of the fuel along the metal surfaces.

It is felt that the use of swirl-can combustor elements makes possible
the design of a short-length, low-pressure-loss hydrogen combustor. The
combustors appear to be adaptable to less-reactlive vapor fuels such as
propaene if high combustion efflclency 1s not required at low pressures.
Furthermore, the elemental, or modular, technigue of constructing a
turbojet combustor has the additional advantage of belng a simple method
of scaling from experimentel combustor portions to full-scale annular
combustors of any size.

SUMMARY OF RESULTS

The following results were obtained in an investigation of swirl-can
combustor elements for & short-length, hydrogen-fuel turbojet combustor:

l. With 1.5- to 2.5-inch-diameter conicel or cylindrical combustor
elements, combustion efficlencies near 70 percent were attained at a
reference velocity of 180 feet per second, a pressure of 5.7 inches of
mercury absolute, and an inlet temperature of 350° F. These elements
operated stahly to velocities as high as 280 feet per second at the same
Inlet air pressure and “temperature.

2. The combustor eleitents also operated satlsfactorily with _propane
at less severe conditions at a reference veloclty of 75 feet per second,
a pressure of 14.7 inches of mercury absolute, and an inlet temperature
of 350° F.

3. Exhasust ‘temperature distributions from the combustor elements,
while normally exhibiting a hot core of gases at the centerline of the
elenient, were improved by the use of V-gutter fleme spreaders at the
outlet of the elements.
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4. A 13.5-inch-long quarter-annulus combustor composed of an arrey
of elements operated with combustion efficiencies of 85 to 89 percent et
& reference velocity of .18C feet per second, a pressure of 5.7 inches of
mercury absolute, and an inlet temperature of 350° F. The isothermal
total-pressure drop was 0.9 percent of the combustor-inlet total pressure
at & reference veloctty of 75 feet per second and the same inlet alr pres-
sure and temperature. The outlettemperature distribution was not satis-
factory, but no work was done to optimize this aspect of the coﬁbustor
performance. =

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cieveland, Ohio, March 19, 1957
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TABLE I. - SUMMARY OF DATA FOR INDIVIDUAL COMBUSTCR ELEMENTS WITH HYDROGEN FUEL
Model Description and Purpose of Blowout Approximate| Comments on cperation
sketch of con~ modification aeverity range of of combustor element
figuration (all factor, combustion
dimensions in V. efficlency
inches) (.__ﬁr__ 5| {at 5.7 in.
pt,tnTt,1n/po |Eg b8, 75
cu £t ft/sec
s=v |350° Pi,
(sec)(1b)(°R) percent
A0 Basic conical shell, | Original swirl oan| SRR No stable operation
ize A equld be maintained.
2.00
1.7 ]
N W
A V-gutter placed ' 37A0-5 80 to 90 |Operation poor; fuel
aoross inlet %o tended to spill ocut
element shell tao of V-gutter and ele-
increase atabil- ment inlet and burn
1ty by creating outnide element.
stable plioting
Tegion within
. V-gutter
A2 V-gutter inlet and 8mall ring added 33x10-5 80 o 90 Very llttle reduction
ring around Iinlet- to in fuel spillage.
reduce fuel splll- Operation was appar-
\Se-m a8 ﬂ. age experienced ently inferior to
with model Al that with Al, and use
- of inlet V-gutters
1.45 was abandoned.

B3 Conlasal inlet with Inlet blockage 38x10-5 ~80 Element was very sen-—
basic conical ashell, provided by coni- aitive to fuel-alr
slze B cal inlet, which ratlo, Inlet block-

2.00 created low- age was apparently
. veloclby region insufficient.
7 around cone
Lso| [ ]j220](8
I
. —~do.50
Ad Slatted conlcal inlet,| Slots cut into 24102 ,————— Stablility was poor.
A shell o inlet cone to
increage
Bame a8 AC turbulence
Six alots 1.40 )
0. 13%0 . 5B- i .
0.50 _
B4 Slotted oconical inlet,| Seme am A4, with 35x107Y ~80C Stabllity was some-
B shell B sige shell what—better because
of the increased
(Saze ag B3 inlet blockage of
shell B.
AS Reduced-diamejer Frontal blockage s3mac-S 75 to 85 Pair stability,

slotted conlcal™ - -
inlet, A shell

as Al

115

increased with
gmaller-diameter
inlet cone, while
retalning ad-
vantages of slots.

representing improve-
rent over that of
Ad

062¥
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TABLE I. - Continued.

SUMMARY OF DATA FOR INDIVIDUAL COMBUSTOR ELEMEWTS WITH HYDROGEN FUEL

Model Description and Purpose of Blowout Approximate| Cormenta on coperation
sketch of con- modification severity range of of combustor element
figuration (all factor, combustion
dimensions in Vper efficiency
inches except (__;e_) h(!;.tus’ .7 !’.g.
where noted s

Pt,intt,infpg ¥ sec’
cu ft Pi
{sec}(1b) (°R) percent

BS Reduced-diameter Same as A5, with 45x10~3 ~as Adventages of reduced-
slotted conical B size shell digmeter inlet also
inlet, B shell evident in B size

shell.
\ama as Bé
1.008

BS Reduced-diameter Eight V-gutter flane 86x10-5 ~85 Pleme spreaders had
slotted conicel inlet [spreaders, slopling . favorable influence on
with outlet V-gutter |outward at 45%, outlet temperature
flame spreaders added to outlet of distribution as dis-

S5 to lmprove cussed in text. Im-
1359 ocutlet temperatuire provement in stability

g % distribution was alsc noted.
‘Bane
B

=7 Details

0.30, D of V-
=57 gutters

A7 Twisted serrated lotted inlet of A4 513‘-1(!"5 80 to 90 Good stability.
conical inlet, A further slotted and
shell reralining metel taba

twisted to lncrease
flameholding sur-
faces and creale
200 additiocnal turbu-
T T lence at inlet
12 Slots
0.06x0.38 '

A8 Reduced-dismeter Frontal blockage re- sax10-% 80 to 9¢ |Further improved sta-
twisted, serrated duced with smaller- bility over that of A7
conigcel inlet dismeter cone, using

inlet of model A7
\Sum.c as ﬁm@

A9 Orifice inlet, with Simple orifice 87x10-5 85 ta g2 Exceptionally stable.
basic conical shell, plates used as inlet Orifice-inlet models
size A modificatiocn instead proved to be the most

of cones to provide successful in regard
@ as A0 eha required block- to blowout Iimits and
age. Orifice open- operetion over a wide
° 33[ mg ranged from CG.19 range of fuel-afr
N to 0.29 percent of ratios and represented
inlet area. a design simplification
over models A7, A8, eto.

B Orifice inlet, with Orifice inlet in- 87410~ 83 to 100 |Approximately same
basic coniecal ahell, stalled in B coni- {More com- |[performance a8 A9
size B cal shell, which had plete data

slightly smaller fn- shown in
Same us BS let diameter than A rig. S(a))
shell
0.75 —

[31:] Orifice iInlet, with Orifice inlet iIn- 72x10~% 90 to 99 Approximately seme
basic conical shell, |stalled in C conical (More com- {performance as A9
size C ghell, which was plete data

smaller in length shown in
and diameter than rig. 5(b})
A or B shell and
—— was operated in
pairs
C.50y
0.93 lll.SO @
1-50

7
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TABLE 1. - Concluded. SUMMARY OF DATA FOR INDIVIDUAL COMBUSTOR ELEMENTS WITH HYDROGEN FUEL
Model Deseription and ose of Blowout . Approximatd Comments on operation
sketch of con- modification severity range of of combustor element
figuration {all factor, combustion
dimensions in Vper efficiency
inches) —=rel_} ,l(at 5.7 in
pt,inTt,1n/nglHe &b8, 75
— cuft I 3°§5
(sec}(1b}(°R) perce;\t o

DY Orifice inlet, with Orifice inlet in- 9sx10~58 86 to 99 [ Approximately same
bagic conioal shell, stalled in D comi- (More com- | performance am AS
Blze D cal shell, which was plete data

equal to A and B in shown in
0.63+ =2 length but smeller - rig. 5(c}i
in both 1inlet and -
1.15}: 8 outlet dlameter
—

E9 Orifice inlet, with Orifice inlet in- asxlo":". 85 to S5 Approximately same per-
bagic conicel shell, stalled in E coni- formance as A8 although
slxe E e — cal shell, which was model tended to blow qut

2.50 equal ta B in inlet at rich fuel-air ratios
0.7 = and outlet diameter
* but longer
1.50 g
&

P Orifice inlet, with Same as AS to E9, 84%10-5 80 to 90 Approximately same
basic eylindrical but in e¢ylindrical performance as AS
shell, size ¥ shells; shell F

1 Q.75 . shortest in length
z.;EF @
oq

a9 Orifice inlet, with orifice inlet in- 92x10-5 80 tc 90 }Approximately same
basic cylindrical stalled in G performance as A9
shell, slze G eylindricel ahell,

1.50 which was equiva-
1,254 p== lent-to P in diam- R
\ eter but longer .
2.50 I v

HS Orifice inlet, with Oririce inlet in- 84*.1.0'5 80 £o SO Approximately same
basic eylindrical stalled in H cylin~ performance as A9
shell, size H drical shell, which

2.50 was equivalent to G
1.254 in dismeter but
} longer
2.50
A —brnerererd

AIQ rifice inlet with Large orifice open~ 80 X202 85 to 92 |Over the limited range
larger opening ing (erea ratio, of orifice-area ratios
Same ag AD 9.35) used to de- Investigated, this
Ay termine if decreased blockege change did not

inlet blockage would appear to affect per—
100! f—— 4 glve satisfactory formance of elements.
‘ rgaulte

Bll Orifice inlet with Eight V-gutter flame Operated mainly with
outlet V-gutter fleme| spreaders added to propane. Same Iimprove-
apreaders outlet of B9 to 1im- menit in outlet temper-

V-gutters same prove outlet temper- ature distribution with
as those of B6 ature distribution V-gutter flame spreaders
R . as was noted with BE
lé@ as B9

L]
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TABLE IT. - SUMMARY OF DATA FOR INDIVIDUAL

COMBUSTOR ELEMENTS WITH PROPANE FUEL

Model Blowout Approximate range
desig- severity of combustion effi-
nation factor, ciency (at 14.7 in.

é) Vryef Hg abs, 75 f£t/sec,

—— ) o

t,1n't,1n/Bo | 3597 ),
cu ft percent

(sec)(1b) (°R)
B9 13x10-5 (Not determined)
co 9.3 (Not determined)
D9 7.7 (Not determined)
Bl1l 15 86 to 100

19



Combustion air

To atmospheric
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for preheater ;;fTehB&ter 1
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Heat exchanger

Inlet air temperature
regulating valves
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Figure 1., - Installation of experimental quarter-ammilus combustor housing for investigation

of individual combustor

elements.
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Tigure 2. - Thres-quarter cutaway view of guarter-anmlus combustor housing showing mounting
of three gombustor slements for simltsnesous operstion.
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. fé\ Fig. l)
1 N
g .
ka ma I/IIII'II/IIII .
b
Fusl-supply tube
End of
dividing
Rad., plate Bad.,
Combustor elemeut ] <15 \ 10.75
Rad.,
11.50
R %V PSS ITTISIIIY.
B N §/
§ ELRTLLE NN \
x 3% Rad /‘\ =2
% 9.07 AN
Red., Rad.,
g.02 Bad., 6.39
5.39
-—"/—
B -

CD-5530

Figure 3. = Cross section of quarter-ammlus combustor housing, Combustor maximm cross-
sectional area, 0.75 square foot. (All dimensions in inchea.)
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(a) Plotorial view of operation of typical swirl-can combustor element (model BL1).

Flgure 4, - Typical combustor element. {See table I for principsl dimenaions.)
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Qutlet V-gutters (models 6 and 11)J

7

14 ) 4 Baglce ghell / .
).
7
I, -
~ it g
g "'L\\ ™1 —0.085-Dianeter Flow
| \ I fuel orifice | direction
= A
—_ ! 4— - A
- 0.09 ™ T
/ Typical ’ \— 0.19
~ inle 1
modification—1 -~
B | B ﬁ—E
! )
le—x
Section A-A
Flow
direction Y Distance X varies from 0.62 to 1.62
;:Itf;;;é } Angle Y verdies from O° to 40°
Section B-B:

Figure 4. - Concluded. Typical combustor elements.

(b) Cross section.

{A11 dimensions in inches.)

(see table I for principel dimensiona.)

OBLY

8T0lST WY VOvN




Combustion efficiency, percent
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L] L]
Pressure, p, Reference
in. Hg abs velocity,
100 Q v
/‘.—-"""- I'E.I;’
B —h ft/sec
—-‘6 Hr
——— 0 9.0 75
] o 5.7 75
o ° 5.7 115
80 v 5.7 180
60
Model Bfficlency calculated using Incremental-area method.
100
|1
|
o I
&7 ~
BO ntan o
60
.0012 .0020 .0028 0040 0044
Fuel-air ratio
(b) Model C9. Efficiency calculated using incremental-ares method.

Figure 5. - Combustion efficlency of selected combustor elemente with orifice inlets. Inlet
temperature, 350° F.
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Combustion efficlency, percent

JS NACA RM ES5TC1S
13 1 ! 1
Pressure, p, Reference
in. Hg abs  velocity,
B Vrers
£t/sec
- O 9.0 75
o 5.7 75
. < 5.7 115
100~ v 5.7 180 . e
/ \4
//,/’ -
,///0 "~ o] ‘(k\‘\
Aoy T~
\V\ -
v
6C
.0012 0016 =~ .0020 .0024 .0028 .0032 .0036 . 0040
Fuel-air ratio -
{c) Model D9. Efficiency calculated using incremental-aree method.
100r -~ /
\ /
——— L
A
80
,
v a.0 ) 75
4 147 75
6 t I 1 1
.8024 .0032 .0040 .0048 . 0056 T 0064 0072 0080

Fuel-air ratlo

(d) Model Bll with propane. Efficilency calculated using area-averaged combustor-

exhaust temperatures.

Figure 5. - Concluded. Combustion efficiency of selected combustor elements with

orifice inleta. Inlet—temperature, 350° F.
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Tempergture,
t, /

\ 800 !

(a) Typlcal temperature distribution from model BS without
outlet flame spreaders.

(b} Typical temperature distribution from model Bll with
outlet flame spreaders.

Figure 6. - Temperature contours 13.5 inches downstream of
single combustor elements. Combustor-inlet pressure, 5.7
inches of mercury absolute; combustor-inlet temperature,
350° F; reference velocity, 75 feet per second; fuel-air
ratlo, 0.0025. TLocation of downstream edge of element
shown by broken lines.
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Figure 7. - Fhotograph of quarter-smmulus combustor composed of an arrey of model Bll
combuetor elements.
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Pressure, p, Reference
in. Hg e&bs  velocity ]
Vref’
f£t/sec
< 5.7 115
100 v 5.7 180 —_
o
% —_—10
ot W
£ © ——o—
¢ 9 g0
[3] v
8 v
A&y
-+ A4
503
=1 v
g
o
80
.003 . 004 . 005 .006 .007 .008
Fuel-air ratio
Figure 8. - Combustion efficliency of a quarter-annulus combustor

composed of an array of eight model B1ll combustor elements.
Inlet temperature, 350° F.



Figure 9. - Temperature contours 13,5 Inches downstream of quarter-ammulus combustor composed
of an array of eight combustor elemente. Combustor-inlet pressure, 5.7 inches of mercury
abpolute; combustor-inlet temperature, 350° F; referenmce velocity, 75 feet per second;
fuel-alr ratio, 0,0064.
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Correlation parameter, Vref/Pt,inTt,in’ cu £t/(1b)(sec)(°R)

Figure 10. - Combustion efficiency of three selected orifice-
inlet combustor elements as functlion of correlatlon param-
eter. Fuel-air ratlo, 0.0030.
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