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PERFORMANCE OF A SINGLE FUEL-VAPORIZING COMBUSTCR WITH
SIX INJECTORS ADAPTED FOR GASEOUS HYDROGEN

By Jerrold D. Wear and Arthur L. Smith

SUMMARY

In preparation for tests with hydrogen fuel in a full-scale turbo-
Jet engine using an annular fuel-veporizing combustor, an investigation
was conducted in & single tubular combustor of similar design to evolve
a setisfactory fuel-injection system. The performances of six different
fuel-injector designes in the single combustor were determined. The com-
bustor was operated over a range of inlet-alr pressures from 5.3 to 24.0
inches of mercury absolute and inlet-gir reference velocltles from 60 to
100 feet per second.

The combustion efficlencies obtained with the six configurations
varied from sbout 65 to 95 percent for a combustor temperasture-rise range
of 200° to 1400° F. At & temperature rise of 1200° F (near-rated engine
conditions), the spread in efficiencies of the six configurations was
gbout 5 percent. Efficlencies in thé range of 65 to 85 percent were ob-
tained gt operating conditlons beyond the burning range of conventional
Jet fuels.

A fuel-inJjector configuration that fed only geseous hydrogen fuel -
into the standard liquld-fuel-vaporizing tubes generally gave the highest
efficiencies. This configuration minimized the possibility of combustion
in the fuel-veporizing tubes and could be easlly adapted to the full-scale
engine combustor.

INTROTUCTION

Increased operational altitudes are required for military applica-
tlons of turbojet-powered alrcreft. Consequently, it is important to
determine the effect of extreme altitude on the performance of a turbo-
Jet engine. One factor limiting operation at high altitudes is the per-
formence of the combustor. Preliminary studies in & single turbojet com-
bustor (ref. 1) show that a special fuel, gaseous hydrogen, cen be
expected to burn with higher combustlon efficiencies and at considersbly
lower pressures, corresponding to higher altitudes, than conventlonal
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jet fuel. In sddition, an analysis (ref. 2) shows that the use of liquid
hydrogen, because of its high heating valus per unlt weight, can also be
expected to provide large galns in over-all sircraft performance at high
altitude. For example, for a flight altitude of 80,000 feet, flight Mach
number of 2.5, and a gross alrcraft welght of 30,000 pounds, liquid hy-
drogen will increase the cowbat-radius of a fighter sircraft sbout 70
percent over thet obtalned with JP-4 fuel. The analysis is based on an-
tlcipated performance of future englnes and sircraft.

In view of these results, it was considered important to conduct
high-altitude engine teste with hydrogen fuel. The engine chosen for
these tests has an annular combustion chamber with fuel-vaporlizing tubes
inside the chamber. Before a hlghly reactive fuel was used in the full-
scele engine, with 1ts large and expenslve auxlllary equipment, safe
technlques for supplylng the fuel to the englne and for injecting it in-
to the combustion chamber were determlined in small-scale apparatus. The
methods of handling and supplylng gaseous hydrogen described in reference
1 were satisfactory. However, information was sought on such iteme as

(1) Can the combustor be safely ignited?
(2) How will the combustor operate with a gaseous fuel?
(3) Will combustlon take place inslde the fuel-vaporizing tubes?

Combustion inside the vaporizing tubes would probably cause fallure with
consequent damage to the turbine, and changes in combustion efficlency
and exhaust temperasture profile.

Accordingly, preliminary tests were conducted in a single tubular
fuel-veporizing combustor of the same basic design used in the full-~
scale engine chosen for the inlitlal tests. The inlet-alr pressure was
varied from gbout 5 to 24 inches of mercury absolute, and inlet-sir ref-
erence velocliies from about 60 to 100 feet per second. These inlet-air
conditions, except for temperature, simulate altitudes from 60,000 to
95,000 feet at a Mach number of 0.8 for the full-scale englne considered.

In order to obtain informstion about ignition, combustion, and dura-
bility, slx different fuel-inJector confilgurations were constructed and
tested with gaseous hydrogen. Past experience has lndicated that the
results obtalned from these designs would Turnish encugh of the desired
information without an extenslve development program. Ignition test
results at one albtitude windmilling conditlion are given. Other results
are presented to indicate the low-pressure performance characteristics
(combustion efficlency, combustor tempersture rise, and combustor pres-
sure drop) obtained with gaseous hydrogen and the various injector con-
figurations. Brlef comparisons are made bhetween the combustlion effi-
clencies obtained with hydrogen and with & JP-4 fuel.
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APPARATUS
Combustor Installation and Instrumentation

The installation of the single tubular fuel-vaporizing combustor is
shown schematically in figure 1. Air having a dewpolnt of either -20°
or -70° F was supplied to the combustor from the laboratory supply sys-
tem; the exhsust gases were fed to the laboratory altitude-exhaust sys-
tem. Air flow wes measured with a square-edged orlfice plate installed
according to A.S.M.E. specifications and located upstream of the flow
regulating valves. The combustor inlet-alr temperature was regulated by
means of electric heaters.

A disgrammstic cross section of the combustor installation 1s shown
in figure 2. The inlet and outlet transitlon sections are 1/6 sectors,
each with an annulus corresponding to that in the full-scale engine. The
areas of the inlet and outlet 1/6-sector annuli are 0.0465 and 0.050L
square feet, respectively. The meximum inside diameter of the combustor
housing 1s 6.002 inches (area of 0.1965 sq ft). The primer-fuel nozzle
and lgniter plug are alsc shown in figure 2. The nozzle orifice original-
ly designed for ligquld fuel was drilled out to 3/32 inch so that a suffi-
cient flow of hydrogen could be obtained for lgnition. The orliginal di-
ameter was about 1/64 inch. The flame and hot gases from this source pass
through the primery-alr admlission plate and ignite the fuel entering the
combustor through the main fuel injector.

The instrumentation planes and the location of temperature- and
pressure-measuring instruments in these planes are presented in figure 2.
Thermocouples and total-pressure probes were located at centers of equal
areas. The cowmbustor-inlet and -ocutlet temperatures were indicated on
asutomatic balancing potentiometers. The thermocouple readings were taken
as true readings and no corrections were made for recovery, conduction,
or radiation. The inlet and outlet total-pressure data were obtained
with menometers connected to 12 manifolded probes at plane A-A snd 8 mani-
folded probes at plane D-D.

Fuel Supply System

A diagram of the fuel supply system is given iIn figure 4 of reference
l. Hydrogen was stored in 18 cylinders, manifolded together, at a pres-
sure of sbout 2000 pounds per squere inch. Each cylinder contalned about
200 cubic feet (at standard atmospheric conditions) of hydrogen. The hy-
drogen was drawn from one or more of the cylinders through a reducing
valve, fllter, rotameter, throttle valve, check valve, and into the com-
bustor. A relief valve and pressure switch, vented to the atmosphere,
were installed to protect the system agsinst excessive pressures. Analy-
sls indicated the hydrogen was gbout 97 mole percent pure; the other 3
percent was mostly nitrogen.
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Fuel flow rates to the combustor were measured by rotemeters. The
rotameters were calibrated with alr at pressure and temperature condi-
tions to give the same fluid demsities as those of the test fuel at the
test conditlons. Appropriate density corrections were then spplied to
the rotameter measurements.

Fuel InJjectors

Standard liquid-fuel injector. - A cut-away view of a cowbustor
with the standard fuel injJector and standard method of primery-eir ad-
mipeion is shown in figure 3. (The primer-fuel nozzle and igniter plug
are not shown.) After ignition of the primer fuel, the maln fuel is
started and fed through the four small main fuel-injJector tubes into the
fuel-vaporizing tubes, along with some primary air. The main fuel then
ignites as 1t comes from the fuel-veporizing tubes into the combustion
zone. The heat generated in the combustion zone heats the fuel-
veporizing tubes so that, finally, only vaporized fuel enters the com-
bustion zone. |

It was thought that some modifications might be needed in the fuel
injectors in order to burn gaseous hydrogen in the liquid-fuel veporiz-
ing combustor. Because time for the. lnvestigations was limited, six in-
jector configuratlions were deslgned and constructed before the tests were
started. No extensive development program of injectors wes attempted.
Construction details of the various injector configurations are shown 1n
figure 3.

Configuration 1. - Configuration 1 was the same as the standard in-
jector, except that the orifices in the four small fuel tubes of the in-
Jector were drilled out to a dlameter of 1/16 inch to permlt as much gase-
ous fuel flow as possible.

Configuration 2. - Configuration 2 is the same as copfiguration 1,
without the four fuel-vaporizing tubes. Because hydrogen 1s very reactive
and has a wide flammability limit, it was thought that combustion might
take place in the fuel-vaporizing tubes of configuration 1 where air and
fuel enter the tubes together. Combustion in & tube would probsbly cause
it to fall with consequent damage to the turbine. Informetion obtained
with conflguration 2 would indicate the performance possible in case the
engine had tc be operated without the vaporizing tubes.

Configuration 3. - The small four-tube lnjector of conflgurations 1
and 2 was replaced by an injector that had four larger tubes that fitted
into the standard fuel-vaporizing tubes. Very little alr could enter the
vaporizing tubes with the fuel. This configuration would permit the fuel-
vaporizing tubes to be used with little possiblllty of internsl combustion.
The Iinjector was designed to.provide an adequate flow rate of hydrogen.
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Configuraetions 4, 5, and 6. - In an effort to lwmprove the combustion
performance, a different method of fuel injection was designed for con-
figuraetions 4, 5, and 6. A large single fuel tube injected the hydrogen
perpendicular to the combustor axls, and no fuel-veporlizing tubes were
used.

In configurstion 4, the fuel was injected from six evenly spaced
1/16-inch-diameter holes drilled tangential to the inside of the tube.
Very little air could enter the combustion zone along the outside of the
tube. ’

Configuration 5 was simllar to 4, except for two changes: (1) more
alr was admitted along the outside of the fuel tube and, (2) six more
fuel dellvery holes were drilled in the same plene of the tube as the
8ix original holes and poslitioned so that the fuel jets from two adjacent
holes would impinge. It was thought that thils would glve better mlxing
of fuel and air.

Configuration 6 used the same fuel dellivery tube as configuration 5.
The method of primery-air admission was changed by replacing the standard
alir admission plate with one containing itwo clrculer rows of holes drilled
at an angle to the plate surface to give a swirling motion to the air.
This confliguretion was designed to improve mixing between the fuel and air
and to avold over-enrichment of the primery zone as the fuel flow was in-
creased.

: PROCEDURE

The combustor was lgnited by the lgniter plug and primer fuel nozzle.
After ignition of the main fuel, the plug wes de-energized end the primer
hydrogen fuel flow shut off.

The combustion performance of gaseous hydrogen fuel wes determined at
the following combustor operating conditions:

Inlet-air Kominal alr- | Nomina) reference
total pressure, |flow rate, veloclty,
in. Hg abs 1b/eec ft/sec
{a)
5.3 0.125 60
156 75
<167 a8g
6.9 0.163 60
217 80
.258 g5
11.0 0.260 60
347 80
A34 100
24.0 0.566 60

. ?'Baaed on cambustor meximm cross-sectlional area
of 0.1965 sq £t measured at a planme 1S5 in.
downetrean of plens A-A, Pig. 2.
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The combustor inlet-air temperature was spproximately 200° F for all
tests listed in the table. The actual reference velocltlies obtained dur-
ing the tests varied somewhat from the vealues listed because of difficul-
ty in controlling low alr-flow rates at low pressures.

At each of the combustor-inlet condlitions, performsnce data were
recorded over a range of fuel-alr ratios. This range was limited by:
(1) sverage combustor-outlet temperatures of spproximately 1600° F, (2)
altitude exhaust limitation, and (3) excessive pressure drop in the fuel
injector, which limited the fuel flow. 1In some cases, because of fuel-
flow or eltitude-exhsust limitetlons, the maximum combustor temperature
rise varied from 250° to 400° F. Several minutes were sllowed for com-
bustion to stebilize at each condition before the performance date were
recorded. Methods of calculating combustlion efficlency, inlet-air ref-
erence velocity, combustor pressure drop, and inlet-air and exhaust-gas
densities are glven ln the sppendix.

RESULTS

Ignition

A brief investlgation was conducted to determine whether the com-
bustor would ignite et the following altitude windmilling conditions:

Combustor-inlet total pressure, In. Hggbs . . . . « . . . « . . . 13.9
Combustor-inlet temperature, OF . . . ¢« . ¢ &« ¢ 4« ¢ ¢« ¢ o« + & . . =20
Combustor-inlet reference velocity, ft/sec . . . . . . . . . . . . . 40
Fuel-injector configurations . . « « ¢« . ¢« + + ¢« v ¢ ¢« « ¢« o =« 3 &nd 4

The combustor ignited easlily and quletly with a steady increase in exhaust
temperature with increase in flow of the main fuel supply.

Combustion Efficlency

The combustor performance dats obtained with gaseous hydrogen fuel
in a single tubular fuel-veporizing combustor are presented in table TI.

The combustion efficlencles are plotted against combustor tempera-
ture rise in figure 4. Data are shown for the various fuel-injector con-
figuraetions and combustor operating conditions. At low values of temper-
gture rise, combustion efficlency almost always decreased with an increase
in combustor temperature rise. One main exception to this trend occcurred
at s pressure of 11.0 inches of mercury sbsolute and reference velocity of
80 feet per second. With configurations 3, 4, 5, and 6 (figs. 4(c), (d),
(e), and (f), respectively) where the fuel injector did not limit the fuel

N,
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flow, the efficlencies generslly leveled off st & temperature rise sbove
700° or 800° F. At low values of temperature rise (about 400° F), there
was no general trend with inlet pressure, except that the highest pres-
sure (24.0 in. Bg abs) generally gave the highest efficlency. Also at
low values of temperature rise, the higher reference velocity abt any one
pressure generelly gave the higher efficlency. For & temperature rise
of about 1200° F, the data show an increase in efficlency with increase
in pressure. The general efficlency range obtalned with the various
operating conditions varied from &bout 65 to 90 percent, with two or
three test points approaching 95 percent.

Combustor Pressure Loss

Combustor pressure-loss coefficient Ap/ g (retio of combustor total-
pressure loss to combustor-inlet reference veloclty pressure) is plotted
against the ratio of inlet-air density to exhaust-gas density for con-
figurations 1, 3, and 6 in figure 5. The data for these three configura-
tions were consldered representative of all conflgurations - configura-
tion 1 was similar to the standerd; number 3 used larger fuel-injector
tubes; and number € incorporated modificatlons in both fuel-injectlon and
primery-alr-admisslion design.

The pressure-loss coefficlent has been used in previous investiga-
tions to correlate data obtained over a wide range of operating condi-
tions. The present data show a considersble spread in Ap/q, with a
change in operating conditions. At a density ratioc of 1.0 (cold flow),
the extrespolated values of Ap/ g varied from sbout 20 to 35. At a den-
slty ratio of 2.4, Ap/q varied from 35 to about 50 for each of the con-
Plgurations. There seemed to be no genersl +trend in Ap/ g with velocity
at 'any one pressure. Although the differences were small, configuration
5 gave sllghtly higher pressure losses than configurations 1 and 6.

DESCUSSION
Combustion Efficiency

The combustlon efficienclies cbtained with the six injector configura-
tions are compared In figure 6 where efficlency is plotted against .
combustor-inlet total pressure. The date of figures 6(z) and (b) are
cross-plotted from flgure 4 for & constant combustor temperature rise of
1200° and 400° F » respectively, and a reference velocity of 60 feet per
second. Figure 6(c) shows date obtained with reference velocities of
75 to 100 feet per second and at a temperature rise of 400° F. The tem-
perature rise of 1200° F represents near-rated engine speed conditions,
and the 400° F value represents paxrt-throttle, lean fuel-sir-ratio
operation. ' , 4
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At & temperature rise of 1200° ¥ (fig. 6(a)), the largest difference
in efficlency among all the configurations was sbout 5 percent and occur-
red throughout the pressure range. Configuration 3 generally showed as
high or the highest effliciencies. The efficlency values varied from
about 70 percent st low pressure to 89 percent at a pressure of 24 inches
of mercury. At a temperature rise of 400° F (fig. 6(b)), the efficiencles
were somewhat higher and differences in efficlencles were greater, vary-
ing from about 9 to 23 percent over the pressure range. Configuration 3
gave the highest efficlencles except for the pressure of 6.9 lnches of
mercury. At higher reference velocities (fig. 6(c)), configuration 3
gave efficlencles that were the highest at two pressures end were within
3 percent of the highest gt the other pressure.

For most of the operating conditions, efficlency decreased with in-~
crease 1n temperature rise with all the configurations. This indicates
over-enrichment of the primesry combustion zone or poor fuel and air mix-
ing. In some cases as the temperature rise was further increased, the
efficiencles leveled off or increased sBlightly. Another indicatlion of
poor fuel and air mixing is shown by the lncreased efficiency with in-
crease in inlet reference velocity at any one pressure cotdition (see
figs. 4 or 6(b) and (c)).

Fligure 7 presents a limited comparison of effiliclency data obtalned
with JP-4 liquid fuel and with gaseous hydrogen in a veporizing combustor
at a constant temperature rise of 1200° F. The data are glven in teble
II. Combustlon efficiency 1s plotted sgalnst the correlating parsmeter
Ve/piTy (ref. 3) where V, i the reference alr veloclty, piy the inlet-
gir pressure, and T; the inlet-slr temperature. The JP-4 data are from

reference 4 and were obtalined in the same model of the standsrd fuel-
vaporizing combustor of this investigation; the hydrogen date were ob-
talned with fuel-injector configuration 3. The efficlencles obtained
with JP-4 decreased from about 82 to 70 percent as the correleting peram-
eter increased from S50 to 82x10-8; for this same range the efficiencies
wlth hydrogen decreased from 83 to 85 percent. Extrapolation of the JP-4
fuel curve indicates that JP-4 fuel would not burn at a correlation
persmeter of lOOXlO'e; at the same parsmeter, hydrogen burns with an
efficiency of sbout 83 percent. Low values of efficiency, obtained with
hydrogen, were malnly due to the severe operatlng conditions, some of
which were beyond the burning rasnge of conventional Jet fuels.

The parsmeter Vr/piTi of reference 3 predicts a decrease 1u com-
bustion efficiency with an increase in inlet reference veloclity (Vi.).
However, some of the data reported hereln show an increase in efficiency

with an increase in velocity at low values of combustor temperature rise;
these data would not be properly represented hy V}/piiﬁ. Nevertheless,

the comparlsons shown in figure 7 are consldered to be valid, eince the
date for the two fueld were obtailned at simdlsr reference velocities and
at a high value of temperature rise.

.-
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Stability of Combustion

The deta that have been presented show that gaseous hydrogen will
burn in a liguld fuel-veporizing combustor at pressures as low as 5.3
inches of mercury sbsolute with inlet reference velocities of 75 to 80
feet per second. Iimitetions in test facillities, combustor-outlet tem-
peratures, and injector fuel-flow capacity prevented operation of the
combustor at more severe condltions. From the observed stebllity of com-
bustion, however, it is prcobable that satisfactory operation could have
been maintained at even more severe conditions. No flame blow-out oc-
curred. at elther the lowest or the highest fuel-ailr ratios Investigated
for any of the fuel-injector configurations.

Visual Observatlions of Combustion

During operation with the various fuel-injector configurations, com-
bustion was observed through the windows shown in figure 2. Hydrogen
burns with a nonluminous flame, and at low values of temperature rlse
there was no evlidence that combustilon was occurring. At high values of
temperature rise the only evidence of combustion was the glowing of the
combustor internsl components. With the fuel-injector configurations
that used the fuel-vaporizing tubes (1 and 3), the air entry cups on the
primary-air admission plate (fig. 2) became red hot st a temperature rise

gbove 700° or 800° F. About l% inches of the downstream ends of the fuel-

vaporizing tubes of injector 1 became a dull red at & temperature rise of
gbout 700° F. With configuration 3, about 1/2 inch of the ends of the
fuel-vaporizing tubes became bright red st a 1400° F temperature rise.
When configurations 4, 5, and 6 were used, bright red hot spots sppeared
on the liner in the same plane as the smaell fuel delivery holes, which
indicated that a Jet of invisible fleme was striking the liner wall. The
fuel was issuing from the delivery holes wlth such velocity that it pene-
trated, while burning, through the primary zone to the wali. The speclal
air admission plate used wlth configuration 6 (fig. 3) became a dull red
at a temperature rise of about 1400° F. After 6 hours of operation, the
fuel-vaporizing tubes showed no lndlcaetlion of extreme heet except at the
downstream ends.

Best Configuration

The investigation was conducted to develop a fuel injector that would:
safely feed gaseous hydrogen fuel to a full-scale engine with a fuel-
veporlzing combustor. No extensive development program was sttempted.
Configuration 3 generally gave the best efficlencles in the single com-
bustor and appeared safe from any preburning in the fuel-vaporizing tubes.
In sddition, this configuration requlred very few changes to adapt 1t to
the full-scsle engline.
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The fact that there were only small variations In efficiency asmong
the various injector confilgurations at high values of temperabture rise
indicated that some other compomnent of the combustor controlled perform-
ance. The upstresm opening in the combustor dome (fig. 3) probably
limited the ailr flow to the primary combustion zone. Therefore, any
change in the fuel-injector configurations probably had only small ef-
fects on mixing and, hence, on performance. The small variatlions in
combustor pressure drop obtained with the variocus configurations also
indicated that the primary alr flow was probably 1imited by the opening
in the dome.

CONCLUDING REMARKS

The investigation reported herein was conducted to evolve a satis-
factory fuel-injectlon system for injecting gaseous hydrogen 1nto a
liguld-fuel vaporizing combustor. A fuel-injectoxr system that fed only
gaseous hydrogen fuel into the standard liqulid-fuel vaporizing tubes was
chosen for full-scale engine tests because of its generally high effi-
clencies and 1ts freedom from possible preburning in the vaporizing tubes.
This configurstion could be adapted to the full-scale englne with a mini-
mum smount of modification. It was found that the performance of the
combustor with gasecus hydrogen at severe engine operating conditions
was reletively insensitive to design modifications in the fuel-injector
system. At high values of combustor temperature rise, representing neaxr-
rated engine operation, the spread in efficlencies among the various con-
figurations was sabout 5 percent. Generally, the engine conditions for
which low values of combustion efficiency (65 to 85 percent) were ob-
talned were beyond the burning range of conventional jet fuels.

Lewls Flight Propulsion Laboratoxry
National Advisory Commlttee for Aeronautics
Cleveland, Ohio, September 21, 1855

-
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APPENDTX - CALCULATIONS

Combustion efficiency. - Combustion effliciencies were calculated

as:

Actual enthalpy rise across combustor, pexr pound of air¥100
(Fuel-air ratio)(Lower heat of combustion of fuel)

From analysils, the fuel was about 97 mole percent hydrogen and 3 percent
nitrogen. This was taken lnto account by consldexring the lower heat of

combustion to be 50,024 instead of 51,571 Btu per pound. The enthalpies
at the combustor inlet and outlet were determined from cherts in figure

7 of reference 1, assuming that the followlng reaction occurred:

O2 + 3.78 K
2

2

Hé + + excess air *> HZO + 1.89 N, + excess gir

The chart for the inlet enthalpies assumed that the hydrogen and alr en-
tered the combustor at the inlet-alr temperature (plene B-B, fig. 2).
The enthalpy of the exhaust gases was based on the arithmetical average
indications of the 10 chromel-alumel thermocouples at plane C-C, figure

Inlet-air reference velocltles and combustor pressure drop. - The
inlet reference veloclties were calculsted from the total pressure and
temperature &t planes A-A snd B-B (fig. 2) and maximum cross-sectional
area of the combustor (0.1965 sq ft). The combustor total-pressure drop
wag determined from the totel-pressure measurements at planes A-A and
D-D (fig. 2).

Inlet-alr and exhaust-gas densities. - The inlet-alr density was
calculated from the total pressure and temperature at pleanes A-A and B-B
(fig. 2); the static pressure at plane D-D and the average exhaust-gas
tempersture at plane C-C (fig. 2) were used for calculating the exhaust-
gas density. The gas constant for the exhaust gases was assumed to be
the same as for elr.
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TABLE IT. - DATA FOR COMPUTING CORRELATING PARAMETER vr/PiTi

[combustor temperature rise, 1200° F.]

Run Inlet Fuel Correlatlion |Combustion
Total Temperature | Nomlnal 397am§ter’ efficiengy’
pressure, oF reference r/P1tio percen
in. Hg abs velocity, ft, 1lb, sec,

ft/sec OR units

8y 15.0 102 byg. 5 Jp-4 82x10-6 70.1

8o 20.0 110 bsg.5 60 79.0

az 25.0 130 bsg.5 47 82.3

ay 30.0 150 Pyg.5 38 83.8

5 5.3 200 60 Gaseous 244 73.6
hydrogen
6 6.9 200 60 187 74.3
7 11.0 200 60 117 81.0
8 24.0 200 60 54 88.9
BRef. 4.

Poorrected to an ares of 0.19865 sq f%.
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Figare 1. - Single-combustor installation showing instrumentation planes.
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Figure 8. - Cross pectlon of single conbustar showing suxiliary dneting and location of temperature- and
Jressure-measuring instruments in Instrumentation plenes. (Main fuel-injeotor tubes are nob ghown. )
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Confignrations

Figme 5. - Fuel-injector configwretions used with geseous hydrogen in o fuel-waporizing combustar.
fusl norxle and igniter plng ave not shown.)
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{a) Fu.el-in.jector ooz-l.figmration 1. (d) Fuel-injector configuration 4.
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(b) Fuel-injector configuration 2. (e) Fuél-injeotor configuration 5.
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< (¢) Fuel-injector configuration 3. (f) Puel-injector configuration 6.

Flgure 4. - Varletlon of combustion efficlency with temperature rise for gaseous
hyd.gogen in single tubular fuel-vaporizing combustor. Inlet-air temperature,
200° F.
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Figure 5. - Veriation of pressure-loss coefficlent with density ratio
for gaseocus hydrogen fuel in singié tubular fuel-vaporizing combustor.

Inlet-air temperature, 200° F.
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(2) Combustor temperature rise, 1200° F; nominal inlet refer-
ence velocity, 80 feet per second.
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(b) Combustor temperature rise, 400° F; nominal 1nlet.refer-
ence veloelty, 60 feet per second.
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/ (c) Combustor temperature rise, 400° F; nominal inlet
reference velocity, 80 feet per second except where
noted.
, Figure 6. - Varlation of combustion efficiency with combustor-

inlet total pressure for gaseous hydrogen fuel 1n single
tubglar fuel-vaporizing combustor. Inlet-alr temperature,
200 . . .
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% \\ (configuration 3) __
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Combustion persmeter, V./pyT4 (ft, 1b, sec, °R units)

Figure 7. - Correlaticn of combustion efflciency with combugtion parameter
V./p;T; in single tubular fuel-vaporizing combustor. Combustor temper-

gture rise, 1200° F.
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