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ABSTRACT

A two-stage gas turbine combustor concept employing a very fuel=
rich partial oxjdation first stage has been erplored for broadening the
combustion margin between ultralow emissions and the lean stability
Timit. Combustion and emission results are presented for a premix com-
bustor fueled with admixtures of JP5 with neat Hp and of JPS with simu-
Tated partial-oxidation product gas. The combustor was operated with
inlet-air state conditions typical of cruise power for high performance
aviation engines. Ultralow N0y, CO and HC emissions and extended lean
burning Timits were achieved simultanecously.

Laboratory scale studies of the non-catalyzed rich=burning charac-
teristics of several paraffin-series hydrocarbon fuels and of JP5 showed
sooting Timits at equivalance ratios of about 2.0 and that in order to
achieve very rich sootless burning it is necessary to premix the reac-
tants thoroughly and to use high levels of air preheat.

The application of two-stage combustion for the reduction of fuel
NOy is reviewed.

An experimental combustor designed and constructed for two-stage
combustion experiments is described but was not operated.
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SECTION 1
INTRODUCTION

New combustor design concepts relative to those used in contem-
porary avidation engines will have to be developed if the emission of
gascous pollutants from futurc engines is to be minimized (Refs. 1-3).
This prognosis results primarily from the difficulties associated with
minimizing the oxides of nitrogen emissions (NOy), thaugh the actual
excursion from present design practice will be governed by the degree of
NOy control required by eventual governmental regulations. Current
standards proposed by the Environmental Protection Agency for the con-
trol of air pollution from aircraft and aireraft engines are contained
in the Federal Register, Vol., 43, No. 58, March 24, 1978. The emissions
of cavbon monoxide (CU) and unburned hydrocarbons (HC) are generally
easier to control but will also require substantial reductions simultan-
eously with the NOx reductions.  This simultaneous reduction is a con-
plicating factor since combustor design considerations for low N0y and
Tow ¢O emissions are generally contrary to each other,

A very eftective approach for controlling the formation of ther-
mally generated NOy is to 1nvorporate fuel=lean burning in the primary
heat release zone of the combustor in order to reduce peak flame temper-
atures. The emission of thermal N0y, which is very temperature-
dependent, can thus be dramat1ca11y reduced. However, the leanness re-
quired to achieve minimized NOy emissions from a practical cormbustor
Teaves a relatively small lean=hlowout margin. Furthermore, as the
lean-blowout condition is approached, combustion hecomes 1ess stahle and
emission of CO and HC tend to increase rapidly.

Thus, the simultaneous minimization of all three pollutants via
Tean burning occurs over a very narrow range of mixture strength that is
also close to the stability limit. Control of the local reacting mix-
ture ratio is therefore crucial. This requirement and the necessity of
providing for flame stabilization dictates that lean-burning cowbustor
concepts must integrate premixing and flameholding scuemes that are far
removed from conventional combustor design practices.

A two-stage combustor concept that could broaden the combustion
margin between ultralow eaissions and the stability 1imit has been ex-
plored at JPL (Refs. 4-8). This concept would employ a very fuel-rich
precombustion stage where a large portion of the fuel to the engine
would be reacted with a small portion of the air to the engine, produc-
ing a fuel-gas stream ideally composed of more than 20% by volume of Ha
and CO, the remainder consisting mostly of Np. This "fuel gas" exhibits
combust1on characteristics superior to those of raw hydrocarbon fuel by
virtue of (a) its Hp content, providing a reduced Tean flammability
1imit, and (b) its hot, fu11y gaseous state, providing the potential for
increased mixing and combustion rates, as well as reduced thermal radia-
tion to the combustor walls. Moreover, experimental results reported in
Ref. 9 suggest the potential of well-premixed, very fuel-rich reactions
(equivalence ratio > 2) for suppressing the formation of intermediate
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nitrogen compounds that are invelved in the formation of NO from fuel-
bound nitrogen. Thus, processing a s«bstantial portion of fuel througn
a precombustion stage may also inhitit the rroduction of fuel-generated
N0y in the final combustion stage.

The purpose of this report is to document the JPL work that has
been accomplished since Ref. 4 was published. The main text of the
report covers; (1) the final results of experiments using neat Ha/JPH
fuel mixtures, (2) the final results of experiments using a simulated
partial oxidation product gas with JP% fuel, and (3) the final results
of laboratory burner experiments on ruel=rich combustion. A discussion
of the application of two-stage combustion to the reduction of fuel NOy.,
and a description of a two-stage combustor constructed to carry out com-
bustion experiments, but which has not been operated, are included as
Appendixes A and B, respectively.

Except for the laboratory experiments on fuel-rich burning at at-
mospheric prassure, all the combustion experiments were carried out with
inlet-2ir state conditions typical for 30:1 compression ratio, high by-
pass, turbofan commercial aviation engines. The cruise condition of
1.18 MPa (11.6 atm) and 728 K (850°F) was emphasized, but some data was
obtained ?t the take=off condition of 3.04 MPa (30 atm) and 811 K
(1000°F).* A ¢w»emix research combustor was used for all the high pres-
sure experimencs.

IATthough SI units are used in this report, the principal measurements
and calculations were made in English system units.

1-2

e




-

SECTION Il
THEORETICAL CONSIDERATIONS

Ae PARTI ™M, <OXIDATION PRODUCTS

Although the partial-oxidation process can he carried out either
thernally or catalytically, the adiabatie, equilibrium composition of
the product gases are identieal for the same initial reaction condi-
tions. Deteils of the paths of the combustion chemis try for either
reaction scheme are complex and not fully understood and their discuse
sion is beyond the scope of this report. Suffice it to say that the
overall presess occurs with an excess of fuel and that the consumption
of the available oxygen by a portion ot the fuel provides heat, C0o, and
Hotl that react with the remainder of the fuel to produce a final pr@duct
gas whose composition is a function of the particular fuel stock and the
reaction mixture ratio.

Figure 1 shows the results of one=dimensional, equilibrium-
thermochemical caleulations giving product composition (molar basis) and
temperatures for a ty\1ca’ conventional turbine fuel with a hydrogenn
to~carbon ratio of 1.92, over a range of fuel=rich air=to-fuel ratios
ard at an operating condition in the range of interest to the present
work (nitrogen concentrations are not dhown) The ealculatiors were
made using the computer program described in Ref. 10,

Noto that solid carbon (Cg) ig predicted with A/b ratios less th

about 5.2 and that tho product gas temperature increases rapidly at A/F
ratios greater than §.2. Carbon monoxide, one of the two major combus~
tibles in the product gas, reaches a peak at about this A/I' ratio,
whereas the other major combust1b1v, Hes shows an inecreasing volumetric
concentration in the A/F region of Cg formation. However, in terms of
the mess of Hp produced per unit mass ot hydrocarbon fuel, it can be
shown that Hq mass productivity of the fuel also peaks at ahout the A/F
ratio or 5.2, as illustrated in Fig. 2.

Thus, from a theoretical standpoint, the optimal A/F ratio for
sootless Ho production is about 5.2 (oqu1va10nc0 ratio 2.83) where the
Ha content of the product gas is about 6% of the mass of the combus-
tibles in the gas. BPosed on the "actual product gas" shown in the right
hand side of Table 1 and the procedure outlined in Ref. 11, the Tean
flammability 1imit (at ambient temperature) of this gas m1xturo with air
is estimated to occur at an overall A/F ratio of about 57 (includes the
air used to generate the product gas). This substantially reduced lean
Timit compares to about 24 for turbine fuels. That reduction is the
central argument for the staged concept discussed herein.

B. INTEGRATED COMBUSTION SYSTEM

Assuming that the technology for providing an optimized partial-
oxidation reactor existed, integrating it into a two-stage combustion

2-1
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system has a substantial impact on ?resent combustor design practices.
A rudimentary conceptual design analysis serves to outline projected

operational requirements and identifies potential design options that
could accommodate the broad combustion range needed for aviation gas
turbine engines.

An integrated two-stage system is depicted schematically in Fig.
3, where the various fuel and air flows are also identified. From the
usual definition of equivalence ratio (¢) and the notation in Fig. 3, ¢
for the first stage is

5 @fn ' (1)
9 iagRs

and ¢ for the second stage is
Mgt (2)
where R§ is the stoichiometric fuel-to-air ratio for turbine fuel (taken

as 0.068 throughout this report).

Froim Lus. (1) and (2) it is easily shown that
I

o Sa 3
(b0~¢g_? ()

where Sy @ ligg/May and S¢ = igg/Mey are the fractions of total air and
total fuel, raspectively, that are directed through the first stage;
i.e., the air-and fuel-split ratios.

When the cooling-dilution air flow (ﬁad) is zero and all of the
reactants are premixed prior to final combustion, the second stage v
equivalence ratio (¢0) is not only the overall equivalence ratio for the
system but is also the equivalence ratio for the final combustion reac-
tion (¢c). However, for iyq/0,

= %o 4
b ® T (4)

where X = maq/Mat. Thus, from [gs. (3) and (4)
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A conceptual operating map for a two-stage combustor can be con-
structed from Eq. (38 if the variation in the Tean-flammability limit as

a function of fuel-split ratio is also evaluated. It is assumed that
the precombustion stage is operated at a constant equivalence ratio;
therefore the product gas stream has a fixed composition and a fixed
lean limit, such as mentioned previously. Admixtures of this composite
fuel gas and supplemental ,e: -fuel vapor will have different lean 1imits
in accordance with the [ vhctelier relationship outlined in Ref. 11,
Thus, when all the raw f:» s processed through the first stage, the
product gas is the only '{ue!" burned in the second stage; therefore,
the system Tean flammability l1imit is at its minimum value. But when
Tesser amounts of raw fuel are processed (fuel split ratios < 1.0), the
system lean limit increases by virtue of the richer 1imit of the raw
fuel that bypasses the first stage and enters the combustion process in
the second stage without prior processing.

The variation in the lean limit equivalence ratio (4¢q) as a
function of the fuel split ratio (Sg) is derived in Appendix C and can
be expressed as

bl © ‘aLRg (6)
Rg {Rg + Seld oo v p (L Rg)]}

where Rg = Mgg/Maq; o is the fuel-to-cir ratio at the Tean limit for

turbine " fuel ?takén as 0.0414 in this report); and A is a constant

based on the lean 1imit of the first stage product gas relative to the

;ean)limit of the turbine fuel (g estimated to be -0.6533 for ¢g =
U&SB .

Fvaluations of Lqs. (3) and (6) are plotted in Fig. 4 for a con-
stant ¢q = 2.83, the theoretical optimum for sootless hydrogen yield.
The solid curves represent £q. (3) for three arbitrarily selected con-
stant values of air split (S; = 0.05, 0.10 and 0.15). FEach of these
Tines also represents a constant total flow through the precombustion
stage for particular engine power levels (i.e., particular total air
flows to the combustion system). The dashed curve represents Eq. (6).
This lean-Timit line is a theoretical combustion Timit, but not neces-
sarily a lean blowout Tlimit, since blowout is also a function of flame
stabilization technique and reactant premixedness. Nevertheless, all
other combustor factors fixed, fuels or fuel mixes with substantially
Tower flammability limits can be expected to provide substantially lean-
er blowout limits.

If all the system fuel is directed through the first stage, then
operation of the combustion system 1ies along the horizontal at S¢ = 1.0
on Fig. 4 and the air split would have to vary linearly with overall
equivalence ratio in accordance with Eq. (3) with ¢g fixed and S¢ set to
1.0. The control of the air split would probably réquire a so-called
variable geometry combustor design.
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If the final combustion is to be carried out_totally premixed with
all the air to the second stage (iiyq = 0), then only the system cquiva-
lence ratio region to the right of the 1imit line, shown in Fig. 4, is
theoretically viable for completing the conmbustion reaction started in
the precombustion stage. If a portion of the total air flow is to be
used for film-cooling and dilution (Mmyq > 0) as would be required for an
engine combustor, the final combustion reaction would necessarily be
richer, as shown by Eq. (4), and the overall equivalence ratio could lie
to the left of the 1limit line so long as the final reaction equivalence
ratio was to the right of the limit 1ine. The final reaction equiva-
lence ratio in that case depends on the fraction of the total system air
used for cooling and dilution (X) and the over-all equivalence ratio
required for a particular engine operating condition. An evaluation of
Eq. (4) for this relationship is shown in Fig. 5 for overall equivalence
ratios of 0.34, 0.31 and 0.16, which are typical for maximum, cruise,
and idle power, respectively. Two different lean 1imits taken from Fig.
4 are also shown on Fig. 5. The lower value corresponds to levels of
first stage throughput where Sz > 0.091 and the higher value corresponds
to an arbitrarily selected low level of throughput with Sy = 0.05. 1In
addition, NOy 1imits are shown that correspond to the theoretical ¢ for
each power level that would constrain kinetically controlled thermal NOy
(NOp basis) to the target emission index value of 1.0 g NOo/kg fuel.
These estimates were made using kinetics calculations outlined Refs. 4
and b for a dwell time of 2 ms.

Thus, for Sz 2 0.091 Fig. 5 shows that a fixed air fraction of
about 0.38 for cooling-dilution would keep the final reaction equiva-
Tence ratio (4c) above the Tean limit and the NOy below the target emis-
sion Tevel for all power conditions. On the other hand, reduced first
stage throughputs result in values of &g that require amounts of
cooling-dilution fraction that, if fixed, would be excessive for N0y
80nFro1 at the higher power levels; for example, X = 0.62 with S3 =

.05,

From the foregoing discussion and a further inspection of Figs. 4
and 5, four distinct schemes for system operation can be defined and are
shown in Table 2. Scheme (1) would provide the greatest enhancement of
lean-burning combustion margin. But scheme (2) might also be used if
processing only a portion of it would be adequate. Scheme (2) would be
simpler to implement because a variable fuel-split control is probably
easier than a variable air split control, although compressor bleed
might also be needed at Tow power to throttle system air mass flow while
maintaining combustion stability. An optimized system which would re-
quire minimal variable geometry or compressor bleed control would uti-
Tize a first stage throughput corresponding to S; = ~ 0.10.
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Table 2. Comparison of two-stage operational schemes.

Operational Scheme Air Split Fuel Split Advantage
1. A1l fuel through Variable Constant @ 100% Greatest lean-
first stage burning
enhancement
2. Constant air split Constant Variable Simpler control
to first stage
3. Parallel the Tean Variable Variable None
Timit line
4. Constant fuel split  Variable GConstant None
to first stage
(< 100%)
2-10

. S W 3




— AR

SECTION ITI
EXPERIMENTAL VERIFICATION

A. HYDROGEN ENRICHMENT
1. Description of Cxperiments

It was deemed important to establish the basic benefits of Ho en-
richment as the first step in the overall process of exgerimenta11y ver-
ifying the utility of the two-stage combustion concept.®¢ The rationale
for expecting the significant compustion enhancement with admixtures of
Ho and jet fuel is described in Refs. 4 and b along with interim experi-
mental results. These results showed that the targeted ultralow emis-
sion levels could be achieved simultaneously, but that the proportion of
Ho required (10-12 mass % in the total fuel) was greater than the maxi-
mum thegretica]]y available from a partial oxidation precombustion stage
(~ 6%).° It was concluded from those results that improved premixing
(Hp, Jjet fuel, and air) was necessary to decrease the Ho requirement.,

Subsequent modifications to the JPL MOD 2 burner resulted in the
version shown in Figs. 6 and 7 described below. Pertinent design para-
meters are summarized in Table 3. Although the burner was not intended
to be a scale version of the G. E. CF6-50 combustor, analogous design
parameters for a production version are shown for reference. The exper-
imental burner has about 4% of the mass throughput and ahout 40% of the
combustion space rate of the engine combustor.

For testing, the burner is housed within a beavy-walled pressure
vessel which also serves as a plenum chamber for a preheated inlet-air
supply. (See Ref. 5 for a description of the test facility.) The
burner is designed to utilize 100% of the air flow in the combustion
process; thus air film cooling and air dilution, which are normally usecd
in an engine combustor, are omitted. In this way, comhustion effects
from air injection are avoided during concept evaluation. The cylindri=
cal combustion chamber is water-cooled, as are the inAet/f]ameho]der
assembly, sonic exhaust nozzle, and gas sample probe.

The burner is intended to operate with a near-homogencous fuel/air
mixture. Premixing is accomplished in the mixing duct. The interfacial
component between the combustion and premixing zones is an axisymmetric,
combination step/bluff-body flameholder. A torch igniter provides igni-
tion but is inacative once steady burning is obtained.

2Hydrogen enrichment of jet fuel can be considered to be a combustion
enhancement scheme distinct from the two-stage combustion concept if
the Ho is available as a second fuel.

31t was expected that a similar Ho proportion of the total combustibles

would be required to achieve similar suppression of flammability limits
regardless of the proportion of CO and jet fuel, since CO and jet fuel

have similar lean flammability 1imits on an equivalence ratio basis.
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Table 3. JPL Mod 2M combustor design conditions and comparison with
typical production engine burner,d

Specification item

Mod 2 burnerd

Engine burnerP

Air total pressure
Air total temperature
Air flow rate

Chamber reference
velocity

Chamber dwell time
(ne recirculation)

Chamber L/D (shape)
Combustion length

Combustion space rateC

Combustion equivalence
ratio

Jverall equivalence
ratio

Air split for cooling
Air split for dilution

Premix ﬁeference
velocity

Premix Mach number

Premix dwell time

Premix Tength

3.04 MPa (30 atm)
811 K (1460 R)
4.5 kg/s (9.8 1bm/s)

18.3 m/s (60 ft/s)

5.0 ms

1.7 (cylindrical)

30,5 ¢m (12.0 in.)

0.88 x 108 J/hr-m3-N/m2

(234 x 108 i /hre
fto-atm)

LBO < 4y < 1.0

LBO < 4 < 1.0
N A
N. A.

157.8 m/s (518 ft/s)
0.28

1.4 ms
22.3 cm (8.8 in.)

3.04 MPa (30 atm)
821 K (1477 R)
103.4 kg/s (228 1bm/s)

25.9 m/s (85 ft/s)

2.6 ms

3.0 (annular)

34.8 cm (13.7 in.)

2.2 x 100 j/hr-m3-N/m2

(5,9 x 106" Btu/hr-
fto-atm)

> 1.0

0.34
30%
38%

Ne Ae

N. A. (0.27 at
compressor discharge)

N. A.
N. A.

8G,.E. CF6-50, Data from Ref. 12.

bTakeoff conditions.

CAt overall equivalence ratio = 0.34.
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Fuel Injection/Premix Section. As is seen from Fig. 6, premixing
is carried out via a coaxial T1ow scheme where the fuels are injected at
the bell mouthed entry to a 5.25-cm (2,07~in.) diameter straight cylin-
drical duct, 10.16 cm (4.C in.) long., The flow area pr.vides a space
velocity of about 140 m/s (460 ft/s) “or the cruise power condition.
This results in a residence time for premixing of ahout 1.6 ms from the
injection plane to the flameholder exit plane.

The fuel injector is a JPL-fabricated device designed to inject
liquid jet fuel and either gaseous Hp or a simulated partial oxidation
product gas into the air stream from injection tubes arranged to provide
a near-uniform initial distribution of fuel over the cross section of
the mixing duct. Figure 8 shows photos of the injector assembly with
both the Hg/dp and gas/JP versions of the injector head. The Hp/JP head
was used throughout the hydrogen-enrichment experiments reported here.

The Ha/JP injector head utilizes 15 pairs of coaxial tubes as
shown in Fig. 8(c). The jet fuel {s injected from the innermost tube of
each pair and the hydrogen is injected from the annulus between the
inner and outer tubes. The inner tube is 2.11-mm (0.083-in) 0.D. with a
0.25-mm (0.010-in) wall thickness and the outer tube is 3.18-mm (0,125~
in) 0,0, with a 0.25-mm (0.010-in) wall thickness. The exit end of each
pair of tubes is located approximately at the throat station of the
bell-mouthed entiy. This positioning of the injection tube ends, com-
bined with an appropriate location of the conical surface of the in-
jector head, provides an arrangement where the fuels are injected into a
region of near-axial air flow. Turbulence and recirculating flows are
thus deliberately avoided in the mixing duct in order to reduce flame
holding tendencies under the high temperature and pressure of the inlet
airs

Atomization of the Tiquid-fuel streams is accomplished by re-
versing the usual scheme for pressure atomizers where high-velocity fuel
is injected into low-velocity air. In the present scheme, advantage is
taken of the high-velocity air which is required for short premix resi-
dence times, and the fuel is injected at low velocities: of the order
of 3 m/s (16 ft/s). Thus a large velocity gradient is available for
fuel atomization, and a volume mean drop diameter of ~ 25 um is pre-
dicted using the Nukiyama-Tanasawa correlation (Ref. 13). The coaxial ’
arrangement of the injected flows and the near-axiai air flow also re-
duces the sensitivity of the fuel distribution to variations in flow
rates as operating conditions are varieud. .

The improvement in premixing performance of this coax injection
scheme relative to the previously used pneumatic atomizer which was
located at the entrance to the same air-inlet bellmouth (Ref. 4 and 5)
was evaluated in ancillary cold flow tests with both injectors at fixed
flow rates under ambient temperature and pressure conditions. Water was

41n order to reduce the effects of cooled walls on emissions and blowout
limits, the cooling system was designed to maintain a relatively high
(~ 810 K) (1000°F) gas-side wall temperature. .
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substituted for the jet fuel. The tests were conducted by sampling the
flow at the median radius of six equal-area annuli across the flaw area
of a 20.3-cm (8.0-in.) long, 5.08-cm (2.0-in.) diameter transparent
mixing duct. The distribution of the water (with air flow, but without
Hp flow) was measured by simultaneous collection of the samples from
individual probes in graduated beakers. The Hp distribution was obtained
(also with air flow, but without water flow) by collecting the individual
samples of Ha/air mixture in Tow pressure sampie bottles and subsequent
mass spectrometer analysis of the samples for Ho concentration.

The samples were taken with the entrance tips of a six-point probe
located just inside the exit end of the mixing duct. Each annular flow
area was sampled at two circumferential positions by rotating the probe
assembly 180 degrees between samplings. The results of these tests are
shown in Fig. 9 which also contains photographs of the mixed flow as it
appeared at the exit of the transparent mixing duct for each injector.
The sampling probe was normaiiy supported by the flange but was not in
place for these photographs.

The bars in Figs. 9(a) and (c) show the range of normalized devi-
ation of the quantities of sampled components for the two sample posi-
tions within each of the six equal areas for the pneumaiic and coax in-
Jjectors, respectively. The most striking differences are the reduced
spread of the deviations of both components in each increment of area and
the improved uniformity of the Hp distribution over the entire duct area
with the coax injector. The water distribution across the duct with the
coax injector is still considerably less uniform than the Ha but is im-
proved over that for the pneumatic atomizer injector. The standard devi-
ation (o) of the sample sets (one set of 12 samples for each injected
component for each injector) as shown on Figs. 9(a) and (c) is a semi-
quantitative measure of the foregoing observations, where oyater Was re-
duced from 44% to 35% and oy was reduced from 41% to 12%.

Combustion Chamber Inlet/Flameholder Assembly. The design criteria
adopted for the combination step/bTuff-body flameholder (Figs. 6 and 10)
were to keep the mixture velocity through the annular flow area around
the 7.62-cm (3.0-in.) diameter, semi-ellipsoidal centerbody equal to the
approach velocity from the mixing duct, and tin direct the mixture flow
so as to establish roughly equivalent flamehalding recirculation zones
behind the annular step and the centerbody. Thus the premixed reactants
are introduced to the combustion zone as an axially directed annular jet
with velocities of the order of 140 m/s (460 ft/s), which provides more
than adequate resistance to flashback yet imposes no more than a rea-
sonable (for concept evaluation) 7-8% total pressure loss. Communi-
cation between the inner and outer flameholding zones is provided in the
wake region behind four 1.27-cm (0.5-in.) wide struts that support the
centerbody.

The centerbody and struts are water-cooled over the last 1.27-cm
(0.5-in.) of length at the chamber end. The cavity in the centerbody
serves to reduce heat transfer rates to the uncooled portion. The down-
str$ag face of the step portion of the inlet assembly is also water-
cooled.

3-10
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Acoustic cavities of quarter-wave slot configuration are posi-
tioned around the periphery of the inlet section, adjacent to the
chamber wall. Half of them are sized for the first tangential acoustic
mode frequency of the chamber and the other half tuned for the second
tangential mode. This cavity design was found to be adequate to control
high-frequency (3-5 KHz) combustion resonance.

Combustion Gas Sample Probe and Sample Analysis. On-line ana-
lysis of combustion gas composition was accomplished by means of a
water-cooled probe, an electrically heated sample transfer line, and
various gas analysis instruments. Gas samples were analyzed on a dry
volumetric basis using chemiluminescence, FID, and NDIR instruments for
NOyx, HC, and CO and CO%, respectively. A paramagnetic instrument was
used for Op concentration analysis.

The water-cooled probe is mounted through the exhaust nozzle, as
shown in Fig. 6, on the centerline axis of the combustor. The choked-
entry orifice of the probe is located a fixed 30.48 cm (12.0 in.) from
the face of the chamber inlet assembly and in the subsonic approach flow
to the nozzle sonic plane, Cooling provided by the choked-entry flow
and by the water-conling passages in the probe reduced the temperature
of the gas-sample stream to less than 478 K (400°F) one meter (3 ft)
downstream of the probe entrance for all run conditions.

The total sample from the probe is transferred to the analysis
instruments via a heavy-walled, stainless-steel tubing about 91 m (300
ft) Tong. The walls of the tubing are heated to 420 K (300°F) with a
lTow-voltage ac electrical current. The line is vented to the atmosphere
at the location of the analysis instruments after a small portion of the
gas sample is withdrawn for analysis.

Experimental Procedure and Operating Conditions. The emissions
data were obtained during runs of l-to 3-hr duration with constant
inlet-air conditions typical for a cruise-power setting, nominally 1.18
MPa (11.6 atm) and 728 K (850°F), except for a few experiments with air
conditions typical of takeoff power, nominally 3.04 MPa (30 atm) and 811
K (1000°F). The range of operating conditions for the hydrogen-
enrichment experiments is summarized in Table 4(a). Because of the con-
stant area exhaust nozzle, it was necessary to modulate the air mass
flow rate as the equivalence ratio was varied in order to maintain a
nearly constant inlet air pressure in the plenum. For that purpose,
airflow rates were varied from 1.46 to 1.78 kg/s (3.22 to 3.93 lbm/s)
and from 3,79 to 4.03 kg/s (8.36 to 8.89 lbm/s) for cruise and takeoff
conditions, respectively.

A1l experimental data were digitally recorded on magnetic tape and
subsequently reduced by computer. Each data point was obtained with
flow conditions held constant until gas analysis, which was continuously
mogitored, indicated steady values. See Appendix C for calculation pro-
cedures.
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2. Experimental Results

Emission results for the cruise-power operating condition are
shown in Fig. 11 where it can be seen that:

as The ultralow emission goals are simultaneously achieved or
bettered over an equivalence ratio range (based on Hp + jet fuel)
of 0.45 to 0.52 using 4.7-5.7 mass % Hp (Hz in total fuel).

b The lean blowout 1imit (LBO) 1s reduced from an equivalence
ratio of 0.44 for JP only to 0.39 with 5.5% Ha.

These data also show that the target emissions are simultaneously
achievable with JP5 alone in the 0.48 to 0.55 equivalence ratio range
with the good premixing obtained with the coax Ho/dP injector. Hovever,
the high level of mixedness produces a high LBO %¢LBO ~ 0.44), and the
HC and CO levels are very sensitive to equivalence ratio as LBO 1is ap-
proached. Addition of the relatively small amounts of Ho used here
broadens the margin between acceptable blowout stability and acceptable
emission levels. This broadened margin would be highly significant in a
fu}]-sca]e premixed combustor where gross fuel and air maldistributions
exist.

The 4.7-5.7% Hp used to obtain these results represents better
than a 50% reduction in required Hp from previous results (Refs. 4 and
5), and is within the range theoretically available from a very fuel-
rich precombustion stage.

The results for the takeoff-power condition shown in Fig. 12 were
obtained in a single run of 40 minutes duration. No evidence of pre-
ignition was observed while obtaining the data shown in Fig. 12. How-
ever, while setting the flows for a Teaner Hy + JP data point a sudden
increase in the mixing duct wall temperature occurred followed by a
burnout in the proximity of the duct-wall expansion for the centerbody.
This was evidently caused by flow separation at the radius of curvature
of that transition. This radius was therefore increased when the inlet
section was rebuilt, but further attempts to operate at the takeoff con-
dition were not made in the interest of conserving the combustor hard-
ware.

From Fig. 12, the NOy emissions are approximately double those for
the cruise condition at fixed equivalence ratio; however, the higher
temperature and pressure of the combustion process suppress the typical
upswiing in CO and HC toward leaner equivalence ratios beyond the range
of data obtained here, so that the trend toward a higher level of the
NOy emissions at takeoff might be cvercome by leaning out the primary
zone further.

The level of CO emissions was approximately the same as for the
cruise condition, but the HC level was markedly greater. The latter
result is contrary to the usual trend of decreased unburned HC with in-
creased combustion temperature, but, since the level is still an order
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of magnitude below the HC emission tar?et and is near the limit of
measurement for the HC analyzer, a rational explanation for the result

has not been pursued.

B SIMULATED~GAS EXPERIMENTS
1. Description of Experiments

In erder to verify that the lean-burning enhancement and ultralow
emissions obtained from the foregoing experiments with neat-Hp/JP could
be retained upon substitution of a la~bearing partial-oxidation product
gas stream from a fuel-rich precombustion stage, a series of experiments
were conducted using a simulated partial-oxidation product gas from a
bottled source. It was expedient to use a simulated product gas in
order to evaluate combustion properties because a very fuel-rich pre-
combustion reactor suitable for operation under the inlet air conditions
of interest in these experiments was not available.

The JPL MOD 2M combustor previously described (Figs. 6 and 7) was
fitted with the gas/JP version of the fuel injector head (Fig. 8(d)) but
otherwise was unchanged for these experiments.

Gas/JP Fuel Injector. The gas/JP injector head (Fig. 8d) is de-
signed to 1nject either Tiquid jet fuel or fuel gas, or both simul-
taneously, into the airstream with near-uniform initial distribution of
flow over the cross section of the mixing duct. The design is func-
tionally identical to that previously described for the Hp/JP head, ex-
cept for the addition of fuel gas injection tubes.

The fuel gas is injected into the airstream from 30 slots [7.5mm
(0.297 in.) long x 1.6 mm (0.063 in.) wide] Tocated near the closed ends
of the five larger tube elements visible in Fig. 8(d), and from the 15
annular spaces surrounding the jet-fuel tubes. Flow from these latter
spaces was retained not only to improve the initial distribution of gas
flow but also to reduce the wakes behind the jet-fuel tubes when jet
fuel was not used. The closed ends of the gas injector tubes were
tapered to reduce wakes when gas was not flowing. A long, tapered ex-
tension of the injector body was used to fill the space at the center of
the injection array, further reducing circulation regions downstream of
the injector.

Since the gas flow from the slots was transverse to the airflow,
it was necessary to avoid high gas-te-air momentum ratios in order to
suppress the formation of wakes by the gas flow and to reduce the sensi-
tivity of the initial gas dispersion to variations in gas-flow rates.
Consequently, the slots were sized to provide gas-to-air momentum ratios
generally less than unity over the range of operating conditions.

Simulated Product Gas and Feed System. The nominal composition of
the simuTated product gas used throughout the experiments is shown in
Table 1, where it is also shown to be essentially equivalent to the
adiabatic equilibrium composition of the products from a reaction at an
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equivalence ratio of 2,83, This stoichiometry is the theorstical
optimum for production of Hp without smoke, as was previously discussed.
Since it was desired to maintain the theoretical Hp content in the
three-component product gas simulant, small adjustments to CO and Ka
content were made to account for the missing minor constituents of the
actual product gas. These adjustments were made by combining all the
inerts as No and the CHy as CO.

The three gases were supplied to the combustor rig from individual
high=pressure storage tube banks. A flow control system consisting of
pressure regulaters and critical flow metering nozzles maintained the
desired flow proporiions over the range of test conditions. The gases
were combined and thoroughly premixed before entering the fuel injector.

No attempt was made to preheat the simulant gas prior to injection
because a heater with adequate capacity was not available. Therefore,
deficiency in thermal energy existed for the simulant, since the
adiabatic temperature of the actual product gas is about 1422 K
(2100°F). This condition was reflected as a reduced temperature in the
combustor mixing duct and produced rather dramatic effects on combustor
blowout Timits and emissions. A partial compensation for the thermal
deficiency and an estimate of the dependency of N0y emission levels on
premix temperature was obtained by overheating the inlet air for several
runs.

Experimental Procedure and Operating Conditions. The emissions
data were obtained 1n the same manner as was described for the hydrogen-
enrichment experiments at the nominal cruise condition except for the
runs with overheated ajr. In those cases the air temperature was in-
creased to approximately 825 K (1025°F), the maximum availabie frowm the
air supply system. Air flow rates were varied from 1.17 to 1.67 kg/s
(2,57 to 3.67 1bm/s) in order to maintain nearly constant inlet air
pressure in the plenum.

The range of operating conditions for the experiments is sum-
marized in Table 4(b), which expresses overall equivalence ratio (¢q)
and air and fuel split ratios as if the simulant gas were produced by a
precombustion stage operating at a constant 2.83 equivalence ratio. As
seen from Table 4(b), three modes of combustor operation were investi-
gated: {a) JP5 only, a baseline operating condition; (b) fuel-gas only,
a 1imit mode where processing all fuel through a precombustion stage was
simulated; and (c) three Tevels of constant air split, where intermedi-
ate levels of fuel processing (i.e., precombustion stage threughput)
were simulated.

The experimental premix temperatures (TM) shown in Table 4{b) can
be compared to the predicted TM for actual two-stage operation shown in
Table 5. Note that for the gas-only condition, increasing the air tem-
perature (TA) to 825 K (1025°F) still left a deficit of 189-282 K (340~
507°F) from the actual two-stage prediction for TM. For the smallest
air split condition (5%), however, the overheated air boosted TM to
within ~ 30 K (59°F) of the predicted TM.
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Estimated premix temperatures (TM) for

Table 5. various two-stage
operating rcdes; cruise condition.
™, K (°F)

Overall Constant Air Split (%)

Equiv. maaean A1l Fuel to
Ratio First Stage
(d0) 5 10 15

0.3 791 (964) 849 (1068) 2 854 (1078)
0.4 a 392 (1146)
0.5 902 (1164) 927 (1208)
0.6 960 (1268)

dInvalid operating condition.

Assumptions:

1. No reaction in premixing section and complete adiabatic mixing.

2. Inlet air: 1.2 MPa {12 atm), 728 K (850°F).

3. Constant first stage equivalence ratio = 2.83.

4, Thermochemical equilibrium product gas composition (Table 1) and
temperature (1422 K (2100°F)).

5. Constant specific heats for air and product gas:
Cp air = 336 J/kg K (0.26 Btu/1bm°F)
Cp gas = 529 J/kg K (0.41 Btu/1bm°F)

6. Temperature effects of liquid fuel evaporation (constant air splits)

are negligible,
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2 Experimental Results

Although the design of the Tiquid jet-fuel portion of the gas/JP
injector head was nearly identical to that of the Hp/JP head, the pre-
sence of the five fuel-gas injection tubes and of the centerline fa1r1nq
could alter the mixing of the jet fuel with the air (hence, the emig-
swons) relative to that for the Ho/JP head. Therefore, new baseline
emissions data for JPH only were 0bta1ned using the gas/JP injector
head.  These data are shown in Fig. 13 where they are compared to the
baseline curves for the Ha/dP injector prov1ous1y discussed (Fig. 12).

A trend for somewhat h1qh0r Tevels of all emissions is clear for the
gas/JdP injector.  The increased Nuy together with the reduced ¢ pp sug-
aqest somewhat poorer premixing.

The Nﬂx, CO, and HC emission results for the fuel-gas experiments
are summarized as a function of averall equivalence ratio in Figs. 14,
16 and 1v, respectively, where they can he compared to the haseline
emissions {dashed curve) for the comhustor when fueled with JPh only.
The baseline data are omitted to reduce congestion of the figure. Data
foo staerdard 728 K (8%07°1) inlet air are shown with unflagqed symbols
ana data for the overheated (876 K or 1005°F) inlet air are shown with
flagged symbols.  Pmission index and overall equivalence ratio for the
fuel-yas data are presented as if the combustor were operating as a two-
stage system {(see Appendix € for calculation procedure). Therefore, the
fuel=gas data can be Jdirpctly compared with the JPS-only data, except
far the promix temperature effects.  The equivalency of this comparison
from a reaction chemistry viewpoint was consistently verified throughout
the experiments by standard chemical halance technigues using the
measurad input flow rates and the measured composition of the exhaust
gas. Agreement well within +10% was qenerally observed.

khen the combustor was operated with the fuel qas under the stan-
dard air temperature condition of /08 K (1025%1), NOg emissions (Fig.
14) were dramatically lowered from the haseline operation with JPS only,
mainly because of the reduction of mixture temperature and hence com-
bustion temperatures In order to establish a normatization factor for
this temperature effect, the N0y results from fuel-gas-cnly runs with
averhedted air (825 K or 10“““[) were used to quantitatively estimate
the temperature dependency.  The form of the normalization factor was
suggested by results reported in Ref. 14 and hy the essentially parallel
trend lines tor NOy under the hot and cold mixture condition as evi-
denced by the two Tower trend lines in Fig. 14. The t temperature depen-
dency derived was FINOy -~ 10X where x is TM/2B7 with TM in kelvins.
Thus to estimate N0y 1ev01< that would he obtained in a true two-stage
system with pred1cfed T™ as shown in Table &, the following expression
was used:

) | (TMy=TMp ) /057
(‘INnx)norma1ized - (LINox)measured x 10

where T = predicted T™M and TMp = oxperimental TM.
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Figure 13. NOy, CO and HC emissions with JP5 only.

Cruise power inlet-air conditions: 728 K (8500F),

1.18 Mpa (11.6 atm). Gas/JP injector.
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Figure 14. MOy emissions for various simula’td pre-
combustion-stage throughput levels. Inlet air
conditions: 1.18 Mpa (11.6 atm), 728 K (8500F)
or 825 K (10259F) as noted. Gas/JP injector.
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Figure 15. CO emissions for various simulated pre-
combustion-stage throughput levels. Inlet-air
conditions: 1,18 Mpa (11.6 atm), 728 K (8500F)
or 825 K (10259F) as noted. Gas/JP injector,

3-25




e s W TS W AR

—ar

10,0

1.0 [

e

" ___HC
™ TARGET ﬁL
N

0.1 o

HC EMISSION INDEX, g CH4/kg FUEL

\Eq JP5 ONLY
| Pt
$ -
0.01 bom LBO ——
5% AIRSPUT =0 )
TA =825 K CONSTANT
- s -5FAIR SPLIT
' 1 PLBO 10" (o)
" |GASONLY
1 |TA=825K
I LBO LBO
- ! I JP5 ONLY GAS ONLY
¢ |TA =728k |TA=728K
0,001 |y | | | |
0.35  0.40 0.45 0.50 0.55  0.60 0.65 0.70

OVERALL EQUIVALENCE RATIO, ¢

Figure 16. HC emissions for various simulated pre-
combustion-stage throughput levels. Inlet-air
conditions: 1,18 MPa (11.6 atm), 728 K (850°F)
or 825 K (10250F) as noted. Ras/JP injector.
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The result of applying the above equation to the measured N0y data
for all of the fuel-gas runs is shown by the crosshatched envelope in
Fig. 14. Although the necessity for the extrapolation may lessen the
accuracy of these results, two considerations are believed to lend cre-
dence to the position of the envelope below the JP5 baseline curve. The
first is the enhanced premixing effectiveness associated with the use of
the gaseous fuel and the second is the complete absence of nitrogen in-
termediates in the fuel-gas because it was not produced chemically.

Perusal of the lower equivalence ratio portions of Figs. 15 and 16
shows that the CO and HC emission trends as well as LBO were also
dramatically affected by the premix temperature when fuel gas was used.
With the standard TA of 728 K (850°F), the onset of rapid increase of CO
and HC emissions (indicating approach of LBO) and ¢ o were improved
markedly relative to the JP5-baseline data. These improved lean burning
combustion characteristics are a central argument for the two-stage
concept.

A quantitative correlation of these results with TM in the opera-
ting region where CO and HC emissions are changing rapidly has not been
derived. However, the trend of the results suggests that further im-
provements in ultralean burning characteristics would occur for the
higher Tevels of fuel-gas throughputs if TM were equivalent to the pre~
dicted two-stage values.

At the higher equivalence ratios, a small but consistent increase
in CO and HC emission levels was cbserved for the fuel-gas runs when the
inlet air temperature was increased (Figs. 15 and 16). A rational ex-
planation for this apparently contradictory trend has yet to be found.

Interestingly enough, the ¢ pp of 0.386 for the 5% air-split case
with TMg = TMy (overheated TA), where total combustibles were 2.2% Hﬁ’
nearly duplicates the previously established | gg for neat Hp/JP5 wit
5.56% Ho. This suggests that substantial overall combustion enchance-
ment could be realized without processing all the fuel through the pre-
combustion stage of a two-stage system. This mode of operation is an
important design option because, in principle, it eliminates the need
for variable air split and requires only a variable fuel split to main-
tain a constant first stage equivalence ratio, a potential reduction in
complication of two-stage combustor design. The result also suggests
that a somewhat leaner burning precombustion stage could be employed
which would alleviate sooting and flame stability problems with ultra-
rich combustion.

In summary, the results of the simulated product gas experiments
suggest that, relative to premixed single-stage (JP-only) combustion,
use of a very fuel-rich precombustion stage to precondition a large por-
tion of the fuel, combined with effective premixing before final combus-
tion, would significantly improve the margin of combustion while main-
taining ultralow emission levels. The results also show that the basic
benefits of Hp enrichment in extending lean burning Timits and providing
for ultralow emissions are retained and probably improved by implementa-
tion via two-stage combustion.
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Ge RICH=-BURN STUDIES

The rationale of staged combustion for minimizing NOy emissions as
discussed above relies heavily on implementing we]l~c0ntr0¥led partial
oxidation of the fuel. However, very fuel-rich combustion is still
poorly understood and the dearth of experimental information leaves sub-
stantial gaps in the data on fuel-rich combustion. Consequently, a
series of laboratory-scale experiments designed to characterize the
critical equivalence ratio (¢q), which is the highest ¢ for which the
fuel/air mixture can be burned soot-free, and the amount of hydrogen
produced as a function of ¢, was conducted. N-heptane (Ref. 15), n-
octane, n-nonane and iso-octane were investigated using a Taminar flow
burner, while JP5 was investigated using a turbulent burner.

1. Laminar Burner Experiments

Metered flows of vaporized liquid fuel and air, which were thor-
oughly premixed, were burned in a Taminar-flow flat-flame burner (Fig.
17). The products of combustion, which contained hydrogen, passed up a
glass chimney and exited to the atmosphere. The chimney prevented any
secondary air entrainment and made possible a precise determination of
¢. The product gas composition was analyzed by an on-line gas chromato-
graph. In a typical data sequence, lip concentrations would be measured
as a function of ¢ until sooting was visually observed. The highest
value of ¢ which burned soot free was recorded as ¢c. A more detailed
description of the experimental system has been presented in Ref. 15.

Figures 18, 19 and 20 show data on hydrogen production as a func-
tion of the equivalence ratio for n-heptane, n-octane, and n-nonane, re-
spectively. (Hydrogen yield for iso-octane fuel was not obtained in
these experiments.) Also shown on the figures are the cquilibrium
hydrogen concentrations at the adiabatic flame temperature and the ex-
perimentally observed ¢e»

Actual hydrogen yields were ~10 vol% and showed only a weak depen~
dence on ¢. Computed equilibrium hydrogen concentrations were always
greater than the measured values. For example, the predicted equili-
brium Ho concentration for n-octane is 15.0 vol® at ¢ = 1.98 compared to
the observed 10 vol%. The difference between the measured and predicted
hydrogen concentrations is attributed to heat losses to the burner sur-
face, which lowers flame temperature and subsequently Towers Ha concen-
trations. As seen in Fig. 18, there is a drop in Ha yield for ¢>2.0
with n-heptane fuel. This was due to the presence of a metal plate in-
serted in the post flame zone to alter the flow field and prevent the
formation of flamelets associated with incipient sooting (Ref. 15 and
16). It seems reasonable to assume that the Tower Hp yield at ¢>2.0 is
due to the additional heat Tosses to the plate and the further reduction
of the temperature of the product gases in the post flame zone. N-
?Fptan$r¥as the only fuel where the metal plate was used to extend ¢

{Ef. J)e

For all these fuels, the predicted equilibrium Ho concentration
decreases as the fuel molecular-weight increases so that, in one sense,
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the efficiency (defined as the observed Ha concentration/equilibrium Ha
concentration) of this Ho genceration scheme appears to increase as the

fuel molecular-weight approaches the jet fuel range. It is emphasized

that thorough premixing of the fuel/air mixture is essential to achieve
these results,

A chart tabulating critical equivalence ratios for the paraffine-
series fuels tested is shown in Table 6. It is interesting to note
there is only about a 10% variation in ¢, for these fuels, but this
trend has not yet been verified for other fuel families (i.e. alkyl=
benzenes). The values of ¢, presented in Table 6 for n- and iso-octane
are higher than those reported by Street and Thomas (Ref. 17), who re-
ported values of ¢, © 1.40 and 1.45 for n- and iso-octane, respectively.
However, Street ang Thomas refer to burning "mists" of hydrocarbon fuels
and air in their experiments. If, in fact, the fuel was present as
small droplets rather than a thoroughly premixed fuel/air mixture then
the burning would not be premixed but diffusive in nature which would
account for the Tower value of ¢q. For further comparison, Blazowski,
et al. (Ref. 18) has reported a value of ¢, = 1.70 for premixed iso-
octane/air mixtures burned in a jet stirred reactor.

2, Turbulent Burner Experiments

Although the flat-flame burner is attractive for Taminar-flame
studies, its utility as a prototype precombustion stage is limited.
This is due to the inherently low mass throughput associated with this
type of burner. The only way to increase the mass throughput while
maintaining laminar flow is to increase the burner size. This is an
unattractive feature for staged-combustor applications. Consequently, a
turbulent-flow burner was constructed for the investigation of the rich-
burning behavior of JP5 fuel.

A schematic of the turbulent burner is shown in Fig. 21. As in
the Taminar burner, liquid=hydrocarbon fuel (JP5) and air were thor-
oughly premixed and the fuel vaporized in a heated mixing section.
Typical Reynolds numbers of the mixture in the mixing section were in
the range of 6000-10,000. The mixture was then ignited and the combus~
tion products, which contained hydrogen, passed up the chimney. As be-
fore, the outside chimney reduced secondary air entrainment. The inner
chimney further excluded secondary air and provided some flame stabili-
zation. The product gases were sampled by a water cooled probe and ana-
lyzed by a gas chromatograph to determine Hyp concentration. Two dis-
tinct classes of flameholders were used in these experiments: wake pro-
ducing devices (bluff bodies and V-gutters) and swirlers. Qualita-
tively, both ¢lasses worked equally well; furthermore, among the wake
producing devices, there was no apparent difference in rich-flame stabi-
lity (at ¢ ~ 2.0) between V-gutter and bluff body stabilized flames.
This is in general agreement with the observations of Ozawa (Ref. 19),
who presented data showing that the flame stabilization capability of a
variety of wake producing shapes (V-gutters, cones, disks, etc.) was
only a weak function of flameholder geometry for equivalence ratios from
0.4 to 1.6. For all of the data presented below, a vane type swirl
flameholder (S ~ 0.7) (Ref. 20) was used.
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Fuel Formula be
n-heptane C7Hi6 2,17
n-octane CgHia 1.98
iso=octane Cghtig 1.94
n-nonane CoHap 2.16

3-33

A}

w
A

.

\
E
»J

|
4




TN = Owe— e -, T

OUTER
GLASS

CHIMNEY ~~__
N

BLUE=-GREEN

FLAME BRUSH =

Figure 21.

ﬁHlIIHlllIHIIIHI!H!!HIIHILHJIH

RS

= MATRIX

} 7= BOOT FREE

L HOT FLAMS
I ' GASES
T CONTAINING
o o H
N - 2
\ /]
s, Kl
Yot = INNER QUARTZ
o CHIMNEY
> Tt e FLAMEHOLDER
. i
S BURNER TUBE (HEATED)
= MIXING SECTION
VAPORIZER (HEATED)

(HEATED)-=- __|

!’l

AlR

3-34

[ LIQUID HYDROCARBON FUEL

Schematic of turbulent burner,




R e s e S

Using the turbulent burner, the sooting equivalence ratio of JP5
was established at 4, = 1.96-1.99, the variation probably due to the
fact that JP5 is a mixture of various hydrocarbon fuels. Experimental
data on Hy production for JP5 fuel is shown in Fig. 22. In this experi-
ment the equivalence ratio was fixed at ¢ = 1.92 and the hydrogen pro-
duction as a fuaction of fuel/air mixture temperature was measured. As
seen in Fig. 22, the Hy concentration increases as the temperature
increases up to a value of 811 K (1000°F). Beyond this point, there is
no measurable Hp increase. This same trend was observed for a variety
of inner chimney dimensions, and equivalence ratios. As seen in Fig.
22, Hp yields varied from 6.5 to 7.2 vol% while equilibrium yields ?not
shown% varied from 11.67 vol% at 644 K (699°F) to 11.4 vol% at 811 K
(1000°F). Visual observation of the swirl stabilized flame indicated
that the flame stability increased as the inlet mixture~temperature
increased. From a design standpoint, it is clear that the fuel/air mix-
ture should be preheated as much as possible before ignition to maximize
hydrogen production and flame stability.

The variation of Ha production as a function of residence time, =,
is shown in Fig. 23. A smail increase,in Ho yield is observed as < in-
creases from 2.3 x 1072 ¢ to 6.4 x 102 s. In these experiments, the
inlet mixture temperature was 811 K (1000°F) and the equivalence ratio
varied sTightly from ¢ = 1.96 to 1.99. 1t is assumed that the effects
of the small changes in equivalence ratio are negligible. The residence
time was calculated from v = L/u where & is the distance from the
swirler exit plane to the probe and u = m/pA is the mass averaged axial
velocity, with m the total inlet mass flow rate (fuel and air), p the
mean product gas density calculated from adiabatic equilibrium condi-
tions, and A the flow area of the inner chimngy. Typically, & ~ 7220 cm
(2.76-7.87 in.), m~ 1.75 gr/seﬁ. (3.86 x 10~ 1bm/§), A ~ 28.3 cm~
(4.39 in.2), and p ~ 1.53 x 10=% gr/cm’ (9.55 x 103 Tbm/ft3) at p =
0.101 MPa (1.0 atm), and T = 1950 K (3050°F). It is recognized that the
residence time presented here is not a unique choice since the time
spent in the recirculation zone is neglected. However, since this data
is gathered at nominally fixed values of ¢ and m, the time spent in the
recirculation zone is approximately censtant so that including recircu-
Tation would change © only by a constant and the trend of Hp yield
against t would be the same. From the data, it appears that the pro-
duction of soot-free molecular hydrogen is favored as the residence time
in the post-flame zone is increased.

3. Conclusions From Rich-Burn Studies

Based on the data presented, the following conclusions are drawn:
a. The sooting equivalence ratios for the paraffins n-heptane,
n-octane, iso-oc¢tane and n-nonane have been measured on a flat
flame burner. The measured values are comparable to or greater

than those observed by previous investigators (Ref. 17 and 18).

b. Hydrogen yields for these paraffins (except for iso-octane)
have been measured and are typically 10 vol%, showing Tittle
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dependence on equivalence ratio. This is Tower than the value
predicted by equilibrium thermodynamics for the individual fuels
tested. The discrepancy is attributed to heat losses to the
bur?gr surface which Towered flame temperatures and Towered Hp
yields.

C. The sooting equivalence ratio for JP5 is 1.96-1.99
measured on turbulent burner. This value is only weakly dependent
on flame-stabilizer geometry.

d. Hydrogen yields measured on the turbulent burner for JP5
fuel were typically 6-7 vol%. There is & slight but measurable
increase of Hp yield as the inlet fuel/air mixture temperature or
residence time in the post flame zone is increased.
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SECTION IV
CONCLUDING REMARKS

A partial oxidation staging concept for broadening the combustion
margin between ultralow emissions and the lean stability Timit for gas
turbine combustion has been described and elements of its experimental
verification have been accomplished. While the practical feasibility of
the concept was not verified because a complete two-stage combustor was
got operated, the following conclusions can be stated from results to

ate.

1. Ultralow levels of NOy, CO, and HC emissions can be achieved in a
premix combustor using JP5 only, but for simultaneously minimized levels
of all three species very little combustion margin remains. This Tack
of margin would be very significant in an engine combustor where large
mixture ratio variations are present due to nonuniform airflow distribu-
tion from the compressor.

2. Admixtures of neat Hy with conventional JP5 jet fuel provide a
significant extension of the lean blowout Timit. The proportion of Ha
in the total combustibles required to achieve ultralow levels of emis=
sions simultaneously with the extended lean Timits is within the theor-
etical capabilities of a very fuel-rich partial oxidation process.

3. Use of a very fuel-rich precombustion stage to precondition a
large portion of the fuel, combined with effective premixing of all
reactants before final combustion, would permit the retention, and pro-
bably the enhancement of the basic benefits of Hp enrichment.

4. Soot production is 1ikely to be a major obstacle to operation of a
precombustion stage beyond an equivalence ratio of 2.0. However, the
results from the experiments with the simulated product gas from a
reaction at ¢ = 2.83 suggest that somewhat leaner precombustion could be
employed to provide substantial enhancement of the final combustion.
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APPENDIX A
FUEL NOy CONSTDERATIONS

A, INTRODUCTION

In the future, it is likely that alternative liquid fuels derived
from coal or shale syncrudes will supplement existing petroleum-based
fuel stocks for gas turbines. Minimally processed fuels refined from
syncrudes will differ from their petroleum derived counterparts in
physical properties and in chemical makeup. Generally speaking, the al-
ternative fuels will be less volatile and will contain less hydrogen and
a greater amount of fuel-bound nitrogen. These differences can have
significant impact on gas turbine combustor performance from an environ-
mental standpoint.

Lower volatility and reduced hydrogen content will tend to in-
crease the emissions of HC, CO and smoke from the turbine combustor, hut
those fuel characteristics probably can be accommodated by conventional
combustor development approaches. Fuel-bound nitrogen, on the other
hand, is not easily accommodated since combustion chemistry Tess amen-
able to control is involved in the conversion of fuel nitrogen to NQy.
Moreover, the production of so-called fuel N0y tends to be additive te
the therma] NOy that is already a problem in qa& turbine combustion.

Recently published data (Ref. A-1) shows that coal derived fuels
emit up to twice as much N0y as conventional No. 2 distillate oil when
burned in a scale model of a stationary qas turbine, The same data also
shows that the amount of N0y increases with increasing nitroqon content
in the 11qu1d fuel. Swm11ar1y, increased Tevels of NOy have been re-
ported in experiments where shale-derived jet fuels were burned in full
size gas turbine combustors (Refs. A-~2 and A-3). These studies empha-
size the continuing need for the development of new combustor design
technology for the reduct.on of Ny to environmentally acceptable
levels.

The following sections will expand the idea of two-stage com-
bustion to include its application for reducing both fuel and thermal
NOx. Section B will review the two-stage strategy and summarize what
prev1ous work may be of use in this particular application. Sections C
and D will focus on the chemical processes in the first and second com-
bustion stages, which are the heart of NOy reduction.

B. TWO-STAGE RICH/LEAN COMBUSTION

As discussed in the main text of this report, staged combustion
would employ two stages of reaction. In the first stage, premixed fuel
and air would be partially burned under fuel-rich conditions, with the
equivalence ratio being as high as possible without producing soot. The
soot-free requirement limits the first-stage equivalence ratio to a
maximum of ~2.8, depending on the fuel; i.e., for ¢ > 2.8 equilibrium
considerations pradict soot in the combustion products. If equilibrium
is attained at ¢ ~ 2.8, the products of this partial oxidation stage
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would be (by volume) Ho (~ 23%), CO(~ 25%), and noncorbustibles such as

COa (~ 0.5%), Hal(~ 0.8%) and hn(v H1%). This hot product mixture would

then be mixed w1th additioral air and burned to completion in the second
stage under fuel-lean conditions.

Processing the fuel through a fuel=rich combustion stage has
specific advantages from the standpoint of emission control. [irst, the
H»ucontvnt and the hot, fully aaseous state of the product qas oxfend N
the lean limit and increase the mixing and combhustion rates for final
corbustion. These benefits enhance the stability marqin available for
reduction of thermal N0y while retaining Tow HC and CO emissions as is
discussed in the main body of this report.

Second, premixed, fuel-rich reactions SUppress the formation of
nitrogen-bearing intermediate compounds involved in the generation of
fuel NOx.  From a combustion performance standpoint, their role is not
large since their concentrations (aenerally less than 1%) are small,
From an environmental standpoint, the importance of these compounds is
immense.  The breakdown of the fuel and fuel bound nitrogen into chemi- |
cally active species that react to torm intermediates that ultimately |
become final products (including pollutants) is further discussed in
Section C.

Successftul implementation of two=stage combustion could effec-
tively decouple the propprt1os ot raw turhine fuel from the final com-
bustion process, giving the combustor greater fuel flexibility., In the
future, when a wide variety of fuels may have to be burned in the same
corbhustor, this is a further distinct advantage. {

The individual concepts used in the formulation of the two stage
corbustion strateay such as hydrogen production by rich, thermal
partial-oxidation, soot-free rich burning, combhustion of premixed
air/Ha/C0 mixtures at & < Moy, and hyvdroven enrichwent for Tean-blowout
Timit extension have been at least partially demonstrated in the work
discussed in this report.  Also, a two-stage comhustor similar in con-
cept to the one desceribed above, but burning methane tuel, has been pre-
viously built (Ref, A-4). In this combustor, however, the fuel and air
were not completely premixed, and thorough premixina of fuel and air
should extend the sooting equivalence ratio (see Section IIT € of this
report) and lower the concentration of cortain pollutant-related
cheriical species (Ret, A-d),

C. FIRST-STAGE RICH COMRUSTION

Many investigators have studied various aspects of pollutant
species formation during rich hurning. Rtudies cnvorinq premixed (Ref.

A-4 - 14) and diffusive systems (Ref. A-4, 8, 12, 1§ - 17), Taminar

(Ref. A-b - 11, 13, 14), turbulent (Ref, A-4, 8, 1 , 16 - 17), catalytic

(Ref. A-8, 18) and Qhock tube (Ref. A-10) syqtems, hoth with and without -
fuel nitrogen (Ref. A-4 - 18), have been reported in the literature. A\

Qur purpose here is to establish the important species that contain fuel
nitrogen and the effects of the combustion environment on these species.

[}
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During fuel-rich combustion, one of the first processes to occur
is pyrolysis. Generally speaking, the pyrolysis of hydrocarbon fuels 1s
complex, in some cases involving thirty distinct chemical reactions
(Ref. A-19). The primary result of pyrolysis is that the nitrogen-
containing ring structures in the fuel fracture and form free radicals
such as NH, NHp, NHz (usually denoted NH;) and hyd:ucarbon fragments CH,
CHgs ++v (or more generally CHy) (Ref. A-20). These highly reactive
species undergo further chemical reaction as the mixture passes through
the reaction zone.

Typically, the major chemical species in combuscion products are
measured directly by sampling the products with a probe. The composi-
tion changes as the probe position moves further downstream. The major
species include Np, Hp0, COp, Hp, CO (Ref. A-15); the exact percentages
varying with combustion conditions and fuel type. Pollutant related
species generally occur in low concentration (< 1%), but are important
nonetheless. The species usually measured include NO, NOp, HCN, various
hydrocarbons and HN3 (Ref. A-4 - 7, 9 - 12, 14 - 18).

In the Titerature dealing with pollutant formation during the rich
burning of hydrocarbon fuels (with and without fuel nitrogen), the main
components of interest are NO, NH3, and HCN (Ref. A-4 - 7, 9 - 12, 14 -
21). These species play an integral role in NOy formation from fuel-
bound nitrogen and have been obhserved under all types of rich-combustion
conditions (diffusion and premixed burning, laminar and turbulent flow,
etc.). The exact chemical kinetic steps involved in the formation and
destruction of NO, NH3, HCN, etc. are still a matter of controversy, but
it is clear that the kinetics are complicated (Ref. A-5 - 17, 21, 22).
Published studies routinely include 15 species and 15 to 20 reactions;
in one extreme case, 28 species and 120 reactions (Ref. A-8, 16, 17).
Because of the existing uncertainty regarding the theoretical formation
of pollutant-related species, we will focus our attention on the results
of experimental studies in this discussion of prior work. By looking at
the general trends of reported experimental work we can develop a
rational strategy to minimize NOy emissions.

We begin by examining NO, an important pollutant specie. In the
reaction zone where temperatures are highest, NO is rapidly formed. Not
surprisingly then, in flames where the temperature is the highest (i.e.,
around stoichiometric equivalence ratio), much NO is formed (Ref. A-23).
For hydrocarbon fuels without fuel nitrogen, this behavior is well docu~
mented; as ¢ increases to ~1, NO increases and, for ¢ > 1, NO de-
creases, becoming quite low beyond ¢ > 1.6 (Ref. A-4 -~ 6, 9 - 12, 15
- 18). For fuels containing fuel nitrogen, the general trend is the same
but the peak at ¢ = 1 is very broad extending from ¢ = 0.8 to 1.4. How-
ever, beyond ¢ = 1.6, the NO formed is again very small, typically < 50
ppm. This behavior has been noted under widely varying combustion con-
ditions from laminar premixed flames to turbulent diffusion flames.
Suffice it to say that for hydrocarbon fuels with and without fuel ni-
trogen, burning at equivalence ratios richer than 1.6 is an effective
way to suppress NO formation.

NO production also varies with residence time at a fixed equiva-
Tence ratio. The concentration of NO increases rapidly in the immediate
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post flame zone, typically on a time scale of = 2-6 ms (Ref. A-5, 6, 9
- 11, 13, 14, 16, 17), perhaps decreasing slightly for ¢ > 10-12 ms.
These time scales were observed for laminar flat flame burners; for tupr-
bulent burners the NO concentration behavior is qualitatively the same,
but with these burners it is difficult to make exact estimates of resi-
dence time. The principal feature is that after some time in the post
flame zone, the NO concentration stays approximalely constant or slowly
decreases.,

The next most important pollutant-related chemical specie is HCN.
For hydrocarbon fuels (with and without fuel nitrogen), the formation of
HCN is definitely favored as ¢ increases to ~ 1.7-1.8. For ¢ > 1.8
there is little data, and what data exists indicates that HCN formation
fglliﬁoffiggecoming very low (i.e., < 25 ppm) around ¢ ~ 2 (Ref. A-5, 9,

The production of HCN as a function of residence time shows a dis-
tinctly different behavior than that of NO. Peak concentrations of HCN
(which are comparable to or greater than those of NO) occur quickly in
the post flame zone. These times are usually shorter than the time re-
quired for NO to peak. Further downstream, as residence time increases,
the HCN disappears rapidly, falling to 1/3 to 1/4 of its peak value
after ~10-12 ms. Presumably, the HCN is being converted to molecular
nitrogen since the NO concentration decays very slowly with increased
residence time. The same gereral behavior is noted for fuels with and
without fuel nitrogen (Ref. A-5, 9, 14, 16, 17).

The final nitrogen~-containing species of major importance is
ammonia, NH3, but there is comparatively Tess data on NH3 than on HCN
and NO. As with HCN, ammonia concentrations increase with ¢ up to a
va1u§ gf ~1.8 (Ref. A-9, 14, 19). There is 1ittle data available for
(b > . L]

Ammonia concentration variation with residence time is similar to |
that of HCN. Peak concentrations of NH3 occur in the immediate post |
flame zone. As residence time increases. the ammonia concentration
drops (Ref. A-6, 9, 14, 16, 17). v

Several calculations have been performed showing that, for hydro-
carbon fuels containing fuel nitrogen, there is a strong minimum in the ) "y
production of nitrogen-containing species (the sum of NO + NH3 + HCN) in n
the equivaience ratio range 1.3 to 1.5 (Ref. 8). It has been claimed
that this equivalence ratio range is the proper one for first stage
burning since the sum of nitrogen-containing species is theoretically a
minimum. The arguments against such a strategy are equally strong.
First, the calculation is based on thermodynamic equilibrium, which is
not usually attained in combustors with short residence times. Second,
this strong minimum is usually not observed experimentally (Ref. A-4, 8,
14). Indeed, on flat flame and turbulent burners, there is experimental R
evidence that the sum of nitrogen compounds is reduced as ¢ approaches
2.C (Ref. A-4). Third, for the range of equivalence ratios, 1.3-1.5,
the nitrogen containing species are mostly NO with 1ittTe HCN and NHj. .
It is an experimental fact that NO persists in the post flame zone with-
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out undergoin? further reaction to molecular nitrogen, By burning at
higher equivalence ratios in the first stage, the fuel nitrogen forms

most1ly HCN and NHg and Tittle NO. Both HCN and NH3 are known to decay
in the post flame zone, thus reaucing the concentration of fuel nitro-~
gen-containing species passud to the second stage of combustion.

To summarize this section, we have examined the formation of
pollutant-related species containing fuel nitrogen. The production of
NO, HCN and HN3 is clearly a function of both equivalence ratio and
residence time. As the equivalence ratio is increased past ¢ ~1.7-1.8,
the production of nitrogen-containing compounds (NO, HCN and NH3) falls
off dramatically. Furthermore, as residence time in the post flame zone
increases, HCN and NH3 decay while NO, stays approximately constant or
decays slightly. Thermodynamic calculations suggest that the sum of all
nitrogen-containing species is minimized at equivalence ratios in the
range of 1.3 to 1.5. However, the experimental evidence of this minimum
is not convincing. In the next section, we will consider the further
oxidation of the first-stage combustion products.

D. SECOND-STAGE LEAN COMBUSTION

At the end of first-stage combustion, the hydrocarbon fuel and air
mixture originally present has been converted to a gaseous mixture con-
taining Hp, CO, Nz, H20, COp, and small amounts of pollutant-related
species, NO, HCN, and NH3. This mixture must now be diluted with ad-
ditional combustion air dand burned. The NOy production in the second
stage results from thermal fixation of the nitrogen in the final com-
bustion air as well as any conversion of NO, HCN and NH3. For the fuels
Jet A, JP5 and Hp/CO/No mixtures (with no fuel nitrogen?, it has been
shown in this report and in Ref. A-24 that very Tow levels of NOy can be:
achieved under lean burning conditions by thorough premixing of the fuel
and the combustion air.

The conversion of fuel-produced nitrogen species (NO, NH3, HCN) to
NOy is not as clear cut. There is Tittle data showing NOy yields for ’
hyérocarban fuels doped with NO, NH3 and HCN at low equivalence ratios
(p < 0.5). The available data shows that at ¢ = 0.6, 19% of the nitro-
gen in the fuel appears as NOy for a Hp/CO/CHa/inerts mixture doped with mz
NH3 (Ref. A-12). In another study, it was reported that NO has the
highest conversion yields (over 70%), followed by HCN (65%) and NH3
(35%4) (Ref. A-8). While this data is hardly conclusive, it suggests
that since HCN and NH3 have the Tower conversion .yields, the nitrogen
intermediates should be biased towards HCN and NH3 and away from NC.
This indicates that the first stage combustion should be as rich as pos-.
sible. One thing is clear, yields are very sensitive to the equiValence
ratio in the first and second stage. At this time, an appropriate data
base does not yet exist to determine the proper second stage equivalence .
ratio so as to minimize overall exhaust pollutant emission for a given
first stage equivalence ratio.
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APPENDIX B
DESCRIPTION OF THO-STAGE COMBUSTOR

A. INTRODUGTION

A precombustion stage and a final-stage premix section designed
for integration with the water-cooled inlet, combustion chamber and ex-
haust nozzle components of the MOD 2M combustor described in Section III
A of this report was constructed in preparation for two-stage combustion
experiments. Vhile these experiments have yet to be conducted, a brief
description of the baseline apparatus will be given here. Since signi-
ficant aspects of two-stage combustion are controlled by the combustor
hardware, e.g., preheating, premixing, flame stabilization, and reaction
volume, it is expected that design iterations on the baseline apparatus
will be required in order to optimize 1ts operation.

A schematic of the baseline apparatus is shown in Fig. B-1, a
photographic view of the installation in the burner housing with the
housing flange open is shown in Fig., B-2, and a photograph of the as~
sembled precombustion stage and the second stage prem’x section is shown
in Fig. B=3. Table B=1 1ists the nominal design conditions.

Air from the burner housing plenum enters the combustor assembly
at the two locations shown in Fig. B-l, the air split being controlled
by the position of a remotely operated rotary damper (visible in Figs,
B-2 and B-3) incorporated at the inlet assembly for the second stage.
Air fiowrate to the first stage is measured with a venturi meter. Total
air flowrate to the plenum is also measured, therefore air to the second
;%age is determined as the difference between total and first stage

OWS

Fuel is fed to the two stages from independently controlled flow
circuits located outside of the burner housing. Lach flow is measured
gy a turbine flowmeter. The fuel is not heated prior to entering the

ousing.

Ignition is provided by independently controlled torch ignitors
(Air/Hgg Tocated as shown in Fig. B-1 and B-3. First stage product
gases, rapidly quenched and premixed with final stage air and additional
fuel {in some modes of operation), are burned to completion in the com-
bustion chamber of the second stage.

B. FIRST STAGE

The first stage was designed tu reganeratively heat the already
preheated air from the plenum, heat the liquid fuel for flash vapori-
zation during injection, and to thoroughly premix the fuel and air prior
to the fuel-rich reaction in the first stage combustion chamber. A dis-
assembled view of the precombustor is shown in Fig. B-4.

B-1
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Table B-1. Design conditions for
on ¢ = 0.50 and ¢g =

Design Parameter

Overall combustor

Air total pressure (plenum)
Air total temperature (plenum)
Equivalence ratio (¢0) range
Air flowrate
Fuel flowrate
Precombustion stage

Regenerative preheat temperature
Equivalence ratio (i)
Air flowrate

100 air split

A1 fuel through fivst staqe
Fuel flowrate

100 air split

A1 fuel through tirst stage
Premix residence time

Chamber residence time
{no reciveutation)

Chamber reference velocity
Product gas temperature
Product exit velouity
Premix swirl number
Flameholder swirl number
Ehnﬂ Stage

Adr flowrate

10 air split

A1l fuel through first stage
Fuel flowrate

10 air split

A1l fuel through tirst stage
Premix temperature
Premix residence time
Premix axial velocity

Chamber residence time
{no recirculation)

Chamber reference velucity
Air swirl number

st e RS st

at
2.85.,

Operating Ccnditiqn

Cruise

1.18 MPa (11,6 atm)

728 K (B50°F)

9,30-0.70

1.57 kq/s (3,46 1bm/s)
0.53 kg/s (0.117) Tbm/s)

811 K (1000F)
2.85 (maximum)

0.157 kg/s (0.346 bm/s)
0,277 ka/s (0.610 1bw/s)

0,030 ky/s (0,067 Ybm/s)
0,053 kg/s (0,117) Tbw/s)
o-d ms

5-9 my

4.6-7.6 min {15=26 ft/s)
1420 K (2100°1)
01-161 m/s (300-530 ft/s)
0.7
0.7

1.41 ky/s (3.11 lbm/s)
1,09 ky/s (2.85 Tbm/s)

0.023 ky/s (0.060 Tbm/s)
0

849-927 K (1068-1208"F)
1 ms

162 m/s {532 ft/s)
6 ms

17.4 n/s (57 ft/s)
0.7

B-5

wo-stage research combustor based

T T

Takeoff'

3,04 MPa (30 atm)

811 K (1000°F)

0.31-0.70

4,00 ky/s (8,81) 1bm/s)
0.135 kg/s (0.298 Tbm/s)

922 K (1200°°F)
2,85 (maximum)

0.400 kg/s (0.881 1bm/s)
0.700 kg/s (1,54 1bm/s)

0.077 kg/s (9,170 lbm/s)
0.135 kg/s (0.298 1bm/s)
2=4 ms

-9 my

4.9-8.5 m/s (16-28 ft/s)
1422 K (2100°F)
{R-154 m/s (290-505 ft/s)
0.7
0,7

3.60 ky/s (7.93 1bw/s)
3,30 ka/s (7 .27 1bm/s)

0.058 kg/s (0.128 1bm/s)
0

217.986 K (1191-1315°F)
1 ms

168 m/s (551 ft/s)
5 ms

18.3 w/s (60 ft/s)
0.7
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The air is heated during its passage along a helical ﬁassage
formed by the double walls of the cylindrical chamber and the loosely
coiled fuel line positioned between the walls (Fig. B-1). The heated
air then passes to a header cavity from which it is injected into a re-
fractory mixing tube [3.81-cm (1.5-in.) inside diameter x 11.43-cm (4.5-
in.) inside length] through eight 7.62-mm (0.30-in.) diameter cylindri-
cal passages, tangentially oriented to provide a flow swirl number in
the mixing tube of approximately 0.7. Figure B-5 shows the swirler
mounted on the header end-plate, and also the thermocouple probes for
measuring the ajr temperature in the header cavity and the premix
temperature in the mixing tube.

The unheated 1liquid fuel is supplied to the inlet end of the
coiled-tube heat exchanger and the fuel is heated during its passage
through the tube by the regeneratively heated air flowing toward the air
header. The tube coil is not fastened to either of the walls of the
combustion chamber except where it penetrates the outside wall, as
apparent in Fig. B-3. Thus positive thermal contact with the hot chamber
liner is avoided in order to reduce hot spots along the fuel tube. The
9,5-mm (0.375-in.) diameter, 0.51-mm (0.020-in.) wall thickness of the
fﬁe1 tgbe provides a mean fuel velocity of 0.9 m/s (2.9 ft/s) through
the tube.

After heating, the fuel is directed to a set of eight fuel
injection tubes shown on the left-hand side of Fig. B-3. These tubes
penetrate the header end-plate and the air swirler block with each tube-
end flush with the inside wall of a swirler passage. A restrictor ori-
fice located at the upstream end of each injection tube provides a pres-
sure drop across which flash vaporization can occur. Thus, the initial
fuel-air mixing occurs within the air swirler passages.

Further mixing takes place within the mixing tube, and finally the
premixed reactants are injected into the precombustion chamber via the
swirl generating outlet of the tube. A swirl number of about 0.7 is
produced by the seven tangentially oriented cylindrical passages shown
in Fig. B-4. These pascsages are 8.33 mm (0.328 in.) diameter and 25.4
mm (1.0 in.) long (by virtue of an extra thick refractory tube-end).

The swirl-flow of the reactant mixture provides a recirculation
region in the first-stage combustion chamber, which stabilizes the
partial oxidation reaction near the exit of the mixing tube. The
intended appearance of this reaction zone is depicted in Fig. B-6 which
shows a swirl-stabilized laboratory-scale burner with quartz walls
operating at an equivalence ratio of ~2.0 (JP5/air). The fainter
appearing flame at the exit (top) of the buiner represents the final
stage of combustion since it is the result of ingesting ambient air into
the products of the fuel-rich reaction. Although the fuel-rich reaction
appears to have a bright color, it was in fact a blue flame. The quartz
tube produced a yellow coloration.

As shown in Table B-1 the precombustion residence time for the

two-stage combustor is in the range of 5-9 ms, depending on actual
first-stage throughput. This is about equivalent to the residence time

B-7
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for the final stage. This design condition was selected on the assump-
tion that very fuel-rich reactions would exhibit the same combustion
space rate as very fuel-lean reactions. Therefore, the first stage com-
bustion volume was sized to be about 20% of the final stage volume since
the maximum anticipated flow through the first stage was about 20% of
the total flow.

c. SECOND STAGE

The exit duct for the first stage shown schematically in Fig. B-1
is viewed at its exit plane in Fig. B-7. The flow from the centrally
located, 3.66~cm (1.44-in.) diameter duct exits coaxially with the air
flow for final combustion. The air flow has a swirl number of ~0.7
imparted by the swirler shown in Figs. B~1 and B-8, and is metered by
the rotary damper valve (Fig. B-8) that controls the split of the air
flow between the first and second stages.

When all the fuel is not processed through the first stage, the
residual fuel is introduced into the second stage premixing section with
éow velocity through the sixteen injection tubes shown in Fig. B-7 and

"80

A11 the major components of the second stage premixing section are
shown and identified in Fig. B-8, including the portion of the inlet
assembly for the combustion chamber that was adopted from the MOD 2M
combustor. For the two-stage assembly the ellipsoidal bluff-body flame-
holder was removed, and the two-stage premixing tube (ceramic) was in-
serted through the central bore of the chamber inlet assembly. The
annular flow area previously used was blocked by the mixing tube support
and is not used for the two-stage combustor.

The strong swirl of the air flow as it enters the premixing
section is intended to provide rapid mixing with the hot first stage
product gas. And because the relatively cool air mass flow is always
sufficient (by design) to provide very fuel-lean final equivalence
ratios, it is expected that the rapid mixing and short (1 ms) residence
time will promote quenching of reactions within the premixing section.
Typical final stage premix temperatures calculated assuming no reaction
are included in Table B-1.

Final combustion is stabilized by the swirl flow of the reactants
as they exit the premix tube. Ignition of the final stage is provided
by a torch ignitor. The 5-6 ms residence time of the final combustion
volume appears to be adequate for efficient, Tow emission burning, as
demonstrated by the results of experiments with a simulated product gas
discussed in the main text of this report.

B-10
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APPENDIX €
DERIVATIONS AND CALCULATION PROCEDURES

Ay DERIVATION OF TWO-STAGE LEAN-LIMIT EQUIVALIMCE RATIO

For the purpose of estimating lean Timit equivalence ratios (écl)
for two-stage systems it is convenient to consider the fuel to the
second stage to be composed of a fuel-rich product stream from the first
stage plus any raw fuel not processed through the first stage. Furthere
more it is convenient to use the procedures outlined in Ref, -1 for
predicting the Teun Timit of any mixture of fuels from a knowledge of
the lean limits for the individual fuels.

In Ref, C=2 it was shown that the Le Chatelier prediction formula
described in Ref, €=1 could be expressed in terms of fuel/air mass ratio

as

Rm = %L
1+ T (C-1)

where:

Rim @ mass ratio of total fuel mix-to-air in the second stage in a
Tean=Timit mixture (fuel mix comprises product gas plus
additional raw fuel).

aj, 7 mass ratio of jet fuel-to-air in a lean-Timit mixture; a
constant for a fixed jet tuel.

F = mass fraction of product gas in the total fuel mix in the
second stage.

B = 3L - 1; with o g being analogous to o and estimated from

Ref. C-1, considering the product gas as a fuel entity whose
composition is a function of the first stage equivalence
ratio (¢q) and the inlet air state conditions; a constant
for a fixed product composition.

Now in order to be most useful in establishing lean limits for
two-stage combustor operation on an operating map such as shown in Fig.
4 of the main text, it is necessary to convert Eq. (C-1) to an expres-
sion giving the lean-limit equivalence ratio for the final combustion
reaction (¢¢) as a furnction of fuel split ratio (Sg).

¢-1

ﬂk—;




In order to accomplish this the following definitions are made,
using nomenclature that is consistant with Fig. 3 and Section II.B., of

the main text.

and

Rum =

I;lf'g Sa Rg

S¢g o
Mifg ~ Ro
A7 e 7
)
X 7 wii
mat
Mag

Rg = stoichiometric fuel-to-air mass ratio
for jet fuel.

ingt
Re & e = Rg ¢
mag + lnag
it Mt
Ro 3 o o Rc(l"X) = \g ¢)0

Mag + Mgc * Mad  Mat

From the definition of Ryy and F in Eq. (C-1):

ﬁla + lilf o+ f.nf-‘c
Ry =0 " TS (C-2)

Mae

mag o mfg + mf‘c

After considerable algebraic manipulation of Eqs. C-2 and C-3 and sub-
stitutions of the other quantities defined above:

Ra(S¢ *+ R o
ol\°f g) i} L (C-4)

Ra(l = X) = S¢R T+ 75 R
: R

9

C-2

"3




Rearrangement of Lge (C=4) and conversion to overall equivalence
ratio gives:

RO &, Rg (1 » X)

& ol. o I ) (C“U)
g Rg Titg + SElT+ a + AL{T + Ky )Tl
or, singce 45 = d¢ (1 - X),
o R ,
bel, © i (£-6)

Rg Ry # SelT+ap F AT+ 1gJ T

The values for « and B used in this report are hased on informa-
tion from Ref. C=1, Jet fuel (JP5) was considered to be the same as
kerosene for which the volumetric lean limit in air, expressed as a
fraction of the fuel vapor in the lean Timit mixture, is given as 0,007,
This converts to a fuel-to-air mass ratio (e ) of 0.0414 agsuming the
molecular weights of fuel and air are 170 and 28.965, respectively.

g was computed for both the equilibrium product gas at g © 2,83
and the simulated product gas and found to be gssentially the same, as
would be expected (see gas compositions listed in Table 1 of the main
text). Table C-1 shows the method of calculation for the equilibrium
composition case for which p is ~0.6533. The inerts are arbitrarily
paired with the combustibles as shown; however, switching them around
makes very little difference. For comparison, the g computed for the
simulant gas was =0.6570,

B. CALCULATION OF EMISSION INDEX

The emission index is defined as:

Mgt v
LTy = ppimy X ﬁp X <1 o ) x 103

P
mft

where.

ppmy = measured volumeiric concentration in parts per million of
poltutant p in dry gas sample.

3

Mp = ratio of molecular weights of pollutant p to exhaust gas,
taken as:

0.5585 (expressed as CHg).
0.9773.

1

e
Men
Finox = 1.6056 (expressed as NOp).

0

A
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Table C~1. Calculation of B for two-stage combustion; with ¢g © 2.83
(equilibrium composition case).

Inerts % Vol. Total Lean Limit

Combustibles, % Vol CO2 No Ho0 (P) (N)

co 24.7 0.25 25.45 0.4 50.80 27.0

CHg 0.4 0.4 5.3
Volume fraction of product gas 1
in lean Timit mixture with air = Pq . Po+P3q
(Ref. C=1) ﬂ% No N3

1
= = 0.1355

Equivalent gas-to-air mass

ratio (a g) using molecular

weight of “product gas of

22.05

Therefore, g = %L .1 =

OCLg

0.0414

0.1193

78,80 5 50.80 5 0.4
5.3

9.0 27.0

-

22.05 x 0.1355

28.965 (1 - 0.1355)

1 = -0.6533

c-4
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f1

&at total(l) mass flow rate of air to combustion system.
l;)ft

Notes:

3

total(2) miss flow rate of fuel to combustion system.

(1)  For the sjmulated-gas experiments, mat = Mag + Mae (no dilution
air was used), mac being measured d1rect1y and Mag being determined by
the relationship:

*
m

' g ’
Maq = = 0,834 m
R J
where
mg = total measured simulant gas flowrate.
Rg = 0.1927 (¢g = 2.83 assumed constant).
(2)  For the simulated-gas experiments, h« = mfg + mf R mfc heing
measured directly and qu being determined by the relat1onsh1p
R
Mg = 0 ° = 0.1616 g
1+ Rg

For the hydrogen-enrichment experiments, mey = figp + fy,_, where myp and
mnz were measured directly. 2

C. CALCULATION OF OVERALL EQUIVALENCE RATIO
Overall equivalence ratio is defined as:
ey Mg
RS Ihat 0.068 ﬁ?at

bo

where mey and My were calculated as above for the simulated-gas experi-
ments and Re = stoichiometric fuel-to-air mass ratio for jet fuel (taken
to be 0.068).

For the hydrogen enrichment experiments:
1 [ fhgp iy,
bo = +
Mt \ Rsap Rsh,

C-b




where:

Rggp = 0.068 as before.
RgH,, = stoichiometric fuel-to-air mass ratio for hydrogen (taken
2 as 0.029).
’
C-6
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