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David Sykes

(ABSTRACT)

Hydrogen use in a gas turbine engine has many ibené&fhief among these is the
elimination of carbon-based emissions. The onbdpcts and emissions from the
combustion process with air are water vapor andesxof nitrogen (N¢. However due
to the lower flammability limit of hydrogen, it cdre burned at much lower equivalence
ratios than typical hydrocarbon fuels, thus redgdire emissions of NO Multiple
efforts have been made for the design of premixijegtors for gaseous hydrocarbon
fuels, but very few attempts have been made fordgeh.

To this end a premixing hydrogen injector was giesd for the cruise engine
condition for a PT6-20 turboprop engine. Swirl geted by tangential entry was
utilized as a means to enhance mixing and as aecaent means to stabilize the flame.
A prototype was designed to prevent flashback anchpte a high degree of mixing, as
well as a test combustor to evaluate the performanthe injector at scaled engine
conditions. Numerical simulations were also perfed to analyze the flowfield at the
engine conditions. Performance and emissionsatatased to draw conclusions about

the feasibility of the injectors in the PT6 engine.
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Chapter 1: Introduction

Section 1.1: Background and Motivation

The increased demand and limited supply of pairoléuels has sparked a
renewed interest in the search for alternativesfém all modes of transportation
including aviation, and electrical power generati@ne of the candidates for replacing
conventional fossil fuels is hydrogen, due to itghirgravimetric energy density.
However it is not without its problems due to aywlew density, which yields a low
volumetric energy density and increases the weigttvolume penalties for using
hydrogen. Other alternatives that are currentlgdp@vestigated are biodiesel and
ethanol derived from crops such as switch gragmrstane, and corn. Hydrogen, while
presenting much more difficult engineering probleaiso has the benefit of reducing the
green house emissions from engines. A combustigme will still produce water
vapor, which is the product of ideal combustiord aollutants NO and NQNO,).
Water vapor also contributes to the greenhousetdffa is released in the upper
atmosphere, but its residence time is much lessttiat of CQ. [1] The focus of this
study is the combustion of hydrogen as it relabeypical aeroderivative gas turbine
engines.

Water vapor cannot be avoided when burning hydragem engine; however,
NOy can be limited. NQIs produced in two main ways in air breathing eegi The
first is prompt or Fenimore NQvhich is caused from nitrogen atoms reacting with
hydrocarbon radicals as the fuel breaks down. [2$ Type is of little concern for the

current study due to the lack of hydrocarbon rddicathe fuel. Another type of NO



that is produced is called thermal NOrhis second type of NQOs formed via the

Zeldovich mechanism given by:

N,+OU NO+N

N+0,0 NO+O
The balance of these two reactions is shiftedeéaitfht as an exponential function of

temperature. Generally speaking the kinetics isfdle slower than that of the
combustion chemistry of hydrocarbons, and thereforeur downstream of where the
primary reaction zone is located.[2] This is thhedmminant mode of Nproduction
that will occur in the current study. For reasbogh legislative and environmental a
considerable effort has been made to limit the sions of oxides of nitrogen (N

The EPA's strict regulation on emissions has giveth to a few types of
combustion strategies that limit the formation @,N One of the first strategies used
was water or steam injection. The fuel and airingand burning in the same spatial
region (also known as Lean Direct Injection) cagate locally higher equivalence ratios
and subsequently temperatures. To circumveninaisr or steam is injected and acts
like a heat sink for the reaction zone, thus lomgthe overall temperature and inhibiting
the formation of thermal NCas described above. [3] The next strategy talstaged
approach to the problem. This strategy is callethfuench-Lean (RQL). The first
stage is a rich combustion where N®limited by the lack of excess oxygen. The timi
of this region is up until soot formation occuisext the flow is quenched by additional
air bringing the temperature much lower. Finalfig tast bit of fuel is burned in a
secondary combustion zone where the mixture is neaser than stoichiometric. Here
the formation of NQis suppressed by the lower temperatures assoucidtiedhe lean

burning. The controlling stage on this configuraeffectiveness is the quenching stage.



[4] Another strategy for reducing the formationNf® is termed Dry Low NG(DLN).

In this configuration, the air and the fuel arerpreed before entering the main reaction
zone. This reduces the flame temperature drantigthae to the excess oxygen such
that thermal NQis prohibited. In fact GE has boasted a;N@nhge of 9-15 ppm for such
an arrangement. [3] A potential downfall to thisitguration is the limited stability
ranges because of blowoff, flashback, and thermgastminstabilities. [5] The Dry Low
NOy approach is taken by the current study with hydrogs the fuel. Hydrogen has an
extremely low Lower Flammability Limit of 0.1 equlence ratio. By comparison
methane has a Lower Flammability Limit of 0.4 e@@nce ratio. Thus hydrogen can be
run at lower equivalence ratios and therefore |offeene temperatures and a potential for
lower thermal N@ emissions.

Not unlike the control strategies for reducing,Nhere are many ways to
implement premixers for a DLN combustor. Usingrswvhich indicates nonzero
velocities in the tangential and axial directioasulting in a helical flow, is one method
to implement premixers. Many industrial gas burness a swirling flow arrangement
with an annular mixing geometry in the premixeB[6A swirling geometry shortens the
length of the premixer due to the enhanced miximdj@ovides a convenient method of
stabilization. A swirling flow with an annular geetry introduced to a sudden
expansion will create two recirculation zones. uUrggl is a pictoral representation of
such an arrangement. One of the reirculation zbeex) within the helical structure
centered around the center of the annulus. Thense@circulation zone is a torroidal
structure located at the dump plane of the injecidre flame will be aerodynamically

anchored in the shear layer between these vosinattures. The current design for the



premixer uses this arrangement for mixing and flamabilization. A detailed description

of the injector geometry follows in chapter 3.

G) Recirculation zones

\\ 7{/\% }zé/(;\d}/\\ Flame stabilization
Center
\VARRRVARRV

Figure 1: Pictoral view of a Swirl Stabilized Flame

There are two methods that are typically usedtimduce swirl to the annular
flow channel. One method is to use a row of statorswirl vanes, which take an
exclusively axial fluid motion and force a tangahttomponent. The second method is
to guide the flow into the premixer itself normalthe axial direction and away from the
centerline of the premixer, otherwise known as ¢atigl entry. The current design of
the injector utilizes the tangential entry methdéahtroducing swirl.

As stated above, one of the engineering probleitistive DLN arrangement to
solve the NQ@ problem can lead to instabilities. There arevadéferent types of
combustion instabilities that can occur in a DLISteyn. The first instability occurring
near the lean blowout point. At this point therfecan become strained or stretched,
leading to heat loss and local extinction. [9] STtyipe is not important in this study
because the operating modes will be well abové.Bie The second and more studied

instability is thermoacoustic instabilities. These the result of pressure and heat release



fluctuations that occur when the acoustic presaanee and the heat release are in phase,
satisfying the Rayleigh Criterion.[10, 11] Thesstabilities can be caused by
equivalence ratio perturbations, or by velocitytpdrations. These perturbations, if
excited at the natural resonant frequency of tmeleestor and are in phase,
thermoacoustic instabilities will perpetuate.

Traditionally the problem has been avoided by getoical changes in the
combustor itself. Shortening the combustor conaiolg, which raises the resonant
frequency above the bandwidth of the flame, issueh change. The other method to
treating and attenuating the instabilities is tigloactive control in which either the fuel
or the air is modulated at the instability frequebat out of phase with the pressure
wave. This causes a negative Rayleigh index aeduwtion of the instability occurs.

The goal in the current injector design is the ferrmethod of attenuation.
Section 1.2: Research Goals

The challenge for DLN combustion is to sufficignpremix the fuel and oxidizer
to lower the flame temperature and reducg,Noid flashback and blowoff, and avoid
all combustion instabilities. One of the goaldhe# research is to develop an injector that
can operate at typical turboprop inlet conditiamsérve as evidence that hydrogen can
be used as an alternative fuel. Also, another igaal develop a test bed for the

evaluation of a wide range of the injectors. Mspecifically the goals are listed below.

Design a premixing injector for a PT6-20 engine

Develop a test bed sector combustor to test the fifent injector designs
Test the injector at actual engine conditions fortsbility

Determine the pressure drop associated with the iegtor over the entire
stability range



Determine the emission of oxides of nitrogen fronhie injector over the entire
stability range

The structure of the document will follow with geliature review of hydrogen
combustion, sector DLN combustor, and premixedIsnjectors. Next the design
process for both the injector and the sector conobugll be discussed. Next the test
matrix of both the CFD evaluation and experimeatalluation, along with the facilities
details will be discussed. Next the results frowe €FD and the experiments will be
examined with the operation of the engine as arait The final section of the work are

conclusions and suggestions for further work.



Chapter 2: Literature Review

This section contains a discussion of the recetifpast design efforts and
direction of the engineering community with regewdhe premixed combustion of
hydrogen. The first portion of the review descsilpeevious work done on sector
combustors. The second part of the review focasdsydrogen itself and the properties
that are associated with it as a fuel. The firmatipn of the review describes prior work
in the area of premixing injectors using swirl grobr art associated with swirl injectors

utilizing tangential entry.

Section 2.1: Sector Combustors

Most aircraft engines, turboprop, turboshaft, tdiano and turbojet, have annular
combustors that operate on liquid fuels. It isam@nt not only to examine the behavior
of a single injector, but also the interactionsasan the injectors. The neighboring
injectors heat release is a different boundary ttmmdthan a cold wall or additional
cooling flow. Therefore sector combustors arers@gral part of the design cycle for
annular combustors. There have been several studibe past that have used sector test
combustors to study interactions and fluid flowhamultiple injectors.

In 1998, Ziemann et al.[1] developed a rectangsd&tor combustor in which two
premixing nozzle concepts were tested. The sésklf was unique in that it was not
one row of injectors, but three in a staggeredngement, and represented 60 degrees of
a 30,000 Ibf class engine. Two mixing conceptsevteruse a perforated plate lean

premixed scheme and a high shear lean direct iojestheme. The combustors were



run at scaled operating conditions, followed bjeita reduction or increase in airflow
rate over time scales of 0.2 sec or 2 sec. Thas@bs the equivalence ratio dramatically
over a short period of time and tests the combsstsistance to blowoff, flashback, and
instabilities. It was found in the premixed casattinlet velocity profile non-uniformities
caused local flashback and blowoff in several caseshis sector the individual burners
could not be relit with neighboring burners, whishmportant for operation of the
potential combustor. Thus it is important to kéep inlet condition to premixing
injectors as uniform as possible to achieve thbdsgcombustion efficiency. It is also
important to note that the apparatus itself didhaote a liner to provide back wall
convective cooling.

In 1998 Zelina et al.[12] developed an interchabtgeaector combustor, which is
rectangular in shape, and tested a full annulatemtor at scaled, simulated engine
conditions. Four separate sector designs anduwhanihular design were tested for the
emissions of CO and NO It was shown that having a swirling airflow adpwith a
swirling atomized fuel flow gives the best mixingdethe lowest emissions for the sector
combustor. It was also measured that the maxim@had@ UHC measurements occur
between the injectors, and that the maximum Bi@issions occur at the centerline of the
injectors. Good agreement between the full anrtelstrand the sector tests was shown,
implying that the rectangular cross section camesas a good approximation of the
annulus. Finally a correlation was developed betwibe inlet pressure, temperature,
and overall fuel to air ratio and the resultingatisle NQ, from the combustion.

In 2001 Carl et al.[13] conducted an investigationa planar combustor sector at

engine operating conditions. The experimentplvas a rectangular section that



converged on the downstream end with dilution ecapholes in the converging section.
Spatially resolved OH* chemiluminescence, Quatn#alight Scattering, PDA, and
LDV were used to measure a liquid fueled swirlingiRQuench-Lean combustor. The
extensive optical access for this particular experital rig was shown to be useful for
capturing flowfields and light scattering datawhs shown at higher fuel loading
parameters, the swirling flow expansion angle vealsiced, as was the reverse flow in the
vortex core region. It was also shown that thggeeed dilution jets downstream of the
primary zone created fast mixing and effectivelgigched product stream from the
primary zone. Several off center planes were mredsuith similar results of OH*.
Finally it was shown that the areas in which tHatain jets created a high fluctuating
component of vertical velocity were also areasighfiRMS signal of OH*. This last
statement is important to the current project bsedhe liner design cooling can impact
the primary zone and thus the emissions creatée. t&st facility was used to directly
compare to an actual combustor. As such, the diraeg, asymmetry and orientation
reflected a specific practical application.

In 2001 Kurosawa et al.[14] developed and testetktnane fueled swirl LP
laboratory rectangular sector combustor. The widlthe combustor also served as the
optical access for the measurements. The opticaiss extended to the exit plane of the
injectors such that the entire flowfield includitige issuing point could be measured.
This experiment was oriented such that two idehseérling injectors were used in
either a diffusion combustion mode or a premix castion mode. With this type of
design PIV, LDV and other optical techniques cam$ed in the flame front and the

immediate recirculation zone at the dump planee dverall goal was to measure the



interaction between the injectors. It was measwungd PIV that the recirculation zone
between the injectors for the premix case was nstramger than the diffusion case.
Also, complete combustion was possible within #@@rculation zone for the premixed
mode and not possible for the diffusion mode. dswhown that the overall NO
resulting from the diffusion flame was higher ttiaa premixed case with the maximum
in both cases occurring at the centerline of thector, or in the recirculation zone. This
is expected due to the locally high equivalenc®satncountered when operating a
combustor in a diffusion mode. The experimentgaaptuses referenced in this section

served as a basis for the design process for tinentudesign.

Section 2.2: Hydrogen-Enriched Methane Experiments

This section includes a discussion of hydrogea fagel addressing all the
properties that are important to combustion. Hgdrocombustion has been attractive in
the past due to its high gravimetric heat of conibus More recently however,
hydrogen is being investigated due to its potembiaelimination of carbon containing
combustion products. Nollutant formation in hydrogen flames is not apgerty of
the fuel (i.e. there are no nitrogen atoms withia fuel structure to activate the Fenimore
mechanism) but is a function only of the tempeduhat the exhaust gases reach. For a
discussion of the so-called Zeldovich mechanisntifermal NQ formation the reader is
referred to texts on combustion, e.g. Turns. [Pe other properties of hydrogen
combustion such as flammability limits, flame spesma flame temperature are also very

important, especially for the design process.
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In 1957, NACA[15] produced a document for the mdigs of hydrogen from the
data that had been assembled at that point in tirhese engineering properties included
laminar flame speed, quenching distance, upstreahdawnstream propagation
flammability limits, flame temperatures, and expboslimits. Furthermore the
temperature and pressure dependence on thesetmepas also investigated. Firstly
the laminar flame speed was found as a functiegafvalence ratio. The maximum was
found to be approximately 1.00 m/s by extrapolatibarthermore, it was shown that the
pressure has virtually no effect on the laminamiaspeed at equivalence ratios less than
approximately 0.6. The majority of more recentretations all relate the turbulent flame
speed to a function of the laminar flame speedthedurbulence intensity. Therefore the
inlet pressure condition will not affect the flasick point for the design. However, the
inlet temperature has a near linear effect onldrad speed for moderate temperatures.
The correlation suggested is a power relationstiip & exponent of 1.413. The
guenching distance was also investigated as aifumaf inlet pressure and equivalence
ratio. It was found that at atmospheric pressakan equivalence ratio of 0.4, the
guenching distance is 1 mm. Extrapolating to yipecal pressures see in the engine, the
guenching distance will be 0.173 mm. The flameperature was also found as a
function of the inlet temperature, pressure, andvedence ratio. For lean premixed
applications at typical compressor exit conditi¢r800 K, 5-6 atm, 0.4 equivalence
ratio), the flame temperature was found to be 16.7®inally, the downward
propagating flammability limits were measured foaage of temperatures, which the
dependence was found to be linear. For the cormprexit temperature of 520 K, the

lean flammability limit is 0.21. This comprises st@f the engineering data needed to
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accurately design a premixing nozzle. The turbuflame speed remains as an important
property of the mixture that needs to be accoufded

As mentioned in the Chapter 1, hydrogen has eegimg challenges such as
flame speed. In 2002 Lipatnikov and Chomiak[18)lmhed a review for turbulent
flame speed. It details the different flame regmathin the turbulence spectra and
reviews the correlations for the turbulent flameexh The majority of the correlations
for the literature took the form

§=S +Cu
where C is an experimentally based constant. Hewte value of the constant varies
depending on the source, and does not predicutbalent flame speed well in weak
turbulent situations. However, to calculate thdtlent flame speed, one needs to know
the turbulence level within the wetted volume amel ¥alue of C sufficiently accurately.
Without extensive measurement within the particalgraratus that is tested, the
turbulence level cannot be accurately obtained.

In 2003, Kido et al.[17] broadened the turbuleatrfe speed investigation by
including hydrogen-hydrocarbon mixtures to deteerarmmodel. The experimental setup
was a near spherical combustor having a sparkaegnsource at the center that was filled
with mixtures of fuel and air. Fans located onwradls of the apparatus generated
isotropic turbulence. It was shown that hydrogas & larger turbulent burning velocity
than propane or methane even when the laminar figr@ed and the turbulence intensity
were kept nearly equal. To explain this phenomea@referential diffusion model was
hypothesized. Hydrogen has a higher mass diffiysilken oxygen in air. Therefore in

lean mixtures when the fuel is consumed, the hyeltag more readily transported to the
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flame front giving a locally higher equivalenceioaind subsequently higher turbulent
flame speed. A correlation was put forth relatimg length scales, flame speeds and the
Karlovitz number in which all of the fuels for d@lie different equivalence ratios
followed. The high diffusivity and this prefereatidiffusion effect could explain the

wide flammability and high flame speed of hydrogen.

Section 2.3: Gas-Turbine Hydrogen Injector Developrants

This section includes a discussion of premixedlmastion and swirl. It is by no
means a new idea to use swirl to stabilize a prechflame that utilizes gaseous fuels.
Lilley[18] published a review article of the subjés 1977. According to Lilley, there is
a critical swirl number of 0.6. Above this limihe adverse pressure gradient overcomes
the momentum forces in the flow causing backwawd/ fl This is extremely important in
combustion applications because the back flow ehibt gases serves the purpose of
continuously igniting the reactant mixture. As #varl number increases the ratio of
mass flow rate transported upstream to the imtiass flow rate increases. Additionally,
the size ratio of the sudden expansion modifiesthe and shape of the recirculation
zone. To account for this a modified swirl numiseused which follows the form

S = SE
D

where d is the diameter of the injector, and Dhis length scale of the combustor. The
modified swirl number needs to be larger than Of@aB a “strongly established

recirculation zone”. For strongly swirling flow§%¥1), a torroidal vortex develops at the

wall boundary to accompany the central recircutatamne. According to Lilley the
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optimum Swirl number for a D/d =2 is 1.15 for besabilization and reduction in
pressure losses.

In 1984, Gupta et al.[7] published a book reviewswgrling flows in general.
One section specifically discusses the flame srabibn mechanism associated with
swirling flow. It was shown that in high swirl nlo@ar flows, the normalized reversed
flow mass equals 80% in the non-combusting case, 7896 in the combusting case.
Additionally the central recirculation zone for theirling flow is much larger than the
swirler diameter and is caused by a flow “vacuum@ated by the movement of the fluid
outward radially once it exits the swirler. It aéso suggested that having a modified
Richardson Number larger than O promotes the s&tahbon of the flame. More recent
contributions to the field of swirling premix comdiion were driven by the need for low
emissions, specifically CO and NO

In 1993 McVey et al.[8] investigated three differ@mector designs for
application in dry low N@Qcombustion. One design was a swirling lean dirgettion
(LDI), one was a swirl based lean premixed (LP)glesand the final was a perforated
plate lean premixed design. Methane was usededsi¢hin the experiment. It was first
shown that the radial profile for the N@®missions for all three injector types is
approximately flat, and that the two premixed desigoth had significantly lower
emissions than the direct injection method. Thieldvased design was achieved by
tangential entry swirl vanes with fuel injectionstiigam. The flow was then turned axial
in a quarter ellipsoid profile. The emissions meed for an extrapolated 20:1
compression ratio engine was found to be 12 ppnighwik better performance than the

perforated plate design, and is most likely dugsttower flame temperatures. However,
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the pressure losses reported were much highenéaswirl injector (9%) than the
perforated plate (3%). It was also demonstratatlttie swirl type configuration could
yield wide operability limits with no evidence afstabilities. Furthermore with a 10%
piloted mixture through the center of the injeceotean blowout limit of 0.44
equivalence ratio was achieved.

To further investigate the swirl flow combustiorgvett and Mick[6] investigated
the spatial positioning of fuel spokes, vane drigesrlers, and the presence of a nozzle
piece inside an annular premixing device and fiscé$ on operability and emissions. It
was shown that the position of the swirler withpexs to the fuel injection spokes was
not important for stabilization, and the importaééhe mixing length was minimal. It
was also shown that the NProduction was primarily a function of the numbéfuel
spokes used (i.e. the initial spatial uniformitytteé fuel). Also it was found that having
the fuel spokes downstream of the swirlers decredmeamount of swirl, as evidenced
by the flame shape. He warns against using exeessiirl in a premixed swirl injector.
This is because the higher swirl will produce aatgeexpansion angle at the dump plane,
which improves the stability through shear layexing, but it also increased the thermal
loading on the walls of the combustor. The swinhiber was approximated as 0.7 for the
specific tests used here.

Another important feature of a premixer is the meblogy in which the fuel and
oxidizer are mixing. One popular method is to aget in crossflow. Varatharajan et al.
[19] investigated a premixing dump combustor, whiskd a jet in crossflow method of
fuel-air mixing. Two geometries were investigat€dine geometry consisted of fuel

being introduced at 90 degrees relative to therassflow. A second geometry consisted
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of fuel injected into the air crossflow at a relatiangle of 45 degrees. It was shown that
the wake behind the fuel jet was significantly reeld by the 45-degree entry relative to
the 90-degree entry, but the dispersion of thevitged also reduced. The smaller wake
behind the jet creates a smaller region capabileimeholding and thus reduces the
probability for sustained flashback within the etgr. The majority of premixing swirl
injectors utilize a jet in a swirling crossflow rhet.

Using a swirl stabilized premixed flame is notraque concept as well as using
tangential entry to generate the swirling flow. 1871 Bell filed for US patent
3,605,405[20] in which the invention uses vaneguiole the tangential entry of the air.
The difference between this type of injector areldhe detailed in chapter 3 is that the
tangential entry for this device is still vane @mnv Additionally the invention uses two
swirling flow paths to enhance the mixing at theahlayer to promote combustion.
Another feature of the invention is that the puageassembly is a plurality of passages
though the back plate oriented in such a way ti@ptrge air will also create a swirling
flow. This method introduces the fluid at the wpatn location of the injector and the
swirling flow propagates toward the flame locatiorhe next method of tangential entry
uses a continuous addition method.

Additionally to this type of basic design, theseai different method of utilizing
tangential entry. The following paragraphs descthe prior art that pertains to this
method of premixing fuel and air. US Patents 5,882, 5,671,597 , 5,699,667, and the
geometry investigated by Snyder et al. all havesdmae form.[21-24] Generally a
cylindrical device is used with either a longitualimow of holes or slits oriented off of

the central axis to promote the swirl. The moshewn name given to this type of
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injector is a “scroll” type injector. Generallyghair is introduced in this manor and a
central fuel spoke which shape is a cone with aded point introduces the fuel. The
cone centerbody and cylindrical outer housing gafldweduce the velocity of the air

fuel mixture from the upstream high velocity sectiorhis is a preventative measure to
flashback and allows for the extended mixing tirhéhe fuel and air. Additionally this
design utilizes the vortex breakdown within the emikself to stabilize the flame. The
continued introduction of air along the longitudinaw of holes or slit cools the
hardware both at and downstream of the flame logatirhis is different from the first
method of tangential entry because the introduaticthe air is continuous along the axis
of the mixer.

To further investigate this basic method for tartge entry swirl premixers,
Snyder et al.[24] measured the performance an ens$or aeroderivative engine
conditions. Inlet pressures ranged from 15 toth® avith an inlet temperature of 740 K.
Several different fuel inserts were compared. €hmeserts were the injection means of
the fuel into the swirling flow of the premixernt was shown that the highest penetration
of the fuel from the correspsonding insert yieltleel lowest combustion temperatures
and the lowest concentrations of NQMore importantly, this type of fuel injector dnbt
develop any instabilities or flashback or blowafbplems during the entire mode of
operation.

The predecessor to the “scroll” type of premixaswleveloped by ABB in the
late 1980s and early 1990s called the EV burnerl9B2, Sattelmayer et al.[25] describe
the second generation of the EV burner, known @g\&V. It is constructed by cutting a

cone lengthwise and offsetting the two halves. flieéentry, either gaseous or liquid
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fuel, is introduced at the tip of the cone. Thht opne arrangement creates a continuous
tangential entry into a premixer whose area expémaards the downstream end. This
design incorporates the concept of sudden breakadwarswirling flow described by
Escudier and Keller[26]. The flame is anchoredtannear stagnation at this breakdown
point with several key features. First, the lengftthe premixer promotes good mixing
and the velocity profiles inhibit flashback. Additally since the flame is located far
from the hardware itself with a reactant flow irtveeen, the thermal loading is kept to a
minimum. They were able to show that with eithguid or gaseous fuel, that full
premixing was possible and N@vels were reported at or below 10 ppm for lean
conditions near blowout. It was also shown thatglacement for the liquid injector has
an optimal point in between two extremes in whiobrpatomization and incomplete
vaporization occurs and alternatively poor miximgfipes contributing also to
combustion noise. Finally, injector staging wageistigated with temperature profiles.
To achieve low N@the burners must operate at a low equivalence aat@ll times, even
though the demand changes dramatically. The soladi this problem is fueling a
certain number of burners based on the demand dedud& eliminating a drastic
temperature pattern factor for a turbine inletisMaas achieved by alternating sizes of
the EV burner. The smaller were pilots and fuelkadf the time, and the larger EV
burners were fueled for power. The enhanced miketgveen the exits of the individual
burners, cold or otherwise, effectively eliminathd pattern factor for the inlet of the
turbine.

The final documented method of creating a swirfiog in a premixing injector

uses a discrete number of passages oriented edhwletely tangentially with respect to
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the mixing cylinder or annulus or in a hybrid akiahgential configuration. There are
very few that have tried such a configuration. Tiagority of the literature focuses on

the aforementioned radial vane type, and “scrgffettangential entry.
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Chapter 3: Design of Test combustor and Injector
This chapter describes the design process oftarsgmmbustor and the test
injectors used for this study. The specific desigaices in the process were governed by

the practical application of using the injectorsiturboprop engine.

3.1: Sector Combustor Design:

This section covers the design of the test conalbusthe injector design required
to be tested before its installation into the PD&&confirm flame stabilization regions
and expected emissions measurements from the pedéored reactor model as
described in the master’s thesis of Joseph Hofi@if. The flame temperature expected
from these simulations is 1550 K. A full-scaletsecombustor was designed to be
similar to the actual engine liner geometricallyl &metically. Table 1 shows the design
constraints for the combustor. It is importanhtde that the width of the combustor is
52.1 mm, which is the width of the combustion lioéthe PT6-20. The length of the
test combustor was designed to be 388 mm, whidbvislthe design constraint. A three
injector rectangular section was chosen to evalaatentral injector with periodic
boundary conditions on either side. The combusteded to be at least 203 mm in
length to ensure that the entire flame was visilolé the flame did not impinge on the
end of the liner. Following the overall dimensiaighe combustor, the experimental rig
also needed to be implemented into an existingtflmw and have the capability of

operating at high pressures.
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Tablel: Design Contraints for the size of the test comtnust

Dimension or Constraint Value Reason
Width 52.1 mm Identical to PT6-20 combustor liner
Number of injectors in engine 18 Spacing every 20 degrees around the annulus
Number of injectors in test combustor 3 Sufficient for testing the interaction between injectors
Injector Spacing 59.87 mm | Constrained by number of injectors and size of combustor annulus
Length of test combustor >203.2 mm Length of the actual combustor liner in the PT6-20
Pressure Rating >655 kPa Estimated pressure of the compressor outlet of the engine

The test combustor was designed such that it doselidhplemented in the existing
flow train of the modular combustor rig in the CSDaboratory at Virginia Tech, and is
capable of producing conditions seen in the enfyora idle to full power. Figure 2a
shows the assembly view of the test section thatdeaigned, while figure 2b shows the
pressure shell, which fits around the test sectibme pressure shell is made from
schedule 80 14" stainless steel pipe with two 1&0ngl class flanges on the ends. The
flow train and the test section were designed thstand 150 psig, which is much more
than the estimated 77.9 psig compressor outlesprest full power of the engine. The
pressure shell has two 0.5” air inlets welded rieaplenum end of the combustor. The
flow through the volume between the test sectiahtae pressure shell thermally
protects the shell. Thus the test section is desigo withstand the change in
temperature across its boundary and the purpotbe @futer shell is to withstand the
pressure difference between the experiment andearnbkinally the pressure shell is
outfitted with a sealed port window for optical ass. The optical access is circular and
the extent of the field of view is the flame zorighe first injector and the periphery of

the neighboring injectors.
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Figure 2a: Assembly of test section I;igure 2b: Assembly of Pressure Shell

The overall size dimensions were dictated by the sf the combustor liner in the
aircraft engine, but in this model study of thesiedity of the injectors, there are other
constraints and design choices. Figure 3 showseafkame diagram of the test
combustor body. The test combustor piece consigigo internal parts separated by a
sealed partitioned called the burner plate, whimbisles the three injectors and is not
shown in the figure. The burner plate is sealediad its four non-mounting face sides
to the combustor body and the window holder pig¢caswill be discussed later.
Upstream of the burner plate is known as the pleragion and the other section is
known as the downstream region. In the plenunoretiiere are 3 positions to measure
the pressure and temperature. The central measotgort is aligned with the central
injector. The vertical spacing between the measarg ports is 5.33 cm. It is important
to note that the location of these measurementgane such that the velocity is very
low (less than 3 m/s based on area) and can therkéotreated as the stagnation or total
values. The downstream pressure is measuredeaatidn 9.8 diameters downstream of
the exit plane of the injectors. Both the steadyesand fluctuating component of the
pressure is measured in this location. Howevahiglocation the velocity is an

appreciable value (greater than 15 m/s for all€dssed on conservation of mass). An
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additional point for temperature, pressure, or siaiss measurements is located 7.62
centimeters or 3.6 injector diameters downstreath@burner plate. All three of these
measurements can be made with probes that are bievadhe vertical direction. This
will yield a vertical centerline profile for any tiie diagnostics. Lastly, the igniter port is
located 1.778 centimeters downstream of the bipia¢e on the bottom wall of the
combustor. In the current study, a spark ignigtactrode is fed through a ceramic tube
and is placed in a leak-free fitting. The ceratnlze is moveable for this experiment to
determine the proper placement for the conditiarthé engine. The electrical arc jumps
from the end of the electrode to the experimentclvis grounded. After the overall
dimensions were calculated and size constrainisheehext level of design satisfied the

optical diagnostics constraints that are placetherexperimental combustor.
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Figure 3: Wire Frame View of the Test Combustor

A very important part of this study is the flamatlstization and potential for

flashback due to the higher flame speed of hydrogdso, the faster chemical kinetics,
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premixing of the fuel and air, and having a gasdaabwill make the flame much

shorter than what is seen in the original spraypéaf the combustor for the PT6-20.
Therefore it is important that the optical accessniegin at the exit plane of the injector
or upstream of the exit plane of the injector. uf@4 shows the window holders and
their relation to the piece, which houses the tajexc(burner plate). The trailing edge of
the window holder piece is in the same plane asetlding edge of the burner plate.

This of course allows the visualization and theagbtmeasurement of the entire flame,
assuming that the flame does not stabilize innfextor itself. The window holder is
affixed to the test section by 8 10-24 screw<altt be seen in Figure 2 that there are
hexagonal sockets machined out to fit the corredipgmnuts. This was done because it
was thought that the intense heat would evental@bgroy the threads on any tapped part
in the downstream region of the combustor. THmna the threads to be replaceable
once they have been destroyed by the combustiaegso The side windows are
sufficient for line of sight measurements suchasei line absorption or
chemiluminesence measurements, but does not acoowoptical measurements which

require out of plane equipment.
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Burner Platg

Figure 4: Assembly View of Test Combustor Body, Burner @Jand Window Holders

In addition to the optical access on the sideb@ftest combustor, a third
window is necessary on the top of the experim&atticle Image Velocimetry (PIV),
Planar Laser Induced Fluorescence (PLIF), and Essst imaging all require a light
source, which is a planar laser light, to be infiet normal to the angle of
measurement. Since all of these techniques exjyire a laser sheet on the order of a
fraction of a millimeter, a very thin window wiluffice. Figure 5 is a drawing of the top
window holder, which limits the optical access battside of the test combustor to 0.5
inches or 12.7 mm. The motivation for this combustas to allow the possibility of
these kinds of measurements on the center plathe afijector. The outside flow
diameter of the injector is 21.18 mm. The winddwert covers the middle 60% of the
injector and thus can fulfill the intention of theeasurement. With the three windows

discussed above the following optical measuremanetpossible in the flowfield
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downstream of the injector; PIV, PLIF, LDV, PDP/Aaslowgraph, schielren, and
interferometry. The mounting of the windows andlisg) issues were addressed in the

following design section.
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Figure 5: Drawing of the Top Window Holder (units in inches)

From previous experience with sealing glass ontetal surface, the windows
were designed to be sealed and mounted to an indepeframe, and have the
independent frame be sealed to the test combuatbenefit of this sealing technique is
that the fused silica pane, which is used for thigcal access, needs only to be sealed one
time for the entire battery of experiments, therseducing the chance of dirt
accumulation and breaking. Also this configuratatiows the optical access to extend to
the exit plane of the injector. For these reastirescurrent configuration was designed.

Figure 6 shows the exploded view of this assemiblye window holder plate is bolted to
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the window holder with 12 #10-24 tapped, blind Isdlethe corresponding window
holder piece. The pane of fused silica is clampetgdveen the two other pieces. All of
the sealing of the fused silica pane to the othezgs in the assembly as well as the
assembly to the remainder of the test combustomne by face sealing with woven
fiberglass rope. The fiberglass sits in the masthigrooves of the side of the test section,
the underside of the window hold plate, and as shiovthe window holder itself. All of
the machined groves are 0.15” in width and 0.1’hsihat the rope, which has a diameter
of 0.25” will be crushed into the grooves and cedle sealing surface. The one
drawback to this system of mounting and sealingfitecal access is that it introduces a
small step into the flowfield. In this particuleaise the step was limited to 0.3175
centimeters with respect to the inside flow aretheftest combustor. Additional
engineering drawings for the test combustor cafobed in Appendix A. Once the
optical access was designed and integrated intovbeall design, the last step was to

determine the materials based on thermal analysis.
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Figure 6: Optical Access Assembly

The combustion liner in the actual engine has lddtlion holes and film cooling
slots to protect it from the high temperatureshef det-A flame. The same paradigm
needed to be applied to the test combustor. Homtbegemperatures that the walls
would see were still unknown, so a thermal analysis performed to identify and test
cooling methods and materials that would be neédedsure that the test combustor
could survive the temperatures seen during thantesf the injector. It was chosen that
4 rows of cooling holes were to be machined inttp and bottom of the test section.
All of the film cooling passages were 4.76 millirest in diameter and were drilled at an
angle of 15 degrees with respect to the wall. dihgion is provided by a large rake of

holes located at the downstream end of the opdicadss. This rake is located on both
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sides of the test combustor. It was calculatetittteaamount of cooling air that could be
delivered by the film cooling/dilution system camatch the combustion air at 0.4
equivalence ratio. Once mixed it will yield a mdark flow exit temperature of 950 K.
However a full thermal analysis needed to be peréat.

Solving for the thermal pattern on the walls & firoposed combustor would be
impossible to do analytically. Therefore a CFD @i@tion was performed on the wetted
surface of the test combustor. A simple one st@ption mechanism was used with
idealized flow conditions. It was found that thexaimum temperature occurs where the
window faces are, and is 1470 K. The softeningotenature for a fused silica window is
1600 K. The pressure difference across the winalioall operating pressures is very
low. Therefore there was not need to cool the awvglwith film cooling. However the
window holder area and the burner plate area woeldxposed to temperatures of
approximately 1200K. That temperature cannot lmeerded with by stainless steel.
Therefore, Hastelloy X was determined to be theenedtsuitable to handle the
temperature associated with the combustion. Thenmabfor the remainder of the sector
combustor was chosen to be stainless steel beohtise exposure to high humidity and
very high temperatures, which would cause carbeal $t rust. The test section and
pressure shell were then designed, leaving thetmjstill to be designed. The next

section will discuss the design process for thenprmg injectors themselves.

3.2 Injector Design:

This section discusses the design process of tthebgn-air injector. The design

specifications for the injector followed the PT6-@fgine requirements. Since varying
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conditions of the engine (take off, cruise, and fioler) are possible, there are three
possible optimizations for the injector. The ceuc®ndition was chosen for the
optimization due to the high percentage of openatitime. Table 2 shows the overall
design constraints and the constraints per nopzlthé cruise condition of the engine.
The fuel flowrate was determined by the equivaterdrgy flowrate based on lower
heating value of hydrogen and kerosene. The nuoft®rzzles was chosen to ensure
relative spatial uniformity in the engine linerh&equivalence ratio constraint is from a
desire to have low emissions. These constrairiisedthe flowrates of both the fuel and
air to each nozzle. Using the aforementioned tamglesntry swirl design concept, a

prototype was developed.

Design Constraint Value
Power 410 kW
Fuel flowrate 14.5 g/s
Equivalence Ratio 0.4
Number of Nozzles 18
Upstream Pressure 537kPa

Table 2: Overall design Constraints for the premixer

The engineering design process needed both ted ligiantities above and
additional design constraints. The constraintsweae added include the following: the
axial velocity must exceed 100 m/s, the swirl nunthast be above 0.8 for a “high
swirl” injector, pressure losses must not exceed,l@nd there must not be any
instabilities in the operational range of the itggc The high swirl number and the high
velocity requirement were set such that the flarilestabilize outside the nozzle in the
shear layer between the vortices and not withiririjeztor. The pressure loss
requirement is present because pressure lossparasgtic to the engine efficiency and

must be minimized. Finally, the instability reqgnment is present because in the
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presence of instabilities pressure forces can darhagiware, the increased radiation has
the potential of melting the hardware, and locglares with high equivalence ratios are
formed, raising emissions, and the overall combuosgfficiency decreases. The next
section describes an embodiment of the injectdn alitof these constraints applied.
The conceptual design of the injector is to havamnular mixing chamber with
swirling flow. In this design, tangential entry svased to create the swirling flow.
Figure 7 shows the outside view of the injectohe Tour tangential air inlets can be
easily seen. The air inlets were designed sudlthiedabrication would necessitate
standard 1/4” tubing. The minor diameter of thiedets is 4.57 mm and has a°45
rounded bell mouth opening. The reason for thenimgges to accelerate the flow
gradually and reduce the pressure losses assouidtethe inlet. Varatharajan et. al
(2005) showed that there is a separation behietlia crossflow if it is introduced at 90
degrees, and it was also shown that reducing tigkeaeduces the wake region and
therefore the pressure loss and flame holding chiyadssociated with it. He also
showed that similar mixing is achieved using bdihdégree and 90-degree relative
angles between the injected fuel and the air damssfThe fuel inlet ports were oriented
in the axial direction, located at the upstream @inithe injector. This finding was the
reason to orient the air inlets at a 45 degreeeargghtive to the axial direction. A

reduction in pressure losses determined otherresatf the design.
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TOP WORK

Figure 7: Outside view of the injector

Another feature that reduces the pressure logg#dd inside the mixing
annulus. Figure 8 shows a section view of figurdearly simulations showed that the
area near the base of the injector at the centgrbaased a significant separation zone
and a void where hydrogen accumulation was possilé.25 mm radius fillet, labeled
as number 6, was placed on the centerbody tdé&lvbid and gradually turn the mixing

flow into the annulus.
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Figure 8: Cut view of the designed injector

The annulus, labeled as number 8, has an outeretiéa of 21.18 mm and an
inner diameter of 15.24 mm, yielding an exit aré8.6001699 rh Using the mass flow
rate and the area, the area average velocity isippately 113 m/s based on ideal gas
behavior. This high velocity is good flashbackvengtion because the turbulent flame
speed will not approach such a high value. Inpartant to note that this is for the
design condition only. During startup of the emgiwhen the flowrate is much lower,
flashback is a possibility that must be tested fbine next design choices were made on
the fuel system design of the injector.

The fuel side design decisions were made as ptienauo failures and problems

typically seen in premixing injectors. With tharihe zone for a swirling annular injector
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being close to the end cap of the centerbody, tisguetential for the thermal failure of
the centerbody cap. To help alleviate this probilleenhydrogen fuel provides convective
back wall cooling before it is introduced into @dwenular mixing chamber. To achieve
this, the fuel is routed from the inlet tube, laakhs 1 in figure 8, to the centerbody cap,
labeled as 2 in figure 8. Here it provides thekbaall cooling to the centerbody cap and
is routed to the base of the injector, and findilpugh the fuel delivery ports, labeled as
4 in figure 8.

The next precaution in the fuel delivery systerthesonset and sustaining of
thermoacoustic instabilities in the combustor. Sehmstabilities can be caused by
equivalence ratio perturbations caused by the aéiconave propagated upstream through
the fuel delivery system. One method to circumvRi®t communication is to have the
fuel inlet ports to be choked (Ma = 1). This fixae fuel axial velocity. The fuel inlets
being choked eliminates the possibility for equevade ratio perturbations, but mixing
perturbations can still exist leading to instatait It is however important that the bulk
mixing qualities remain constant, which are deteediin part by the momentum ratio
defined as

. ffoz
J ravaz

where the subscriptsandf refer to the air and fuel respectively. In a abpassage
the mass flow rate is determined by the pressunehapositively correlates to the
density. Itis important that the fuel stream doesover penetrate into the air crossflow
disrupting the mixing processes. Therefore tha afdghe fuel delivery ports was chosen

to be the largest area in which the passage rechahlmeked during the idle condition of
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the engine. The idle condition of the engine &sltdwest mass flow rate of fuel that is
required. Simulations performed in FLUENT suggestduel port size of .406 mm. The
diameter ratio between the air inlet ports andftle¢ inlet ports is 11.24, which is
relatively small. A benefit for making the fueln®larger is that the surface area on the
windward side of the fuel jet becomes large, aidmthe fuel shedding and mixing
process. An additional benefit of maximizing thelfinlet ports is that the hydrogen
inlet pressure is minimized. This could potenyidlé a parasitic loss on the engine
power, depending on the storage method of the Ilggaro

As stated above, the high axial component of #lecity is a good flashback
prevention mechanism. A second preventative meamsumely the quenching distance
can be taken in this design. The quenching distédefined as the smallest passage
through which a flame can propagate. The inlesguee is a main factor when
determining this dimension. For the cruise coodif the PT6-20 with an inlet pressure
of 5.3 atm the quenching distance was found to.bé30mm. The size constraints of the
combustion liner do not make this possible. Tleaareeds to remain the same, but with
a passage height of 0.173 mm, the diameter ofdkela would be extremely large, and
could not physically fit in the space for the linérherefore, the main flashback
prevention aspect of the design is the high vakxiwvithin the injector.

In summary the design choices for the injectorenadl derived from the engine
power required from the fuel. The power neededrdahed the flowrate of hydrogen.
The equivalence ratio specification to reduce détermined the air flowrate and thus
the annulus crossectional area. Furthermore, peelkas been shown that decreasing

the relative angle between the air stream andsiweam decreases the flameholding
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capability of a jet in cross flow arrangement. sTfinding along with the desire to have a
high degree of swirl determined the angle of tmerd¢ts. The fuel inlets were sized to
enhance mixing and still remain sonic at all opagatonditions. Finally the end wall
cooling of the fuel and the smoothing of the aleis were designed to increase the
durability lifetime and reduce the pressure lossHse quenching distance could not be
achieved as the annulus width, but the high vetscare a sufficient measure to prevent
flashback. After the injectors were designed,ntaufacturing considerations were
taken into account.

Figure 9 shows the exploded view of the machinatpéetor. It was decided that
the injector was to be made in three parts. Theetbarts are the centerbody, casing, and
the feed tube. The feed tube is a standard Yastathless steel tube that can be inserted
into the casing and welded at the back end. Theedeody houses the feed tube. The
fuel plenum is created with cross drilled holeg] #re fuel injection holes are created
with a wire EDM machine. The casing itself is méaen a single cylinder. The bell
mouth air entrances can be made from flareable¢uénd then welded into place. A
counterbore exists in the casing to locate theecbatly during assembly and ensure a
flush fit. The casing is then press fit around ¢baterbody to create the sealing surface
for the fuel plenum. This satisfies the objectfe& manufacturable test injector for
turboprop operating conditions. The next chapiscusses the experimental setup for

the testing of the injectors.
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TOP WORK

Figure 9: Exploded view of the injector
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Chapter 4: Experimental and Computational Setup
The following chapter describes the experimentalsér the CFD evaluation of
the mixing for the premixing injector. Additionglthe experimental setup for the

pressure testing of the flame characteristics atdaor is also presented.

4.1: Computational Setup
This section includes a discussion of an experialesetup for the CFD

evaluation of the premixing injector. The concaptl overall geometry for the injector
was designed using specific design guidelineshferengine. However solving for the
specific flow pattern and the mixing characterst@malytically is impossible. Thus, to
get a prediction and approximate performance ckeniatics, a CFD package was used.
The physical mesh was created by the program GAMHIie CFD package FLUENT
applies the Navier Stokes equations and the eregyggtion to each volume in the mesh.

Figure 10 shows the mesh generated by GAMBIT. mbdel used is broken
down into three parts. The first section of thedelas a single 2” diameter annular
plenum surrounding the air inlets. The purpose isliminate assumptions on the inlet
velocity profiles to the inlets and includes thedes associated with the air inlets. The
second portion of the model is the wetted volumthefinjector itself. All of the features
associated are accounted for as described in gigrdsection including the air inlets,
annular mixing chamber, hydrogen injection portg] the fillet at the upstream end of
the injector. The size of the final portion of ti@del is representative of both the

combustor liner and the test combustor.
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Figure 10: Mesh Generated by GAMBIT

The mesh above was generated as an unstructurédafiesrahedral cells. The
entire model contains over 700,000 cells. Thetipllenum was set to have a mass flow
inlet boundary condition. The outlet section weste a pressure outlet for the top and
bottom sides, as well as the end of the outlet. fadee front and rear faces of the outlet
sections were set as walls. This approximatesitbeand the combustion test facility.
To dictate the exact amount of fuel being introdutethe simulation, the hydrogen

inlets were set to a mass flow inlet boundary ctimiali The remaining surfaces were all
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given the wall boundary condition. After the megds created, it was loaded into
FLUENT and the operational constraints were plagazh it.

The injector was optimized for the cruise conditadrihe engine, due to the time
of operation at this condition. The boundary ctiods that were set are listed in Table
3. The fuel mass flow rate is set by the equiviaderergy flowrate of JetA that is used
currently in the engine. The air flow rate is detamed by the equivalence ratio that is
desired. The outlet pressure is set by the depmeskure loss through the injector and
the compressor exit condition. A complete listre boundary conditions is located in
Appendix C. The RNG specification of the well knoke model was used as the
turbulence closure equation due to its relativéa laigcuracy for swirling flows. The ideal
gas model was used for solving for the density, thedsolver used a first order upwind
scheme in the solution.

Table 3: Boundary Conditions for the FLUENT simulation

Inlet Boundary Condition Value
Air Mass Flow Rate 0.069kg/s
Fuel Mass Flow Rate 0.0008055 kg/s
Outlet Pressure (gauge) 500 kPa

The solution for the solver was initiated from flressure outlets and initially
iterated with a non turbulent model (i.e. laminaFhis approximates the flowfield
everywhere and is helpful for the convergence efablution. After the flowfield is
approximated by the laminar condition for 20 itemas, it is used as a starting point for
the turbulence model. Then the mesh was iteratéuki turbulence model until a

converged solution was reached. The conditiorafoonverged solution was to have all
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of the residuals at 1*10e-04 or less. This ensareésse approximation to the given
boundary conditions.

The solution to the model has several purposegddie actual testing of the
injectors. Firstly, an approximation of the mixiogn be determined. Secondly, the
expansion angle and the post injector fluid meatsaoan be analyzed such as the size
and strength of the cold flow recirculation zon@#irdly the pressure losses can be
approximated. The three metrics for testing thecior using the CFD package are the
level of mixedness, denoted by the spatial vamaitioequivalence ratio, the pressure loss
of the injector, denoted by the pressure drop betvike plenum and outlet, and the
angle of expansion, denoted by the path lineseflthd in the simulation. The results of
this test are shown in chapter 5 along with theeerpental results. The following

section includes a description of the setup foretkgerimental evaluation of the injectors.

4.2: Experimental Setup

The injectors were tested on the modular combustgpat the Combustion
Systems Dynamics Lab at Virginia Tech. The actest combustor is described in detail
in chapter 3. Figure 11 shows a schematic of timeponents of the test system. A
compressor is used to supply the air at a maximowrate of 1200 scfm and 150 psig.
The air then flows to a storage tank, then to adgier. The air then travels through
filters for particulate matter and into the builginThe air pressures and flowrates are

controlled with a series of pneumatic valves with PID computer control. The air then
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travels through a 300kW electrical process heat@e flow then enters the flow train
and is conditioned before entering the test section

The fuel source was a manifold of hydrogen cyisd From there, the pressure
was regulated down to 300 psi by a standard gasdeyltwo stage regulator for the tests.
A new high flow pressure regulator was installedetver the 600 psi and the high flow
rates of hydrogen needed for the high operatingsure conditions. A shut off ball valve
is located between the bottle regulator and theermgf manifold. From there the
hydrogen flows into the bank of pneumatic PID coltéd valves. The flowrates for the
fuel and air were measured by thermal type mass ih@ters. The valves for both the
fuel and air were controlled with a single computilizing LABview. The computer

also recorded the data that is relevant from theesarogram.
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Figure 11: Flow Diagram for the CSDL Facility and Modular Cbustor Rig

The test section is a modular piece of the flowtetithe CSDL at Virginia Tech.

Figure 12 shows the test section assembled aruldbement of the injectors. The

injectors are in a vertical linear array. It cdsoabe seen that the optical access for the

test section begins at the exit plane of the injeahd extends downstream 6.5 inches.

-43 -



Also featured are the upstream instrumentationhferpressure and temperature. Finally,
in the photograph the air lines for the film cogliare also shown. Each of the rows of
cooling are independently controlled via needlesand supplied from the same
compressor as the injectors. It is important terbat the film cooling is metered to

obtain the amount of dilution for the emissions sugaments. This is to make sure that

the biasing from passing excess air can be elimih&tom that measurement.
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Figure 12: Installed Test Section and arrangement of injector
There are several metrics associated with the@paéence of a premixing injector.
In the current study the stability map, pressuss lassociated with the injector, and the

NOy emissions from the combustion process are thahas of interest. An AST static
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pressure sensor in the plenum section of the cotmboeasures the upstream pressure.
The downstream pressure is measured far downstwétdre combustor by an Omega
static pressure sensor to measure the pressur@ldedyo friction or mixing which is
assumed to be negligible due to the bulk velochigiag low. The difference between
these two measurements approximated as the prefsgracross the injector. The NO
measurements are conducted by a NO-Nkermal analyzer (model 42C High Level).
The location for the emissions is .247 meters dongam of the burner plate. The
collection method for the measurement is a vertigla®, which serves to spatially
average the sample. The flame presence is medsyethr downstream thermocouple,
which is at the same downstream location of thessimins measurement, and by visual
and auditory inspection. From these methods, teeics for the injectors are
determined.

The goal of the present research is to test thelfdity of the premixing injector
for use in a PT6-20 engine. Thus it is importartest the injectors at a multitude of inlet
conditions. The literature by NACA suggests tihat flame speed will not be affected by
the pressure but will be affected by the inlet temafure. The flame speed will be a
maximum at a maximum temperature. However, thedlapeed also increases
dramatically with equivalence ratio if the equivae ratio is below 1.95. So if the
equivalence ratio is significantly higher than tiesign operating equivalence ratio, the
test is good for determining flashback. As su@hdhtire test matrix was executed at the
ambient temperature of approximately 298 K. Tab$#ows the specific conditions that
were chosen as characteristic for the engine. T'essan atmospheric test which only

tests the operation of one injector. Test 2 issthbility map for three injectors operating
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simultaneously. The flow rates for air and fued aenultiplied by three from Test 1. Thus
the only difference is the interaction betweenitijectors is now active. The fuel mass
flow rate range limits the boundaries that theistglmap will be measured on. The
design case for the single injector case is 6.22 sf fuel. Therefore the 2 scfm case
has a turndown ratio of .322. This will test theshback resistance of the injector
beyond the demands of the engine. The next chdigeusses the results from the tests

outlined above.

Table 4: Conditions tested for the premixed injector

Test # # of Injectors Used |Fuel Flow Rate (scfm) Equivalence Ratios

1 1 2.9 Blowoff-0.8
1 4.5 Blowoff-0.9
1 5.7 Blowoff-0.10
1 6.3 Blowoff-0.11
1 7.2 Blowoff-0.12

2 3 8.7 Blowoff-Stability Limit
3 13.5 Blowoff-Stability Limit
3 17.1 Blowoff-Stability Limit
3 18.9 Blowoff-Stability Limit
3 21.6 Blowoff-Stability Limit
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Chapter 5: Injector Performance at Atmospheric Condtions and
Simulation Results

This section includes a discussion of the FLUENMmputations and the
experimental results from the combustion testsrde=t in chapter 3. The emphasis for
the testing of the injectors is on the cruise cbodidue to the high percentage of time in

that operating condition.

5.1: Simulation Results and Discussion

5.1.2 Flowfield and Velocity Results

The metrics or tests of a good swirl based premgixiozzle is that it has low
pressure loss, high degree of mixing, and a mogl@rahigh amount of swirl. Figure 13
shows the particle path lines or streamlines, bez#due FLUENT solution is for the
steady case only. The color of the path linesasgmts the velocity magnitude. Itis
clearly evident that there is a high degree oflswihe swirl number is an indication of
the amount of swirl in the flow and is defined as

v, v, dr
rv /dr

S=

where V; is the axial velocityV, is the tangential velocity, and r is the radial rchieate.

The swirl number was calculated for this conditiorbe .886. According to Lilley
(1977), this is classified as a “high swirl” flomé should be good for flame stabilization.
Also, the spatial position that the velocity magdé rapidly decreases is the exit of the
injector. This creates a convenient stabilizapomt for the reacting flow. Finally the

expansion of the pathlines downstream of the dxti@nozzle is evidence that central
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vortex is occurring, which provides recirculatiohhot exhaust gases for ignition of a

fresh mixture.
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Figure 13: Pathlines for the Steady State Solution for Mixifigw in the Injector

The most common way to examine the kinematicsflovais to examine the
velocity field. Figure 14 shows the velocity fiedfla vertical slice through the center of
the injector. The location of this slice is nda £nd of the injector at the rapid
expansion into the combustor. It is difficult ®esthe swirl directly from the center plane
because the tangential component of velocity isatly into or out of the plane. Because
of this, 5 different vertical slices are includedAppendix C to show the swirling nature
of the flow. The equivalence ratios are also ideldifor these vertical slices in Appendix
C. Even though the swirl cannot be directly seetine view, the evidence of the swirl

can be seen. The strong recirculation zone jushdtream, the reversed flow to the
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edges of the issuing jet, and the large expansigteaf the flow once it issues into the
combustor are these indicators. Another intergsimd beneficial aspect shown is that

the boundary layer seems to be very small withénitifector.
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Figure 14: Velocity Vectors at the end of the Injector at @enter Plane

One of the key features of the injector design imgiacts its performance greatly
is the air inlet channels. Figure 15a shows thearl vectors in this region. Itis easy to
see that progressing from the plenum section ositin@lation through the inlet air
nozzles the velocity is gradually increasing arat there are no separation zones within
this region of the flow. Of course this impacte firessure losses seen in this region.
Figure 15b shows a contour in the same region a®flfhe total pressure. The total

pressure was area averaged both in the throanhahe entrance to the air inlet nozzles.
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The resulting pressure loss across this portidhefnjector was calculated to be 12.974

kPa, or 13.4% of the total pressure loss acrossritiee injector that is described below.
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Figure 15a: Velocity Vectors at Air Inlets Figurel5b: Total Pressure at Air Inlets

5.1.2 Pressure Loss Characteristics

Another important feature of a premixing injectethe low amount of pressure
losses incurred from the device. Figure 16 shoasndour plot of the total pressure.
The contour is oriented on the centerline of thedtor with the inlet at the left of the
image and the exit being at the right of the imagjkere are some interesting features of
the pressure contour. First there are three descegions of very similar total pressure.
This indicates that there are two non-friction pree loss sources. The first of these is
the air entrance region at the upstream area ahtkimg annulus. In this region there is
a rapid expansion and mixing between two fluidastrs, both which lead to total
pressure losses. As mentioned above pressuresloakulated across the air inlet region
at 2.04%. The second region of non-friction relat#al pressure loss is located at the
exit of the injector where the mixed fluid is isdu@rough a sudden expansion.
Although this method of premixing creates a congenstabilization region, a
consequence is the non-recoverable pressure les®die shear layer mixing of the

fluids. There is a 6.8 % total pressure loss actios sudden expansion region. The
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remainder of the pressure loss is attributed toribéng of the hydrogen and the air, and
frictional losses at the wall. The total presdoses across this entire domain is 96.594
kPa or 15.2%. The pressure loss across this dooyadlefinition must be the pressure
loss across the combustor. Peterson (1992) suygésgpical pressure loss of 5% for
aeroderivative gas turbine combustors. This iaénghan typical pressure loss;

however, the theoretical reduction in emissiorthésbenefit for this augmented loss.

Contours of Total Pressure (pascal) Mar 18, 2007
FLUENT 8.2 {3d, dp, segregated, spe, rngke)

Figure 16: Total Pressure Contour on the Centerline of then&ia

5.1.3 Mixing Characteristics
Another factor that effects the emissions of thendéwal combustion is the pattern

factor of the mixing of the premixing nozzle. Gofehe most important aspects of a
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premixing nozzle is the level of mixing attainedla¢ end of the hardware. Figure 17
shows a contour plot of the equivalence ratio aes# planes of the injector. The
contours are located at the injector exit planemnb2 upstream of the injector exit, 25
mm upstream of the injector exit, and 37 mm upstre&the injector exit. The evolution
of the contours shows the mixing inside the injectibis evident that the pattern factor is
reduced towards the end of the injector. The rflassrates of the hydrogen and the air
dictate that the average equivalence ratio achessjector exit plane must be 0.4.
However, the amount of spatial deviation from thisan value is important. It can be
seen that there are four relatively richer zonesesponding to the four hydrogen inlets,
and 4 leaner zones that correspond to the spatetween. These locally higher
equivalence ratios yield higher local temperatufrésese regions propagate to the flame
stabilization point, and as a consequence higload Emissions. Therefore the goal is to
keep this pattern factor as low as possible. \tighcurrent results, the highest
equivalence ratio issuing into the sudden expanisi@rb122, and the lowest equivalence
ratio is 0.330. The lower flammability limit folydrogen is 0.1. Since the equivalence
ratio is much higher than this everywhere in thi¢ ghane, it indicates that all of the fuel
is likely to be burned. Although the FLUENT simtidas show that the injector will

yield 16% pressure losses, low pattern factor,aasdirl number of .886, there was a

problem that is associated with the injector.
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Figure 17: Equivalence Ratio Evolution Contours in the Ingect

Flashback prevention is achieved in this desighigl velocities in the hardware.
Figure 18 shows a surface of equivalence ratiogingrbetween 0.9 and 1.8. The entire
surface is located at the base of the mixing armuluis also evident from the shape of
the contour where the air inlets are, located ijgownstream of this rich region. The
air inlets then act as a shield to prevent flaskli@actwo reasons. The first is that the air
inlets are of high velocity (approximately 200 mishich is much higher than the
anticipated maximum flame speed of approximatelyn®§. Additionally the air inlets
serve to lean out a mixture to slow the kineticd #lus the flame speed. However, if the
compressor of the engine has a power drop offh@flow is interrupted briefly during

transition stages from start up to idle, idle cdiodito cruise condition etc., the air flow
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will have a sudden drop off. This will reduce tredocity of the air inlets and thus the
shielding effect is diminished and flashback isgtole. Additionally once the air flow

rate recovers, the shielding effect will contaia flame at the base of the injector and not
at the proper stabilization point. This, of coynsél cause damage to the injector and
potentially cause thermal failure. Therefore iumsoperational challenge to avoid the
sudden interruptions in air flow, or to adjust thel flow to compensate for this shielding

effect.
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Figure 18: Iso-Contour of high Equivalence Ratios

FLUENT was used as a design tool for the premixmector. The condition that is most
important with the performance of the injectortighee cruise condition. The FLUENT

results show that the injector has a high swirl hemlow pattern factor, axial velocities
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higher than approximated flame speeds inside fleetor, and a moderate pressure loss.
However there was a problem discovered when amaythie results. Operationally, the
region of high equivalence ratio and low velocittas avoid flameholding tendencies.
Once the results for the CFD were analyzed, thaahbtardware was tested within a

sector test combustor.

5.2: Experimental Results and Discussion

5.2.1 Blowoff and Stability

The most important characteristic of the injectorts stability map. Test #1 was
a stability test on the central injector operaiimghe sector combustor with an inlet
temperature of approximately 298 K. For all thelfilow rates, the equivalence ratio
was varied between 0.8 and blowoff. Images ofcseteoperating conditions for the
single injector test can be found in Appendix CheTnjector had no evidence of
instability through the entire range of operatiémsthe single injector. A microphone
was placed at the end of the experiment to medbkarpressure waves. The signal from
the microphones was analyzer by a HP dynamic semalyzer (model 35665A). No
frequency content was evident above the noise levabproximately —65 dB. The
stable operation was terminated at the lean sidelidgwout event. Figure 19 shows the
blowoff curve for the single injector. The deskgpuivalence ratio for the injector is at
0.4. It is easy to see that the stability extemdl below this operating condition. Also
the curve has a positive relationship with the fleel rate. This is intuitive because

when keeping the equivalence ratio constant angasmg the fuel flow rates, the fluid
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velocities increase. The single injector showtetbisity for all of the engine conditions,

exceeding the design operation of the cruise camdét an equivalence ratio of 0.4.
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Figure 19: Blowoff Curve for the single injector test

The blowoff results for test #2 also exceededdgggn operation. However, the
stability map for the sector combustor when akkéhinjectors are operational proved to
be different than the single nozzle case. The gmyndifference was the existence of an
instability at some of the equivalence ratios. uFég20 a and b show pictures of the flame
in both the stable and unstable case. The stadile@ occurred at an equivalence ratio
of 0.6 when only two of the three injectors wereléd. The third injector was isolated
with a shut off valve. Once the valve was opetieel combustion process went
immediately unstable. This indicates that theab#ity in the test combustor may be

power related, and of course needing to be avoiéedm the pictures it is clear that the
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stable flame case has a well-defined cone shapsreab in the unstable case the bluish
region of the flame seems to be vibrating and bllirrAdditionally the glow of the
combustor walls is much greater in the unstable cadicating that there is enhance
radiation heating when the flame is unstable. racfice in an engine, this enhanced
radiation heating decreases the lifetime of thelmastor liner. It was also measured by a
microphone located near the end of the test setttetnwvhen the combustion process
went unstable, an approximate 2 kHz tone accomganiel he tone frequency tended to
drift slightly between 2.0 and 2.3 kHz dependingloatest condition. This pressure
oscillation was extremely strong, on average 3&b8&ve the noise floor. In addition to
the tone itself, the pressure oscillations loosesoedws that held the assembly together,

even though the operation time in this mode wasredy limited. It is clear that this

mode of instability needs to be avoided in the apen of the combustor.

Figure 20a: Stable Flame Figure 20b: Unstable Flame
With the instability issue in mind, a new proceslwras taken to limit the damage
caused by the combustion instability. The stabiinges were tested for in between the

blowoff point and the onset of this instabilityhd onset of the instability was quantified
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as a minimum of a consistent 20 dB above the reis# of the experiment. Figure 21
shows the stability map of test 2 given this neiteaon. As suggested earlier the graph
tends to support the theory that the power levéhefcombustor is a large factor for the
instability. As the combustor power is incread®dincreasing the fuel flow rate, the
instability exists at lower equivalence ratios. dittbnally the blowoff point rises slightly
when the fuel flow rate is increased for reasossulised earlier. Thus the stability
envelope of the combustor shrinks from top anddmotivith increasing fuel flow rates.

The red star on the graph indicates the desigr pbitme injector. The design point is
near the upper end of the stability envelope, sopbssible to move this point down in
equivalence ratio, but it would have detrimenté&s on the pressure loss of the system,

which is a very important metric of a test injector
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Stability Map for Three injector Case
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Figure 21: Stability Map for the Three Injector Case

5.2.1 Pressure Loss Map and Discussion

After its operational limits are identified, the tmes for the combustor
performance are mixture homogeneity and presssse Which have implications on
engine efficiency. This section discusses theiigsl for the pressure loss for both Test
#1 and Test#2. Figure 22 shows a 3-d surfaceoplibte fuel mass flow rate in g/s,
equivalence ratio, and pressure drop across thetorjin kPa for Test#1. The point that
is the black asterisk is the design point of thedtor at the scaled fuel flow rate of .2522
g/s and an equivalence ratio of 0.4. At this ptiuete is a pressure loss of 17.8 kPa. The
surface shows that with a decrease in equivaleatag or a increase in fuel flow rate at

the same equivalence ratio yields a higher presta@ This is intuitive because in both
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cases the air flow rate (which composes approximna&% of the mixture by mass)

increases, thus increasing the frictional losses.

Pressure Loss over the Stability Range of the Injectar
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Figure 22: Pressure Loss Surface Plot for the Single InjeCemst

Figure 23 shows the 2-D version of Figure 22e Thrves show a monatomic
increase with the fuel flow rate at the same edaivae ratio. This is due to the increase
in the air mass flow rate causing more frictiomades. In addition to that, the hydrogen
inlet port diameter is 8.9% of the air inlet pormeter, and is situated at the center of
the air inlet. When increasing the fuel flow ratee momentum ratio increases between
the fuel stream and the air stream, thus causing tmlockage and higher pressure drop.
The only discrepancy is between the top two fumkftates, where the pressure loss
curves are very near one another. A possible eafitan is that the fuel has fully

penetrated the air stream at the “cruise” conditin0.2522 g/s. Increasing the fuel flow
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rate further does not introduce any further bloekamd the pressure loss remains

roughly the same for a given air flow rate.

Fressure Losses vs Equivalence Ratios at different Fuel flow rates for One Injector
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Figure 23: Pressure Loss Curves for Different Fuel Flow R&teJest #1

The pressure loss data for test#2 was differemt fbiathe single injector test.
Figure 24 shows the pressure loss curves for tlee thjector test. The shape of the
curves matches those shown in Figure 23. How&vemagnitude of the pressure loss is
significantly higher in these cases. At the desiguivalence ratio of 0.4, the average
pressure loss increased by 68.5% for the full pamelr cruise fuel flow rates, and by
203% for the idle case. Here the cruise condpi@ssure loss is 30.2 kPa, or 4.38 psi.

This illustrates the importance of testing the ¢tges in a sector combustor and not a
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simple can combustor. The pressure losses arawistgading when only looking at a

single injector.

Fressure Losses v Equivalence Ratios at different Fuel flow rates for Three Injectars
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Figure 24: Pressure Loss Curves for the Three Injector Test

5.2.3 NO Emissions Map and Discussion

Even though the pressure drop across the injerstoedatively high when
compared with the industry standard of 10%, whichresponds to 10.1 kPa, the
emissions of NQand more specifically NO were well within limitdNOy is primarily
consisted of NO and NO Throughout all of the tests, the measuremenkéfwere

either zero or negligible compared to the emiss@n$O. Therefore, the emissions of
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NO will be discussed as the primary pollutant. uregg25 shows the NO emissions for the
single injector test. As stated before the NO emtr@tion is an exponential function of
temperature, which is dependent on the equivaleata®® So as expected, the NO
emissions follow an exponential curve with the gglénce ratio. The yellow star in the
graph indicates the design point of the “cruiseglfilow rate and an equivalence ratio of
0.4. The NO emission for this point is 1.95 ppAt.the equivalence ratio of 0.8, the NO
emission was as high as 50 ppm. The boundary ket low NO region and the high
NO region was delineated at an equivalence rath®f Beyond this point, the

emissions began to increase rapidly with the edgemnez ratio.

NO Mole Fraction ower the Stability Range
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Figure 25: NO Concentrations for the Single Injector Test
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To get different kind of information out of the msions data, it was plotted while
being segregated by fuel flow rate. Figure 26 shthe graph of NO emissions versus
equivalence ratio for the different fuel flow rafes the single injector test. All of the
fuel flow rates resulted in very low emissions @ Nor equivalence ratios less than 0.5.
However, at the higher equivalence ratios, theedtifit fuel flow rates began to show a
trend. As the fuel flow rate increases for a gieguivalence ratio, the emissions
decrease. As stated above, one explanation isvtiet increasing the fuel flow rate, the
penetration of the fuel jet into the air crossflmereases. This causes extra blockage for
the air yielding in higher pressure losses, bui disperses the fuel into a greater area.
This causes better mixing. The better mixing redute number and severity of hot
spots. The reduction in hot spots reduces theatiie© concentration of the exhaust.
For example, at the equivalence ratio of 0.7, iasirgg the fuel flow rate from 0.18 g/s to
0.25 g/s yields a NO reduction of 63.8%. So thare below is more evidence of the

momentum ratio/penetration explanation of the perémce of the injector.
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NO Mole Fraction vs. Equivalence Ratio at different Fuel flow rates
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Figure 26: NO Mole Fraction versus Equivalence Ratio for 8iegle Injector Test

The final data that will be discussed is the N@asmtration for test #2. Figure
27 shows the NO concentration versus the Equival&atio for different fuel flow rates.
Here the injectors behave quite differently thathie single injector case. The most
important point on this plot is the cruise desiginp where the NO emissions are 0.99
ppm. This is 50.7% of the emissions seen in thglaiinjector test, and is well below
what a current liquid diffusion flame combustoriwikeld. The curves exhibit the same
exponential behavior; however, the overall magratisdmuch less than that of the single
injector case. This may be explained by the isguesidence time. Since the mass flow
rate for the three injector test is three timesbighan that of the single injector test, and

given somewhat comparable densities, the residimeeof the three injector test will be
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a third of the single injector test. This mearet tiot all of the NO has formed or come
near to its equilibrium concentration. Anotheemasting find is that the NO
concentration increases with fuel flow rate, wiehe single injector case the opposite
is true. Another important feature with the thigector test is that all of the emissions
are below 20 ppm, even at the higher equivalengasraBoth the single and the three
injector emissions tests show that at the desigmt jpb the injector the emissions are
very low, and there is a range between blowoff @bdhat the injectors can operate with

low NO.

NO Mole Fraction vs. Equivalence Ratio at different Fuel flow rates
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Figure 27: NO Mole Fraction versus Equivalence Ratio forTieee Injector Test
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5.2.4 Summary of the Experimental Results

The goal of the reported study was to measureéhenmance of the injectors by
measuring them while operating individually andithree injector operation mode in the
sector combustor. From the previous sectionsisfdapter it can be seen that the
injectors stability range extends well below theide point of .2522 g/s of fuel and an
equivalence ratio of 0.4. Also there is an indigbwith a frequency of approximately 2
kHz that is present which limits the safe operatbthe injectors and forces the
operation below an equivalence ratio of 0.5. Thesgure loss data shows a large
difference between operating a single injector, @perating three injectors. The
pressure drop is 17.8 kPa for the single inje@nd 30.2 kPa for the three injector case
for the design condition. Both of these are mughdr than that of the upper limit of the
industry standard of 10%, or 10.1 kPa. Howeveth the increased pressure loss, the
mixing was also enhanced, which is evidenced byethissions data. For the design
condition, the NO emissions for the single injest@s 1.95 ppm, and for the three
injectors it was slightly lower at 0.99 ppm. Baththese values are well below the target

for the combustor.
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Chapter 6: Conclusions and Future Work

6.1: Conclusions

The goal of this study was to design and test gropnance of a premixing
swirl-based injector which utilizes tangential gntiThe performance needed was based
on the energy and emissions requirements of théuastor of a PT6-20. FLUENT
simulations were done on the geometry as a des@n The results from the simulations
showed that the injector design itself had goodimgixa fairly large pressure drop of
16%, and a high degree of swirl, with a swirl numi0.886. All of these qualities
were confirmed by the single injector tests indketor combustor that was designed.
The loss coefficient is defined as

bP

}érvz

where P is the total pressure lossis the density of the fluid, and V is the veloaitly

X =

the fluid at the exit plane of the injector. Thgerimental results for the single injector
converged at a value of 2.9 for Reynolds numbemseasing past 20,000. If this
correlation is used, the pressure loss at the erggndition is 18.2%. This agrees well
with the simulation and gives validity to the si@tibn as a whole.

The experimental tests were split into two confadians. One with only one
injector having air and fuel through it, and thbestwith all three with air and fuel
flowing through them. The results are very difféarbetween these two configurations.
Table 5 summarizes the important results. Thespresdrop is 69.7% higher with three
injectors than with one, even though the flow pgector remains constant. One

explanation could be a separation problem in teayrh section of the combustor due to
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the increased flowrates. Also the emissions aré%Qower for the three injector test
than for the single injector test. This could beesidence time issue with the increased
flow rates. Finally the introduction of the exfteel with the three injector test gave rise
to a 2 kHz instability that occurred at higher eglence ratios.

Table 5: Summary of Important Results

Single Injector (test #1) |Three Injectors (test#2)
Design point Pressure Drop 17.8 kPa 30.2 kPa
Design point NO emissions 1.95 ppm 0.99 ppm
Increase fuel flow rate NO emission decreases | NO emission increases
Design flow rate Stability Range 0.21-0.8 0.17-0.5

All of this indicates, is that the mode of operatise extremely important. With a
single injector test, the injector itself is moselated from the end walls, heat transfer out
of the experiment is much less, and residence taregreater. Thus the single injector
test is a measure of the injector only. With three injector test, wall interactions
become much more important, the amount of energfyarsame volume triples, giving
rise to enhanced heat transfer and instabilitied the residence times are decreased.
Thus the three injector test is a measure of teeery, being the injector and the
combustor, as a whole.

Additionally a test combustor was designed andi¢abed for the modular rig in
the CSDL at Virginia Tech to study this injectomncept as well as others, as it replicates
common dimensions for aeroderivative combustioarn The cooling scheme for the
upper and lower walls, as well as the downstreartiqgoof the combustor worked well
to keep the test combustor within operational tenajpee limits. The facility itself is
capable of combustion tests at both elevated teatyrexs and pressures to approximate

or replicate the inlet conditions from a low pragstatio turbine engine. The sealant
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scheme work well with the fiberglass insulation d@imel fitted grooves, making the test
combustor have easy maintenance.

The essence of the research is to answer theesmuoeistion of whether or not the
injector will operate given the conditions of a PA® turboprop. As stated before the
pressure drop is higher than the industry standartits stability range extends well past
the design point of 0.4 and the emissions levelt @ and 0.99 ppm measured for both
cases compare very favorable to the values meapuegtbusly of 25 ppm at the cruise
condition. The excessive pressure drop will deethe modifications necessary in the
combustion liner to ensure the correct amountmofl@av enters the injector, and the
correct amount is routed through the cooling passadthe liner. Also, the
manufacturing of the injectors and the maintenarqgeired for the injectors is done

easily with the injector design, because the iojerst easily split and cleaned.

6.1: Future Work and Recommendations

The current work focused on the atmospheric tgsifrone and three injector
combinations with ambient inlet air temperaturewas discovered that there is vast
differences when testing either one or three iojsct However, this has not been
extended to alternate inlet temperatures and pressa herefore, the next area of
research would be to vary these parameters witbuhent injector model, to see the
effect of the stability map, pressure loss, inditgtstrength and frequency, and emissions
measurements. A design metric was not investigatéte present study, which is
known as the combustion efficiency. This calcwlatis important when considering the

integration of the combustor into the engine, amaligd be calculated in future testing of
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the injector. Also the investigation of the insli#pto determine the sources and
possible solutions is also a worthwhile study. Tihal portion of extended work would
be to test similar geometries, but with differehfiacteristics such has swirl number and
velocities. This would find the optimum for redagithe high pressure loss, and yielding
little with the NO emissions success and stabditgcess.

The air inlet passages were made specifically lsmalelp with mixing of the fuel
and the air at the expense of the pressure o thAe air inlets were positioned to give
a large amount of swirl to the mixing flow withing annulus. Two of the problems
associated with the injector are that the preseseis too high, and the high degree of
swirl shapes the flame such that it thermally lodudssidewalls extensively. One of the
possible design changes would be to sacrifice ¢#geesk of mixing and swirl by lessening
the angle of the air inlets, and also making tinenéets larger. Another area to help
solve the excessive pressure loss would be torgit®ithe sudden expansion at the
upstream end of the injector. The air inlets cdaédjuided into four helical independent
passages inside of the injector instead of thengiriccurring in a complete annulus.
CNC fabrication or investment casting would be megfifor such a modification.

The test combustor handles the thermal loading wetl except for the hastelloy
X sidewalls. One recommendation would be a sligtesign of the combustor to
incorporate cooling specifically on the hastelloypices to lengthen the life of the
combustor. The combustor was also designed ficadpmeasurements. A further
avenue of both studying the stable and unstahbeetawould be to incorporate a

measurement technique such as PLIF to get a pbelsed measurement of the flame in
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the different phases of a stable and unstable flafiies could yield understanding of the

instability mechanism and possible solutions.
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Figure A.5: Pictoral View of the Sector Combustor Welded tbget
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Injector Drawings

Appendix B:
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Appendix C: Fluent Results

Table C.1: Fluent Model Parameters

Model

k-epsilon

k-epsilon Model
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Swirl Dominated Flow

Near Wall Treament

Standard Wall Functions

Wall Prantl Number
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Swirl Factor
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Figure C.1: Velocity Vectors for vertical plane y =-10.16 mm
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Figure C.2: Velocity Vectors for vertical plane y = -5.08 mm
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Figure C.4: Velocity Vectors for vertical plane y = 5.08 mm
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Figure C.5: Velocity Vectors for vertical plane y = 10.16 mm
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Figure C.6: Equivalence Ratio Contour for the Plane y = -10vik6

Figure C.7: Equivalence Ratio Contour for the Plane y = -5108
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Figure C.8: Equivalence Ratio Contour for the Center Plandefibjector

Figure C.9: Equivalence Ratio Contour for the Plane y = 5.08 m
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Figure C.10: Equivalence Ratio Contour for the Plane y = 106
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Appendix D: Flame Pictures at the “Cruise” Condition

Figure D.1: Equivalence Ratio of 0.4 Single Injector
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Figure D.2: Equivalence Ratio of 0.5 Single Injector

Figure D.3: Equivalence Ratio of 0.8 Single Injector
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Figure D.4: Equivalence Ratio of 1.0 Single Injector
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Appendix E: Error Analysis

Table E.1: Error of measured quantities

Measurement Full Scale % Error Error
NO emissions 0-50 ppm 1.415% .7075 ppm
Air Metered Flowrate | 0-167.3g/s |1% RDG + 0.5%| 1% RDG + 0.837 g/s
Fuel Metered Flowrrate| 0-1.401 g/s [1% RDG + 0.5%| 1% RDG + 0.0070 g/s
Pressure Drop 0-172 kPa 1.41% 2.437 kPa

The measurement of the pressure loss, the fuehiamdass flow rates, and the
NO emissions have their own uncertainties assatiattn them listed above in table E.1.
The flow rate uncertainty is dependent on the ftate itself.

the dependence of the absolute value of the eersiug the flowrate through the specific

Figures E.1 and E.2 show

meters. The other measured quantities have aniedependent of the reading,

according to their specifications, and as suchutieertainty can be captured by a single

value.

Air Flow Uncertainty

= Ly =
» o ©

Air Flow rate Uncertainty (g/s)
=
N

0.8

Air Flow rate (g/s)

80 90 100

Figure E.1: Air Flow Uncertainty over the Flow Range Tested
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Fuel Flow Uncertainty

0.018
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0.01

Fuel Flow rate Uncertainty (g/s)

0.008

0.006
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fuel Flow rate (g/s)

Figure E.2: Fuel Flow Uncertainty over the Flow Range Tested

The equivalence ratio is not a directly measunghtjty in this experimental
setup. Therefore the standard method of propagafierror must be employed. The
three equations below show the progression tothedabsolute error estimate for the
equivalence ratio based on the equation of itsdefn. The plots of this resultant
uncertainty are figures E.3 and E.4 for the simgjector case and the three injector case,
respectively. For the single injector case the@Vencertainty rises with rising
equivalence ratio, with a maximum of 0.08 at a fleek rate of 0.18 g/s fuel flow rate, or
11.4 % uncertainty. The uncertainty is less ferttiree injector case than for the single
injector case because at the larger flowrates,ticertainty approaches 1 % of the
reading. In this case the maximum uncertaintyheféquivalence ratio is 6.25 %
occurring at the lowest fuel flow rates and higrezgiivalence ratios. For the design fuel
flow rate and equivalence ratio of 0.4 for both sihgle injector test and the three

injector test, the uncertainty is less than 3%.
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Figure E.3: Equivalence Ratio Uncertainty for the Single Ingec
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Equivalence Ratio

Error for the Three Injector case (Test 2)
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Figure E.4: Equivalence Ratio Uncertainty for Three Injector
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