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Abstract

Next generation turbine power plants will require high efficiency gas turbines
with higher pressure ratios and turbine inlet temperatures than currentibée/ail hese
increases in gas turbine cycle conditions will tend to increase NOx emissisitse A
desire for higher efficiency drives pressure ratios and turbine inlet tennmgsraver
higher, gas turbines equipped with both lean premixed combustors and selectivie catalyt
reduction after treatment eventually will be unable to meet the new emissisrofoal
sub-3 ppm NOx. New gas turbine combustors are needed with lower emissions than the
current state-of-the-art lean premixed combustors.

In this program an advanced combustion system for the next generation of gas
turbines is being developed with the goal of reducing combustor NOx emissions by 50%
below the state-of-the-art. Dry Low NOx (DLN) technology is the curredeleia NOXx
emission technology, guaranteeing 9 ppm NOx emissions for heavy duty F class gas
turbines. This development program is directed at exploring advanced concepts which
hold promise for meeting the low emissions targets.

The trapped vortex combustor is an advanced concept in combustor design. It has
been studied widely for aircraft engine applications because it has demaltteate
ability to maintain a stable flame over a wide range of fuel flow rates. Addily, it
has shown significantly lower NOx emission than a typical aircraft engine camlnst
with low CO at the same time. The rapid CO burnout and low NOx production of this
combustor made it a strong candidate for investigation. Incremental improvemnitets to
DLN technology have not brought the dramatic improvements that are targeted in this
program. A revolutionary combustor design is being explored because it captures many
of the critical features needed to significantly reduce emissions.

Experimental measurements of the combustor performance at atmospheric
conditions were completed in the first phase of the program. Emissions measurements
were obtained over a variety of operating conditions. A kinetics model is fdethuta
describe the emissions performance. The model is a tool for determining the conditions
for low emission performance. The flow field was also modeled using CFD.

A first prototype was developed for low emission performance on natural gas.

The design utilized the tools anchored to the atmospheric prototype performance. The
1/6 scale combustor was designed for low emission performance in GE’s FA+e gas
turbine.

A second prototype was developed to evaluate changes in the design approach.
The prototype was developed at a 1/10 scale for low emission performance in GE’s FA+e
gas turbine. The performance of the first two prototypes gave a strong indication of the
best design approach.

Review of the emission results led to the development Bfi@&otype to further
reduce the combustor emissions. The original plan to produce a scaled-up prototype was
pushed out beyond the scope of the current program. "he®type was designed at
1/10 scale and targeted further reductions in the full-speed full-load emissions.
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1 Introduction

1.1 Background

The trapped vortex combustion concept has been under investigatientisenc
early 1990’s, but until recently the focus has been on liquid fuel agiphs for aircraft
combustors. The Air Force Research Lab (AFRL) initially condustadies of cavity
stabilized flames in a free stream and found certain configuratihe very stable.
Following this work, a 4” cylindrical prototype combustor was developéth GE
Aircraft Engines for operation at atmospheric conditions and gaseopaner fuel. The
results demonstrated the TVC capability for low emissions amd beEawvout stability
enhancement. A second prototype was then developed for higher pressure
demonstrations with liquid fuel. Complications with the liquid fuetatpr design at
subscale drove the research effort to begin investigating a representative 6”
rectangular prototype for liquid fuels at atmospheric pressure. rithiwas used to
investigate the air and fuel injection locations as well as the driveoldocations. The
preferred cavity aero design was then applied to the developmentajfractangular
prototype for high pressure operation with liquid fuels. This prototypedmsnstrated
50% NOXx reductions with liquid fuels while maintaining better than @@¥hbustion
efficiency over a much larger turndown range. Tests confirmedgpkcability of the
concept for aircraft and marine gas turbine engine application. tiidre performance
of the concept and attractive features of the design for lowsEmiapplication led to the
proposal of this program.

1.2 Design philosophy

Advanced gas turbines operate at higher turbine firing temperatures and pressures.
An advanced gas turbine combustor must then be suitable for creigfineg turbine inlet
temperatures without producing excessive emissions. At high teomgsratnd lean
conditions the Zeldovich mechanism for thermal NOx formation igpthmeary mode of
NOx production. This relatively slow mechanism can require mora th@0
milliseconds to reach 99% of equilibrium at gas turbine temperafupeessures. Early
on in this process the formation rate can be treated as a heady function of time;
therefore, a reduction in the combustor residence time will lead pyoportional
reduction in the thermal NOx formation.

One reason the trapped vortex combustor was chosen as a sudabhddogy for
an advanced combustor is that it has the potential to reduce NiSsiera by lowering
the combustor residence time by 50%. Current state-of-the-atiustons can not be
modified for shorter residence times because the additionaidimeeded to reduce CO
emissions.

Competing against the thermal NOx formation mechanism is the Cabuiur
mechanism. CO must be kept to single digit ppm emission leveteét regulations. To
obtain good burnout of CO, temperatures need to be kept high at leanocsndind
good mixing of the combustion air needs to occur. The CO burnout mechangsm is
strong function of temperature, so any cold regions of the combustoretgih rCO
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rather than reduce it to CO2. Traditionally, heavy duty gas tudomdbustors have been
designed with residence times greater than 20 milliseconds talpragiequate time for
CO burnout. The trapped vortex combustor obtains more vigorous mixingghat hi
temperatures at the head end which facilitates a more rapid destruction of CO.

The high temperatures associated with a diffusion flame frant contribute
significantly to NOx formation in the combustor. State-of-the-amloustors have
moved away from diffusion flames to premixed fuel-air designs lwisignificantly
reduce peak flame temperatures. This has proven to be the lsbsinmm for achieving
low NOx emissions. The power generation TVC combustor incorporatesifuel
premixing as well to obtain even lower emissions than the state-of-the-art.

One drawback to fuel-air premixing has been combustion instabilitidgsalean
conditions. These instabilities involve the temporal quenching ofaheef The trapped
vortex combustor has the potential for better success in this bmemuse of the
demonstrated performance in aircraft engine configurations. Thty cagiction zone
helps stabilize lean flames in the main burner and has appearedréasgecombustion
instabilities. This has given the TVC combustor greater flewibifi operability than
state-of-the-art lean premixed combustors.
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2 Executive Summary

Next generation turbine power plants will require high efficiegag turbines
with higher pressure ratios and turbine inlet temperatures thamityaeailable. These
increases in gas turbine cycle conditions will tend to incred3e @&missions. As the
desire for higher efficiency drives pressure ratios and turbimd temperatures ever
higher, gas turbines equipped with both lean premixed combustors and selatdiytic
reduction after treatment eventually will be unable to meet tiae amission goals of
sub-3 ppm NOx. New gas turbine combustors are needed with lowesi@rsithan the
current state-of-the-art lean premixed combustors.

In this program an advanced combustion system for the next generatias of
turbines is being developed with the goal of reducing combustor NOx emibgi&@®o
below the state-of-the-art. Dry Low NOx (DLN) technology is¢heent leader in NOx
emission technology, guaranteeing 9 ppm NOXx emissions for heavy dutysFgelas
turbines. This development program is directed at exploring advanceept®mhich
hold promise for meeting the low emissions targets.

The trapped vortex combustor is an advanced concept in combustor desigs. It
been studied widely for aircraft engine applications because idéa®nstrated the
ability to maintain a stable flame over a wide range of fiogl rates. Additionally, it
has shown significantly lower NOx emission than a typical direregine combustor and
with low CO at the same time. The rapid CO burnout and low NOXx prioduat this
combustor made it a strong candidate for investigation. Incremegedvements to the
DLN technology have not brought the dramatic improvements that @etadrin this
program. A revolutionary combustor design is being explored becaugeutesamany
of the critical features needed to significantly reduce emissions.

In the first phase of the program a liquid fuel, rectangular TVC yofor
aircraft engine applications was converted into a natural gas$ doenbustor. The
conversion to gaseous fuel incorporated four types of fuel injectorgjiffugion mode
injector and four premixed injectors. The diffusion mode demonstratedNIOw
performance and a strong cavity vortex. The premixed injectorsptisl the cavity
vortex and generated high CO. The premixed injector design needed to beeithfor
support a strong cavity vortex.

CFD modeling of the atmospheric prototype with diffusion injectors was
performed. The strong agreement between the CFD model and experimental
measurements gave credibility to the modeling approach.

The premixed configurations were modeled, and the shortcomings of thesdesi
were evident. The cavity flow field again agreed with experiatietiservations. High
CO emissions and a weak cavity vortex were shown to be a furaftitve injector
design.

Having anchored the modeling tool with a known geometry, the investigation for
a strong cavity vortex in a power generation combustor was begun. pdveer
generation combustor follows a can annular design rather than anrasimape studied
previously; the air distributions also require a leaner head lesad aircraft engine
applications. The design of the main burner and cavity injectorsbéas studied
numerically. The sensitivity of the design to various paramésseen explored, and
the design was scaled to full temperature and pressure conditioms eclass gas
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turbine at 1/6 scale. The final flowfield has demonstrated a st@nty vortex with less
temperature rise than the atmospheric prototype.

Prototype 1 incorporated kinetic modeling, CFD modeling, and thermal mgdeli
in the design phase to evaluate important performance paranmete®ViC combustor.

Also in this phase, the key components of the experimental ¢esind facility were
engineered. Prototype 1 demonstrated the ability of the TVC combagtiuce NOx
emissions below the target performance goals, but CO emissions were excessive

A series of design changes were incorporated in Prototype 2 using heavy
application of CFD and thermal modeling. At 1/10 scale of a heayyghsg turbine
conditions, Prototype 2c produced a 23% reduction in NOx and single digit CO emissions
at full-load conditions. The emissions were reduced over 68%riatopd with wide
turn-down capability. Combustion dynamics were relatively low.

Prototype 3 incorporated further enhanced design changes for a 1/10 scale
combustor in an attempt to meet the 50% NOXx reduction goal at fdll [bae prototype
exceeded this goal at advanced gas turbine conditions, and produced sibh@©didit
reduced firing temperatures the improvements in NOx emission were smallena@|
required a longer residence time.
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3 Experimental

3.1 Atmospheric Combustion Studies

Testing was planned for investigating the trapped vortex combustor (TVC)
performance with natural gas operation. The baseline configuredouired minor
modifications to the existing 6” TVC rig which had been previously rith j&t fuel. A
total of 4 alternate rig configurations of the 6” TVC sectomwéare designed, fabricated,
and tested. The testing was performed at the Air Force Rbseaboratory (AFRL)
facility, with testing coverage supports by both GE Aircraft Eng(GEAE) and AFRL.
Using the reactor network model, a detailed analysis of thelé¢stwas performed to
understand the key physiochemical processes dominating the TVC ogmissi
performance. The test results were very promising by showihdN®a emissions may
be reduced by more than 50% compared to the existing lean premixed gase turbi
combustors.

3.1.1 Component Design

Utilizing the existing Air Force Research Lab (AFRL) 6" recmalar TVC rig,
new primary and main fuel injectors were designed for gaseous Gi#t) (for the
baseline test. This rig configuration serves as a baselinédas been prior tested with
liquid JP8 type fuel. GEAE designed and fabricated hardware madifisaequired to
convert the rig from liquid fueled to gaseous fueled as shown in FgiireAll planned
rig testing were performed by AFRL in their Room 151 facilibgdted at Wright
Patterson Air Force Base (WPAFB) at no direct cost to tficgte The testing was
conducted at atmospheric pressure and temperatures up to 500 EEAME test
coverage support.

The detailed design of the main and primary gaseous fuel (CH4)oirgdot the
baseline test are shown in Figure 3-2 and Figure 3-3, respectivelythe baseline test,
fuel is premixed with air in the main starting from the IDIFetrdy introducing the cross
flow plain jet from the tube periphery as schematically ilatsl in Figure 3-2. The
main fuel is fed through eight 0.25 in. tubes, with a sharp cone-shapedvtipy B8 °
bent. Around each tube, four injection holes are located afrét the horizontal plane
in order to enhance the uniformity of fuel/air premixing levaloss the IDIF cross-
sectional plane. The main fuel/air flow has about three incheseofiyng length and
injected into the main dome region of the TVC combustor as shown ireRglr It is
worth noting that anchoring the main dome flow to the cooling nugget enhémeed
isolation of the cavity flow based on the previous actual testingC&iial models with
liquid jet fuel.

For the baseline configuration, the primary injector design utilizesplain-jet
direct fuel injection from the cone-shaped tube tip directly intcéwy. As shown |in
Figure 3-3, the cone-shaped tip for the fuel injection was employeier to enhance
the fuel/air mixing (interaction) in the cavity by introducing gveémary fuel at an angle
to the air stream. This direct fuel injection design allowswdasely simulate the cavity
combusting cases similar to the previous testing cases of thiag@srectangular TVC
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rig configuration with liquid jet fuel. Figure 3-3 shows close-up viedvthe baseline
primary injector design from the front and backsides of the cdwvitward wall,
respectively. The same amount of primary air as for thedlifygl cases is employed in
this design using 18 air holes around the fuel injection holes asatkdtin Figure 3-3.
In past years, the TVC technology has demonstrated a promisingnmeanfae with liquid
jet fuel for aircraft gas-turbine combustor applications at GEABwever, the existing
test data do not provide the TVC performance for ground-based gasetadimbustor
applications at scales sufficient to design an optimized TVCpegifically for gaseous
fuel. Therefore, as our first step to the current study,af great interest to investigate
the performance of the existing 6” TVC rig for gaseous fuel by kegepiany of the
current configurations remained the same.

GEAE machine and sheet metal shops supported to the fabricationsantbbs
of the baseline configuration and adaptive hardware. The primary and main fuel snjector
were manufactured to fit, with the sector in hand to assumgj@ttor points were aligned
properly.

A total of 3 alternate rig configurations were designed, focuseathieve low
emissions, as described in Figure 3-4. Performance predictiong@rermted by GEAE
and GECRD. In the overall design process, utilizing the existing AaeHResearch Lab
(AFRL) 6" rectangular TVC rig, new primary and main fuel itges were designed for
gaseous fuel (CH4) for the three different configurations. Configuratiemploys the
direct injection of gaseous fuel into the cavity for the primajgator and the premixing
injection for the main by injecting plain jets of (QHberpendicular into the incoming air
stream at the IDIF inlet. For configuration 2, the premixing pringaseous fuel injector
was designed by premixing the primary air and fuel, while the nmgctor design
remained the same as the configuration 1. Finally, configuration 3ealldar the
improved premixing level in the cavity by premixing both the drawerand primary air
with fuel.

For the second configuration, 3-D Fluent CFD modeling of premixing fuel
injectors was performed for determining the fuel/air mixing lewihin a given
premixing length. As shown in Figure 3-1, only a limited space idadaifor the
premixing of fuel with primary air without significant modificatiotts the existing 6”
rectangular rig. Initially, four different premixing fuel injectdesigns for the primary
injection were proposed. The optimum design was carefully downskleased on the
fuel/air mixing level at the injector exit plane predicted Hy &luent CFD models. The
downselected premixing primary injector is shown in Figure 3-5. Theiduajected
through the eight holes on the cone-shaped tube inside the air shroudonéksghaped
tube was chosen in order to prevent the possible flow recirculatibwe. fif6t four of
those eight fuel injection holes are located near the cone baseawlibe remaining
other four holes are located further downstream. These two skisl afijection holes
are staggered to each other, and thus enhance the uniformity ofxihg favel on the
exit plane.

Figure 3-6 shows the CFD predicted fuel/air mixing level at #itepéane of the
premixing primary fuel injector at FAR = 0.03136 and fuel split = =&t the main fuel
injection, same as the baseline configuration, the fuel is premixtiek dDIF inlet by
injection of plain jets of (Clj perpendicular into the incoming air stream.



The overall schematic drawing of configuration 3 is illustratedgare 3-7. The
forward and aft driver holes are closed up, and two types of akity qoremixing
injectors have been designed: one is the forward premixing injectosthteeis the aft
premixing injector. The schematic drawings of the injectors are rshowrigure 3-8.
For the forward injector, both the forward driver air and prirmairyare premixed with
fuel and injected into the cavity as four separate jets frarh &mward wall. The aft
injector allows the aft driver air to premixed with fuel andhject into the cavity as four
separate jets from each aft wall.

Configuration 3 required permanent hardware modifications to the fonasity c
wall and aft-liner plenum in order to fit the fwd and aft premiximgdtors, respectively,
to the TVC 6” rig. Note that changing the hardware configuration frtdm?2 does not
require permanent hardware modification, since the primary injesta@enfigurations 1
and 2 are readily interchangeable. The intent for the testing AFB/Fs to quickly
investigate the TVC performance for gaseous fuel using the existiy®rig without
major hardware modifications. Thus, it is not necessary thathtiee configurations
designed in the current work are the optimum designs for the ground-basenthgae
combustor applications. In past years, the collaborated TVC testaing éffort between
WPAFB and GEAE has demonstrated very promising performance for aircrditistum
applications in terms of the low emissions with a short combusigtie Therefore, it
was planned to investigate the performance of the available 6”rig/for gaseous fuel
by keeping many of the current configurations remained the samer tA& planned
testing at WPAFB, prototype combustors employing new designs were dndlt
evaluated over a variety of conditions, specifically for the ground-based dipplca

Similar to the premixer of the configuration 2, the air enteringdheard and aft
injectors of the configuration 3 is partially blocked by the fueli@pgting in the
premixing process in the premixer passage. A flow circuit model has been developed and
applied to estimate the percentage of the air blockage in bothotivard and aft
premixers. The model is based on the conservation equations of smEsies
concentration, momentum, and energy using a lump-parameter analysis. The model has a
predictive capability of estimating the effect of the fuel injection on itheass flow rate
over the range of operating conditions. It should be noted that the tasligerop is
fixed at 5%. Based on the model results (Figure 3-9), the crossrse area of the air
passage of the premixers was designed to account for the effectuel injecting into
the premixing. Since a broad range of fuel splits will be inyad in the planned
testing, it is a difficult task to design a single-orifice premigempensating for all
testing points. The fuel split denotes the ratio of the cavity fuel mass flovo ridute total
fuel mass flow rate. Based on the pre-test prediction re@ifisussed in the next
section), fuel splits less than 0.4 have been determined to beghgéngdesign points
because of the low emissions. Using the flow circuit analysesair blockage by the
fuel in the premixer was estimated to be less than 2% for thesplie below 0.4 as
shown in Figure 3-9.
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Figure 3-1 Baseline configuration of 6” rectangular TVC sector
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Figure 3-2 Close-up view of main fuel injectors (a) Back and (b) Side views
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tip directly into the
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(b) Back side of forward cavity wall

Figure 3-3 Close-up view of primary fuel injectors (a) Front side of forward cavity wal
and (b) Back side of forward cavity wall
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Figure 3-4 Atmospheric test rig configurations
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Figure 3-5 Cut-out view of primary premixing fuel injectors of configuration 2
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Figure 3-6 CFD prediction of fuel/air mixing level at injector exit plane of primary
premixing fuel injector of configuration 2
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Figure 3-7 Schematic drawing of gaseous fuel injection 6” TVC configuration 3
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Aft premixing injectors are
located inside the aft-liner
plenum (not shown in the

figure).

Fwd driver air holes and
primary holes of Configs. 1 &
2 are combined as shown
here.

(a) Fwd Premixing Injectors placed in outer cavity wall of 6” TVC rig.

4 Fwd Premixing Injectol
for Outer Cavity

4 Aft Premixing Injectors
for Outer Cavity

(b) Fwd and Aft Premixing Injectors without 6” TVC Rig.

Figure 3-8 Close-up view of fuel injectors (a) Fwd Premixing Injector (b) Aft Premixing
Injector
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Figure 3-9 Effect of fuel injection on air mass flow rate in the fwd and aft premixing
injectors of configuration 3
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Figure 3-10 Predicted exit temperature and NOx by reactor network model over the
range of fuel splits for FAR = 0.03136 for configuration 3
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Figure 3-11 Predicted CO concentrations by reactor network model over the range of
fuel splits for FAR = 0.03136 for configuration 3
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3.1.2 Kinetics Modeling

A kinetics design tool was developed to guide the design and sizing of
components. This model was used to investigate the effect of thepfitdoetween the
cavity and main sections of the combustor on NOx production and lean blowAout
reactor network was developed to capture the emissions signatilne @f rectangular
rig with a premixed main burner and a diffusion fuel cavity injector.

Chemkin

A network reactor modeling tool built on the CHEMKIN Il code we®d to
analyze the kinetics of the reactor. The modeling tool supports fedtaed reactors,
plug flow reactors, and non-reacting elements. The reactors aectehaed either by
their volume or their residence time for a specified massg fate entering at specified
temperature and pressure conditions. The code accounts for firateeleshentary
chemical reactions in the reactor using a hybrid Newton/ timgratien method. An in
house reaction mechanism for hydrocarbon combustion was used to study the combustion
of natural gas composed of 95.6% methane and other minor species in air.

Zone Model

The modeling tool was used to construct a six zone model of the trappesr v
combustor. The cavity was modeled as two reactors: a PSR1zand a non-reacting
element, zone 2, shown in Figure 3-12. Zone 1 represents the fuet anthaiprimary
and secondary vortices and zone 2 represents the cooling air that paescipate in
combustion in the cavity. The main burner is represented by aaR&R PFR. The
PSR, zone 3, captures the near field mixing & reaction zone ofdheburner jets. The
PFR, zone 4, represents the bulk flow as it carries the productonabustion
downstream. The combustion liner cooling air does not participate ifPFRe and
simply dilutes the final mixture. It is modeled by a non-negcelement, zone 5. The
average exit conditions are captured by a non-reacting element, zone 6.

The mass flow leaving one reactor can be split between mulgpkdors in the
network. Fuel is supplied to zones 1 & 3 according to the fuel peldifecation. Air is
supplied to all 5 upstream zones maintaining the cavity and masplag. The air flow
is further subdivided between zones 1 & 2 and between zones 3 & 4. Zawedl h
minimum phi value representing the change in reaction zone voluthdugl addition.
The residence time in zone 2 is proportional to its air fractione main burner has a
fixed residence time for zone 3 to capture the lean blow out chastctelt also has a
minimum phi value which is used to calculate the cavity volume rulosie fuel flow
conditions. The partially reacted mixture from zone 1 flows into Zbaed the main
PSR, zone 3, for flame stabilization. The products of zone 2 & 3 flow into zone 4. Zones
4 and 5 flow into zone 6 and are mixed to determine the averageoexitions. The
total volume of the combustor is known and the mass flow distributmtise cavity,
main burner, and combustion liner cooling air are known.

Design tool
The design tool incorporates the zone model into the network modeling tool to
conduct simulations of the reactions in the trapped vortex combustor. d&gign



parameters of the zone model can be independently varied accordiveg dionulation
conditions. A six sigma design of experiments (DOE) was conducted mairnexshe
influence of various parameters on the combustors emission perfornBypcemparing
the simulated emission characteristic with the experimental tts parameter settings
for the model were refined, and the physical basis for the modedtesin the
simulations the fuel split between the cavity and the main buragrewamined over the
range for each configuration of the model. The fuel split ranged from XaQAty
fueling to lean blow out of the main and cavity burners.

The critical geometrical design characteristics were exgploseng in a Design Of
Experiments (DOE) study. A fractional factorial test plan esthlthe evaluation of the
main effects of these characteristics with an optimal number of runs.

In the first DOE, two parameters were examined at thredsleviehe split of the
products from zone 1 into zones 3 and 4 was set to 25%, 50%, and 75% into Ztwee 3.
residence time of zone 3 was set to 0.3 ms, 0.8 ms, and 1.3 ms. FRishows the
corresponding results. The NOx emissions spanned a narrower rapgeawsmaller
percentage of the zone 1 products were put into zone 3. Furthermore, the NOx sensitivity
to the split was increased with increasing residence timeth&dpwest emissions were
realized with low split and low residence time, but the sensitivity only around 10 ppm.

In the second DOE the reactor limit values were explored. ®he % reactor
minimum phi was set to 0.6, 0.75, and 0.9, and the zone 3 reactor minimum phi was set to
0.6, 0.75, and 0.9. Figure 3-14 shows the model was insensitive to the zeaed r
limit, changing only a few ppm. However, the zone 1 reactor minimvamsignificant
in that it led to the formation of the distinct local minimumtloe reactor network. The
curvature was also seen in the experimental data. The minnepm@sents the lowest
fuel flow rate for sustaining the full cavity vortex. Belowsthgoint, the main burner
begins to form NOx faster than the leaning out of the cavity edace it. When the
cavity reaches the lean blow out point, the main burner is contrgptdi higher NOx
emissions than occurred at the local minimum.

In the third DOE the lower limit for zone 3 residence timeswexamined. The
zone 3 residence time was reduced to: 0.2 ms, 0.1 ms, and 0.05 ms whikening a
25% split of the zone 1 products into zone 3. The minimum phi émtae 3 was set to
0.3, 0.4, and 0.6. The results are shown in Figure 3-15. Again the restdtselatively
insensitive to the setting for reactor 3. The Zone 3 resideneehtimvever demonstrated
a small effect on emissions until lean blow out was triggerdte NOx emissions were
eliminated when the cavity failed to light because the zone 8ergs® time was too
small. As the lean blow out point was approached, CO emissions wealdamd
temperature would fall.

In the fourth DOE the air splits in the system were vaagdghown in Figure
3-16. The split of the zone 1 products to zone 3 were varied fromt@3%0%. The
increase in the split increased the slope of the change in the MiOxcagased the range.
The air fraction to the main burner has a dramatic effect orovkeall NOx curve,
reducing it by over 5 ppm / % main air. Decreasing the air todkgy also reduced the
overall NOx by more than 2 ppm/ % cavity air except near the higtydaading limit
where it reduced the inflection and raised the NOx at 100% cavity fuel.

The conclusion from this initial study was that the % mainigithe most
significant parameter in reducing overall NOx and that the zongideree time needs to
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be maintained relatively high to prevent the early on-set of Idaw out. The model
captured the presence of a local minimum as observed in the espeyireflecting the
physical change in the vortex size as the lean blow out limit is approached.

The multi-zone model has not captured the full emission chargéicerd the
atmospheric rig tests. The inflection the NOx emissions wasmgmated as well as the
lean blow out point. However, the emissions magnitude was not matchader E
emissions modeling studies matched the magnitude but failed to capullesaih blow
out point and the inflection in the NOx emission characteristic. Moneplex network
models have the ability to capture the emission performance cobthbustor, but they
are fine tuned for a specific flow field. The next step wouldob@vestigate models of
increased complexity, which capture critical features of the field, but this is beyond
the scope of this investigation.
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3.1.3 Flow field Design CFD

3-D Fluent CFD analysis of the gaseous fuel injection TVC 6ivag performed
using a GE developed Laminar Flame Model (LFM). 400K grid modets wenerated
to numerically investigate the performance of the gaseous fudtianeTVC rig
configuration 1. In the main, the fuel is premixed at the IDIF iojeinjection of plain
jets of (CH) perpendicular into the incoming air stream (shown in Figure 3-17a)
whereas the direct injection of gaseous fuel into the cavynisloyed for the primary
injector. Due to the difficulties associated with the combustiaaeaing, the IDIF
passage was solved separately from the TVC combustor. The apliel for the single
cup, upper half of the bi-passage IDIF is shown in Figure 3-17b. Theumrdssundary
condition was used for the IDIF air inlet boundary specification, vesetiee velocity
boundary condition was used for the fuel inlet boundary specification. CHi2
prediction for the premixing level at the IDIF exit plane is shawRig. 6¢ for T3 = 450
°F, P3 = 15.5 psia, FAR = 0.03136, and fuel split = 0.5. The air/fuehgnat the exit
plane is not perfectly uniform, but to a certain extent has achmw#idient uniformity
to improve the premixing level compared to the existing configuratiotieed” TVC rig
with a simple hardware modification.

Figure 3-18 shows the grid model for the single-cup, upper half of th¥’@rig
configuration 1 with the coordinate system attached. The centeriplapecified at z =
0, whereas two other planes specified at z = 0.3” and 0.6” forltiséraltion purpose as
shown in Figure 3-19 through Figure 3-21. Results of the CFD case with LFM ane show
in Figure 3-19 through Figure 3-22 for T3 = 439 P3 = 15.5 psia, FAR = 0.03136, and
fuel split = 0.5. The predicted IDIF exit plane information is eyptl as the inlet
boundary condition for the TVC combustor model. For the configuration itiet
fuel injection is used for the cavity (Figure 3-18). The primary injector desigesithe
plain-jet direct fuel injection from the cone-shaped tube tip dyréato the cavity. This
direct fuel injection design allows us to closely simulate thétycaombusting cases
similar to the previous testing cases of the existing 6” rectan@\i@& rig configuration
with liquid jet fuel.

As shown on the center plane, a noticeable resident time is @kdoirehe
fuel/air mixing and reactions to take place in the cavity untteospheric pressure and
T3 = 450°F. At a fuel split of 0.5, the equivalence ratio for the primaryaad fuel is
2.545, thus it is extremely fuel rich near the primary injectathe cavity. Results also
show that the fuel, injected into the cavity as well as intoither and outer IDIF
passages, may be quenched along the aft liner cooling. Also, the pnediets one
strong vortex in the cavity with a weaker vortex near the marrticinterface. At fuel
split = 0.5, the premixed fuel of the IDIF continuously burns in thim m@me region of
the combustor as shown in Figure 3-19 through Figure 3-21. At z = OgRiréF3-20), it
can be seen that the vortex in the cavity enhances the ainiiglg and flame
stabilization in the cavity. Since the plane at z = 0.3” aligith te IDIF exit, the
“cold” jet entering the main region can be clearly seen (Figure).32Qure 3-21 shows
the flame in cavity transporting down to the main dome at z = 0.6"thiSrplane, the
model predicts that the vortex in the cavity is very weak, #&edvortex near the
cavity/main interface, shown in Figure 3-19 and Figure 3-20, no long&sexdverall,
the flame is well contained in the cavity and transports downetonthin, serving as the
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heat source for the main during the continuous combustion process. FRRireh8ws
the exit temperature contour for the single-cup, upper half of the 6” @&tplane. A
center peak temperature profile is predicted (along z directidigo, the highest exit
temperature is predicted to be between the liner wall and the line of symmetry.

Figure 3-23 shows the CFD model predictions for the combustor eyetature
and NOx for four different fuel splits at T3 = #%0 P3 = 15.5 psia, and FAR = 0.03136
for the configuration 1. Unlike the DRA-2 model results, the model giedignificant
incomplete combustion over the operating condition range investigated (¢ammbus
efficiencies ~ 60 to 80%). The predicted combustor exit temperauroticeably less
than its adiabatic flame temperature:& 3067°F) as shown in Figure 3-23. It must be
noted that DRA-2 model results shown in Figure 3-10 and Figure 3e€lIoarthe
configuration 3 where the driver air and primary air are all prethwith the fuel in the
cavity. At fuel split = 1.0, the DRA-2 model predicted that thé diees not burn in the
combustor under atmospheric pressure and T3 =F80Ce@wagait premixer IS t00 rich in
the cavity. About 98% combustion efficiencies were predictededtsplits less than 0.9
using the DRA-2 model. As expected, the CFD model predicts the N®gras the
combustion efficiency decreases. It is worthy noting that the higBeris predicted at
fuel split = 0.5 compared to that of fuel split = 0.75, while thmlgustion efficiency is
about the same between these two cases. This trend has algwdmbeted by DRA-2
model (Figure 3-10). In past years, the cavity optimization rigyweed under Air Force
Contract F33615-93-c-2505 for jet fuel applications and tested under atmosphe
pressure and T3 = 580 in the Room 151 at WPAFB. The test from the previous work
showed that the combustion efficiencies over a FAR range from 0.0X89369 with
fuel splits > 0.9 were above 90%. It is difficult to draw a comeduargument about the
predicted NOx formation over the range of fuel splits under atmospbtressure from
the CFD analysis. Test data from the current gaseous fueleshfigurations are needed
for model validation.
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IDIF Inlet

Fuel is premixed in
the main at the IDIR
inlet by injection of
plain jets of (CH)
perpendicular into

Air the incoming air
Air
4 Fuel Injection
Holes around Each
Fuel Tube
(a)
128e-01
I1 15e-01
1.02e-01
8.95e-02
7.87e-02
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Figure 3-17 Bi-passage IDIFs (a) main fuel injectors with bi-passage IDIF, (b) CkED gri
for single cup, upper half of IDIF, (c) CFD prediction for fuel concentration on the ID
exit plane at T3 = 45€F and P3 = 15.5 psia (FAR = 0.03136, fuel split = 0.5) for
configuration 1
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Giricd

Sep 05, 2001
FLUENT 5.5 (3d, segregated, spet, rke)

Figure 3-18 CFD grid model for single cup, upper half of 6” TVC rig configuration 1
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Figure 3-19 CFD Predicted temperature profile using the laminar flame model (LFM) at
T3 = 450°F and P3 = 15.5 psia (FAR = 0.03136, fuel split = 0.5) for 6” TVC
configuration 1. (Plotted plane: In-line with the primary injector, center plan@,y
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Figure 3-20 CFD Predicted temperature profile using the laminar flame model (LEM) a
T3 = 450°F and P3 = 15.5 psia (FAR = 0.03136, fuel split = 0.5) for 6” TVC
configuration 1. (Plotted plane: In-line with the driver hole next to the center plane, z =
0.3")
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Figure 3-21 CFD Predicted temperature profile using the laminar flame model (LFM) at
T3 = 450°F and P3 = 15.5 psia (FAR = 0.03136, fuel split = 0.5) for 6” TVC
configuration 1. (Plotted plane: In-line with the second driver hole from the ceaney, pl
z=0.6")
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Figure 3-22 CFD Predicted exit temperature contour using the laminar flame model
(LFM) at T3 = 45C°F and P3 = 15.5 psia (FAR = 0.03136, fuel split = 0.5) for 6” TVC

configuration 1
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Figure 3-23 Predicted exit temperature and NOx by CFD model using the laminar flame
model (LFM) over broad range of fuel splits for 6” TVC configuration 1
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3.2 Prototype 1l

The goal of this research effort is to design a combustionmsystth 50% lower
NOx emissions and comparable CO to today’s state-of-the-art y@entiombustion
systems. Low dynamics, high turndown, and acceptable thermal perferrmasnalso
goals of the program. Early demonstrations of the TVC combustor withahgas have
demonstrated some promising preliminary results, but a more deiadestigation is
being conducted here. In the evaluation plan of Prototype 1, three tdmimotype
geometries are studied. However, through the process of conductingn Dafsi
Experiments, many design variations are investigated.

A Quality Function Deployment (QFD) was performed to rank thmptd vortex
combustor design parameters with top level performance paramiegersritical to
quality (CTQ) factors. Figure 3-24 shows the results of the stlilg. ranking totals for
each of the design parameters are given in the bottom row of ttie @@ top ranking
parameters to be investigated are highlighted in color on the bottom row.

All prototypes are designed with the dark blue features: vistzdsa to the
combustion zone, tunable injector fueling modes, and cavity fuel splibtontfhe first
prototype will be used to explore the light blue characteristicsvels injector
orientation, premixing length, corner design, and the number of main burner Tingse
will be explored in a systematic manner using fractional factorial design ofrerpées.

According to the current assessment of the design parametersedbed s
prototype will differ significantly from the first prototype witregard to the cavity
volume. The best light blue characteristics will be incorpdrabeit will also be the
subject of further study.

The original intentions were to select the best performing prototigheegard to
the top level system requirements and their rankings for scaledalpation. Since
combustor scaling is largely limited by facility capabilifiesduced pressure experiments
were planned to determine the performance of a larger scale petddemonstration of
the flow field scalability as well as the critical combastkinetics would reduce the risk
of taking the design to full scale. The first prototype is a l#esdesign, and the
evaluation plan called for a 50% increase to ¥ scale with theratetype. However,
this plan was not realized in these experiments. Instead, the sewbtiird prototypes
were 1/10 scale designs.
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Combustion System Requirements
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Figure 3-24 Prototype 1 quality function deployment diagram
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3.2.1 Component Design

The TVC performance is sensitive to the design of both the main rbamdethe
cavity injectors. Several permutations in the basic desigea imeorporated into the test
plan to evaluate this design sensitivity. Two designs were chosénefonain burner,
injector premixing location, and diffusion circuit orientation.

The main burner designs of the annular TVC followed the approach l@r ear
designs with non-swirling bluff body stabilized flames. Howeverhis prototype the
annular configuration reduces the main burner ports to a proportionallgsgpace and
a circular pattern. This configuration requires more air to be introduced neantieafe
the main burner rather than on the perimeter. As in earlier ddbiggmsain burner ports
are paired with each cavity injector. A leading factor in tlenlmustor design
requirement as determined by a Quality Function Deployment (QER)y was the
number of main burner rings. The two designs featured three and twoespgstively.
Both designs had the same target of 50% flow split and incorporatedkgdefuel with
the main air. The premixed fuel is introduced well upstream througlelananifold.
The center of each main burner features an effusion air-cooled face.

The cavity is fueled by gaseous fuel injectors. The inject@n® designed to
introduce the fuel in either a diffusion mode or premixed mode or a cotmiired the
two. The premixing circuit can introduce the fuel at two diffestations. Each location
has eight fuel injection holes through the outer wall at two axialiposiin the tube
containing the premix air. The first station is around 10 duct heigisiseam and the
second station is around 60 duct heights upstream. The fuel mikethehon-swirling
air over this distance before being injected into the cavity.

For the diffusion mode the injector has four fuel jets emittingctlirérom the tip
into the cavity. The jets are equally spaced and set at ag8@edangle to the horizontal.
The orientation of these jets relative to the main burner anty cavter wall is believed
to be significant on the results of modeling studies. Two jet orientabnfigurations
were proposed.
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3.2.2 Flow Field Design CFD

A CFD model was developed as a design guide to determine the presahc
strength of the cavity vortex structure. The baseline cavity gggrwas transformed
into a can-annular design, and target combustor exit temperaturgetvas 2900F at a
pressure of ~270 psi. Target combustor total pressure drop was 5%.

CFD models were created to determine and test the scaling gtaranwhich
were used to transform a successful rectangular TVC designcen-annular TVC.
Target injector, main, and driver hole velocities were taken tr@rbaseline Cartesian
design. Passage hydraulic diameters were determined fromdbe gegssure drop and
velocity at flow temperature. Results of each can-annulagresere compared to the
baseline Cartesian design in terms of formation and size of the caviy.vort

Modeling Tool: The 3D CFD solutions are generated with Star-CD with usenestefi
reaction rates and detailed chemistry. A parametric approasedsto define and model
the chemically reacting flow field. Geometrical definition tally starts with an Excel

spread sheet definition which governs the 1D scaling and design oinegpeconcepts

which are then incorporated into the 3D CFD model.

CFD Sub-models: The CFD model uses a standard k-e turbulence model. All flow
properties, including specific heat, viscosity, and conductivity are tifunsc of
temperature taken from the CHEMKIN data base. A 5-Step chéRrieetic mechanism

is used for the oxidation of methane and carbon monoxide. The reactioor redet cell
was determined by the minimum rate established from the chkkaretic time scale
and the turbulence time scale (eddy break-up)

Geometry definition: The can-annular prototype CFD model is assumed to be
symmetric about the forward injector centerline and a circumiieteplane between
injectors. The typical model size is approximately 270,000. A meditisdy study was
performed in which each cell within the CFD model was refined BX2X Comparison

of the results of the flow field and exit conditions indicating thatcb&se model was
suitable.

Computational Facilitiess. The CFD solutions were performed on a dedicated Linux
cluster in which a typical converged solution was obtained in hess @ elapsed hours.
The solutions were obtained with Star-CD’s V3.105A double precision executable.

In the first phase of combustor evaluation CFD modeling had a stroredatiom
with experimental observations and detailed measurements. The tiatnom®f CFD
as a viable modeling tool for the TVC flowfield, makes it aughle research tool in the
design of the prototype combustor. Critical to the design’s succéss e&stablishment
of a robust cavity vortex for mixing and stabilization. Flow fielddaling was used to
determine the impact of different design parameters on the flowfield.

The effects of the outer main flow exit angle on the cavity xostere studied to
determine the impact on the location and size of the cavitgxofhe main burner jet is
angled toward the cavity corner. The baseline design had a flow @ngle degrees
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from the liner centerline. Simulations were performed at floweangf 9 and 13 degrees
from the liner centerline, a variation of plus or minus 2 degreesulRandicated that
outer main flow angles between 9 and 13 degrees produced nearly idemtitalortex
structure. The flow is deflected out of the cavity by the voudren the angle is
increased. Surprisingly, the flow leakage around the cavity conoresl little change
when the angle was decreased. These results demonstrate the sshoisthe design
relative to the angle of the main jet.

Next, the impact of injector orientation on the flowfield was exawhifor two
injector orientations. The diffusion fuel circuit of the injectoroduces fuel at four
points. A CFD model of the combustor was operated for both cases.eféred
orientation was chosen based on the CFD results. This orientatered improved
delivery of fuel, enhancing combustion in the main jets and flame stability.

A fundamental difference between the atmospheric combustion exptime
studies and the sub-scale prototypes is in the air distribution obystem. The
atmospheric studies prototype had 13% less head end air than theperdenget.
Moving more air to the head end in the prototype reduced the peaktéemperatures in
the cavity and main. The impact of this change on the cavityxvsttactures was
observed to be small in the models. The primary and secondaryesdotith show a
temperature rise, albeit several hundred degrees less. The head end flame
temperatures are believed to be important for lowering the oW@atl emissions from
the TVC combustor.

The combustor flowfield predicted by CFD was shown to have a strong
correlation with the experimental flowfield in the atmospheric cotmrusstudies
investigation. In this phase of the program CFD has been usedda tlesiflowfield for
the prototype combustor. A critical feature of the flowfieldhis presence of a strong,
high-temperature, primary vortex in the cavity. The presencesetandary vortex is
also desirable for increased stabilization of the main burner.

The sensitivity of the design to various design parameters hasnwestigated.
The CFD model reflects the relative changes in the flowfislthe boundary conditions
are changed. A flowfield design with a strong central vortex has tneeeled and will
be developed into the first prototype design. Visual observation afatity flowfield
will be used to observe the size and location of the vortex irpaoson to the CFD
model. Additional modeling will be performed to determine flowfieldngjes with flow
split.
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3.2.3 Thermal Modeling

The scope of the thermal/mechanical design effort is to ensurstrieural
integrity of Trapped Vortex Combustor components. All combustor componentseelxpo
to hot gas flows need some degree of cooling. This is because terdatme limits of
the alloys used are well below that of the gases they mustircomteese temperature
limits can be due to the onset of excessive oxidation, the degradatistrenfth
properties, or to thermally induced stresses. For the purposesrdj testing, oxidation
is not an issue due to the “short” time at operating temperatureroliogt thermal
stresses can require limits on both maximum temperatures and temperatignetgjra

Existing combustor-cooling designs, field experience, best practiceessuhs
learned are employed in the design of the TVC rig. “Controlled ctioméaefers to
forced convection with a specific device to control the flow v&joct his was employed
between the combustion liner and Hula Seal Collar. “Passive damwecefers to
forced convection but with no effort to control the flow velocity watlseparate device.
This was employed on the backside of the cavity. The combustaarfbmall and outer
wall were effusion cooled according to the best practices of theRBPrototype. The
aft wall of the combustor was slot cooled. TBC was employedllotombustor hot
surface to increase their temperature limits / life. Ingm@&sg the cooling system the
spallation temperatures of the TBC were considered a max temperature.

A simple assessment of the combustion liner heat transfer a@e tm determine
the design requirements. Flow velocity and flow rate were exaniorea variety of
conditions to determine the best design. Figure 3-25 shows the céghksanalysis for
the best design with a flow velocity of 133 ft/s and a passage height of 0.027.” The collar
was extended over the length of the combustion liner to extend the @htoiivection
over its entire length. The combustion liner also had backside impingement cooling holes
at the upstream end to cool hot-spots downstream of the corner.

Cooling of the cavity surfaces was evaluated in a progressimaenas shown in
Figure 3-26. Heat transfer correlations were used to firsbajppate the cooling effects
on a given surface. Then a finite element model was constractgde a 3D picture of
the surface temperatures. A design sensitivity study wams dbeducted on different
parameters to determine the best cooling hole size and spacitige flow available.
The study conferred that an H/d = 8 would be sufficient for 0.020” cooling looléhe
outer wall. The study also indicated that 3 rings of 150 cooling hole®20” diameter
would work best for cooling the corner.
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1-D conduction through the liner and TBC (aged 100 hrs k=6)

Liner Temp (1D)

—0— Tm(Hc=13)
e

iy
m (He=:
2,800 9| & Tithc (Fc=150)
- -0~ - HS-188
- -e- -TBC
—O0—Tm"C" (HC=150
2,600 1 —e— Tibc “C' (Hc=150)
—0O— Tm (Hc=300)
— = Tthc (Hc=300)
——o—— Tm Spall (Hc=150
2,400 + e Tmji Spall (Hc=150)
c
© 2,200 @~—-—-— TBClimit ®
=3
<
2 2,000
£
]
Pt
1,800 +———— Hs-188 Limit- Haynes Lit
()mm e HS-188LiMit + = = = = = = = s ;s ¢ ¢ = = = = = = = = PR
1,600 D/J/
1,400 T T T T T T
0 50 100 150 200 250 300 350

HTC hot side [Btu/(hr*ft”2*F)]
4‘ Recommend that Cold Side HTC be increased to 300 Btu/(hr-ft2-°F)

Figure 3-25 Prototype 1 liner cooling analysis
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Figure 3-26 Prototype 1 cavity cooling analysis
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3.2.4 Combustion Test Rig

Air & Gas Supply

The GE Global Research combustion test facility is capabkimulating the
combustor inlet conditions of a heavy-duty gas turbine or an aeratiegiv Sub-scale
prototypes and component parts of large-scale machines can beesvaluttis facility
with a 16 Ib/s maximum air flow capability. Compressor dischamgssures can be
simulated up to 40 atm. of pressure using a boost compressor, andritdetg@ratures
up to 1100 F can be evaluated using a gas fired heat exchange preheater.

Natural gas from the local utility is supplied to the testlitpdor combustion
tests. The gas is periodically analyzed to determine its congmoand heating value. A
high pressure boost compressor can supply 600 psi natural gas to an exparithoant
rates of at least 0.25 Ib/s. A storage plenum is integratedhiatsystem to ensure that
the gas supply pressure remains relatively steady.

Pressure Vessd

High pressure combustion tests are conducted within a test vatskfor 350
psi. and 1050 F operation. The vessel is made of 316H stainldssostpenents. Two
sections of 16” pipe, a 28” and a 38" pipe, make up the body of thd wdssh houses
the combustor shown in Figure 3-27. A 16" flange is held between ihe/dgsels.
Compressor air is supplied to the vessel through a 4” pipe connedtexitop of the first
vessel. An over-pressure rupture disk is attached to the secqigke4Connected to the
second vessel. The test piece connects to a water cooled 16” dssgmbly which
injects high pressure water into the hot products and transitions 80 exhaust pipe.
The downstream end of the exhaust pipe connects to a flow control valve which is used to
regulate the backpressure in the vessel.

Flow metering & Control

Accurate evaluation of the flame temperature is importaahyoinvestigation of
NOx emissions. Exit temperature profiles can be evaluated wigméssions probe, but
closure with metered flow measurements is also performed toeemesyperimental
accuracy. Furthermore, combustor control depends on the internal fuel splits, soesteps a
taken to resolve these distributions.

Because of the importance of these measurements, a Six Sigreat pvag
undertaken to evaluate the accuracy of the flame temperataseirament based on flow
rates. In a Pareto evaluation of the sources of error, measuseof the fuel heating
value and the heat release transfer function ranked lower thas ierpgéi. The accuracy
of individual fuel and air flow rates is the single most imparfactor in this calculation.
A statistical tool was developed to properly size the flovenmgg system and obtain a
clear understanding of the systems ability to evaluate flame temperature.

The air flow to the test vessel is metered using a larga anthll flow orifice on
the cold flow. With independent control of the flow through the orifieeside range of
air flows can be measured with 3% accuracy and 95% confidencef tA# air supplied
to the test vessel participates in combustion.
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The fuel is supplied to the combustor through three different circo@is burner
fuel manifold, injector diffusion fuel manifold, and injector premixed foenifold.
With the use of a venturi an individual fuel stream can be medsumith 2% accuracy
and 95% confidence. Figure 3-28 shows the fuel metering schematibeforest
hardware. Venturi were positioned to measure the specific flomsHich the greatest
accuracy was desired. Other flows could be calculated fronb#sis set, but errors
would accumulate in the other calculations. The total fuel flowhéorig is metered
independently so that the flame temperature can be calculateduaataly as possible.
The fuel flow to the main burner is calculated to get an accastitaate of the premixed
flame temperature. The total cavity fuel is measured tesasthe overall flame
temperature in the cavity. The injector premix fuel is metéoedetermine the split
between premixed and diffusion fuel with 3% accuracy and 95% confidence.

The combustor geometry is divided into two zones to facilitate better visti@hiz
of the cavity flame during operation. This requires the combustorfoigmito be
divided into two sections. Figure 3-28 shows the branching of the fuel circuits just befor
the combustor. The fuel metering system can meter the fuel flawsl.7% accuracy
when fueling only half of the combustor.

The fuel flow control system is also detailed in Figure 3-2Be fliel flow to the
main burner, injector diffusion circuit, and injector premixed ciran¢ controlled
independently. Each circuit can be turned on and off, and each has itwwaontrol
valve. There are also manual and actuated shut-off valvelsefdotal fuel flow for the
rig as well as a control valve for the same function. The foldrbranches can also be
shut-off with a manual valve so that only half of the combustor is fired.

The air is supplied continuously to the rig during compressor operaiiorfirom
the compressor is directed to the rig through a system of actuatedamual 6” valves.
The air flow control valves are located upstream of a pre4haateenable turndown of
the overall flow. Downstream of the test rig is located a obwtalve where the water
cooled products of combustion are restricted to establish vessel pressure.

Overview of flow path

After the air enters the test vessel through the 4” pipe toebsel, it is annularly
distributed by a manifold with 8 holes into the central part ofvéssel. A thin walled
reverse flow liner then directs the air to the opposing end okgtevéssel. From that
end the air can flow along the length of the combustor cooling its aadl supplying air
to the combustor at various locations. Figure 3-29 shows the combudtowpath and
a schematic of the hardware components. The combustor test sectiantilevered
from the 16" flange. It connects to a simulated transition peosisting of an inlet and
ceramic lined duct. Sample probes pass through the vessel antitamce of the
transition piece and at a downstream position which represents #iecoobbustor
residence time.

Reverseflow liner

The reverse flow liner is a SS 316 rollup that is cantilevemd the inside of SS
316 ring. This ring is held in position with 12 radial bolts that exteralthve outer wall
of the 16” chamber. The reverse flow liner is used to incrémeseonvective cooling of
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components by forcing the cooler inlet air to flow over the entirenalsly en route to the
head end of the combustor.

Head end mounted combustor

The TVC combustor assembly will be constructed on four thread rotsrtha
cantilevered from the head end flange. This allows for easy céonbusdifications, by
removing only the head end flange, while leaving the downstream components
undisturbed.

Transition piece

The transition piece is used to carry the combustion byproducts dhé aést
vessel. It was constructed from a stock 10 inch SS316 pipe thatcleaahaic liner cast
within it. The transition piece is rigidly bolted to the downstrdkmnge of the vessel.
Figure 3-30 shows this assembly. There are two 3/8” diametiat cpenings that allow
for sample probes to enter the flow path. The sample probescated at the exit of the
combustor and at the position representing the transition piece exi &-cdass
combustor. These probes have large external actuators, which lalowtd transverse
the flow field, and therefore had to be carefully aligned with extgrows in the vessel.
Custom sealing assemblies were designed for the 10" pipe tonizenithe leakage
around the probes into the combustor products.

The transition piece is attached to the combustor assembly witstam made
double hula seal that is welded to the combustor exit piece. Thesduilallows for
thermal expansion of components in the axial direction while maintaining a smatjéeak
area.

Water cooled exhaust

The hot products leaving the transition piece enter a water co@edefl
assembly. The water is injected into the hot products through 8 moleslahe outside
of the 8” pipe in the center of the assembly. The water floavisaregulated to provide
sufficient cooling to the products to protect the downstream control valve.

Pressur e control valve

An 8" pipe connects the water cooled assembly to a downstreanolcealire.
The control valve restricts the flow of the cooled products agdlates the pressure of
the vessel. The temperature of the valve is monitored for ageqoaling. With this
arrangement any combustor test condition can be simulated.
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3.2.5 Combustor Components

The combustor body was held from four threaded rods that are canetilevié
the head end flange. Figure 3-31 illustrates a cross section obrfimustor body. By
using a series of eared rings secured to the threaded rod, the combustor body iscdassemble
by sandwiching sections together. This provides for modularity in thgndesfacilitate
parametric design studies.

Main Burner

The main burner consists of a patterned area for premixed fdediamo pass.
The center of the burner is a bluff body with an effusion cooled surface. Fuel is premixed
with the main burner air in an annular passage leading up to theFeyitre 3-32 shows
the fuel and air premixing tube for the main burner. Stabilizing ¢ais Mmixture is the
responsibility of the cavity vortex.

Injectors & Manifold

The injectors are custom made and will allow for the both premixdiffusion
experiments to be run. The downstream side of the injectoragaiast the back of the
forward wall, while the upstream end is rigidly connected to a spdihifold (not
pictured) with Swage Lock fittings. Figure 3-33 shows the upstregutor hardware.
The manifold has been designed so that half of the injectors can ket fu¢ime, this
allows for the better visualization of the combustion zone.

Forward Wall

The forward wall is constructed from Haynes 188 alloy. It hemetconcentric
bolt circles. The first set seats the injector, the second &®tthe cavity driver jets, and
the last allows the forward wall to be bolted to the outer wall the eared ring. The
cavity size was determined following reduced drag criteria for the vortex. [1]

Outer Wall

The size of the outer wall dictates the vortex cavity asgait and size. The
length of the cavity was kept at an aspect ratio of 1.2 timdseight to promote the
formation of the vortex and strong interaction with the main flow[q]L] The outer wall
is constructed from four individual pieces. Parts that willdeated in the combustion
zone are fabricated from Haynes 188 alloy, while the outer flangede made of
Hastelloy X. Figure 3-34 is the outer wall, showing a port feual access with a
camera.

Aft Wall Assembly

The aft wall assembly consists of the three parts, theadlft tive corner ring and
the corner ‘L. The aft wall and the corner ‘L’ are manufaaddursing Haynes 188 alloy.
The corner ring will have backside cooling slots and thereforenzarnufactured using a
material with a lower temperature rating, Hastelloy X.

Combustion Liner

The combustor exit is constructed from a heat-treated Haynes lag8alup.
The combustor liner is welded to the corner holder which is weldettie aft wall

51



assembly. On the down stream side the combustion liner is fiiecdwouble hula seal
which minimizes leakage. The inside of the liner is coated with TBC.

Hula Seal, Collar & Flange

The hula collar and flange have been fabricated from SS316. The cEammst
end of the flange bolts to the ceramic lined transition piece. ®mbwstor exit then
slips inside the collar where it is held in radial position byhhka seal. It is however
free to move axially to accommodate any thermal expansion expstiemg the
components. The hula seal is shown in Figure 3-35, with the assembled hardware.

Non-reacting tests were performed at atmospheric conditions to determine the
effective areas of each air passage of the trapped vortex combustor testgig. Thi
information provides the percentage of air that goes to each major zone in the rig
including combustion air, cooling air, and sealing leakage air. The experimenta result
are compared to theory and the air split information is programmed into the data
acquisition software to calculate flame temperatures in the combuggionsdor
combustion testing. Also the information gives an indication how much cooling and
leakage air is used.

Threaded Rod Forward Wall
and Nuts Eared Ring

Outer Wall /]
Injector Hula Flange
Aft wall & Collar

Head Endd
Flange

Manifold

Afc Wall
Corner ‘L’ Aft Wall
7 Corner Ring

Cormbustor
Exit w/ Hula
Seal & Ears

Figure 3-31 Prototype 1 combustor components
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Figure 3-32 Prototype 1 main premixing section assembled on head end flange with fuel

injector manifolds
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Figure 3-33 Prototype 1 fuel injector manifolds
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Figure 3-35 Prototype 1 assembled experimental hardware showing hula seal
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3.2.6 Instrumentation

Gas sampling

The capability to collect and analyze gas samples isairtticthe demonstration
of a low emissions combustor. In the TVC combustor gas sampldéskam at two
locations. The upstream location corresponds to the exit of the cominisiahe
transition piece. Emissions at this location are also remdse of those in an aero-
derivative when the proper inlet conditions are maintained. Furthensti@am in the
transition piece the second sample is collected. This locammegents the exit of the
transition piece into the turbine when the proper inlet conditions ate Both gas
sample probes can be traversed radially across the full widtheo€ombustor. The
annular design is not expected to have a significant tangentidepsothe downstream
position. Profiles will be measured to verify this assumption aniflywclosure with the
fuel metering system. The profiles can be used to determirad tawfiperature gradients
and emission gradients as well.

In the experimental facility gas samples are collected inctmebustion zone
through a water-cooled probe. Pressure in the vessel drives thihflawgh the sample
line; the flow rate is regulated by a valve downstream. Thwlgais then delivered to
the analyzer bay through a heated line. Dry samples are obtaineciby aien ice bath
condenser; wet samples come directly from the heated line.

The analyzer bay consists of several instruments. Each isatedrdirectly to
the data acquisition system for real time recording. The C@zamehas ranges of 0 to
100, 0 to 500, and 0 to 1000 ppm. The NO/NOx analyzer has ranges of 0 to 10, 0 to 25, 0
to 100, and O to 250 ppm and takes a dry sample. The O2 analyzer operatésto
25% scale and can be used to determine the fuel-air ratio ameldddiemperature of the
upstream combustion process. The CO2 with a 0 to 10% scale caadb®uthe same
purpose. An unburned hydrocarbon analyzer has a 0 to 5% range and is useidnto conf
fuel flow continuity as well as unreacted fuel concentration.

Temperature M easur ement

The TVC combustor hardware is heavily instrumented with thermoesupl
monitor critical part surfaces and determine thermal performaht® cooling system.
Figure 3-36 shows the location of thermocouples on the combustor trarseios
Three are located by the flange interface with the water c@aleiibn to monitor wall
temperatures in this low flow region. Three are located initlieity of the downstream
sample probe to check for hot gas leaks or breakdown of the cemathat area. Four
are located around the upstream sample probe to check for ceraakcidrn at the
inlet. These thermocouple will be scanned by the data acquisitst@nsyevery few
seconds, and a temperature history will be stored for each experiment.

The combustor is instrumented with thermocouples at severa@attrfaces.
Figure 3-37 shows the location of these. Three TC’s are locatéte @ombustor wall
below the hula seal to monitor exit liner temperatures. Twooastdd on the hula seal
collar to determine the effectiveness of the cooling flow. Thredocated at the start of
the hula seal to monitor hot spots. The cavity corner, aft walbatet wall each have
three TC’s evenly spaced to monitor part temperatures. Thertbimmal has TC’s near
the weld for the main burner holder. At least three of the inge@or equipped with



flashback TC’s in series with a fuel shut-off alarm. The maindius equipped with the
same detection and alarm system. The other injectors will flaskeback TC’s to
monitor the temperature but will rely upon a software alarm.

Pressure M easurement

Critical pressure and delta pressure measurements are tatemtegic locations
in the combustion system.

Figure 3-38 shows the critical locations where pressure is meditfmr the
Prototype 1 hardware. Locations include the air supply pipe, theseeflew liner, the
combustion entrance, and the cavity, main, and transition piece combustion zones.

Dynamic Pressure M easur ement

In premixed combustion systems coupling between the heat releapecasdre
waves can grow to create significant pressure dynamics within the combustoavitye c
vortex of the TVC combustor is expected to have a stabilizingtedfethe combustion
instabilities, but the combustion dynamics will be monitored to jugtis claim. Three
high response dynamic pressure transducers will be connected to th@nagwill be
located in the combustion liner and two will be located 90 degreesiaghe cavity.
With this arrangement axial, tangential, and bulk modes of dynamickecameasured.

The signals from the high response pressure transducers will bsgaodsy a
high speed data acquisition system and signal analysis software.fregnency and
amplitude of the dominant modes will be stored at regular intefvplghe data
acquisition system. More detailed data files can be generatgdshort periods of time
for test points of special interest.

Optical Access

Visual access of the flame in the TVC combustor is the sfas@y to evaluate
the strength of the cavity vortex. To facilitate this a canpenrt is mounted on the wall
of the cavity as shown in Figure 3-39. Furthermore, the combustgndakiws for it to
be fired on only one side. The camera is positioned to lookightangle to the first
injector to be fired in this mode. The adjacent injectors walater a background image,
but most will be blocked by the curvature of the combustor.

The camera is a 2.54mm diameter miniature camera housed aten aooled
jacket. The camera housing has a quartz window for optical transpamhcy sealed to
prevent leakage. The combustor has a quartz window with a comprisgioprevent
leakage across the opening. The camera is aligned the window on thestammto view
the top of the cavity to near the centerline.

The camera can also provide information on hot sections in the comtesign,
and alert the operator to over temperature conditions. The cahaerasual access to
the top side of the forward wall and aft wall and corner. 4 hbs visual access to one-
guarter of the cavity outer wall. The flame attachment lonatin the main burner may
be determined, and the thermal design of the corner will be evaluated.
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3.3 Prototype 2

Several enhancements were made to the trapped vortex combusgjor diegsg
this design phase. First, as an extension of Prototype 1, design changgsaposed
and validated by CFD modeling to improve the vortex structurdnencavity. This
design is termed Prototype 2al. However, the emissions resuftsimgatisfactory. As
a result, several design concepts changed in the next prototypesotdtyfptr 2a2, the
cavity and main premixer designs were changed. The 15 cavityinfeetors were
replaced with an annulus with 25 slots. The main premixer design chémged
concentric holes to 15 radial slots. For Prototype 2b, less outeefivasion cooling was
used, and the forward wall was redesigned to accommodate theowdh ggsues with
Prototype 2a2. Further, the 2b design included cavity premixer analgsulting in a
change in the cavity premixing section. Due to more thermal issutdse forward wall,
extensive redesign was performed for Prototype 2c. Additionallyd#@sgn included
the elimination of the aft fuel driver ports and a further redudtia@ooling. Combustion
tests were performed and emissions data was obtained from Prototypes 2a2, 2b, and 2c.

3.3.1 Component Design

Prototype 2al was designed following the design effort of Prototype I tivet
goal of strengthening the cavity vortex and reducing emissions. Using e
evaluation of the design criteria, the leading design parameteselssted for study in
Prototype 2al. The combustor cavity volume ranked highest, far @boitg aspect
ratio, shape, and injector location. Changes in any of these paramezjamed a
significant change in the prototype hardware and could not be studied without a
significant design and manufacturing effort.

Prototype 2a2 also incorporated a change in the combustion liner becalise of
thermal performance limitations encountered in the evaluation obtippet 1. This
change was added after the evaluation knowing there was still aeletyne to
incorporate the change. The 2-cool combustion liner was selectagsbetfats ability
to cool the liner with very small clearances. The sealggi and transition piece had
to be resized based upon the changes in the design.

Following the aerodynamic design study it was decided to reduceathty
effusion air. This was accomplished by sealing the cavitysigfii walls with a stainless
sheet. The sheet covered the span of the cavity, but TC's ware ph the outer
effusion wall surface to monitor the temperature during evaluatiohhe wall
temperatures were monitored during evaluation.

A cross-sectional schematic of Prototype 2a2 is shown in Figure 3¥4®
forward wall was designed in two sections, an inner piece for tle Ianer and an
outer ring for cavity fuel injection.

Prototype 2b incorporated more significant changes to the combustor design t
prototype 2a2 as a result of additional efforts to improve the turndoworiperice while
maintaining low NOx. Based on aerodynamic considerations the lanafatiea main
burner needed to be increased, the injectors needed to have a mfmen uni

56



circumferential fuel distribution, and the cavity cooling and airitistions needed to be
changed. Additionally, Prototype 2b was targeted to have no step dammsifethe
cavity corner to make it more representative of a realistic design.

The most challenging change in the new design was the removal of injectors. The
intent was to introduce the fuel into the cavity in a fashion ttmatldvmimic a driver
hole, from a flow standpoint, while maintaining two distinct fuelwisc Ideally the fuel
would enter the cavity at the same radial position regardlesseocbperating mode,
diffusion or premix. Unfortunately, such a design would be very expersigevielop
because it would require complex fuel circuits, switching mechangrdsa purging
system. Alternatively, a system with two separate 75-haleysron concentric bolt
circles, was developed. The radial spacing between circuits atagedi by the thickness
of the wall dividing them and worked out to be approximately 0.15 inches. ra&epa
manifolds feed the inner diffusion circuit and the premix circuit.s Teduced the tubing
requirement and simplified the design, in comparison to Prototype 1. cdrhplex
manifold used to feed the injectors of prototype 1 was replacdd avidystem some
strategically located tubing and Swagelock fittings. The forwarlll wes fabricated
from a 0.5 inch thick piece of SS316 stock plate. The circular flowagas were
machined on a lathe prior to having the holes laser drilled. The net@ix tube was
machined from thick walled SS304 tubing, while smaller diametee @&€&S316 tubing
was EDM’ed to create the inner premix tube. All tubing and manifolters were
fabricated from SS316.

The outer wall, main premixer, and corner piece from prototype eaised in
prototype 2b. The corner holder had to be modified to accommodate the ez
and the smaller flow area associated with the removal of itleMaad facing step. The
decreased exit diameter also required that the hula sedirgyrflange and down stream
ceramic liner be resized. This simplification in the desigmgtaalso required the
combustor scale to change to 1/10 of a full can.

Prototype 2c was designed to reduce thermal stress issues. Material thickeness
added to the forward wall. Also, the design for Prototype 2c incdgabthe main slots
and cavity slots on the same forward wall.

Effective area tests were performed with Prototypes 2b and @etermine air

flow splits to the combustor. As seen from the test resultsjngoair was reduced
considerably from Prototype 2b to Prototype 2c.
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Figure 3-40 Prototype 2a2 cross-section
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3.3.2 Kinetics Modeling

The chemical kinetic model performed for Prototype 1 was extended for
Prototype 2. Several iterations of reactor zones and air splits modeled. A list of the
zone modifications is given below. A figure of the zones for Modelti4, best
performing model, is shown in Figure 3-41.

TVC-new-5 Adjustments for setting lower limit on zone 3 size, cooling amféoto 4,
and bypassing air from main to 5 for high cavity fuel percentages.

TVC-new-6 Added Zone 4b, corrected for the volumes (no longer using half reactor
calculations). Zone 4b receives only input from main and coolingSavall percentage
of air from 1 and 3 go to 5.

TVC-new-7 Main zones remain the same as in 6. In cavity, zone 1 is notmgeand
zone 2 is a PSR reactor. The fuel and some air is injectedane 1. This jet entrains
enough air until the zone reaches a specified phi-target value. h€higtes into zone 2
where it reacts. In the program, the fuel is actually injectezbne 2 to indicate the
presence of an ignition source.

TVC-new-8 The logic for the sizes of the cavity zones remains the sarnmeModel 7.
A maximum phi is specified then for zone 2. The excess cauay then passes
downstream into zone 4. A correction was made to zone 3 volume wWichrabably
effected Model 7 results.

TVC-new-9 Two new PSR reactors created. One in front of what used tonee4b

and the other between what used to be zone 3 and zone 4a. The numhdenzpaes
was changed so that now the zones number 1-9 as shown in the fiheerder the
zones are input into CHEMKIN was also changed when this was digmbto have an
impact. Now, lower numbered zones always flow into higher number ones.

TVC-new-10 Made Zone 7 have the exact same composition as 3 by sending a portion
of the cavity to Zone 7 well. Other Zones and connections remdieeshine. This was
done to prevent Zone 7 from blowing as quickly as cavity fuel isegka Also no flow

from Zones 2&3 to 4.

TVC-new-11 Changed the Zone 7 to received more main fuel than main ais. wHsi
done to make the zone richer and prevent it from reach lean blogvquickly as cavity
fuel increased. This was physically validated by looking aulsitions of the main
fuel/air injectors which seemed to show a greater concentration of fuel on the.bottom

TVC-new-12 Made percentage of cavity air a variable. Set the lowsit [jat low
cavity fuel) to agree with experimental data on lean blowout. dseck at high cavity
fuel by taking away air from the main. This helped to smooth out zén&s8
temperatures by taking away air from the main when these zones were lean.
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TVC-new-13 Made phi2 and fuel burned in 2 a function of cavity fuel %. The &nguat
for phi2 was of the form phi2=c2*x/(c1+x) 2 where x was % cavity. fugl and c2
where solved by setting phi2=.419 at 25% (LBO) and phi2=.8 (max) at 10D86é.
equation for mass of fuel burned in 2 was of the form m_fuel2=c4*x/(c3¢3)and c4
where solved by setting m_fuel2 equal to all the fuel presehkiravity at 25% and at
100% saying 38.2% of the air was in the cavity and using the phi2max.

TVC-new-14 Made percentage of cavity air a discontinuous function. Lower isnsit
as before to have lean blowout occur with between experimentadymdeed 25-30%
cavity fuel. Cavity air stays at this value until phi2nisxxeached. At this point, cavity
air linearly increases to an input Xcavfinal value at 100%tgdwel. From this point to
100% cavity fuel, the fuel burned in the cavity also linearly dases to maintain
phi2max. Excess fuel not burned in the cavity is dumped into zone 5.

TVC-new-15 The way zone 2 volume is calculated is changed. Instead tdtihgeto
jet entrainment of air in zone 1, now the residence time of zonsecified as an input.
This is also generally a shorter value than before, similar in length to taeg&dmsttau 6
or 8. The volumes of zones 1 and 2 are then calculated from thisnesitime. Also,
the % main air and % main fuel through zones 7 & 8 were later set to be the same.

Model 11 yielded the best performance of all 15 models as compareatdtype
2 data. The resulting data from Model 11 is given in Figure 3-42 and Figure 3-43. In this
model the NOx curve inflection point occurs near where the temperiwes of Zones
6 and 8 cross. Due to there relatively long residence time andemgh Zones 6 and 8
tend to be the primary NOx production zones (along with maybe zone 2). 84ends
to start off hot and get cooler, while zone 6 starts off cool anchgéty. Since the NOx
production increases exponentially with temperature, the min bWt production
will over when both temperatures are equal. This is assuming ewsd flow and
residence time in both zones. In reality, zone 8 has less flowztimen6, but this effect
is linear and not as dominant as the temperature effect.

This reactor network model shows that lean blowout occurs in the cavity when the
cavity phi= 0.419. Experimental data from Prototype 2 data showsltwaout in the
cavity occurs when phi in the cavity equals approximately 0.3-0.37.e 8w is not a
higher phi than the lean blowout phi, it is determined that lean blowdbeicavity is
due to lean blowout from mixing all the fuel with all the air. Tthes¢ may be no lower
phi limit on Zone 2. The question then becomes how much air participates in the reaction
in Zone 2. Since the model says the lean blowout for the reactiorsatcpini= 0.419,
this is assumed to be correct. Then, from the experimentalvdadtaow how much fuel
is injected in the cavity when it blows out. Thus the amount of air participating\itye ca
reaction may be calculated by using phi of .419. This percentage ofdhait will then
be the percentage of air in the cavity used by the model (at lean cavity conditions
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Figure 3-41 Prototype 2 network reactor Model 11

TVC Model 11 (cav2main=50%, cooling5-4=50%, %main fuel to 7&8=30%, %main air to 7&8=20%, phi2max=.8,
phi3/7min=.1, tau3&7=.04-.12)
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Figure 3-42 Prototype 2 network reactor Model 11 Temperature vs. % cavity fuel
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Figure 3-43 Prototype 2 network reactor Model 11 NOx15 vs. % cavity fuel
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3.3.3 Flow Field Design CFD

The effect of closed aft driver holes on the temperature dietde mid-plane of
the TVC combustor located at Bdvas examined. Closing the aft driver leads to a
significant reduction in temperature in the aft wall vicinifyhis is due to the fact that by
closing the aft driver forces more air to go through the forward rdsie¢és and the main
premixer, thereby leaning the fuel-stoichiometry in the vortexycawhis leaning of the
fuel-air stoichiometry leads to overall lower temperatureha ortex cavity. The case
with closed aft driver hole demonstrates a strong robust vortex. ihas;lear that
closing of the aft driver hole does not negatively impact the x¥@&eodynamics. The
impact of aft driver closing and the resulting leaning of the vocdaxity on NOXx
emissions predicted at the transition piece exit plane are shokigure 3-46. As seen
in Figure 3-46, closing the aft wall driver leads to a three-felduction in NOXx
emissions. This significant reduction in NOx emissions is due tledmeng of the fuel-
air stoichiometry in the vortex cavity, which reduces peak teatypes in the cavity.
This reduction in peak temperatures lowers the production of NOxefféwt of aft wall
driver on the CO emissions is shown in Figure 3-47. Clearly, exs iseFigure 3-47,
closing the aft driver holes lowers the CO emissions also. dBas¢hese results, it can
be concluded that by closing the aft driver holes, the fuel-airnstoietry in the vortex
cavity is leaned out further, thereby leading to a significant ingment in the emissions
performance without any negative impact on the aerodynamics.

In the results shown above, a perfectly premixed forward driveasssmed. To
evaluate the effect of perfect premixing on the NOx emissiorierpence, the forward
driver premixer was explicitly included in the model. This evadmatvas conducted to
determine the levels of NOx entitlement that can be achievadsing forward driver
with perfect or a near-perfect mixing performance. The efféatnmixedness in the
forward driver premixer on the NOx and the CO emission performensbown in
Figure 3-48. A perfectly premixer forward driver has the poteatieeducing the NOx
emissions by around 1.2 ppmvd. Furthermore, Figure 3-48 also demongiedtes
perfect forward driver premixer does not negatively impact th@ €@missions
performance.

To evaluate the concept of aft wall fueling, a CFD model of th€ With a
premixed aft wall driver was conducted. The rationale behind thevalf fueling
concept was that by fueling from the aft wall, better particypatif fuel with air would
be obtained. This would lead to a better mixing and localized leafirfgel-air
stoichiometry, thereby leading to reduction in NOx performance. Fueling usingveft dr
reduces the amount of leakage air that bypasses the cavity andeescapes around the
corner. This increases the fuel-air participation in the vorteXemaus to a more flatter
and more uniform temperature profile at the transition piece @kits reduction in the
temperature non-uniformity and the increased participation, leads to a fudbetioa in
NOx emissions. The magnitude of this NOx reduction, as predicted I3FBenodel is
of the order of around 1 ppmvd.

The results discussed so far were obtained prior to testing and tHiisca
comparison between the predicted and the measured results could madée This
necessitated a detailed validation of the TVC CFD model, sutlhé&FD model can
be used with increased fidelity and confidence to suggest design shamgeurther
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optimize the TVC performance. A controlled set of experiments agaslucted and
detailed temperature,,0CQO,, and NOXx profiles were measured at transition piece exit to
provide data for the CFD validation exercise. The experimentamducted for a exit
cavity fuel split of approximately 35%. The match between the geztliand the
measured temperature is fairly good; however, there is a slgymnaetry in the
measured profile that is not predicted by the CFD model. Iypethesized that the
airflow distribution in the experiment was circumferentially nonform, which could
have led to the observed asymmetry in the temperature profiléhefsector CFD model
assumed asymmetry, the asymmetry present in the experimetdakcalsld not be
reproduced. The asymmetry seen in the temperature profile pifiadhand clearly
visible in the NOx profile. For reasons discussed above, thenastyynin the NOx
profile is not predicted by the CFD model as it does not inclageaaymmetry of air
flow field as it enter the combustor. Even though the profilematrexactly reproduced
by the model, the CFD predicted flux averaged NOx corrected to L5®6tle transition
piece exit is 17.1 ppmvd, which compares very favorably with the urehvalue of
16.0 ppmvd. Similar comparison for predicted and measured O2 and C@@spabf
transition piece exit is shown in Figure 3-49 and Figure 3-50 reselctiAs seen in
these figures, it is clear that barring the asymmetry obsenvii@ experimental results,
the predicted and the measured profiles do agree fairly well.

Given the discrepancy caused by flow asymmetry the CFD modetovesidered
to be validated to the greatest extent possible. This model canebetaugpredict
aerodynamic and emission performance of new TVC configurations amtbyhed the
rapid design and optimization of TVC concepts. Furthermore, besidasvgl the
impact of design features on TVC performance, the validated Géd2lnsan be used to
further optimize the design and also aid in the scale-up processafmgsthe TVC from
a prototype scale to a full-scale combustor.

In conclusion, a robust modeling tool was developed which captures the main
flow field characteristics and can provide design guidance on emigsiformance. The
modeling results indicate that improvements to the premixer penieemnand aft wall
injection air can improve emission performance. Furthermore, expetal data
indicates asymmetry in the flow field, and reducing this in the swiesd¢ design will
further benefit NOx and CO performance. A next generation prototypeshwhi
incorporates ideal premixing, needs to be evaluated to demonstrapertbemance
entitlement.

67



STAR

Cavity Fuel

Injection \

PROSTAR 3.10

WIEW
-1.000
0.450
0.600
ANGLE

0.000
DISTANCE

1.200
EHIDDEM PLOT

T Prototype 2 hiodel
Mo Cuter Wall Cooling
Injector Inner Ring Holes Closed

Figure 3-44 Prototype 2al Case 8 patrticle trace of cavity fuel with cavity outer wall
effusion cooling turned off and inner ring of cavity premix air injector holes closed

Transition Piece Exit
Forward Driver Premixer

Main Burner Premixer

Liner ) Transition Piece

Figure 3-45 Prototypes 2a2, 2b, and 2c computational Domain of the Trapped Vortex
Combustor CFD Model
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3.3.4 Thermal Modeling

During the initial testing of Prototype 1 it was noted that the teatype of the
exit piece was nearly identical to the combustor cavity tertyrera It quickly became
apparent that not enough cooling air was flowing across the hula seakitipiee.
While the leakage through the hula seal was intended to be 2.0% ofahmass flow,
cold flow tests determined that it was approximately 0.65% percedhly low
temperature test points could be run, to minimize the risk of damaging the exit piece.

To improve the exit piece cooling in prototype 2a2 a GE 2-Cool pasgsigens
was selected. The 2-Cool system is a production part; the ofdyeti€e was that our
prototype required a smaller diameter roll-up. A custom sleeas designed for use
with prototype 2a2. The geometries of the custom sleeve werd basa 2D heat
transfer analysis with the following boundary conditions. A sensiti&italysis was
conducted to determine the correlation between wall temperatusggeageometries,
and feeder hole size.

The custom sleeve was made from a 0.115” thick rollup with 31 chamiikdd
into the surface. Each channel measured 0.375” wide by 0.025” deep andoBd.5”
The outer sleeve was 0.040” thick and had 31- 0.100” OD feeder holesse Tustom
sleeves were initially manufactured as a 13.78” ID rollup, byoAdanufacturing, and
then re-rolled to the desired 4.846” ID by the GRC machine shop. Heateshows the
2-Cool system hardware assembled.

The thermal design issues of Prototype 1 were addressed in thyn dési
Prototype 2a2. Prototype 2a2 has significant reductions in the effusmobng on the
cavity outer wall. Prototype 1 experiments indicated that theéydawnperature was well
below the design limits, and aero design analysis highlighted thetmeeduce flow to
the cavity.

The outer wall effusion holes were covered to minimize thasefh air in
Prototype 2b. Also, the effusion air to the head end is reduced. FotyPeoil these
temperatures were well below the design limits, so additionabai be removed without
penalty to the hardware life. At the center of the main buhexe is no effusion air in
Prototype 2b. The main burner slots have been extended toward tireo€¢inéeburner
leaving a 0.75” center, which is cooled by conduction of heat away tsldhenixture.
The face of the main burner has less cooling air than Prototyp® 2a2ammodate the
changes in the assembly. The effusion holes were reduced torfgsrofi holes in a
staggered pattern with 0.020” diameter and 0.160” spacing. Surface temgei@e
monitored during the experiments to determine the proximity to temperature limitg dur
operation.

The design of Prototype 2b is shown in Figure 3-52. The forwardnaalimade
in two sections as shown. However, Prototype 2b had problems resutimghiermal
deformation during combustion testing. The thermal expansion coefficiéetedifes
and temperature profile between the forward wall and the outer rihghe cavity fuel
slots caused the forward wall to detach upon cool-down after combtesisn As an
attempted solution, the forward wall was heavily welded to the cavity ring.

Unfortunately this fix resulted in a stress concentration aroundtiarfd driver
slots, causing cracking through the wall thickness. A Finite Elesw@nimodel of the
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forward wall confirmed the high stresses in the same locatigheasracking failures.
The FEM results indicated the high stress region. Thermal paisitused in the next
combustion tests to evaluate the temperatures experienced on the forwarthegaint
test validated the thermal assumptions of the FE model based on classicelicorheat
transfer correlations with hot side temperatures and velofities CFD analysis. There
was excellent agreement between the thermal paint test and-ihenGdel of the fwd
wall.

The conclusion of the thermal analysis study is that the théfigat’ between
the “hot” main burner and the “cold” outer flange is such to overload the thin wall section
between the fwd driver slots. As the main burner grows radiallywardt it is being
“held” by the colder outer flange, the thin fwd driver section devefogls compressive
stresses (237 ksi based on linear elastic analysis) far exngagdtimate stress of 65 ksi.
During shutdown, as the main burner cools, the plastically yieldetios (while in
compression during hot conditions) goes into high tensile stresses and cracks during cool-
down.

Various geometries were evaluated and parameter sensitivities pgrformed.
The following modifications to the fwd wall were made to minimize thermalhstrai

§ Increasing the web thickness and length to provide sufficient crossns¢@rea
to carry loading
§ Separate the main burner from the outer flange to allow for thegnoayth
differences, which minimizes the thermal strain. (This designires a c-seal to
minimize leakage into the combustion cavity). A step in the mainebu®D
reacts the pressure “blow-off’ loads which are carried through the outer flange
§ Change material from SS316 to the higher strength N-263
Figure 3-53 shows the redesigned forward wall of Prototype-2c. Thigndes
incorporates the increased web thickness and separates the mamfiaunngne outer
flange. A high temperature material, N-263 was also used forethemain burner. A
stress analysis of the new design was performed. The stmssdathe ports is
significantly reduced from 237 ksi to a maximum of 49 ksi.

To help facilitate the vortex strength, a reduction in aft vealbling was
considered. To help in the pre-test evaluation, a Finite Element submodel ofrdwgaaft
was generated to study the temperature effects of changing the level of cooling.

The criterion is to maintain the temperature of the materiaetow 1,600 F. An
analysis was performed for the aft-wall with 100%, 50%, and 34% otdbkng air.
The 34% cooling air case had a peak temperature of 1570 F, whichuifiagent to
warrant this selection for the design change.
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Figure 3-51 Prototype 2a2 2-Cool assembly with hula seal around the combustion liner

Fwd Wall ————

Main Burner ———§

Figure 3-52 Prototype 2b TVC Forward Wall Assembly
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Figure 3-53 Prototype 2c new forward walls

75



3.3.5 Instrumentation

The Prototype 2 rig, although redesigned in many aspects, had very similar
instrumentation as Prototype 1. Temperatures, pressures, and dymessigres were
measured at similar locations as in the previous tests, athddition of thermocouple
instrumentation on the newly designed 2-cool system. Figure 3-5¢cisematic of the
thermocouple instrumentation on Prototype 2 hardware. Emissionssammngled at
locations of about 7” and 24” downstream of the face of the forward wall.

2 Fla\lshback TC'S

Figure 3-54 Prototypes 2a2, 2b, and 2c thermocouple instrumentation
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3.4 Prototype 3

The goal of prototype 3 is to reduce NOx emissions to reach the 50% NOx
reduction target, while maintaining low overall pressure drop and lovardigs. To
accomplish these goals, a QFD was performed as summarized in Figure 3-55. Jine desi
focus efforts are placed on 1) obtaining high premixedness, 2) reduciityg siae, 3)
reducing circumferential variation in the cavity, and 4) removing ouédr cooling for
the cavity and replacing with an impingement cooled flow sleeve.

Extensive CFD modeling was employed to optimize the combustaty csize
and shape and the percent fuel split between the main and cavitynsecrhe goal of
these studies was to produce the optimal vortex in the cavity aloevéo the overall
emissions. Also, the geometries of the cavity and main prengxgoss were improved
with CFD design and Six Sigma methodology in an effort to minimize Bi@issions.
Another attempt to decrease emissions was to employ stricter manuaigotlerances in
the cavity premixer section to reduce variations in the fuelaxture. Further, the
impingement cooling sleeve around the cavity combustor is designeddasaaooling
of the cavity walls with minimum pressure drop, and in turn low&xNbroduction.
Further, combustor lifetime was investigated by performing thesindstress analysis to
ensure adequate cooling and to allow for thermal expansion of the forward wall.

X
2| s
5| §

. . E| = K%,
Modeling & Experiments to | g | 2| o S
Minimize NOx for 7FA+e | £ | & |5 2

Impingement Cooled Cavity| 9 1 10
Ideal Premixing| 9 | -3 6

Reduced Og,yiny| 3 | -3 0

Cavity Size| -3 | 3 0

Cavity Shape| 3 | 3 i -3

Figure 3-55 Prototype 3 QFD to improve design for NOx emissions
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3.4.1 Component Design

Based on the information from prototype 2c, several components were re-
designed. Changes from Prototype 2 to Prototype 3 are summarized in Figure 3-56.

A new cavity premixer was designed to reduce circumferentrabibity in the
fuel/air mixture. The previous design consisted of two concentrigpoll This process
did not hold the tolerance on the diameter better #@020”. The new design for
Prototype 3 was made of a single part and should hold wtthi®02”. This is expected
to reduce temperature variation along the trapped vortex, thus redua@ngll NOx
variation.

The main premixing geometry was also modified. Prototype 2C empéogtadic
premixer assembly consisting of two mixing elements constraine®is”achedule 10
pipe. A transfer function based on published NOx-temperature modksrature [1]
was used to determine the variation in fuel/air ratio requiretiget the desired NOx
tolerance. Upon examination, the Prototype 2c premixer was found to be tmae
sufficient fuel-air homogeneity to hold the targeted NOXx toleraate$ 0.5 ppm. This
resulted in the addition of 5 mixing elements to the main premixer gfegnmcreasing
the overall length of the test rig so that entittlement NOXx levels could be edaluate

The specific geometry of the TVC forward wall was generhtestd on the flow
conditions and premixer characteristics. It was developed throupht@igeling of the
design. For the targeted pressure, temperature, and mass flow thevamdesized to
distribute the flow according to design targets. The performance afdaheand cavity
premixers was evaluated under these conditions. The flow diginbwias analyzed
based on the flow network analysis. Two forward wall geometrere wesigned and
built (Prototype 3-1B and 3-2A) with different overall pressure deqpess the holes but
with the goal of maintaining the same mass flow distribution. TR® @odels
described in the following section were used to determine the fandilgaration of this
component.

The construction of the cavity aft-wall was significantly eliéint because of the
changes in the cooling scheme. The removal of the cooling slotectitbe need for a
continuous wall. The aft-wall shape was welded directly to the-auatk and transition
piece, and the wall was constructed from 2 sheets welded togéthertlat part of the
wall was a machined disk; the nose was custom machined. Thallftas backside
cooled. The shroud cooling hole size and distribution were determinge lbgcal wall
heat transfer coefficients. The shroud was offset from as specified by the deslysis.

The outer-wall and transition piece were cooled in the same masnbe aft-
wall. The cooling shroud extended from the forward end of the outétonthle start of
the hula seal. The combustion air was directed through cooling holesibgidg a seal
between the premixers and the reverse flow liner. In this mamens forced to travel
through the cooling shroud before passing into the combustor.

The combustor outer wall was reduced in diameter as per thesrebtlie Flow
Field Design CFD. The smaller cavity was easier to codlraduced the overall size of
the combustor. The smaller cavity led to a smaller capaitaand a position closer to
the combustor center. The camera port equipment was moved tonaocdate this
change.
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Effective area tests were performed to determine thelis & the regions of the
Prototype 3 combustor as shown in Figure 3-57. Region A is leakabetaien the
hula seal on the combustion liner and the downstream combustion lingridtuvéed).
Region B is cooling air used to cool the metal wall temperatoir¢he combustion liner.
Region C is air that passes through the cavity premixer and cloityinto the cavity
zone of the combustor. Region D, the majority of the air, passes thrbegmain
premixing section and main slots in the main zone of the combustor. REgi®n
effusion cooling air used to cool the surface of the combustion injpleta, which is

also referred to as the forward wall.
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Figure 3-57 Prototype 3 air flow passages
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3.4.2 Flow Field Design CFD

The CFD modeling for Prototype 3 was done using commercial Fluesibrer
6.2.16 software [3]. Two major components were examined using CFD. Thedssa
reacting flow model of the entire combustor system performedaslyntio the methods
used earlier in the program. This method was employed in a desigpednent to
determine the effect of variations in combustor cavity sizestiaghe on NOx, CO, and
temperature. The second area of study incorporated a non-reactinghdldel of the
cavity premixer geometry to specifically evaluate the spati@ady-state mixedness
capabilities of the premixer design. In both cases steady stabpressible turbulent
flow was assumed, and a realizable trbulence model with standard wall function
treatment was used. In all cases first-order solutions wewk tosapproach a steady
solution, which were switched to second-order solutions to reach modelrgenge. Air
was assumed to be 21% oxygen and 79% nitrogen by volume. Fuel wasdssuree
100% CHA4.

For the designed experiment, the combustor geometry employed tnedaated
in Prototype 2c. In the first study cavity size and shape weeged. Two levels of
each factor were used to set up a four-run experiment, as shown testheatrix in
Figure 3-58. The cavity shape was changed by varying the radiusvafurerof the aft-
wall cross-section, resulting in a geometry referred to as a&'hdse cavity size was
changed by 50% between the large and small cases. The décremsty size required
a corresponding 50% change in flow to the cavity. The geometriesecaaen on
Figure 3-59. The other boundary conditions were reproduced from Prototypé&RC C
runs. One computational domain was created per test run, resultingptal af four
computational domains, shown in Figure 3-60, with symmetry boundary condhiains
were run in Fluent. Inlets were mass-flow inlets with the djpgyaressure being the
combustion cavity pressure of 7FA+e conditions.

For the cavity premixer design, the effect of premixer gegmetr mixing
performance was studied. The fundamental configuration of the premigemoaified
from prototype 2c, which used an annular inlet with transverserfjggition for mixing
the fuel and air. The annular premixer for prototype 3 maintaineshte size as 2c to
prevent flashback in the mixing chamber. However, for prototype 3 the goal was to study
the performance with perfectly premixed fuel & air. To accoshpthis a vortex mixer
was added upstream of the annular mixing passage. The vortex nasea backward
facing step to mix create a recirculation zone. The final desagnobtained through an
iterative modeling process, with each result prompting continued impeus to the
cavity design until premixing levels were satisfactory. dbenain includes the cavity
premixer and the mixing plenum terminating at the forward wall. Theaolowas a 4.8°
sector model with periodic boundary conditions. It was meshed using corah€EM-
CFD wversion 4.3 using a macro-unstructured, micro-structured hex roésh
approximately 2.4 million elements. This final configuration was depenoierthe
results from the designed experiment CFD. The species modelvasea non-reacting
species transport, with air and fuel compositions as described above.

The designed experiment run in Fluent yielded a best-case gedhatbecame
the foundation around which the rig hardware was designed. In generakesllecaept
the first performed well in terms of flow field and predicted N&nd CO emissions.
Case 1, which involved the larger cavity and flat nose profile,retped a hot spot in
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the flow resulting in a high NOx prediction. The other cases experiemaich flow
anomalies and each were predicted to emit <1 ppm NOx at 5%l ke best case in
terms of flow field was CFD Case 3, which was comprisedsyhaller cavity and a flat
nose profile. Cases 2 and 4, in which the nose profile was largeltedes distorted
flow fields in which a strong outer trapped vortex was in generaprestent. This is
largely due to the shape guiding the bulk of the flow out of the vorteiychy
restricting the area of the flow path, while the flat nose alibthe flow to naturally set
up a vortex. For these reasons, CFD Case 3 was chosen as théobdses final
prototype 3 design.

There were other factors that needed to be corrected for oncewitrall
configuration was chosen. A flow network had to be analyzed to studyldhe f
distribution throughout the system. Based on the analysis, the fomidwas
redesigned and the model was re-run. Two different geometriesselexed for final
evaluation because of uncertainties in the flow network analgsimetl P3-1b and P3-
2a.

The results of this final run of the CFD models predicted a desleloped vortex
burning at temperatures similar to those seen in CFD Case 3. (Engseratures were
predicted to be approximately 2500-2900 degrees in various regions. Thigeftsrfor
both cases in the head end region showed an outlet temperature of apigx#800
degrees F, which is the same as the outlet temp of CFD CaBeis3outlet temperature
is approximately 10% higher than that predicted with equilibriumutaions at the
specified fuel/air ratio, which was corroborated in the CFD model. The deviatiorleh out
temperature is believed to be an artifact of the simplified chemical lanetic

In the cavity premixer analysis, a final design concept for the mawswirling
premixer design was evaluated in terms of homogeneity of concentoht®iH4 at the
outlet of the domain. In general, larger cavity size with a rpahsaffle produced the
best mixing performance. Mixing performance was evaluated by exantmngme-
averaged spatial distribution of CH4 at each cell in the domue. mixing performance
was quantified using methods based on GE Six-Sigma design practicks. Ce
concentration values were first weighted individually by mass flow through ethcaince
then compared to design requirements in terms of the number ofrstaledations to fit
within tolerance, i.e., the design’s Z-score. In the final case, tigrd&-score was 20,
which in essence meant perfect premixiggure 3-61shows the spatial distribution of
fuel mole fraction at the outlet surface. The low NOx predictioos the CFD of the
main flow field, which include combustion, appear to confirm the presehpgerfect
premixing for this combustor using the cavity premixer geometry, kpérgnental
validation is required to make additional solid claims as to thigy utf this design
approach.
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TVC Prototype 3 CFD Test Matrix
Run Cavity Size Cavity Shape
1 Hi Flat
2 Hi Nose
3 Lo Flat
4 Lo Nose

Figure 3-58 Prototype 3 test matrix for CFD-designed experiment for cavity size and
shape

Figure 3-59 Prototype 3 cavity shape geometry with “nose” feature in red dashed line
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Figure 3-60 Prototype 3 computational domain for an example case in the cavity size and
shape designed experiment (Case 3 shown).
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3.4.3 Thermal Modeling

The thermal modeling data from prototypes 2b and 2c provided valuable
guidelines as to restrictions that needed to be imposed on the faralhttble geometry
in order to tolerate the thermal expansions experienced during firingfedhaes in
prototype 3 were designed to ensure tolerance to thermal expansivaybgf large
(0.020") clearance gaps on the forward wall diameter, as wedinagring adequate
material present between each outer cavity driver hole. Effusion cooling vebto s p
wall temperatures within required limits.

Additional thermal modeling was performed to design an impingemenigooli
sleeve. This new approach to cooling the combustor was one of thécamgnthanges
over prototype 2c. The heat transfer coefficients (HTC) of bothiritezior of the
combustor cavity and the required HTC on the outside to maintairopafating metal
temperatures and associated pressure drop were calculated. I cETC was
calculated, holes on the sleeve components were sized to providerithet mass flow
through the sleeve. Figure 3-6Bows the basic impingement cooling sleeve for which
calculations were made.

The extensive modeling of the combustor wall thermal performance |tk
selected design. The heat transfer coefficients and prediclieignvperatures are shown
in Figure 3-63. The hot side HTC was shown to range from 145 t6"45Q..r. Four
wall temperature curves were plotted against cold side HTCsd&fest conditions, a
combustor cavity with thermal barrier coating (TBC) is requicedithstand the burning
regardless of cooling condition. Using a TBC-coated combustor anchpeigement
cooling, a cold side HTC of 40%/,,.w.r or higher is required to maintain safe operating
conditions.

Additional design practices authored by GE were used to spec the el pa
given the geometry in question. A bypass area was specified toerdueicoverall
pressure drop. This bypass area allowed for approximately 50% ujtéhélow to be
used for impingement cooling, more than an order of magnitude increasprotutype
2c. Pressure drop was predicted to be 0.8% across the new cooling agstdrypass
area.



Figure 3-62 Impingement cooling liner geometry prior to heat transfer evaluation for
Prototype 3

Wall Temperature vs. Cold Side HTC
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Figure 3-63 Predicted wall temperature vs. cold side heat transfer coefficient (féTC)
various configurations and hot side HTC's for Prototype 3
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3.4.4 Instrumentation

Thermocouple and pressure instrumentation locations for PrototypesBawe
in Figure 3-64 and Figure 3-65. In addition, dynamic pressure measuremeeatsaken
at pressure locations numbered 6,7, and 8 in the figure depicting the mdinstiom
region, the cavity combustion region, and the combustion liner region of the test stand.
Figure 3-66 shows a downstream view of the Prototype 3 hardware. This picture
shows the exit of the combustor, which is covered with the hulahsgatonnects to the
downstream combustion liner during assembly. Also shown is they ¢anpingement
cooling sleeve and some of the instrumentation on the exterior of tthwdrar Figure
3-67 is a close up of the water-cooled igniter protruding through the impamgewoled
liner and placed flush against the wall of the cavity combustogur&i3-68 shows
instrumentation on the combustor including a cavity pressure tap amdotiwmples
along the combustor walls.
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Figure 3-64 Prototype 3 thermocouple instrumentation nomenclature locations

Figure 3-65 Prototype 3 pressure instrumentation nomenclature and locations
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Hula seal aroun
combustor

Impingement
cavity cooling

Figure 3-66 Prototype 3 hardware

Figure 3-67 Prototype 3 water-cooled, hydrogen spark igniter located through
impingement cooling sleeve and aft wall of the combustion cavity section
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Figure 3-68 Prototype 3 impingent cooling sleeve showing combustion cavity pressure
tap and thermocouple instrumentation

9C



4 Results & Discussion

4.1 Atmospheric Combustion Studies

The existing 6” TVC rig was modified for the gaseous (natural gakinjeetion.
Four alternate rig configurations have been designed and fabricatededdouachieve
low emissions. The key features of each configuration can be desdnledly as
follows. Configuration 1 employs the direct injection of gaseous fiielthe cavity for
the primary injector and the premixed injection for the main injegyoinjecting plain
jets of fuel perpendicular into the incoming air upstream. For configor&, the
premixed primary gaseous fuel injector has been designed by premixipgrtaey air
with fuel, while the main injector design remains the same asdafiguration 1.
Configuration 3 allows for an improved premixing level in the cawtypremixing both
the driver air and primary air with fuel using 4 premixed nozatesach cavity wall. All
the existing driver holes used in configurations 1 and 2 are closed ugeintorpremix
most of the cavity air. For configuration 4 and the final tesfiguration, the closed fwd
and aft driver holes were re-opened up, while fwd, aft, and mainxy@ememained the
same as for configuration 3. For all 4 configurations, emission urerasnts were
performed at the Room 151 facility of Wright Patterson Air ForaseB(\WPAFB) using
a five-element gas-sampling probe.

The testing matrix has been established based on operating conditions of the
existing ground-based gas-turbine combustors. The Room 151 facility ofFB/FA
limited to the atmospheric operating pressure capability with aletemperatures less
than 550F. Since the NOx formation is strongly dependant on the flame tataper
the targeting testing points were determined by matching the react@enand exit
temperatures of the existing combustors at their actual operatnaiitions. It is worth
noting that the pressure dependence of NOx is heavily influencediring fjeometry.
Based on many studies available in the literature, it has foed that the pressure
dependence on the thermal NOx generation is small at flame reomes less than
278CF. The testing at the Room 151 facility was performed at atmasgiressure and
an inlet temperature of 490 with adjusted fuel/air ratios (FARS) matching the reaction-
zone and exit temperatures of the existing ground-based gas-turbine aymbilisging
the reactor network model, a numerical assessment on the preffsorés made as part
of the study.

The testing was conducted at T3 = Z5@nd P4 = 1 atm with a 5% pressure drop
for FARs = 0.03136 and 0.0365. The effect of shifting the fuel fitwencavity to the
main was also investigated for completeness. The measuredoentata, NOx (15%
02) and combustion efficiencies, for configuration 1 are shown in Figdréhdeugh
Figure 4-3. In general, combustion efficiencies were above 99%dotesting points
over a fuel split range from 0.4 to 0.75. Here, the fuel split imeldfas the ratio of
primary fuel to total fuel. The combustion efficiency at a &pit of 1 is about 98 % for
both FARs. At fuel splits near 0.33 (FAR = 0.03136), the combustiimieacy is down
to about 96% due to the low flame temperature in the cavity, tdogee lean blowout
(LBO), causing insufficient energy transport from the cavityht® main. Thus, the
combustion at fuel splits below 0.33 is highly unstable. At fuel spt33 (FAR =
0.03136),@q+c (equivalence ratio of cavity including cooling air) is about 0.47civlis
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about the same as the cavity LE@... Figure 4-1 and Figure 4-2 show that the NOx
generation is strongly dependant on the fuel split. At FAR = 0.03136, NO& (%
changes from 8.7 to 21.7 ppm with increasing fuel split from 0.39 to 1.0(FARt=
0.0365, NOx (15% O2) increases from 15.8 to 25.2 ppm as fuel splitsesréam 0.43

to 1.00. For both FARSs, the lowest NOx (15% O2) was achieved wheand Qpr
(equivalence ratio of main air passages) were about the same. The lowest NAD)15%
at FAR = 0.03136 was measured to be 8.7 ppyn € 0.57 andpp;r = 0.65) at a fuel
split of 0.39, and the lowest NOx at FAR = 0.0365 was 15.6 gpm< 0.72 andppir =
0.72) at a fuel split of 0.43. Wheppr becomes greater tham., NOx (15% 0O2)
emissions increase. The further decrease in fuel split mh&esavity fuel leaner, but
makes the main fuel richer. Figure 4-3 shows FAR sweep datad cavity-only-fuel
injection mode. As shown in the figure, NOx (15% O2) increasdsingteasing FAR,
although@..c increases from 1.18 to 1.69, yielding very rich cavity. It indictias a
Rich-burn/Quick-quench/Lean-burn (RQL) mode has not been achieved lower t
conditions investigated.

In order to obtain better understanding about the key physiochemical gocess
responsible for NOx emission, the data reduction and analysis@e{i@RA-2) NOx
modeling of TVC 6” rig config.1 has been performed using the reactavoriet
simulation (RNS) with the detailed kinetics mechanism. The mwdsldeveloped for
the same testing conditions as for configuration 1 at T3 =HM80d P4 = 1 atm with a
5% pressure drop for both FARs = 0.03136 and 0.0365. The model consists of five
reactors in a series and/or parallel to simulate various coarnlnegfions of the TVC 6”
rig as shown in Figure 4-4. The cavity has two reactors: one Isdaheblowout (LBO)
reactor, the other is the cavity secondary reactor. The démityenters the main dome
reactor, and subsequently the main dilution reactor. Lastly, tHenaftcooling wall
reactor has been included for completeness. The model uses the cordiaRHI
approach for the cavity secondary reactor and the constant volunoaetppor all other
reactors. In reactors 1 and@s were fixed to@ini: of 0.75 indicating a good mixing
level in the cavity associated with flame stretching. The higlrlyulent flow structure
of the vortex formed in the cavity provides an excellent fuel/aimm mechanism. The
model also shows that the flame stretching (maintaining congtard residence time) is
one of the major physiochemical processes involved in the cavaytheéAmass flow rate
of fuel injected into the cavity increases from fuel-lean dioons in the cavity, the flame
tends to expand within (or beyond) the physical cavity volume and makbsany
additional available air in the cavity (and in the main). Thus,model was established
to allow for the cavity primary reactor volume to vary wikie mass flow rate of the
cavity fuel by implementing the constant TAU-PHI approach. Tkaswred effect of
shifting the fuel from the cavity to main has been successtfisoduced by the model
as shown in Figure 4-5 and Figure 4-6. The averaged % difference betweaatuzad
NOx (15% O2) and predicted NOx (15% O2) over the operating conditioastigated
is 7%. If the constant volume approach is used for the cavigndary reactor, the
maximum NOx (15% O2) will be always predictedpat close to 1.0 instead of fuel split
= 1.0. Note that the 6” TVC rig has multiple air inlets in tlawity, including the
primary, driver, and cooling air, at different positions. Thus, theeflamthe cavity does
not behave as a perfectly premixed flame with a single soueteinna constant reactor
volume due to the different residence times involved in the mixitigemach different air
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inlets. As explained in the discussion part of the configurations 2, 3, emdsdion data,
it does indeed show that configuration 1 achieves an excellent mixing level in tlye cavit

By extending the DRA-2 model, the pressure effect on the TVC 6&Rigsion
has been numerically investigated for the best performing conditiobstlatFARSs =
0.03136 and 0.0365. The overall FAR was adjusted as T3 and/or P4 increetes to
have the combustor exit temperature the same as the casé&s$0t50F and 1 atm at
both FARs = 0.03136 and 0.0365. In this analysis, several differerst wase studied
with a combination of the higher P4 (P4 = 277 and 450 psia) and the higher T3 (T3 = 800
and 1008F) in order to simulate the actual operating conditions of the mxisian-
premixed gas turbine combustors. For the case of FAR = 0.03136, the mmaximu
increase was about 12% (from 8.3 ppm to 9.3 ppm) at P4 = 450 psia and T&= B&60
the higher temperature case (FAR = 0.0365), the maximum increasshaat 16% at P4
= 277 psia and T3 = 48B (from 15.2 ppm to 17.7 ppm). The dependence of T3 on the
NOx generation was relatively small. Less than 6% increasdOx (15% O2) is
predicted for both cases studied at higher T3. For the actualingeranditions, about
7% increase in NOx (15% O2) was predicted for the lower teryeraase, while about
17.2% increase in NOx (15% O2) was obtained for the higher tatopercase. In
general, the pressure dependence on the NOx generation can becomié argalbd
fuel/air mixing is achieved in the fuel-lean cavity and main.

For configuration 2, the cavity primary injector has been designectinipthe
primary air with fuel prior to injection into the cavity, whilee main injector design
remains unchanged from configuration 1. The air split distributions ofgtwafions 1
and 2 are about the same. The emissions testing for configuratiorb2drmaperformed
at the same operating conditions as for configuration 1. The perfagmahc
configuration 2 was similar to (or slightly worse than) that of guméition 1 over the
operating conditions investigated as shown in Figure 4-7 and Figure 4-9FARoE
0.03136, the lowest NOx (15% O2) of configuration 2 is about 3% higher thaoftha
configuration 1. However, for FAR = 0.0365, the lowest NOx (15% O2) of configuration
2 is about 25% higher than that of configuration 1. The combustion effiegseatthese
conditions are about the same. It is indicating the cavity mixingwofiguration 1 is
better than that of configuration 2. It can be attributed to thereliites in the injection
characteristics of the 2 different injector designs. The prinfiaey direct injector of
configuration 1 has 4 small fuel holes and 18 small primary air hdesfiguration 2
design utilizes premixers and inject the air/fuel mixture into dheity as one single
mixture jet. A strong incoming fuel/air flow from the premixerscohfiguration 2 may
disturb the cavity vortex generated by the forward and aft daiver Since the cavity
vortex is the key mixing mechanism of TVC, the cavity mixing isrgjly dependant on
the vortex strength. The primary air is less than 10% of theawtallhus, the premixer
is typically highly fuel rich over the operating condition range stigated. The fuel still
needs to mix with other available air in the cavity in order teelastable burning. In
addition, the 4 fuel holes and 18 air holes of the primary injectooofiguration 1
allows the fuel and air to mix better because a number of $atsllencounter more
shear/turbulent interaction compared to one big jet. The LBO penicamaf
configuration 1 ¢..c = 0.45) was also slightly better than that of configuratiop.2 €
0.50). It is no surprising, since the penetration depth of direct fusdtion of the
configuration 1 may not be sufficient at low fuel flow rates duéé¢orelatively low fuel
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velocity at the fuel nozzle tip. The injectors were not desigmedtHis extreme
condition. Thus, diffusion-type flame can be achieved locally neaiutiidénjectors at
low fuel flow rates. For configuration 2, since the all the fugbnsmixed with the
primary air in the premixed injectors, some degree of premixingl vthe extremely
low fuel mass flow rate condition helps the local mixing near the injectors.

Configuration 3 achieves an improved premixing level in the cavity by premixing
most of the cavity air, including primary air, forward driver air, and aft drivew#h
fuel using 4 premixing nozzles on each cavity wall. Thus, all cavity air is premixed
except the cooling air in the cavity. The concepts of the forward and aft premixgrsdes
of configuration 3 are similar to that of configuration 2. In order to keep the air split
distribution about the same as configuration 1, configuration 3 has larger air effective
areas for the premixers in order to add the driver air to the premixers. Inteyestiag|
emission performance of configuration 3 was slightly poorer than that of configuration 1
over the operating conditions studied as shown in Figure 4-10 through Figure 4-12. For
both FARs = 0.03136 and 0.0365, the lowest NOx (15% O2) of configuration 3 is about
10% higher than that of configuration 1. Configuration 3 also encounters acoustic
instability for some of the operating conditions, especially when the premieers ar
relatively fuel lean or fuel rich. The intent of the configuration 3 design is toeuttiez
forward and aft premixer jets to drive the vortex in the cavity instead of usinggsmal
driver holes. Thus, all the driver holes, used in configuration 1, were closed up. From
the video image, it was clearly shown that the strong cavity vortex, seen in cdidigura
1, was not formed in configuration 3. Note that acoustic instability was never
encountered for any of the operating conditions investigated for either configuration 1 or
2. The stability can be attributed to the strong, stable vortex formed in the pavity i
configurations 1 and 2. Because of the strong vortex formation in configuration 1, it also
indicates that the mixing level in the cavity of configuration 1 is slightly bettarthz
of configuration 3, although a large amount of the cavity air is premixed in configuration
3.

For configuration 4, the final test configuration, both the closed fwd and aft air
driver holes were re-opened up in order to stabilize the flow better in the cavity, whi
fwd, aft, and main premixers remained the same as for configuration 3. As expected,
configuration 4 did not encounter the acoustic instability, occurred in configuration 3,
over the operating conditions studied. However, based on the visual observation, the
cavity vortex formed in configuration 4 was not strong as the one formed in configuration
1. The premixed jets may still disturb the cavity vortex to a certain degredusnithé
vortex is not as strong (and as stable) as the one formed in configuration 1. In
comparison between the configurations 1 and 4 emission data, the configuration 4 data
show a 12% reduction in NOx (15% O2) for FAR = 0.03136 and about 27% reduction in
NOXx (15% O2) for FAR = 0.0365 as shown in Figure 4-13 through Figure 4-15. Since
the weaker cavity vortex is formed in configuration 4 compared to configuration 1, this
reduction in NOx (15% O2) may not be due to the better mixing, but it can be attributed
to the shorter residence time in cavity with a higher air loading cavity forgewafion 4.

The cavity air is about 22% of the total air for configuration 4 while it is about 17% of
the total air for configuration 1.
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DoE-TVC Testing
6" TVC Rig Configuration 1
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Figure 4-1 Measured NOx 15% O2 (ppm) & Combustion Efficiency at FAR = 0.03136

DoE-TVC Testing
6" TVC Rig Configuration 1
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Figure 4-2 Measured NOx 15% O2 (ppm) & Combustion Efficiency at FAR = 0.0365
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DoE-TVC Testing

6" TVC Rig Configuration 1
FAR Sweep (Cavity Only)
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Figure 4-3 Measured NOXx for Cavity Only Fuel Injection at Different FARs
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NOx 15% O2 (ppm)

Figure 4-5 DRA-2 Model Prediction for NOx 15% O2 (ppm) at FAR = 0.03136

Figure 4-6 DRA-2 Model Prediction for NOx 15% O2 (ppm) at FAR = 0.0365
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DoE-TVC Testing
6" TVC Rig Configuration 2
FAR =0.03136
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Figure 4-7 Measured NOx 15% O2 (ppm) & Combustion Efficiency at FAR = 0.03136
(Config. 2)
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Figure 4-8 Measured NOx 15% O2 (ppm) & Combustion Efficiency at FAR = 0.0365
(Config. 2)
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DoE-TVC Testing

6" TVC Rig Configuration 2
FAR Sweep (Cavity Only)
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Figure 4-9 Measured NOx for Cavity Only Fuel Injection at Different FARs (Config.2)
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Figure 4-10 Comparison Between Configs. 1 and 3 Measured NOx 15% O2 (ppm) &
Combustion Efficiency at FAR = 0.03136
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Configuration 3:

- Acoutic instability occurs when gfwd
nozzle > 1.2 & ¢aft nozzle > 1.9.

- No flame attached to fwd nozzle when
@fwd nozzle > 0.72 (Also acoustic
instability occurs depending on the path it
took to get to gfwd nozzle ~0.72)
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Figure4-11 Comparison Between Configs. 1 and 3 Measured NOx 15% O2 (ppm) &
Combustion Efficiency at FAR = 0.0365
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Configuration 4:
DoE-TVC Testing - In general, config4 was stable for the testing range
6" TVC Rig Configuration 1 & 4 investigated.
FAR = 0.0313, T3=450 F, P4=1 atm - Acoutic instability occurs only for ¢aft nozzle = 0 with
’ ’ ! @fwd nozzle > 1.5 and gmain > 0.4 .
- No flame attached to fwd nozzle when ¢fwd nozzle

© NOx_15 Config 1

ONOx_15 Config 4 < 0.77. Blowout in cavity when gfwd nozzle < 0.73.
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Figure 4-13 Comparison Between Configs. 1 and 4 Measured NOx 15% O2 (ppm) &
Combustion Efficiency at FAR = 0.03136
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Figure 4-14 Comparison Between Configs. 1 and 4 Measured NOx 15% O2 (ppm) &
Combustion Efficiency at FAR = 0.0365
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Figure 4-15 Comparison Between Configs. 1 and 2 Measured NOXx for Cavity Only Fuel
Injection at Different FARS
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4.2 Prototype 1

4.2.1 Experimental Results

Following the test matrix in Figure 4-16, the critical design ipatars of the
combustor were studied. Two different main burners were evalualad injector
lengths and two injector orientations were also evaluated. The camls operated
over a range of test conditions by changing the firing temperature réisidence time,
cavity fuel split, and % diffusion fuel in the cavity.

Emissions data was collected over the range of test conditions. Figure 4-17 shows
the NOx performance for prototype-1. Most of the low temperatureatigpe of the
combustor was above the target of 50% NOXx reduction. Howevegsatdepoints fell
below the target reference demonstrating a NOx emission reductios.lowest point
was more than 25% below the reference line. In a complementrgfgNOx vs. CO
emission, Figure 4-18 shows the high NOx performance relative t€@hemission.
With a CO target of 10 ppm it is clear that most of the datadutside of the CO target
as well. Figure 4-19 gives a relative performance picturédi®fNOx & CO emission
relative to the temperature dependent NOx curve. The low NQarpance point is
shown to have CO emissions at least 50% above the 10 ppm targetatd p®ints with
acceptable CO have excessive NOx beyond the scale of the ploter IN@X is
accompanied by high CO levels.

A surface response formulation of the NOx emission was constriroi@dthe
experimental data. Figure 4-20 shows the response data obtainedmalysts. In case
A, a coarse fit to the NOx data was obtained using primarily liteears. The fit showed
little improvement for case B with the addition of a quadratim tend the removal of the
Main Burner correlation. The best fit of a quadratic systethéaesponse data had R-
sq(adj) = 96%. The premixer length, main burner design, and the combhruisipr f
temperature show the strongest influence on the NOx.. The % Q@aeftizad a strong
effect on the NOx showing up in the quadratic terms. The injectartatien does not
show up as a significant parameter, and the influence of residemeeahd the %
diffusion fuel was weak over the range of study.

The effect of cavity fuel on the NOx emission is shown in Figu?d.4 A clear
trend of reduced NOx with increased cavity fuel is demonstratdae effect of the
geometry changes is also shown in the table. Prototypel-4 shovesvist Emission
and produced the 50% NOXx reduction data. Figure 4-21 demonshratability of the
response surface formulation to reproduce the emission data fesribas geometries.
The fit is within 99% of the actual values.
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Figure 4-17 Prototype-1 NOx Emission Measurements
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A B C

Coded Coded Coded
Variable [CoefficientLoefficient|Coefficient
Constant 24.65| 22.54774 14.81
MainBurne| -1.40 12.43
InjOrient -3.63| -3.75327
PremixL 12.69] 12.29086 -20.34
Temp 7.20] 7.356314 24.65
%Cav -7.89] -9.142681 7.20
Tau 6.53| 7.141597 -8.22
%Diff -5.05] -5.013499 -5.20
MainBurner*%Cav -15.13
PremixL*%Cav -7.98
PremixL*Tau 26.14
Temp*%Cav -19.75
Temp*Tau -11.86
Temp*%Diff -8.95
%Cav*Tau -13.03
%Cav*%Diff -5.47
Temp”2 7.49
%Cav’\2 4.516094| 20.70
Tau"2 13.77
%Diff 2 3.59
Statistics
Std Err 5.53 5.207 2.11
R-sq 82.22%| 84.26% 0.99
R-sg(adj) 75.31%| 78.14% 0.96
R-sqg(pred) 67.01% 0.89
Press 1022.734 337.88

Figure 4-20 Prototype 1 response surface model parameters
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Figure 4-21 Prototype 1 response surface model predictions
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4.2.2 Discussion

Prototype 1 demonstrated the ability of the trapped vortex combosteddice
NOx emission below the target performance curve, but the CO wassexe. The
parametric evaluation pointed to a longer premixer and the seconduoraer design as
the best influences on reducing the NOx emission. The NOXx respofeeesuas able
to give a good prediction of the combustor performance. However, theatmdl
parameters did not appear to be able to bring the combustor perforimdineewith the
emission targets.

Increasing the % cavity fuel tended to decrease the NOXx. iSTmdicative of a
rich condition in the vicinity of the cavity flame. This copeads to high CO
production as well. A significant amount of NOx is produced by thdycawder these
conditions when the rich mixture is leaned out. A significant chantieidesign with a
leaner cavity was proposed.



4.3 Prototype 2

4.3.1 Experimental Results

The poor emission performance of Prototype-1 led to a redesign ofypmRal
with targeted improvements in emission performance. Prototype-2hteldasigned
forward wall injectors comprised of 75 annular ports, which creatstioager cavity
vortex in the CFD models of its performance, but was never tested.

Prototype 2a2 had an annular premixer that feeds the ports with-airfusiixture.
The design of the main burner also changed to incorporate slot-like ptivés than
circular ports. Also, the design improved combustion liner cooling to eeclimbustor
surface temperatures.

Prototype-2a2 is representative of an approximately 1:10 scaltunpase can
combustor and was evaluated at full load gas turbine conditions. The goal of the redesign
effort was to further reduce NOx at lower operating temperatamesimprove CO
emissions at all temperatures. Figure 4-22 shows the nedaifivin NOx performance
for Prototype-2 compared to Prototype-1. The lowest NOx emissiorstillasbove 10
ppm, but a shift to lower temperatures indicates a decreasednpenf for this design.
Likewise, the high NOx temperature range is shifted to lower tefypes from
Prototype-1. These changes are contrary to the NOx emission targets.

On the other hand, the CO emission for Prototype-2a2 is significampipved.
Sub-10 ppm CO emission was obtained for the high-temperature/ highopating
points as shown in Figure 4-23. The good CO burnout is attributed tongrevied
vortex performance. The CO emission ~ 5 ppm was in line with @em@ission target
for the prototype. It was concluded that additional design changesiesued to focus
on NOx reduction without increasing the CO.

Further changes were made to Prototype-2a2 to meet the NOx p@eréam
targets. In the next revision, Prototype-2b, the premixer was nuhdifie cavity design
was changed, the main burner was redesigned, and outer walbefit®dling was
eliminated. Figure 4-23 shows the low NOx and CO obtained by thess#ymes. The
CO was consistently below 10 ppm over the entire range of opertt@NOXx was as
low as 9-ppm.

The TVC combustor is sensitive to the amount of fuel sent toawgyc The
experiments, the percent cavity fuel is varied while maintaiaifiged combustor firing
temperature. It appears that a relative minimum appeathdotwo prototypes. The
combustor was found to have lowest NOx emissions at a particelasglit which was
then maintained during the turndown evaluations which follow.

In the Prototype 2c, the NOx emission was further reduced and tmeatHée
issues were solved. Prototype 2c was able to demonstrate strmsgpemerformance
over a very wide temperature range. Emission levels wewe [alow 9-ppm between
1.0 and 1.04 T/Tef as shown in

Figure 4-24. This was an improvement compared to the DLN combustion system,
but fell short of the 50% improvement which is targeted. At tenyes around 1.06
T/Tref emissions were still below 20 ppm. The improvements atoBmpe-2c were
accomplished by improvements in the thermal design and air handliregCO emission
for Prototype 2c was consistently below 6-ppm over the tempenatnge of interest, as
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shown in Figure 4-25. The good CO performance was even better thabeb&ad
demonstrated with Prototype-2b. The absence of a high CO regimedicive of the
wide turndown margin potential.

The turndown margin for the combustor was explored in additional experiments
Figure 4-26 shows the NOx emission and turndown margin for Prototype Rov Bef
the NOXx increases to between 15 and 20 ppm, but no further chaegdssarved as the
combustor is turned down to 0.8 T/Tref. The NOx performance at high tatunpers
consistent with Figure 4-24. The CO emission with turndown below Tref remained in the
single digits until just before the lean blow-out point at 0.8 T/Tse$laown in Figure
4-27. This demonstrates a strong turndown characteristic for theuston Just before
lean blow out the CO emission rises to nearly 100 ppm. At tempesatbove Tref the
CO emission is consistent with Figure 4-25.

A network emission model was developed to try to simulate thesems of the
TVC combustor. Earlier work focused on trying to do this for the atmospheric combustor
rig, but the predicted lean blow out point and high temperature emisgionged large
discrepancies with experimental data. The effort was revisite prototype-2c, which
nearly met the emission goals. The kinetics network consistecs@fies of PSR’s &
PFR’s representing the different reaction regimes of the combu3toe  model was
anchored based on the physical characteristics of the design andlés@nout
performance. The remaining parameters were tuned to match the tombus
characteristics. Figure 4-26 shows the strong agreement betweesatib@ network
predictions and the measured experimental performance, demonstrataimlitiieof the
reactor network to simulate the TVC combustor performance dwerfull range of
operating conditions. The fit is strongest for T > Tref, but captinedrends at lower
temperatures as well. Figure 4-27 shows the CO predicted byeterk model in
comparison to experimental measurements. The rise in CO ndaathlelow out point
is predicted, and the rise above 10 ppm is predicted 75 degrees above the actual crossover
temperature. The low CO performance is predicted at the design Ipgirthe model
inaccurately predicts high CO levels at higher temperatures.

The combustion dynamics of Prototype 2c were also measured ovangeeof
operating temperatures including turndown. Figure 4-28 shows the peadkio-pe
fluctuation in combustion pressure at full-pressure conditions. The dymaessure
could be as high as 9 psi p-p just above Tref, the lowest NOx condiimrever, it was
also demonstrated that combustion dynamics could be reduced in tha¢ tegyemgh a
trade-off with NOx performance. Near the lean blow-out condition combustion dysmamic
remained below 2 ppm.
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4.3.2 Discussion

The prototype-1 data gave a clear indication that a significalgsign was
needed to approach the targeted NOx & CO levels. The additidodl afredesigning
the combustor eventually led to promising results. Prototype 2a2 shaogveficant
reductions in CO. The NOx levels however remained above accelntsitde Changing
the air distribution and improving the premixer performance all hatbraonstrated
benefits in prototype 2b. Further modifications to the main premixeaiardistribution
in 2c reduced the NOx even further while maintaining the low CO. sesament of the
design indicated that premixer performance remained below ideds,l@nd the design
could be further modified for performance improvements. These disesyestified the
need for a third prototype, Prototype 3, with which to evaluate thesiemssentitlement
for the design.

Prototype 2c had several noteworthy performance features. @keshissions
were below the 9 ppm target by as much as 24%, and the CO waelel the 10 ppm
limit in the range of 1 to 5 ppm. Further reductions are desired, butethenstrated
capabilities of the prototype make the outlook promising. The combustor could be turned
down nearly 20% below the reference condition while maintaining rebatlow NOXx
and CO emissions. Additionally, the dynamics performance was exicelind the
region of high dynamics could be controlled. The prototype demonstrated good
performance across various design features and would be thegspexitat from which to
design a combustor to demonstrate the emissions entitlement.

The network model was able to predict the emissions performance of Prototype 2c
with good fidelity. The NOx prediction followed the experimental valuéthin 15%
and fared better at or aboves.I The model showed a surprisingly strong ability to
predict CO emission which is typically much more difficult. Agh temperatures the
model tended to over predict the CO, but the ultra-low emission regaseaptured by
the model. The model was anchored by the geometry, flow conditiongambibw out
performance and had only a few tuning parameters. The abitity ohodel to represent
the combustor performance gives credence to the modeling approach whilchsed on
understanding the combustion phenomena.
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4.4 Prototype 3

4.4.1 Experimental Results

Two variations of the forward wall design were manufactured &uetad and
are named Version P3-1b and P3-2a. Combustion testing of Version (#8ekeced
high dynamics as shown in Figure 4-30 at moderate flame temperafthesefore, the
hardware was changed to install the P3-1b forward wall. Ad peesented are with this
version. Tests were performed over a range of flame tempesand cavity/main fuel
splits to capture emissions and dynamics behavior. Two sets cdrgataken with the
conditions given in Figure 4-29, referred to as FA and FB conditions.

To determine the effectiveness of the thermal design of thexgmpient cooling
sleeve, temperature measurements were made around the combusitipnincshe
cooling zone. Figure 4-31 shows the combustor wall temperatured pteieat and
pressure conditions over the range of test points examined. Thédladt the combustor
cavity section experienced the highest temperatures over a baoge of flame
temperatures, around the allowable temperature limit, Tref. i$has expected result
since the fuel and air exiting the cavity slots impinge direotlythis wall and burn
nearby. The corner, or nose of the cavity between the cavity &l $ection,
experienced cooler temperatures. This section of the combustoeddydwhere the hot
cavity vortex and main flame streams interact. The outdr arahnnulus of the cavity
combustor, experienced cool wall temperatures. Future work willdacteducing the
aft wall and corner temperatures more as this is a limgimglition for burning at higher
equivalence ratios in the cavity zone.

Emissions data are averaged over 15 seconds at each data poiné gustar
processed using a weighting factor according to position across tHrustom Five
positions are compiled for one data point (10%, 30%, 50%, 70%, and 90% of $pan).
profile across the combustion liner span is skewed as shown in

Figure 4-32 and Figure 4-33 with an increase of up to 0.15 seen Hwaogzan.
In general there was a “sweet spot” between the cavity/roeinsplit that yielded the
best the best performance. Also since samples at two probenscaere taken, about
16 in and 25 in downstream of the combustor, clear trends with resiteres are
noticed.

At a FA conditions, the lowest NOx15 recorded was 8.6 ppm with about 20%
cavity fuel split at the 16 inch probe location as shown in Figu8é.4This is on par
with the typical NOx rating of 9 ppm for an FA machine. The Ciatcondition was
high, but further downstream the CO dropped to significant levels. Atrhagtielower
percentages of cavity fuel splits, NOx15 increases. The trendOogr@issions was
inversely related to NOx15. At 25 in downstream, the NOx15 stoms increased by
about 4.5 ppm and CO was reduced to nearly zero. The dynamics data caendhest
conditions is given in Figure 4-35. The dynamics levels fell witdn acceptable range
around 2 psi peak to peak. The highest dynamics occurred near a 19%uehwplit at
just over 2 psi peak-to-peak with a frequency of about 58 Hz.

For the FB condition, NOx15 emissions were minimized with a higitycéuel
split. The fuel split was raised to 19% and the NOx emissiononBs8 ppm. This
represents a greater than 60% reduction in the NOx emission for gasRBrbine which
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is typically rated for 25 ppm NOx15 emission. At FB conditions tRedmission was
well below the 10 ppm target at the low NOx condition as shownguaré& 4-36. CO

emissions followed a similar profile with NOx15 emissions iltiaising and then

decaying as the % cavity fuel was increased. As with thedfiition the lowest CO
emission was with high cavity fuel split. Further downstreanméncombustor the CO
emission was nearly zero over the full range of operation. eefull range of fuel

splits at FB conditions the combustion dynamics did not exceed 2 pstgpaak with

frequencies ranging from 25 to 55 Hz as shown in Figure 4-37.

A summary of the NOx15 and CO emissions from all data pointsotgsedlin
Figure 4-38, Figure 4-39, and Figure 4-40. At high temperatures theNIOw
performance represents a significant improvement over cur@md®gy. The lowest
CO levels are consistently with the longer combustor length. Hudedffs between
residence time and emission performance are evident fromdhksre Variation in the
cavity fuel split accounts for the rest of the scatter in #ta.dThe data shows regimes of
high and low dynamics, where generally the dynamics are low at haghe f
temperatures.

FA FB
Preheat temperature, T3 (F) | 745-760 | 755 - 820
Flame temperature (F) 2603 - 2675|2800 - 2910
Combustion Pressure (atm) | 14.9 - 15.3 | 14.8 - 15.7

Figure 4-29 Prototype 3 experimental test conditions
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Figure 4-35 Prototype 3 combustor dynamics versus %cavity fuel split at FA conditions
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Figure 4-36 Prototype 3 NOx15 versus %cavity fuel split for two sample probe locations
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Figure 4-37 Prototype 3 combustor dynamics versus %cavity fuel split at FB conditions

12C

Freq (Hz)



20.0

18.0

16.0

[y
N
o

NOx15 (ppm)
I
o
o

8.0
6.0
4.0
2.0
0.0
0 100 200 300 400 500 600 700 800 900 1000
CO (ppm)

Figure 4-38 Prototype 3 NOx15 versus CO for all data points including combustion
temperatures at FA and FB
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Figure 4-39 Prototype 3 NOx15 versus combustion temperature based on O2
concentration for all data points
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Figure 4-40 Prototype 3 CO versus combustion temperature based on O2 concentration
for all data points
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Figure 4-41 Prototype 3 dynamics versus combustion temperature based on 02
concentration for all data points
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4.4.2 Discussion

The NOx performance for Prototype 3 exceeded the 50% NOXx reductibatgoa
FB conditions while maintaining single digit CO emissions but the ingmewts were
not evident at FA conditions. The biggest factors in emissions penfme include
cavity fuel split, radial sampling location, and flame temperatufer the data at FA
conditions, a “sweet spot” is observed over the range of cavity fuel splite Wreamics
is minimized. At low cavity fuel splits, the main section iemwment is hotter and
susceptible to producing more NOx. Since this is where the magdrttye mass flow
burns, the overall combustor NOx increases. At very high cawlysplits, more NOx
may be produced due to the very hot products in the cavity section.

CO burnout was generally good at high flame temperatures, and ealusted
with combustor length. With a longer combustor the CO was easily boutednd
emissions fell below 10 ppm at both conditions. With a shorter combusgfiorG®
levels accompanied the 8 ppm NOx at the FA condition, and 10 ppm cosildgassed
at the FB test condition. The optimal NOx vs. CO point taken inseti®f experiments
yielded 7.8 ppm NOx and 3 ppm CO at FB conditions.

A linear temperature profile is observed over all operating reginThis profile
suggests non-uniformity from the combustor exit section. This may fesudt low
mixedness in the main burner, leaks in the combustor, or damage to tAeflager
emissions profile would lessen NOx emissions even further.

With this prototype the combustion dynamics were very low. The ¢ghgakmics
levels fell below 3 psi p-p and the associated frequenciesbeére 100 Hz. Dynamics
could be minimized with fuel split, but the effects were smatlabee the dynamics
levels were low.
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5 Conclusions

5.1 Atmospheric Combustion Studies

The liquid fueled trapped vortex rig was successfully modified for natural gas
injection. Four configurations were examined and tested based on fuel injectiegystrat
Also, a chemical kinetics model was developed, showing that the NOx generation ca
become small if a good fuel/air mixing is achieved in the fuel-lean cavity aimd ma
sections. The best performing configuration resulted in a 27% reduction in NOX.

5.2 Prototype 1

Prototype 1 demonstrated the mechanical viability of the TVC design and gave
some hint of the low emission potential. The best performance was a 25% reduction in
NOx, however CO was excessive at low levels of NOx. At the low NOx datas pibiat
CO was at least 50% above the target. Changing the fuel injection scheme, and cavity
air, and the main floor area were concluded to be necessary to improve the pedormanc

5.3 Prototype 2

Several design changes were performed in Prototypes 2a2, 2b, and 2c. Design
changes planned for Prototype 2al was determined not to be able to meet the NOx
reduction target in the modeling design phase. For Prototype 2a2, the incorporation of
annular premixing ports in the cavity section, and improved combustor surface cooling
resulted in lower NOx and CO as compared to Prototype 1. For Prototype 2b, the cavity
premixer and cavity designs were modified, the main burner was redesigned, and outer
wall effusion cooling was eliminated. Prototype 2c was further improved to acoount f
thermal stresses on the previous prototypes. The NOx emissions for Prototype 2c wer
an improvement on DLN combustion system levels, but fell short of the 50%
improvement that is targeted.

Also in this design phase, a robust modeling tool was developed which captures the
main flow field characteristics and provided design guidance on emission perfermanc
The modeling results indicate that improvements to the premixer performandé and a
wall injection air can improve emission performance.

Strong emission performance, turndown, and dynamics performance by prototype
2c made the goal of 50% NOXx reduction appear within reach. Strategic incremental
changes in the design were able to reduce the NOx while maintaining low CO. Further
improvements require more drastic changes to demonstrate the entitlepaitites of
the design. The modeled performance reinforces confidence that the low emission
performance is grounded on sound physical principals.

5.4 Prototype 3

Prototype 3 incorporated several design enhancements in an effort to reach
emissions targets. Extensive CFD and thermal modeling was performed to aid in this
analysis, in addition to Six Sigma design practices. The design changes incorporated
better premixing, reducing the cavity size, reducing circumferentiatia@riin the cavity
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premixer, and replacing combustor cavity wall cooling with an impingement cooled flow
sleeve.

The NOx emissions for Prototype 3 exceeded the 50% NOx reduction goal at the FB
condition, and showed lesser improvement at FA conditions. The combustion dynamics
with this prototype were even lower than Prototype 2C. CO burnout was generally good
at high flame temperatures producing single digit emission levels. At lower
temperatures, the preference was toward a longer residence time for low CO
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