ABSTRACT
KUNDU, PRITHWISH. Gas Turbine Combustion Chambesiga for Viscous Fuels.
(Under the direction of Dr. William L Roberts.)
Combustion of low grade fuels has always posedadlesige in all combustion applications.
High viscosity and enthalpy of vaporization makel$ulike glycerin very difficult to burn.
Crude glycerin is by product of bio diesel prodantiOwing to the high volume of bio diesel
production, burning the huge amounts of glycergaaly is proving to be a good alternative
for its disposal. However it is difficult to achewa stable flame with glycerin as a fuel. Some
solutions from previous research have been implémdemto this current work to burn
glycerin in a gas turbine combustion chamber. Alaye combustor type of design was
developed. However this cyclone burner was verfedght from the other tangential feed
burners. A new design for introducing swirl was lempented to burn glycerin successfully.
In this process a CFD model was developed thadogivk insight into the flow dynamics of

the burner and be used as a tool.
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Chapter

Introduction

In recent years the production of bio diesel hasvgr substantially all over the world. In
biodiesel production glycerin is a major byprodwattmost 10% by volume depending on the
feedstock used to produce biodiesel. This is a el amount of glycerin considering the
fact that the total production of biodiesel wasO2@, million liters [1] for the year 2011 and
is expected to grow even more in the coming yegs. glycerin produced as a by- product
of biodiesel production contains a lot of impust&nd market for crude glycerin is saturated.
The impurities mainly include salts and free fattyds. This crude glycerin has to be purified
to for the pharmaceutical or food industry. Thesepurities can be removed by
nanofilteration, ion exchange and evaporation tmaee water. These processes are
expensive and time consuming. Thus crude glycerim ¢ost and environmental liability for
the biodiesel companies. Thus the huge amountyoegh produced by biodiesel plants is a
major issue. Discharging it into water bodies and has harmful effects on the flora and
fauna of the ecosystem. Also this would be agaimsst of the environmental regulations.
However pure glycerin has a low heating value df1d&kg. Crude glycerin has a heating
value of 12 to 26 MJ/kg depending on the sampleugdd. This results in a possibility of

using glycerin as a fuel. The idea of using crudgcagin for direct combustion or



gasification and syngas production has been theaubf many studies [1-4]. Even though
the heating value of glycerin is lower than thetimgavalues of conventional fuels, it is
abundantly available and the costs are also wsvy Moreover if it can be burned cleanly
then it would be the best way to dispose of theshargounts of glycerin that are being

produced by the biodiesel companies.

It is found to be very difficult to burn glyceritlycerin has very high viscosity as compared
to conventional fuels (1.412 Pa s) at room tempegatThis is a major drawback in using
glycerin as a fuel. Also it is difficult to vapodzglycerin due to its high latent heat. The
ability of liquid fuels to vaporize quickly is veiynportant as combustion would occur in gas
phase. We would want to get into that phase aklyuas possible. Glycerin has high auto-
ignition temperature of 370 °C. If glycerin decorsps it forms acrolein @i,0) which is
poisonous and causes respiratory problems. THhe \nggosity of the fuel causes a lot of
problems in spraying the fuel. The spray pattermd droplet formation also get severely
affected due to high viscosity. For efficient corathon we would like to have a spray with
very small droplets so that the fuel has a faster of evaporation. High viscosity hinders the
process of the spray particle breakup. Another mague with the combustion of glycerin is
that we do not have a kinetic model available doaild model the combustion mechanism of
glycerin. This is also an added disadvantage asamaot use reactive flow model already
developed to design or predict the performanceuobarner. The current work tries to find a

solution to all these problems which are posedtfercombustion of glycerin.



Previous work by author [2] has shown that it isgble to burn glycerin with a stable flame.
This can be done using a high swirl burner andradiating walls. This system needs to be
preheated first using a conventional fuel likeAet we can have hot radiating walls then
these would enhance the droplet evaporation duddgaadiation coming from the walls.
Ceramics were found to be ideal for this situatiAtso it was noted that the viscosity of
glycerin decreases rapidly as it is heated. Thuswafcan preheat the fuel then we can
overcome some of the problems we face due to higgosity of the fuel. This would make

pumping and atomization of the fuel much easier.

There are a number of ways in which we can produogk from a heat source which
includes implementing a Rankine or a Brayton cycle.

To produce the maximum amount of work from any seairce we know that we would like
to have a heat source at a temperature as higbsaghfe and the heat sink temperature has to
be as low as possible. Steam powered Rankine cheles a limit on the temperature at
which we are adding heat. In most power plants wloeking fluid is water which is
incompressible when liquid and hence cannot be cesspd to higher temperature before
heat is being added. Brayton cycle powered gasnesthave a limiting factor when they are
rejecting heat to the sink. Gas turbines generhdye very high exhaust temperatures
because they cannot expand the gases below the@terec pressures. However if both of

these cycles are combined into a combined cycleeragtion unit with the gas turbine



running on glycerin and then the exhaust gases tesedn a Rankine cycle we will have
much higher efficiencies. It has been shown thatgenerative power plants have much
higher efficiencies than stand alone gas turbimest@am power plants. This can also be

proved theoretically from the basic equations eftmodynamics as follows.

Gas Turbine

Work (We)

Hot Air Exhaust

* Q Heat Exchanger

Steam Turbine Work(WR)

Figure 1.1: Schematic of combined Rankine and Bragn cycle.

The overall efficiency of the combined cycle cardeeived as follows. We denote the heat
received by the gas turbine ag @nd the heat rejected to the atmosphere,asT@e heat
out of the gas turbine is denoted as The hot exhaust gases from the gas turbine pass
through a heat exchanger where they are used &g#tsource for the two-phase Rankine
cycle, so that Qis also the heat input to the steam cycle. TheadMeombined cycle

efficiency is



W We+Wr
flee = lQlin B an ’

where the subscripts refer to combined cycle (B@gyton cycle (B) and Rankine cycle (R).

From the first law, the overall efficiency can b@eessed in terms of the heat inputs and heat
rejections of the two cycles as (using the quah@yto denote the magnitude of the heat

transferred):

Q[+ (] — Qout) ll _ |Q1|} [1 _ Qnut:| (|QL|)
flee = Qin B lr(‘:_ﬁ}irl ! |Ql| Q[n L

The first square bracket term on the right hane ssdthe Brayton cycle efficienclg , the
second is the Rankine cycle efficiendy, and the term in parentheses isk) . The

combined cycle efficiency can thus be written as
hce=hg+ hg-hg hg

Now say we have a Brayton Cycle that has an effayieof 30% and a Rankine cycle that has
an efficiency of 30% then the overall efficiencytb& combined cycle will be 51%. Thus we
can achieve much higher efficiencies using a costgycle. Thus if we want to burn
glycerin on a large scale to produce work, namkggtacity, then burning glycerin in a gas

turbine would give us the option of implementingaanbined cycle.



The idea of burning glycerin in a gas turbine idtroes even more complexities to an already
complex problem. Gas turbine combustion always et higher pressures and at much
higher velocities. The conditions are more advéosayetting a stable flame. In a Rankine
cycle we can burn fuel externally at atmospher&spures to heat the working fluid. In the
case of a Brayton cycle the fuel has to be injedtéd the working fluid, mix with the
oxidizer at the molecular level, react and fornusated combustion products to add enthalpy
to the fluid. The combustion products would be disein contact with the turbine blades.
This would mean that we need to be more carefll what our combustion products are and
also the final temperatures of the combustion clEaméxhaust gases. The exhaust
temperatures should be well within the materialst@ints imposed by the turbine blades.
Particulate matter present in the combustion prisdaould be a major cause of concern.
Earlier it was pointed out that hot radiating walle a prerequisite for glycerin combustion.
To achieve this we cannot use metal liners as ¢thapot withstand temperatures above 1300
K. Ceramics are better suited for this job and w&B® pointed out in previous work by
Bohon et al. [2] . However drilling holes in ceraiis a complex process. This is a major
cause of concern considering the fact that gasin@rltombustion chambers require
perforated liners for dilution holes. Also hot vedtegions are responsible for NOx

formation. All these points make it a very challgrggask to burn glycerin in a gas turbine.



We now want to use glycerin as a fuel and burmitaigas turbine for all the reasons
discussed in the above sections. This can be amhieasily if we can modify only the
combustion chamber of an existing gas turbine at fit it with our new design. This will
give us the ability to work with existing gas turbs. The combustion chamber of the gas
turbine is one of the most critical parts of thgiae. This thesis aims to model and develop a
combustion chamber that would pre heat on jet &mal then switch over to glycerin. To
predict the design performance of the combusticamtier we develop a CFD model using
commercially available code CFX. This work aimslaveloping a CFD model especially for
gas turbine combustion chambers with all provisitmrsmodeling the complex combustion
reactions and species transport in a reactive floMhe CFD model would be helpful in
locating the swirl zones and to figure out the flpatterns that develop. The model will also
help to predict emissions like NOx, CO and HCs. Wéeild also want our CFD model to tell
us best possible design for our combustion chanfBeally we would want to refit an
existing gas turbine’s combustion chamber with mew design that would burn glycerin and

produce power.
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The previous research of Bohon et al. [2] utilizekigh swirl stabilized turbulent flame with
air atomizing nozzle, refractory lined walls foretmal feedback and recirculation zones. It
was shown that the thermal feedback from the redradined walls was very important for
quick evaporation of the liquid fuel droplets. Mover it was necessary that the combustion
chamber was preheated to a high enough temperasimg a conventional fuel and then
switching over to glycerin. These conclusions frpravious research were used to develop
the new combustion chamber. The current experirheetap was designed to combine the
knowledge gained from previous research and th&tiegi geometry of a GTCP 85-397 gas
turbine, selected for its low pressure ratio andilability as a surplus engine. The apparatus
as designed to be modular so that changes coulchdme easily to test for different
geometries and configurations. Also the GTCP 85-B8d some added advantages. These
gas turbines featured a single can combustor gegriett was easily accessible. This could
be removed easily and modifications could be maaslye and fitted with the retrofit
combustion chamber. Before the newly designed cetidouchamber was to be fitted to the
gas turbine it was necessary to test it seperaidlg.following apparatus was designed for
creating a test bed for the combustion chambereréllare three main components of the

experimental set up: compressed air supply, thebogstion chamber and the fuel delivery



system. The experimental setup is such that awallus to test combustion chamber at

atmospheric as well as pressurized conditions.

4.1 4.4
‘ =
4.2 4.5 47
2] ¢ |
4.3
4.6
€

Figure 2.1: Experimental setup schematic:
1-GTC85-90
2-Bleed air hose
3- Test stand and combustion chamber
4.1- Glycerin supply line
4.2- Jet-A supply line for pilot
4.3- Jet-A fuel supply line for main nozzle
4.4-Pump for glycerin
4.5- Pump for Jet-A pilot nozzle
4.6- Pump for Jet-A main nozzle.
4.7- Jet-A fuel tank
4.8- Heated glycerin tank
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Gas turbines generally have very high mass flowsraln order to simulate this we cannot
use a compressed gas tank with reciprocating caspre as the tank would not be capable
of providing the required mass flow rates for aggreriod of time. Also such sources of
compressed air will not have the required high terajures. Rotary compressors like axial
flow and centrifugal compressors have the abilitydeliver such mass flow rates at higher
pressures and temperatures. A GTC85-90 “bleedgais’turbine was used for this purpose.
The turbine system selected was a Dash-60 gasweud®nerator set. The Dash-60 gen-set
was selected for a variety of reasons. First, tlashB60 gen-set is powered by a Garrett
AiResearch GTCP85-397 gas turbine system. The G5@GP& gas turbine is ideal because
it operates with a low pressure ratio, approxinya8b. While the low pressure ratio results
in an inefficient system when compared to modemtgebine systems, the low performance
allows for safe modification and larger margin ferror. The GTCP85-397 is readily
available as a government surplus system. Addilippnthe Dash-60 system has an electrical
power generator attached to the turbine, as well asntrol interface to toggle the power
load. The generator is capable of producing 75 k®A60 kW, of 120 V AC power at 400
Hz. Finally, other GTXX85 series turbines, whichngeally use similar components and
have similar performance levels, are also readibilable. To that end, a GTC85-90 “bleed
air’ gas turbine was acquired to allow us to depeda experimental combustion system that
could replicate gas turbine conditions at the costdouinlet. The GTC85-90 gas turbine is

designed to produce high enthalpy air flow and dg@sessure ratio of 3.5 like the GTCP85-

10



397 turbine. The bleed air from the GTC85-90 thyacdy matches the combustor inlet
temperature and pressure for the GTCP85-397 turblheit at lower air flow rates. Its bleed
air port can deliver 120 pounds per minute of &i2@C and 375 kPa. Typically these are
ground power units (GPUs) and are used to stabigger gas turbines. They are also used as
auxiliary power units which are a key componeng¢wery modern aircraft. The high pressure
air form the bleed port of these machines are #llyicused to start the main engines,
hydraulic power source during engine failures alsd o generate electrical power when the
aircraft is waiting on the tarmac with its main gr@switched off. We use this pressurized
bleed air as the inlet air for our combustion chami@his bleed air from the GTC85-90 is
extracted from the bleed port through a hose wisi¢h5 inches in diameter. This connects to
the combustion chamber. A gate valve is fixed ddweasn of the bleed air port to control the
mass flow rate of air. The combustion chamber iexapen to the atmosphere. Thus this type
of set up would allow us to test combustion at aph@ric pressures. In this set up the entire
pressure drop occurs across the gate valve anatéssure in the combustion chamber would
be atmospheric. In order to test the combustiomties under pressurized conditions a gate
valve is placed at the exhaust port of the combansthamber. When this restrictor is fully
open then the pressure inside the combustion chaml@mospheric. As we decrease the
area of the restriction the pressure inside thebemtion chamber increases. In this case the
pressure drop occurs across the restriction ofsé@nd gate valve. A pressure gauge

mounted on the combustion chamber indicates thespre inside the combustion chamber.
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Figure 2.3:GTC85-90 bleed air turbine
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Knowing the mass flow rate of air coming out frame bleed air port is very important.
Knowing the mass flow rate is important to set¢dbgect equivalence ratio. The velocities
were measured at different locations of the hossscsection for given number of turns of
the gate valve. The following diagram and tablesiitates the positions where the velocities

were measured. The velocities were measured ffardift values of r and

as shown in figure 2.4.

Figure 2.4: Cross-section of bleed air hose.
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Figure 2.5: Calibration of gate valve

The fuel delivery system is palette-mounted andabbgpof supplying fuel to the main Jet-A
nozzle, the glycerin nozzle, and the pilot Jet-&zle. Each fuel line utilizes a Haldex pump,
each capable of delivering up to 1.73 liters/miactE pump is powered by an AC motor and
controlled with a frequency controller. Dayton fueqcy controllers are used for the pilot
Jet-A fuel and the glycerin pumps and a Telemeeenfcequency controller are used for the
main Jet-A system. The fuel lines primarily consist 3/8” stainless steel tubing with

Swagelok compression fittings, NPT fittings, ancjatérs. Both main fuel lines have valved

14



fuel delivery and fuel recirculation lines thataall the pump to run continuously while
injecting neither, one, or both of the fuels. Btk main Jet-A line and pilot line have an in-
line Hydac diesel filter. The glycerin fuel line hgeveral filters and strainers, including a
Marin Mfg. high-pressure filter after the outlet tife pump and a fine wire mesh on the
intake. The fuel delivery palette houses the glycsupply barrel. This barrel has been fitted
with an in-barrel heater, capable of delivering @3 of power, as well as a 246 W motor
with a stirring rod. The barrel has temperature nooimg points that help prevent scalding of
the glycerin. Each fuel injection line has a quitikconnect fitting that allows for easy
connection to the burner system. A control box leeuswitches that power both the main Jet-
A pump system and the glycerin pump system. The ibditted with potentiometers that
serve to increase and decrease the frequency duyphe frequency drive, and thus dictate
the motor speed and fuel output. The control b@o &las a switch to turn on the igniter
within the combustion chamber as well askdlswitch’ that turns off the entire system in
case of an emergency. Figures 2.6 and 2.7 showuhmps, motors, lines, and control box.
The fuel injection was calibrated by measuringftied mass sprayed through the nozzle over

a period of time, typically 30 seconds to a mind&pending on the flow rate.
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Figure 2.6: Fuel cart with glycerin barrel
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Figure 2.7: Control Box

The experimental test stand was designed to alkte study the combustion characteristics
of our burner designs (figure 2.8). The stand weasighed with uni-strut to support the
weight of the combustion system. The test standlhiseled so it can be easily moved from
storage into position for experimentation. The leurplates described in later sections were
mounted to the stand. Mounted below the burnereplatan 8 inch nominal diameter
schedule 40 pipe 90° elbow. This pipe elbow wateditwith a flange with a specially
designed fitting to attach to the bleed air hosenfthe GTC85-90 bleed air turbine. A gate
valve mounted between the elbow and adapter albw wontrol the total air flow rate from
the bleed air turbine. The test stand also servé¢ldeabase for the high pressure combustion

tests.
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Figure 2.8: Test stand
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There are a number of factors and design paramibigrsnfluence the performance of a gas
turbine combustion chamber. The reactive flow iagtie chamber is very highly sensitive to
design parameters and the operating conditionsadtbeen observed that these parameters
also influence the emission levels. Thus it becowery important to have an approximate
idea as to how the flow field would look for a giveesign. However in order to test the
effect of all these parameters it would involveotdf experimental work and setup cost. In
order to reduce this and to get an idea as to hawdesign is performing a CFD model
would be helpful for the design process. It woulsbasignificantly reduce the number of
experimental test cases. Thus it was decided toemtie flow inside the combustion
chamber. The following sequential process was a&dbpb model the flow inside the

combustion chamber.

19



Figure 3.1: CFD workflow

Creating the solid model for the components to loeleted is the first step. This was done

using SolidWorks. Then it was imported in to An®asignModeler.

Figure 3.2: The swirler plate (left) and its solidmodel (right)

20



In order to set up the CFD model initially the camation chamber of the dash-60 genset was
modeled. This would also give us some insight iine flow field of the combustor can
which was to be replaced with the new retrofit whaould also burn glycerin. THegure

3.2 shows the solid model created using SolidWorks. élex for a CFD analysis we need
to model the fluid domain. Most of the modern maeghsoftware uses the solid part of the
geometry to create the mesh. The meshed regiordvibeuthe fluid domain. Thus we need to
inverse model the objects i.e. model the fluid domas solid and the solid domains as
hollow in our model. This was done by importing tkelid geometries into Ansys

DesignModeler and then inverting the model usingptgact body” commands.

Dilution holes

Flame tube liner

Fuel injector

Figure 3.3: Solid model of dash 60 combustor can
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CFX Mesh is a mesh generator used to generate tugtity 3-D meshes for CFD
simulations. It creates tetrahedra, pyramids amsins in 3D meshing mode. A number of
methods are also available to control the surfackv@lume mesh parameters. Using these
methods we can selectively make the mesh finelomesregions. Generally these are the
regions where we expect maximum gradients in aud flow. Moreover the grids should
also be fine enough to resolve the geometry acelyratlve cannot have the smallest grid size
throughout the whole geometry as that would in@dhs computational time significantly.
Thus we would like to have a finer mesh in regioingere the geometry is complex and also
where we expect higher gradients in the flow figltiables. These were done using the
surface and volume mesh control techniques in CEEsiMSome CFD simulations can make
effective use of periodic pair boundary conditiowsjch force the flow leaving at one face
to re-enter at that face's equivalent in the péciathpping. Periodic boundary conditions can
significantly reduce our computational domain. iadel is axis-symmetric then instead of
meshing and solving the entire 3D model we can lsirogt out a wedge from the solid part
and use periodic boundary conditions.
The ANSYS CFX Solver is capable of making moreuaate calculations on this type of
boundary condition if the mesh on each face inp@odic boundary is identical to the mesh
on the equivalent face in the periodic mapping. Tke of Periodicity allows generating
identical meshes for faces that will later be sfpettias part of a periodic boundary condition

in the simulation set-up. This is achieved by thec#ication of Periodic Pairs in CFX-Mesh.
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When you create a Periodic Pair, you supply twedgor lists of faces) and a transformation
which maps one face (or list) onto the other fameligt). The mesh on these two faces (or
lists of faces) is then constrained to be identical

So instead of modeling the entire -60 combustorwarcut out a 45 degree periodic wedge
from the model and the mesh it using the aboveedtatethod of periodic meshing. The
resulting mesh thus created is showfigare 3.4. This reduces our computational domain to

Y, of the original domain. This would save a sigrafit amount of computational time.

Figure 3.4: The 45 degree wedge of the -60 combustan and its mesh(right)
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This part involves setting up of the main CFD modehese include defining the fluid
properties, the turbulence models, the boundargitons, the domains and their interfaces
and the chemical reactions and their kinetics. Aber of options are available for each of
these steps making it a very elaborate proces=lexrtsevery parameter very carefully
according to our needs. CFX-Pre is the physicsndefh preprocessor environment for
Ansys CFX. It is capable of importing 3D meshes #meh setting up the required physics
that need to be modeled. The files created by themcessor are the input for the solver.
The Navier Stokes (NS) equations govern the ffloa/ in the domain. These set of partial
differential equations include the continuity, marmen and energy equations. In order to
simulate combustion or other chemical reactionsditemhal equations are solved in
conjunction with the NS equations. There are mgmy@aches to discretize and solve the
equations numerically. CFX solvers use the veryupmpfinite volume method. In this
method the domain is divided into discrete volumaH. the governing equations are
discretized and solved for every finite elementumaé. The governing equations are
integrated over all the control volumes. The gowggrequations are in integral form as we
are using the finite volume method. These equatawaghen discretized using some scheme
into a set of algebraic equations. These equatawasthen solved iteratively and as the
solution approaches the exact solution it is saicbnverge.

As a result we get values of the flow field valesbat the centroids of each control volume.

Thus we get a complete picture of the flow fielcheTequations do not have an exact
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analytical solution. Hence they are solved numéyica an iterative process. CFX uses ILU
decomposition method to solve the set of the aljel@quations. Every iteration ends with
an error or residual. These residuals exist foryeeentrol volume. In order to monitor the
convergence of the entire problem the solver fiogisthe root mean square (RMS) value of

this residual over the entire domain.

The Navier Stokes equations govern both laminawvels as turbulent flows. However the
length scales of the turbulent effects of the fliladv are significantly smaller than the sizes
of our finite volume elements. To resolve the tlebae effects in our model up to the
Kolmogrov scale would mean very small finite volsmesulting in huge mesh sizes. Thus
Direct Numerical Simulation (DNS) would require leugomputational resources which are
not available at present. However turbulence madeis important as the flow variables
depend quite heavily on them. In most of the apgilbtms we cannot neglect the effect of
turbulence in the flow. Thus we have to use tunbckemodels to account for the effect of
turbulence without resorting to highly fine mesla@sl DNS. Most of the turbulence models
are based on statistical turbulence. We use Regnailceraged Navier Stokes (RANS)
models to set up our CFD model.

If we are interested in looking into steady staikitsons then we see that the time scales are
much larger than the turbulent fluctuation timelesaWe can express the flow field variable
in two parts viz. the time averaged component &edfluctuating component. The original

Navier Stokes equation is time dependent and uigt®y introducing the 2 components as
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a time averaged component and a fluctuating compome can express the NS equations in
a form suited for steady state solutions. Howetes how introduces new variables in our
equations. The variables are the average compamehthe fluctuating component. In order
to close the system of equations so that we accfuunthe 2 extra variables we use a

turbulence model. In our simulations we use thetlkreulence model.

In order to set up a combustion model first we n@eset up a multi-component fluid for our
domain. However this depends on the complexity dethils of our model's chemistry.
Combustion of fuels involves reactants and produltte reactants consist of oxidizer, fuel
and a dilutant like Blin most cases. The products of combustion (for& kHclude water
and carbon dioxide in case of complete combustitmwever in reality owing to the high
temperatures we have a number of radical species adher products like unburnt
hydrocarbons, soot, ash and also intermediate epédciring the combustion process. Thus in
order to set up a combustion model it is importarfirst decide on the number of species we
want to consider in our chemistry model. It cowddge from 4 to 4000. This would also have
a huge effect on the computational time and alseersg@ly affects convergence as the
problem becomes huge. If we do not consider theahdpecies in our analysis we over
predict the temperature fields. Another factorambustion modeling is the rate at which the
species are reacting with each other. This is drikeomost important factors that influence

the flame shapes and lengths. A number of assungptian be made to model the reaction
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rates. The main models are eddy dissipation mdéBM), finite rate chemistry, flamelet

models. Each of these models have their own assomspand their own advantages and
disadvantages. Also fuels like JetA do not havepecilic chemical formula. They are

modeled by surrogates that closely match their atednkinetics. Some of the chemical
kinetics are based on empirical relations and haddeto the inaccuracies.

This results in a large number of combinationg Hra possible to model the combustion

process. We need to make a careful choice basedrapplication and our needs.

3.3.2.1 Eddy dissipation model

The eddy dissipation model of combustion assumegstiie chemical time scales are small as
compared to the mixing time scales. The model assuthmat the reaction rate may be related
directly to the time required to mix reactantsta tmolecular level. In turbulent flows, this
mixing time is dominated by the eddy properties,dhdrefore, the rate is proportional to a
mixing time defined by the turbulent kinetic energpd dissipation High Damkohler
numbers are very typical of diffusion flames. Thiudion flames in gas turbine combustion

are can be modeled very effectively using this rhofleombustion.

3.3.2.2 Flamelet model

The Flamelet concept for non premixed combustioscdiees the interaction of chemistry

with turbulence in the limit of fast reactions @arDamkohler number). The combustion is
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assumed to occur in thin sheets with inner strectalled Flamelets. The turbulent flame

itself is treated as an ensemble of laminar Flatsekhich are embedded into the flow field.

The Flamelet model is a non equilibrium versionh# classical “Burke-Schumann” limit. It

adds new details to the simulation of combustioocesses compared to other common
combustion models for the price of the solutioronfy two scalar equations in the case of
turbulent flow. An arbitrary number of intermediatenay be specified as long as their

laminar chemistry is known.

The main advantage of the Flamelet model is thanethough detailed information of
molecular transport processes and elementary kimeéictions are included, the numerical
resolution of small length and time scales is netessary. This avoids the well-known
problems of solving highly nonlinear kinetics irudtuating flow fields and makes the
method very robust. Only two scalar equations hiavee solved independent of the number
of chemical species involved in the simulationomfiation of laminar model flames are pre-
calculated and stored in a library to reduce comparial time. On the other hand, the model
is still restricted by assumptions like fast chenyioor the neglecting of different Lewis

numbers of the chemical species.

The coupling of laminar chemistry with the fluctugt turbulent flow field is done by a
statistical method. The PDF used can in princiechlculated at every point in the flow

field by solving a PDF transport equation as showi®ope and many others. The most often
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mentioned advantage of this method is that the Im@ar chemical source term needs no
modeling. Even though the method avoids some muaglelvhich is necessary if using
moment closure, it still requires modeling of soofi¢he most important terms, in particular,
the fluctuating pressure gradient term and the outée diffusion term. If combustion occurs
in thin layers as assumed here, the molecularsidfuterm is closely coupled to the reaction
term and the problem of modeling the chemical seteem is then shifted towards modeling

the diffusion term.

However, there is no source term in the mixturetfom equation, which is the principal
transport equation in the Flamelet model. Therefarepresumed beta-PDF, which is a
commonly accepted choice, is used here. Additigndhis avoids the extremely large

computational efforts of calculating the PDF in @i?h a Monte Carlo method.

The following list outlines the assumptions madeéeave the Flamelet model:

Fast Chemistry

Unity Lewis numbers for all species

Combustion is in the Flamelet Regime

Two feed system, that is, fluid composition at badames must be pure “fuel,” pure
“oxidizer” or a linear blend of them.

Diffusion flames

The CFX-RIF flamelet generator was used to gen¢natédamelet libraries.
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3.3.2.3 NOx emission modeling

Due to the stringent emission norms imposed on mmogias turbines it is very important that
the CFD model is capable of predicting the NOx aioiss. Three types of NOx formation
mechanics were considered: Thermal NOx, fuel NOX prompt NOx. Out of all these the
most dominant was the thermal NOx. The post pracgsechnique was used to process the
NOx formation. Thermal NOx occurs mainly due tothtgmperatures causing O radicals to
react with N to form NO. Thus if we know the temperatures we dand out the
concentration of O radicals from,@oncentration. A scaled down reaction mechanism is
developed in CFX reaction library that gives theeraf NOx formation for a given
temperature and N\and Q concentrations. Generally the concentration of iBIOf the order

of PPM in the combustion products. This small amamNOx does not affect the bulk
properties of the fluid. This gives us the oppoitjuto model NOx via post processing. Thus
after the run is complete we have the solutiord&eior temperature and,Mnd Q mass
fractions. Using all these parameters the NOXx fegld be solved. It has been observed that
post processing of NOx give more accurate reshHls tsetting up a separate reaction and

solving for its transport equations.
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Figure 3.5: Post processing of results using CFX-Bb

The post processing of the solutions were doneguSiRX post. Slice planes, contour plots,
surface streamlines, 3D streamlines were usedtta gesualization of the flow and the flow

field variables.
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The aim of the current work is to burn a viscousl fimside a combustion chamber. Flame
stability is crucial for combustion in any devidetevious research [7-13] has shown that
flame stability can be achieved through bluff badyswirl stabilization. A lot of research has
effort has been directed towards this but swirfiogvs coupled with combustion are poorly
understood. The studies [7-13] show that a swirflog is capable of creating a vortex and
its breakdown. This vortex breakdown creates argelgtion zone. The critical parameter
which governs this vortex breakdown is the swinhoer. Vortices break down if the swirl
number is greater than 0.6 [14]. The swirl thusiitesn reduction of the flame lengths due to
the entrainment of the fluid within the recircutatizones and improves flame stability as a
result of the creation of toroidal recirculatiomes [7-12].

Swirl can be introduced into the flow by two metbply using guide vanes or by tangential

entry of fluid into the fluid stream. In this desigve use guide vanes.

In order to limit the number of specialized compuatsefor the retrofit burner, we attempted
to use the air swirl vanes and fuel injector fron6@CP85-98D combustor can, a turbine

system from the same family as our GTCP85-397 sysidis would allow us to minimize
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differences between our combustion chamber anddh#ustion chamber currently utilized
by the GTCP85-397 gas turbine while ideally mamtag similar fluid physics. The air swirl

component is about 6.5 inches in diameter withiGary rectangular swirl vanes around the
fuel injection nozzle. Also surrounding the fuejeiction nozzle are several smaller swirl

vanes. This air swirl plate is pictured in thdduling figure 3.2

As seen in figure 3.2, the fuel injection is thrbug single nozzle located along the center
axis of the swirl plate. This allows the fuel taap directly into the swirling inlet air. The
fuel injector line was designed to have a T-fitteagd valves prior to the nozzle that would
allow Jet-A and glycerin flow through a common prge atomizing nozzle. Combustion
experiments with the 98D swirl plate allowed usmake several observations. First, we
found that our system was capable of burning Jetvé&r a wide range of flow rates. The
design implemented is shown in the Figure 4.3. Bkisl plate is fixed on the burner plate
and connected to the bleed air port as discussdidrea 2.4. The test stand has a burner
plate and the ceramic liner sits over that burnatep The idea is to create a swirl stabilized
diffusion flame. The swirl vanes would create ahhygswirling flow in the chamber. The

vortex breakdown would result in the formation efirculation zones.
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Swirler

Air Inlet

Outlet

Swirl vane:

Ceramic liner

Figure 4.1: Initial burner design with swirl vanes

4.2 Combustor liners

The initial combustor liner dimensions were basedpeevious research performed at the
Applied Energy Research Lab. The combustion charimbthis previous work had a length

of 12 inches and an inner diameter of 6 inches.cdmbustor liner diameter selected for the
gas turbine retrofit was 12 inches, while the langls a proportional 24 inches in length.
The significant increase in the combustion volusiéoi account for the increased mass flux
of fuel and air compared to the previous systemfottimnately, the narrower chambers

would have higher velocities and produce longanéla, and more importantly less residence
times. To this end, we selected further investayatvith the 24 inch long, 12 inch inner

diameter chamber, as it was capable of burningegiyc
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Figure 4.2: Comparison of different liner geometries

#) '
The model developed in Chapter 3 was used to stuelperformance of the above design.
The entire geometry was accurately modeled in 8 using SolidWorks and Ansys
DesignModeler. Special attention was given to tleasaring the minute details of the swirl
vanes. The vane angles have a large impact ondhepiatterns, especially the swirl. The
resulting solid model was then meshed using the ®&xsh. The mesh consists of 483268
nodes. In order to specify well posed boundary gmns the inlet to the combustion
chamber had a boundary condition of mass flowahtee incoming air and the exit pressure
was specified at the outlet of the combustion chennmibhese boundary conditions are the

most robust of all possible combinations. The waflthe combustion chamber had a no slip

35



and adiabatic boundary condition. Source pointewsed to introduce fuel into the domain.
The following simulation was for an equivalenceacatf 1. The eddy dissipation model was
used for simulating combustion. The following ésuvere obtained after the solution

converged and met its convergence criterion.

[ 8.884e+002

3.324e+002

0 0.300 (m) }'\ X
1

0.150

Figure 4.3: Plane YZ for flow visualization.

We get the results for the entire 3D flow field.drder to visualize the flow and to compare
different cases we look at the YZ plane and the/ flield variables in that plane. This view
gives us an idea as to what is happening througiheutombustion chamber right from the
inlet to the exit. We would use this plane as tefenence plane for comparing different

models and simulation results.
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The streamlines from Figure 4.4(a) and 4.4(b) bettearly indicate the vortex breakdown
resulting from the swirl induced by the swirl vand$e recirculation zones are clearly
visible and are according to our expectations. ifkeming air from the inlet passes through
the swirl vanes and a rotational motion is impattiedt. Due to the centrifugal forces the
fluid has a tendency to move away from the centel mwards the walls. This creates a
relative low pressure at the center and a highesgure at the circumference. When this
pressure difference is high it causes the low piressentral zone to create a flow from the

high pressure region towards the lower pressuiiemeghis sets up the recirculation zone.
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Figure 4.4: (a) Surface streamlines (b) 3D streammis (c) Pressure Contours on XY
plane (d) Velocity(in Z dir.) contour
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Figure 4.5: (a) Fuel Mass fraction (b) Temperaturerofile (c) H.O mass fraction (d)
CO,mass fraction
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From Fig. 4.5(a) we can see the injection of Jet-A fuel into thendn. Jet-A has been
modeled in gas phase and the entire simulationvegmnly gas phase. We see that the fuel
injected gets trapped in the recirculation zones #ne created by the swirl. The equivalence
ratio is 1 and as expected we observe that theeem@ss fraction of fuel is being consumed
by the combustion process. The mass fraction ogemys O after the combustion zone. We
observe a case of complete combustion and thdlatime is perfectly stabilized owing to the
re-circulation zones. The recirculation zones hewgeared as we had expected, just after the
swirler plate exit and at the root of the fuel otjen. However these are very ideal
conditions. The simulation is still far away fromatity as we know that the fuel in liquid
phase will behave very differently as compared tluel in the gaseous phase. The eddy
dissipation model assumes that the fuel reacts tivétoxidizer spontaneously as soon as it is
mixed with it i.e. Damkohler number is very largowever in reality there is some delay in
the ignition process. This delay could change théres flow dynamics. Moreover in the
experimental results the flame that was observexslially was quite different. The
experimental setup could burn Jet-A for a wide earaf flow variables. In the next

simulation an ignition delay was implemented farAend the results were observed.
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Figure 4.6: Temperature profile with ignition delay

In Fig. 4.6 we see that the temperature profileosipletely different from the profiles that
we see in Fig. 4.5(b). The flame that was obsemvedhe experiment had very close
resemblance to the one we see in Fig. 4.6. A colafmmot gases and swirling flame was
seen rising from the bottom towards the exit of ¢thenbustor. This result basically prompts
us to investigate into the fact that assuming Jé&t-Be in gaseous phase will have significant

errors in our flame predictions. Experimentallyas also observed that after the system was
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preheated with Jet-A and when it was switched ¢oeaglycerin the system could not burn

any glycerin. This was a motivation for investigatithe effects of a liquid spray.

A $
The evaporation process of a liquid is governed @mwodleled by the Anotine equation in
CFX. Data for evaporation of liquid jet-A was awdile from the CFX material library. The
simulation was set up with the same boundary cmmditexcept for the fuel injection. A
multiphase simulation was set up to model the enadmm process of the liquid fuel. The

following results were observed for liquid jet-Arag.
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Figure 4.7: Liquid Jet-A spray pattern
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Figure 4.8: Fuel mass fraction contour for: (a) Liquid spray (b) Gas phase fuel injection
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Figure 4.9: Temperature contour for: (a) Liquid Jet-A spray (b) Gas phase Jet-A
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From Figs. 4.8 and 4.9 it is clearly evident the flame lengths are much longer for the
liquid spray. The liquid particles have much highementum than gas. Thus they are not
entrapped inside the recirculation zone and a lpege of them can escape the recirculation
zone. Thus we get a lift off of the flame. The C/#iDdel however clearly demonstrates that
complete combustion occurs while burning Jet-A. sThwas also validated by the
experimental results. We were able to burn overidgewange of mass flow rates of air.
However after preheating the chamber with Jet-A rwigéycerin was injected into the
chamber it was found that the flame could not sastaelf. After a few seconds the flame
ceased to exist and blew off. White smoke was searing off the exhaust. This was mostly
glycerin getting decomposed into acrolein due tmmplete combustion. This needed to be
investigated. However there is no data availabieghs phase and combustion kinetics for
glycerin. Glycerin has much higher values of ergialf evaporation when compared to Jet-

A. The following vapor pressure curves [15-16] destoate this difference.
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Figure 4.10: Vapor pressure curves from Anotine eqgation
Thus we see that there is a difference in the vapwessure by an order of magnitude.
Combustion occurs in gas phase only. As long asuttlestays in its liquid phase it does not
react with oxygen. This could be a major reasomfirbeing able to burn glycerin in this set
up.
It was argued that the evaporation and mixing tso@&es of glycerin are much higher than
the chemical time scales of combustion i.e. DamdwohUmbers are very large. Thus if we
can approximate the evaporation process of glycamoh use the same combustion and gas
kinetics model as that of Jet-A we can get a faipant of insight into glycerin combustion.

The Anitone equation coefficients were modified tbe evaporation process to that of
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glycerin and the simulations cases were run. Thendiary conditions and meshes remained

the same. The change was the rate of evaporatienfollowing results were observed.

Figure 4.11: Glycerin spray pattern

Here we see that the sprays are much longer faegty as compared to the Jet-A spray in

figure 4.7.
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Figure 4.12: Temperature profiles for glycerin andjet-A combustion.

Figure 4.13: Fuel mass fraction distribution.
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Figure 4.14: Oxygermass fraction.

Figure 4.15: Fuel concentrations on streamlines
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The results clearly show the inability of the syst® burn glycerin effectively. When we
compare these results to the results that werenglotdor jet-A spray we can clearly see the
differences in the two cases. The Jet-A spray eng@® quickly within the confinements of
the combustion chamber. This is however not the aaghe glycerin spray. Owing to the
high enthalpies of vaporization we see that thayspengths are longer. The liquid glycerin
particles take longer time to evaporate. Combustitihoccur only when the particles reach
the gas phase. This delay is the main reason éosyhtem’s inability to burn glycerin. Thus
even though we are not able to burn glycerin ia s&tup we were able to burn Jet-A. Figure
4.15 clearly shows how the Jet-A fuel particles g@@rapped inside the recirculation zones
where as the glycerin spray escapes them resultingcomplete combustion. The CFD
model was validated and could correctly predictlilmv out of the flame. This design was

also integrated with the plenum to see if that wdwlp in burning the viscous fuel.

) O 8

Ceramics are not capable of handling high pressiWvescannot have a combustion chamber
made out of ceramics as most of the gas turbinebaostion chambers operate under high
pressures. Thus it was planned to have the cer@asing inside a pressurized container such
that the pressures on both sides of the ceramicasalsame. This would mean that hoop
stresses would not develop within the ceramic. tBdsines run at pretty low equivalence

ratios. A typical gas turbine combustion chambéurbates air into primary and secondary
air streams. The primary air stream is mixed witbl fwithin the flammability limits. After

combustion of this mixture in order to bring dowre ttemperature of the gases it is mixed
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with the secondary air stream. The exhaust gas terifperature from the combustion
chamber is dictated by material constraints of tilmbine. The maximum limit for most

turbines till date is around 1000 °C. Moreover tioenbustion liner needs to be kept under
certain maximum prescribed temperatures. The ceréngr was meant for the purpose of
primary air stream to mix with the fuel and bure fael completely. Then the secondary air
stream would be mixed with the primary air streaammg out of the ceramic casing. This
would bring down the overall temperature of theadt gases up to the desirable limit. The
following design of integrating the plenum and cei@casing was implemented. The gate
valve shown inFig. 4.15 controls the bifurcation of primary and secondaiy streams.

When the gate valve is completely closed then titgeeincoming air will go through the

primary section through the ceramic. As we opendghte valve some air gets bypassed
through the secondary section towards the exit.s Ts@condary air then dilutes the

combustion products.

50



Combustor exit

Secondary air
strean

Gate valve

Dilution
of
primary
air stream

Primary air

|

Air inlet

Ceramic liner

Swirler plate

Figure 4.16: Integrated design with plenum (left) ad its cross sectional view (right).

In the experiments it was observed that the sectb the combustion chamber that

connected the plenum to the top plate of the cer@asing had melted. The reasons for this
disaster were not very clear. The overheating efdkit tube could have been caused by a
number of reasons. Initially it was thought that #quivalence ratios were not properly set
and this would have resulted in its failure. Anattieeory was that the welds that connected
the exhaust pipe and the top plate of the ceraoutdchave given off. This would force the

air to go through these holes and bypass the swirldwus the combustion zone would have
shifted upwards towards the exhaust pipe and méiegipe. This case was modeled using
the CFD model. In order to simulate the failinglod welds 4 holes were made into the solid

model as shown in Fig.4.17.
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Figure 4.17: Temperature and fuel mass fraction caours for damaged chamber.
The results clearly show how the primary air stremmbypassing the swirlers. The
combustion zone has shifted significantly upwardd also the temperatures at the welds
have reached a point that would melt off the pipleus failing of the welds could be a

possibility for the failure of this design.

1

Thus we see that this setup can burn Jet-A b faiburn glycerin. Also the design failed
completely when integrated with the plenum. Thercetation zones created by the swirler
were not enough to create a reverse flow withindh@mber that could entrap the glycerin
particles. The low vapor pressure of glycerin resiilin longer spray lengths. Thus the
results suggest that stronger recirculation zonesemuired to burn glycerin. The swirl vanes

could provide a fixed quantity of swirl. There was way to vary this parameter. Up to this

52



point the CFD simulations were performed in patadlied then the results were used to
provide for an explanation. However once the CFQIehovas completely ready we can use
this as a predictive tool. The CFD model clearlgwgh that this given design could not burn
glycerin. Any future design could be tested on t68ED model before implementing it

experimentally. This would greatly reduce the nundferototypes.
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The swirl vane design used in the previous combansthamber had the disadvantage that
the swirl produced could not be varied. Moreover $fwirl was reduced greatly due to the
fact that the retrofit combustion chamber had ahmliacger chamber diameter. There are a
number of ways in which swirl can be introducedithie chamber. One way of imparting
swirl through swirl vanes was used in the firstigesThe second way is to inject the air
tangentially into the combustion chamber. This irtgpa high rotational velocity to the fluid
and creates the required swirl. The burners wmagblement this method of swirl induction
are called cyclone burners. Cyclone burners haea Igpically used in applications which
burn difficult to burn substances like vegetablis,otoal, and low grade solid fuels. This
would be ideal for our application. The patterrr@girculation zones formed in this type of
swirl induction is completely different from the siwvburners. Cyclone burners can have
more than one (up to 3) concentric toroidal redattan zones as compared to a single
recirculation in swirl burners [13].

The new air and fuel inlet system was designeddtiresss the challenges presented by the
previous design. The new fuel injection systemiagfl three pressure atomizing nozzles: a

main Jet-A fuel nozzle that provides fuel during fbre-heat phase; a glycerin nozzle that
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injects glycerin following the transition; and algti Jet-A nozzle that provides a small
injection of Jet-A fuel during transition to glyaerto maintain a flame and to augment
glycerin combustion when necessary. All three nezare located in the center of the burner
plate. The new air inlet system was designed tonbdular and allow as much control as
possible over the fluid dynamics of the systemsMas achieved by developing an air inlet
system in which air entered the combustion charttiveugh 8 equally spaced one-half inch
NPT pipes inserted into tapped holes that circuinethe axis of the combustion chamber at
a radius of 3.75 inches. The pipe fitting desigrs weoposed because we could cheaply and
quickly alter the fluid dynamics of the chamber twihe multitude of NPT pipe fittings
available. The new design was investigated in feraitilizing both experimental and
computational workFig. 5.1 shows a configuration of the new air inlets, whilg.5.2

describes the three primary variables investigati#éd the new system.

Figure 5.1: Air and fuel nozzles.
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Figure 5.2: Schematic of air nozzle orientation.

3% -
Utilizing various NPT pipes and pipe fittings, wancadjust angles and as well as the
distance from the swirl plate, allowing us to customize flwav physics. Typically all swirl
burners have =90°. However CFD simulations have now suggestatl akher values of
can have drastic effect on the flow and flames tlengSimulations were run for values
ranging from =90° to =0°. The eddy dissipation model and the flameletd@hoof
combustion were used for the analysis. The follgwigsults were obtained from the EDM of
combustion. For this model the periodic wedge apgmavas implemented. Since the domain
consisted of 8 air nozzles a wedge of 45 degreasimplemented. The temperature profiles
were an indication of the flame lengths. Mass flae at inlet was used along with pressure

at exit as the boundary conditions. An equivalerat@® of 1 was used for all the cases.
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Source points were used for fuel injection. All gimulations were gas phase. This was to

get a general overview of the design.

4&

(c) = (d) .

Figure 5.3: Temperature plots obtained using EDM mdel (a): 90 deg. nozzle, (b): 52.5
deg. nozzle, (c): 42.5 degree nozzle, (d): 22.5 dEgnozzle.
We observe that the flame length decreases drigtfoa values of =90° to =20°. This
indicates that the strength of the swirl increatr@stically as we change the air nozzles from
90 towards 20. The same trends were also repamed the flamelet model of combustion.
The flamelet model also gave us additional inforamaton intermediate species. The

intermediate species like O, OH, @#ive us an idea of the location of the combustionez
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Thus we now know that the tangential air feed=80° is not as efficient as the lower values

of . This was valuable information on the design thatCFD model was giving us.

)

Here a comparison is done between the conditiorenwhs varied from 90° to 0°. These
simulations also predict similar trends as the E@DbUdel. The models were tested fe90°,

50°,40°,20°,10°,5° and 0°.

Figure 5.4: Temperature contours for different nozze angles obtained using the
flamelet model.
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The trends seen from the EDM model are confirmedhenflamelet model as well. We see
that the flame length goes down as we move frortodDdegree. The zero degree case result
is non —realistic as that would be a definite acadglow out. RANS models cannot simulate a
blowout. This trend seems very useful to us tketa stable a short length flame. The next

steps of the analysis give some insight into thess®ls and their reasons of occurrence.

1L.
' o
—
=

Figure 5.5: Pressure contours for different nozzl@angles obtained using the flamelet
model.

From the pressure contours it is very clear that@snove from 90 to O degrees the pressure

in the central part of the combustion chamber gi@sn. The gradient in pressure drop
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increases up to the 5 degree case. After that weageversal of the trend. The higher the

gradient, the stronger the recirculation zone wdad

|| ]

lunm
0000

Figure 5.6: Fuel mass fraction contour for differer nozzle angles obtained using the
flamelet model.

The fuel mass fraction contours give a better iolethe process. It is very clear that as we
are decreasing the angle of the air nozzles thkedngapment in the recirculation zone

improves. The 90, 50 and 40 degree cases show fue¢l is spread across the chamber.
The corresponding temperature contours are a restllis. The temperature would increase

in the regions where the fuel gets consumed byxidizer.
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Figure 5.7: 2D streamlines for different nozzle anigs obtained using the flamelet model.
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Figure 5.8: Recirculation zones for different noza angles obtained using the flamelet
model.

Now from the 2D streamlines on the mid-plane we getunderstanding of how the
recirculation zones are developing. The strongexotireakdown for case 20 and case 10
show that these configurations are ideal for sinditene lengths. The high swirl creates
longer residence times and we observe reductidtame length. We can conclude that the
20 — 10 degree range is the best possible nozziégooation for this geometry. These
results were also verified experimentally. Whendhienozzles were placed at 20 degrees the
flame lengths obtained were significantly smalkérst =90° configuration was fired on Jet-
A. The system could burn Jet-A in this configuratiéd\fter the system was preheated and

switched over to glycerin the flame could not bstained after a few seconds. Thus this
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configuration was not able to burn glycerin. Thas@n was same, insufficient residence time
to evaporate the fuel. However now we had an idaathe swirl would be much higher for
=20°. When this configuration was implemented iswhlserved that the Jet-A flame length
was much smaller as compared t890° configuration. After pre heating the systere th
switch over to glycerin was made. In this configima we were able to sustain the glycerin
flame and this was the first time that glycerin vioasnt successfully in this experimental set
up. The combustion of glycerin was stable for thére duration of the experiment, which
was stopped after about 40 minutes. Several olsangaand subsequent changes were made
upon examination of the burner after this testwdts discovered that all three of the fuel
nozzles had melted. This was due to the intengitherecirculation zone in close proximity
to the fuel nozzles combined with the material igvof the brass pressure atomizing nozzles.
To address these issues with the burner, we mageatenodifications. Cooling jets for the
fuel nozzles were created by drilling holes in biuener plate that allow for compressed air to
be directed at the nozzles. Next, the brass norzes replaced with stainless steel pressure
atomizing nozzles. Finally, we variedand on alternating air inlets, while keeping the
other four air inlets at the prescribed positiohisTallowed us to push the flame further away
from the nozzles while maintaining the recirculatioecessary for sustaining glycerin
combustion. After some experimentation with thegeables, a final design was selected for

the retrofit combustion chamber, which is descrilmedetail in the following section.
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5. [ $

Gas turbines typically burn very lean mixtures. Séhequivalence ratios are outside the
flammability limits. In the past three decades tR&h burn, Quick Mix, Lean-burn
combustion technique has gathered a lot of impoean stationary and mainly aero gas
turbines. This technique is aimed at reducing ti@xMmissions without compromising on
flame stability.

Now as shown in previous experiments and simulativa can use the air nozzles in the 20
degree configuration. However this configuratiom daurn at equivalence ratios within the
flammability limit only. However the need is to Inuat equivalence ratios of 0.3. In order to
have the global equivalence ratios below the flaihitg limits we adopt the following
technique used in modern gas turbines. We havprthmary air come in through the nozzles
at the 20 degree configuration that ensures maxiswir. In this region we ensure that the
equivalence ratios are quiet high and the mixtgretés easily. Then we make use of the
secondary air stream to dilute this mixture andddown the overall equivalence ratio. The
dilution zone (secondary air stream) should be temtasuch that the combustion in the

primary zone has completed.

$ 15. / '
Implementing the technique discussed above wouddire us to drill holes in to the liner

wall to force the secondary air stream inside thantber. This was also observed in the
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dash-60 combustor can. However this is very diffito achieve with ceramic walls. Four of
the holes are described by= 22.5°, = 0°, and = 3 inches, while the remaining four are
described by = 22.5°, = 0° and = 12 inches. The inlets alternate between these tw
configurations in a clockwise manner, as showkig 12 Also visible in this picture is the
igniter between the air nozzles on the left. Thaiteg uses a high-voltage transformer to
create a large voltage potential difference betwbengniter rod and the grounded air inlet

to create a spark.

Figure 5.9: Modified air nozzles for staged air ingction.
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Combustor liner

The combustor liner is a cylindrical ceramic flirek with an inner diameter of 12 inches, a
wall thickness of 1 inch, and a length of 24 inchBse liner is shrouded in 2 inch thick
insulation material and 0.05” steel. The steel shgas held in place using 4 stainless steel
hose clamps. The combustion liner is held in piaite a steel cap on the top of the liner that
is three-quarters inch thick with an 8 inch holbeTap is secured with 3 one-inch thick steel

threaded rods which run vertically through the lagan material into the burner inlet plate.

Figure 5.10: Combustor liner with insulation and seel sheeting.
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The high-pressure plenum was developed from a peged air compressor tank. The tank
was a typical cylindrical pressure vessel with siglaé ends. One spherical end was removed
and welded to a 26 inch square three-quarter ihatk tsheet steel section with a hole
matching the diameter of the vessel to create dngesurface. The vessel was made of
guarter inch thick steel. Using Solidworks modelsugtware, the plenum was pressure tested
to ensure its ability to withstand the gas turbiperating pressure with an acceptable factor
of safety. The pressure vessel was also fitted witbressure relief valve to prevent any
significant over-pressure during operation. Thespuee vessel encloses the combustion liner
and seals against an identical 26 inch square shagt piece to which the burner plate and
inlet air flange are also mounted. A very high tenpure gasket is placed between these two
plates. Twelve half-inch diameter bolts hold thpkdes together. The top of the plenum has
a sight glass into the combustion chamber. Theunteaxhaust line has two branches, each
made of schedule 40 steel pipe and pipe fittindgie Branches allowed us to study burning
characteristics at a range of pressures as wgltexbeat the plenum without exhaust gases
entering into the turbine if desired using a segate valves. The inlet to the turbine section
required a specially designed 304 stainless stdaptar. The adapter allows for the

combustion gases to enter the turbine while forcihg compressor air through the

67



combustion chamber. The adapter design mimicsah®astion chamber cap of the original

combustion chamber for the GTCP85-397 turbine gkats the system.

Figure 6.1: High pressure plenum and turbine inlet.

#)
The simulation test cases were set up for this gégmThe flamelet model of combustion
was utilized. An equivalence ratio of 0.4 was us#ith was same as the experiments. In
these simulations the NOx emissions were calcullaygabst-processing the thermal NOx

formation.
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In this simulation source points were used to injgs phase fuel into the domain.

0 0600 (m) X
0.300 ¢

Figure 6.2 : Temperature contour for gas phase JeA combustion
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Figure 6.3 : Fuel mass fraction contour

Figure 6.4 : O radical mass fraction contour
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Figure 6.5 : OH radical mass fraction contour
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Figure 6.6 : Oxygen mass fraction contour

Figure 6.7 : H radical mass fraction contour
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Figure 6.8 : NO mass fraction contour
From the temperature plot in figure 6.2 we can rtyeaee the effects of primary and
secondary air streams. The fuel is injected atdbeter of the base of the combustor.
Combustion occurs at higher local equivalence sati@sulting in relatively high
temperatures. This forms the primary section. Ttrendilution tubes downstream of the
combustor add relatively cold secondary air andgodown the temperatures to the desired
levels for the turbine. The O and OH radical maastion is an indicator of the flame region.

It clearly shows that the flame is confined to pinenary section of the combustion chamber.

73



Figure 6.9 : Temperature contour for liquid phase &t-A spray

Figure 6.10 : Fuel mass fraction contour
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Figure 6.11 : O radical mass fraction

Figure 6.12 : OH radical mass fraction

75



Figure 6.13 : Oxygen mass fraction contour
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Figure 6.14 : OH radical mass fraction
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Figure 6.15 : NO mass fraction contour
From Fig. 6.3 and 6.2 we can clearly see the diffees between the gas phase and
multiphase simulation. The liquid spray is a holloane with a spray angle of 80°. We can
see a lift off of the flame as compared to the phase simulations in Fig. 6.2. The
experimental tests on this design also prove tleaarg able to burn Jet-A for an equivalence

ratio of 0.4.
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Figure 6.16: CFD results for final design with glyerin evaporation rate.
Finally the evaporation rate of liquid Jet-A was dified with the Anotine equation
coefficients for glycerin. This would simulate teeaporation of glycerin. We observe from
the temperature and fuel mass fraction contours tiia design is suitable for burning
glycerin as opposed to the first designFig. 4.11. The experimental trials on this design
with glycerin as a fuel were successful. The systeas first started with Jet-A. Then after
preheating the system a switch over to glycerin masle and this design was able to burn

glycerin successfully.
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Experimental measurements:

Units Jet— A Glycerin 80/20
N2 % 80.8 78.4 67.2
02 % 12.2 19.1 15.9
CO2 % 7.3 4.3 3.4
CcoO % 0.04 0.19 0
NOx ppm 60 14.5 56
UBHC ppm <50 <150 <65
CFD predictions for Jet-A: NOx - 57 PPM
20 -13%
CQ -7.9%
oN - 74.8%

The predictions from the CFD model match closelghwie experimental results.
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Chapter 7

#

In the above work we designed a gas turbine cyctmrabustion chamber that can burn
glycerin. The difficulty of its high viscosity wasolved by pre heating the fuel. For a
turbulent swirling diffusion flame, increasing tisevirl number shortens the flame length.
Highly swirling flows would be instrumental in bung viscous fuels in gas turbines. The
swirl number is an important design parameter. tingahe recirculation zones is important
and an effort should be made so that the fuel igaysl in such a way that it flows into the
recirculation zone and thus having maximum resideime. This would dictate the optimum

spray angle for a given burner. CFD simulationsashemarkable difference in temperature
profiles and NOx emissions for different design fagurations and liquid sprays. For the

same global equivalence ratios the configuratiohgkvburn without the dilution tubes have
lower NOx emissions as compared to those which balnand then quench the flame using
the dilution air. However the earlier case canr®ubed if we want to burn lean outside the
flammability limit. For burning a fuel in gas turl@s at very low equivalence ratios outside
the flammability limits we should burn rich initigland then dilute the burnt mixture using
dilution air. Thus we have to compromise betweenxNé&nissions and flammability.

Simulations also indicate that the NOx emissionsildidoe the lowest for a premixed flame
as in this case we do not have the high temperadgiens where all the combustion occurs.

Thermal NOx predictions from CFD matched closelyhwthe experimental results. Even
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though we did not have a kinetic model for glycexambustion it was proved that owing to
high Damkohler numbers, modeling the evaporatiatess of glycerin can give us a good
approximation of our design. This was verified g texperimental results from the first

design.
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