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SYSTEM FOR THE GAS TURBINE IN CLEAN COAL POWER PLANTS
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Lawrence Berkeley National Laboratory
One Cyclotron Road, MS:70-108B
Berkeley, California, USA
Email: rkcheng@Ibl.gov

ABSTRACT

This paper reports the results of preliminary asedythat
show the feasibility of developing a fuel flexibleatural gas,
syngas and high-hydrogen fuel) combustion systemGeC
gas turbines. Of particular interest is the uselLafvrence
Berkeley National Laboratory’s DLN low swirl combio
technology as the basis for the IGCC turbine condius
Conceptual
requirements for the fuel handling and deliverycaits are
discussed.

The analyses show the feasibility of a multi-fuedility-
sized, LSl-based, gas turbine engine. A conceptesign of the
fuel injection system shows that dual parallel foetuits can
provide range of gas turbine operation in a cométian
consistent with low pollutant emissions. Additidgalseveral
issues and challenges associated with the devetdprfisuch a
system, such as flashback and auto-ignition of High-
hydrogen fuels, are outlined. [Keywords: SyngasNPIGCC]

NOMENCLATURE
APy Fuel injection differential pressure
HHF High hydrogen fuel
LHV Lower heating value
LSl Low swirl injector
MHF Medium hydrogen fuel
PIV particle image velocimetry
Peg Compressor discharge pressure
STP Standard temperature and pressure
St Local displacement turbulent flame speed
Tad Adiabatic flame temperature
Ted Compressor discharge temperature
T¢ Fuel temperature

Toz Primary zone temperature

Uy Bulk flow velocity of the reactants
wi Wobbe index

W, Air flow rate

W; Fuel flow rate

4 Specific gravity

designs of the combustion system and the NTRODUCTION

Typically, industrial and utility-sized gas turbirengines
operate with natural gas fuel. These gas turbiresecifically
developed for pipeline quality natural gas and cariolerate
large variations in the fuel composition. More madeyas
turbines frequently employ lean premixed combustaiso
known as dry-low NQ (DLN) to limit exhaust emissions of
NO,, in contrast to earlier commercial gas turbineg tmploy
non-premixed (diffusion flame) combustors. Thesew lo
emission turbines are even more sensitive to faelposition
due to the need for more precise control of the lmetion
process.

There is considerable interest in the use of symigdved
from gasified coal, as a primary fuel for largditytisized gas
turbines (> 100 MW) in Integrated Gasification Congul
Cycle (IGCC) coal-based power plants. The use afjay in
commercial gas turbines will necessitate the desim
development of modified or alternative combustigstams that
can reliably burn this new fuel. These combustigstesns will
be required to provide the same low pollutant eimissevels
being achieved today with natural gas without campsing
turbine durability or operability. In addition, aewklopment
goal is to allow smooth transitions, without flagjnbetween
natural gas and either unshifted syngas (having eaium
hydrogen content) and/or shifted syngas (with d Higdrogen
content). Unshifted syngas is characterized by Iyeaqual



percentages of hydrogen and CO, with low level<®%. If
this gas is subjected to a water-gas shift reactmrhigh
hydrogen fuel is created, containing 80-90% hydnogéth
little CO or CQ. The high hydrogen fuel can be further purified
to nearly 100% hydrogen if desired. Specific conipmss for
both unshifted and shifted syngases depend updialicbal
composition, gasifier type, and gasifier operatingditions.

BACKGROUND AND OBJECTIVE

The Low Swirl Injector (LSI) is a lean premixed
combustion device developed at LBNL. It has theeptial to
meet the outlined requirements with natural gas tedtwo
categories of syngas fuels [1]. LS| burners areuge in
commercial heating applications and have been dpeel for
microturbines and medium-sized gas turbine enginsisg
natural gas [2]. The burners have proven to be sbland
provide ultra- low emissions in these applicatidmsaddition,
laboratory tests have shown that the fundamentarating
principle of the LSI provides not only fuel flexilty but also
smooth transitions between various fuels. Laboyatesults
obtained at simulated gas turbine conditions usimgulated
coal-based syngasd8] and natural gas and hydrogen blended
fuels [4] show that the LSI does not require anydhare
change to operate with these different fuels.

The LSI swirler [5] is a key component of the teclogy.

It is designed to produce a divergent flow at tiselthrge plane
of the injector. Its diverging flow pattern is chaterized by a
linear decay of the axial velocity away from thesafiarge

plane. It allows the premixed turbulent flame tabdize at a

position where the local air velocity is equal aqgosite to the
local turbulent displacement flame speed,pS The result is a
lifted flame that stabilizes downstream of the abge exit. The

distance between the injector exit plane and tlzendl is

dependent upon the decay rate of the axial veldaitfunction

of the LSI swirl number) and{$p (a property of the fuel type,
equivalence ratio, turbulence, and inlet conditjons

When operating with Ck laboratory experiments at
atmospheric conditions show the LSI flame position be
invariant with bulk velocity (i) except when flashback is
imminent ( W < 3 m/s (9.8 ft/s)). The flame position is also
insensitive to the fuel/air equivalence ratjo,when Y >3 m/s
(9.8 ft/s). These characteristics can be explanegheans of an
analytical model describing the coupling betweer #elf-
similar characteristics of the divergent flowand the linear
correlation of $,p with the turbulent fluctuation @[6]. Under
simulated gas turbine conditions, the experimelsts show that
the flame position remains invariant at 10 <485 m/s (33 <
Up < 279 ft/s) and is not significantly different thaat

! Self similar behavior of the divergent flow is indted by the
normalized axial velocity decay rate being constavetr a range of §J

2 gpp is one of four different definitions of the tureat flame speed
[6]. The linear correlation trend ofr.& with u’ is observed only at the axis of
the LSI burners

atmospheric conditions. The basic LSI flow/flameujgling
process is not affected by the initial temperaane pressure.

Further tests, however, show that fuel hydrogen
concentration does affect the LSI flame positioranEitioning
from natural gas to Hresults in the flame shifting closer to the
injector [4]. As shown by the analytical model, thpstream
shift is a consequence of the increase {ippSlue to the high
reactivity of H. These laboratory results show that the basic
design of the LSI is amenable to fuel-flexible ggEm, and the
variations in fuel composition expected during IGG&eration
will not affect the basic combustion process ofltiSé.

The objective of this study described below washow
the feasibility of an LSI-based fuel-flexible conshon system
for IGCC gas turbines. The properties and combnstio
characteristics of three specific fuels: naturas,ganshifted
sygas, and a high hydrogen shifted fuel, are censit in
developing the basic layout of the fuel handlingl aelivery
circuit. A conceptual design of the LSI for a tygli¢--frame gas
turbine combustor is proposed. The technical argineering
challenges associated with the development of suslistem
are also outlined.

FUELS ANALYSIS

The two coal-derived fuels being considered in study,
unshifted syngas (medium hydrogen fuel, MHF) aniteth
syngas (high hydrogen fuel HHF), have no absolgined
molecular compositions. Nominally, hydrogen concatiins of
MHF and HHF range from 20 to 50% and 50 to 100%,
respectively. For our analyses, the fuel gas coitipos listed
in Table 1 were used to represent typical MHF amtFHThe
physical and combustion properties of these fuelscampared
in Table 2 with those of natural gas and pure hgeno

Also listed in Table 2 are the Wobbe index valuest t
indicate the potential interchangeability of fuehsgs for a
single fuel delivery/fuel injection system. The Viabindex
values, however, do not account for fuel effectdamtors such
as emissions, flashback, auto-ignition, flame $tgpior
combustor pattern factor. Wobbe index is calculated

LHV,,

r

Eq. 1 defines one of several possible variationghef
Wobbe index. Modified Wobbe index definitions carclude
temperature, pressure and fuel system effective tamens. For
the current assessment, Eq. 1 was deemed adequate f
comparative study of fuel interchangeability.

W =

Eqg. 1



Table 1: Fuel Gas Composition, M ole Per cent

Laminar Flame 39 204 77 188
Speed - cm/s (15) (80) (30) (74)
(in/s)

Natural | Pure H Medium High
Gas H, H,
CH, 97
H, 100 30 81
Co 56 3
CO, 3 3
N, 3 10 12
H.O 1 1
Table 2: Fuel Gas Properties
Natural | Pure B | Medium | High H,
Gas H,
Molecular 16.4 2.0 20.6 7.3
Weight
- kg/kmol
Specific Gravity 0.54 0.07 0.71 0.25
e
Density @ STP 0.65 0.08 0.86 0.30
- kg/n? (0.041) | (0.005) | (0.054) | (0.019)
(Ibm/ft)
LHV - kJ/kg 47,450 | 120,580| 11,193 | 27,842
(Btu/lbm) (20,400) | (51,840 | (4,812) | (11,970)
)
LHV - kJ/m® 32,676 | 10,059 9,687 8,457
(Btu/ft)) (877) (270) (260) (227)
Wobbe Index - 44.2 38.3 11.4 17.0
MJI/m? (1,186) | (1,028) (306) (456)
(Btu/ft})
TaaSTP - K (F) 2,322 | 2,530 2,500 2,409
(3,720) | (4,094) | (4,040) | (3,876)

|:| Good interchangeability (+/- 10% of base fuel Wobbe Index)

|:| Marginal interchangeability (10 to 15% variation from base fuel Wobbe Inde

Natural
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™. High
H2
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H2
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Pure
H, ™

30 35

Wobbe Index
Figure 1: Waobbe Index Valuesfor Fuels of Interest

|
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The fuel injection system for a lean premixed gabihe
combustor is designed for a specific fuel with arelcteristic
Wobbe index. If an alternative fuel of significantlower
Wobbe index is used in the injection hardware, oeptably
high pressure drop will occur. In general, an akdive fuel is
considered to be interchangeable (assuming a gijention
system) when the Wobbe index of the alternativé i&igvithin
+10% of the design value. Fuels with Wobbe indicaifing
within +15% are considered marginally interchangeable.
Outside of+15%, changes in injector hardware and control
protocol are deemed necessary.

The calculated Wobbe indices for the four fuelstluf
study are plotted in Figure 1. Also shown are #i®% and
+15% margins for natural gas and HHF. This figurevahthat
pure B is marginally interchangeable with natural gas that
the MHF and HHF fuels will not be interchangealiliéearly,
the MHF and HHF fuels, with much lower Wobbe indicwiill
require larger fuel injectors to maintain a consthrel-side
pressure drop.

The interchangeability of natural gas and hydropes
been demonstrated in a small-scale gas turbinér{That study,
the injector hardware had been modified only toigate the
effects associated with the highly reactive comnibust
properties of hydrogen that include high turbuléate speed
and short auto-ignition times. Other changes terdulk fuel
flow through the injector were not needed as thdbeoindices
of pure hydrogen and natural gas fall within 15%a¢h other.

Figure 1 indicates that the Wobbe indices of theRvihd
HHF are within 30% of each other. This relativelgrge
difference in Wobbe index should not be taken wWicate a
requirement for completely unique fuel injectiorrdwaare for
each of the two fuels. As noted above, the spedifiel
compositions and Wobbe indices of the MHF and théFH
will vary with the feedstock and the gasificatiorogess. In
addition, the Wobbe indices will need to reflecy alifferences
in fuel temperature and pressure. Thus, the 30freince can
be interpreted to show some potential, even ifamitmal, for
the MHF and the HHF to operate with the same oy onl
moderately different fuel injection hardware.

The main implication of the analysis is that themea
baseline design for an MHF LSI gas turbine injectould serve
for an HHF fuel with only minor modifications. Cceptually,
the final LSI injector would contain two fuel ciiitst one for
natural gas (and possibly hydrogen), and one fersghecific
hydrogen-containing fuel being generated on-sithé¢e MHF
or HHF or may be both).

COMBUSTION SYSTEM CHARACTERISTICS

A preliminary design study of a multi-fuel LS| coogiion
system was conducted for a representative F alassinal 200



MW, gas turbine. The design baseline was for MHE has the
lowest Wobbe index and requires the largest mask ffow
rate. The use of an MHF fuel system with natural gaHHF
will result in lower (thus acceptable) fuel-sidegsure drop and
improving efficiency over the MHF field gas turbime

The combustor design is based on airflow of 453 k§99
Ibm/s) through the combustor and the first stagadembnozzle.
A pressure ratio of 19 was assumed and used twlatdca
compressor discharge temperature of 728 K (85F &gl inlet
temperatures were assumed to be 366 K (199 FhéoMHF
and HHF and 458 K (365 F) for natural gas. A fatsige turbine
rotor inlet temperature of 1,700 K (2,600 F) wasuased. The
MHF and HHF combustion properties were determingidgia
curve-fitting algorithm of the results from Chemkimemixed
flame module calculations from Georgia Institutéfe€hnology
[8]. Fuel flow rates were calculated based on theumed
turbine inlet temperature. A primary zone airfloglisof 84.4%
was determined by setting the primary zone temperato
1,839 K (2,850 F) to control NCemissiond The combustor
operating conditions were extrapolated for natgas, MHF,
and HHF using a fixed air flow split. Operating pareters are
listed in Table 3 and show that the mass flow rafeédHF and
HHF are significantly higher than the mass floweraf natural
gas.

Table 3: Combustor Operation Conditions

Natural Medium High
Gas H, Fuel** H, Fuel
Ti-K(F) 458 366 366
(365) (199) (199)
Tpz- K (F) 1,853 1,839 1,842
(2,876) (2,850) (2,856)
W; - kg/s (Ibm/s) 12.4 57.1 22.4
(27.3) (126) (49.4)
PZ fuel/air 0.032 0.149 0.059
W, pz - kg/s 382 382 382
(Ibm/s) (843) (843) (843)
Engine mass flow - 466 511 476
kg/s (Ibm/s) (1,027) (1,126) (1,049)
Normalized mass 1.00 1.13 1.05
flow
** ysed to establish primary zone air flow (uncheddor
other fuels)

engine will operate at derated (reduced) power wugh the
design fuel pressure. This is undesirable from btk

efficiency and output perspectives. A second dfsatis the
integration of additional fuel injectors into thensbustion
system. This approach has been adopted with cdoweht
combustors to allow operation on low Btu gases. l[ahge size
of lean premixed injectors most likely precludeis tpproach.
Instead, the preferred approach is a redesigneofeiin premix
injectors to provide larger flow passages for thdRvand HHF
and possible modifications to the fuel deliveryteys allowing
for higher fuel inlet pressures. The large mass fid MHF

requires higher inlet pressure than either natgeal of HHF.
This would require higher fuel inlet pressure, aagiic loss to
the engine.

As proposed earlier, dual parallel fuel circuitsan LSI
module can provide the flexibility for multi-fuel peration,
while preserving the power output of the turbinecafceptual
LSI design was developed to meet this goal usiegddta in
Tables 2 and 3. Specific issues addressed in tisigrde
included:

= Incorporating new injectors with minimum changes to

the existing lean premixed combustor geometry.
= Accommodating the higher risk of flashback and
autoignition with MHF and HHF.
= Maintaining an acceptable fuel pressure drop with
MHF and HHF.

= Continuing to meet single digit NO emissions

standards.

= Having the ability to co-burn natural gas and eithe

MHF or HHF during fuel transfer and gasifier startu
The ultimate goal is to avoid flaring of syngasidgr
engine transient operation.

= Maximizing design commonality between medium and

high hydrogen injection systems.

Most lean premixed, F class gas turbines employtipheil
combustion cans, each containing several fuel tojec The
analysis of the LS| system was based on this tyipE olass
engine containing 35.6 - 63.5 cm (14 - 25 in) di@n&ans.
The preliminary design adopted a configuration withe
injectors placed equidistant from the axis of then owith
spacing for a central diffusion pilot injector. Thdot is used
during start up, fuel transition, and for mitigatinany
combustion stability issues. Figure 2 illustrates basic layout
of the five LSIs in one combustor can. Based onestimated
air consumption of 453 kg/s (999 Ibm/s) the diameteeach

CONCEPTUAL FUEL INJECTOR DESIGN

Several strategies can be identified for accomniogldhe
use of MHF and HHF in fuel injectors designed fatumal gas.
If no modifications are made to the fuel injectisystem, the

LSl is estimated to be 12.7 cm (5 in).

3 For this exercise, we assumed that,N©a log-linear function of the
adiabatic flame temperature,qT This dependency has been observed in LSI
laboratory experiment except for HHF aiy® 1,700K [2,600 F] where NO
levels off at 1 ppm (@ 15%4D



Provisional pilot/
central burne

Injector (1 of 5)

~63.5 cm diam.

—— ~ 12.7 cm diam.
O O \ Combustor liner

(1 of 14)
Figure 2: Conceptual Illustration of Injector Layout for
Single Can Combustor

It is common for lean premix natural gas injectéos
deliver fuel to a swirling air stream via axial &ps. Injection
orifices along these spokes ensure an even disttbaf fuel to
the turbulent airflow. Fuel flow, fuel pressure drand fuel
distribution are factors used to determine the renmmsize and
placement of the orifices in the spokes. In addjtibe number
and placement of fuel spokes is a trade-off betvggmd initial
fuel distribution and airside pressure drop. Catahs of these
characteristics were performed based upon fundaineyats
turbine engineering equations. As discussed abmue sets of
fuel spokes are proposed for the LS| system. Eaehspoke
set is fed by an individual fuel circuit. One ciittspoke set is
for natural gas (and pure hydrogen if desired) @wedother is
the syngas fuels. Fuel feed line and spoke/orificeensions
were calculated for both the natural gas and syhgd<ircuits.
These dimensions, as well as operating conditiareslisted in
Table 4 for each injector.

Medium or High

H2-based fuel | MAIN

Natural gas |
| !J_\

L
E—
o =

PILOT

I 2

H2-based fuel  \awurlgas

Figure 3: Conceptual Illustration of Dual Fuel Gas I njector

Table 4: Conceptual Natural Gasand Hydrogen Containing
Fuel Geometriesand Flow Char acteristics Per | njector

Air: P4 - kPa (atm) 1,925 1,925 1,925
(19) (19) (19)
Air: Teg- K (F) 727 727 727
(849) (849) (849)
W, pz - kg/s (Ibm/s) 5.4 5.4 5.4
(12) (12) (12)
APy - kPa (atm) 86 138 55
(0.85) (1.36) (0.54)
Orifice count 300 300 300
Orifice diameter - mm 1.11 1.9 1.9
(in) (0.044) (0.075) (0.075)
Fuel line diameter - cm 1.9 3.2 3.2
(in) (0.75) (1.26) (1.26)

Natural Medium High
Gas H, Fuel H, Fuel
Number of Injectors 70 70 70
W; - kg/min (Ibm/min) 10.5 49.0 19.2
(23.2) (108) (42.3)
Ti-K(F) 458 366 366
(365) (199) (199)

The basic layout of a multi-fuel LSI is shown irg&ie 3.
The fuel injectors for the syngas fuels are poséib closer to
the injector exit to mitigate auto-ignition risk.h&k tube
experiments indicate fuels with compositions simtta that of
MHF are characterized by short auto-ignition timigition
delay time of 80 msec was measured for conditidns © 0.3,
2,026 kPa (20 atm), and inlet temperature of 74849 F) [9].
Ignition delay time is highly dependent upon thecpatage of
hydrogen in the fuel stock and inlet temperatured].[1
Therefore, the ignition delay time for the HHF &pgected to
be much shorter than 80 msec. To ensure injectdrtanbine
durability a residence time of 5 msec was adoptedte LSI
design.

The 5 msec residence time criteria would suggest a
maximum premixing length of 24.6 cm was acceptable,

assuming that the flow within the injector is ewengre equal
to the bulk flow velocity 4. In reality, particle image
velocimetry (PIV) measurements obtained inside auotside
the LSI nozzle show that the radial distributiontleé velocity
across the LSI has a minimum at the central axisnbf about
60% of U, Additionally, the flow decelerates linearly away
from the LSI exit and enters the flame at a vejooit lower

than 30% of |y The flow deceleration suggests that the

maximum allowable premixing distance is signifidahbwer.

Because the LSI flowfield is self-similar, the Pliata
measured in a smaller LSI of 5.6 cm diameter [4] loa used to
obtain a more accurate estimate of the premiximgtke
Integration of the PIV axial velocity profile frormn estimated
fuel injection point to the leading edge positiohtloe flame
brush showed that the 5 msec residence time fos b§12.7
cm diameter allows a maximum premixing length of cif.
This premixing length is slightly smaller than thejector
diameter but is within the LSI design guideline gfyéng that
the swirler should be recessed at a minimum of tlome
diameter from the exit. Additionally, the 10 cm miging
distance is relatively short and suggests the neadnbed the
injectors for the syngas fuels into the swirl var@therwise the
flow disturbances created by the injection spokey wlisrupt
the flow exiting the swirler.



Autoignition delay times for methane at gas turbine
conditions are not considered to be a major conasrihey are
longer than those of the MHF and HHF. Interpolatinqmpn
results from recent work, at turbine operating c¢oons a
residence time of 1.6 seconds is allowable for nadtgas [11].
This long time allows for the extra injection lengequired of
having a natural gas fuel circuit upstream of ymgsas circuit.

OPERATIONAL CONSIDERATIONS

The LSI with two fuel circuits (one for natural gasd one
for hydrogen-containing syngas) and a central rfuéi pilot
provides considerable fueling flexibility. As thecondary fuel,
natural gas can be used during engine start upwdmesh the
gasifier is offline. Additionally, natural gas cae blended with
the syngas produced during gasifier start up antddwn, thus
removing the need for fuel flaring. The centralfulifon pilot
burner can be fueled with natural gas when startirg gas
turbine and while transitioning to syngas operatidhe pilot,
fueled with natural gas or syngas, can be used ngure
combustion stability, as is typical with low em@s$ engines
today, although with some impact on emissions rgoioic
Additionally, pure hydrogen can be used in the ratgas
circuit if available as the two fuels have simNsobbe indices.

CONCLUSION AND CHALLENGES

The preliminary analyses conducted demonstrate the
feasibility of a multi-fuel (natural gas and co&rived syngas),
utility-sized, LSI gas turbine. Preliminary concegit design of
the fuel injection system shows that dual parélel circuits
provide for full range of turbine operation in anfiguration
consistent with low pollutant emissions. Refinemerfit the
injector design needs to be conducted once a catedigas
turbine has been selected for prototype development

Additionally, a number of issues and potential Erajes
will need further attention as design developmefforis
continue:

= Combustor and first stage cooling: The three faéls
interest will produce somewhat different product ga
temperatures as well as product gas compositions in
the combustor primary zone and entering the ftesjes
of the gas turbine. Consequently, the combustar lin

and the first stage vanes and blades may experience

different heat transfer rates with different fué?soper
cooling airflow rates and air distribution over tiveer
surface and in the first stage stator and rotod iede
determined.

= Fuel injector length: Minimization of the fuel
residence time within the injector is necessargwoid
damage due to autoignition. However, short residenc
times following fuel injection may result in degeat
fuel/air mixing. Near homogeneous mixing is regdir
to minimize pollutant emissions as well as to meet
pattern factor specifications.

= Fuel spoke design: Optimization of the number,
placement, and size of fuel spokes and fuel osfice
must be conducted. Non-optimized placement of fuel
spokes have been shown to create excessive pressure
drops across the injector and undesired flow splits
within the injector. Proper fuel orifice locationdsize
will promote rapid and homogeneous fuel/air mixing.

= Combustor volume: Natural gas lean premixed
combustors employ larger combustors than their
diffusion flame counterparts. This larger volume
ensures full CO to CP conversion. Hydrogen
containing fuels burn faster than natural gas. iffot |
NO, formation, smaller combustors may be
advantageous with these fast burning fuels. Combust
volume will need to balance the need for extended
residence time for CO burnout and limited residence
time to limit NQ, formation across the range of fuels to
be burned.

= Acoustic oscillations: The potential for generating
undesirable acoustic pressure oscillations whengusi
and LSI system in a utility-sized gas turbine is
unknown. Widening of the engine fuel specificatitms
include hydrogen-based fuels may increase the
potential for unacceptably high pressure fluctustio

= Large mass flow: Increased flow through the turbine
section will occur due to the higher fuel mass #ow
associated with hydrogen-containing fuels.  The
possibility of gas turbine compressor surge exasts
will need to be examined for the selected gas terbi

= Natural gas fuel circuit transition: Pure hydroggas
has been shown to be interchangeable with natasl g
thus, the natural gas fuel circuit can deliver biogs.
However, if “ultra high” hydrogen syngas is used
instead of pure hydrogen, the interchangeabilityhef
fuel with natural gas degrades as hydrogen content
decreases. Injection of such a fuel through tharaht
gas circuit will result in excessively high fuelegssure
drop. Significant redesigns of the fuel and comibust
systems are called for. A cost-benefit analysis is
necessary to establish the optimum system hydrogen
concentration level.
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