Using Hydrogen as Gas Turbine
Fuel

Paolo Chiesa This_ paper_addresses the possibility to burn hy_drogen in a large size, heavy-duty gas
turbine designed to run on natural gas as a possible short-term measure to reduce green-
house emissions of the power industry. The process used to produce hydrogen is not
discussed here: we mainly focus on the behavior of the gas turbine by analyzing the main
operational aspects related to switching from natural gas to hydrogen. We will consider
the effects of variations of volume flow rate and of thermophysical properties on the
matching between turbine and compressor and on the blade cooling of the hot rows of the
gas turbine. In the analysis we will take into account that those effects are largely em-
phasized by the abundant dilution of the fuel by inert gases (steam or nitrogen), necessary
Luigi Mazzocchi to control the .NQ emissions. Three strategies will be considered to adapt the original
CES] ma_chlne, d_e5|gned to run on nat_ural gas, to operate proper_ly with dl_Iuted hydroge_n:
Milano Italy; variable guide vane (VGV) operations, increased pressure ratio, re-engineered machine.
’ The performance analysis, carried out by a calculation method including a detailed model
of the cooled gas turbine expansion, shows that moderate efficiency decays can be pre-
dicted with elevated dilution rates (nitrogen is preferable to steam under this point of
view). The combined cycle power output substantially increases if not controlled by VGV
operations. It represents an opportunity if some moderate re-design is accepted (turbine
blade height modifications or high-pressure compressor stages addition).
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1 Introduction consequent variation of the operating conditions is therefore much
larger than for the mere fuel substitution, calling for an analysis of
important role in a world with severe constraints on greenhoutﬂe _opportunity(or neqessityof design_modifications tc_) th(_e gas

. ; : P "Wibine. The paper discusses these issues by considering some
gas emissions. In the power industry, its utilization as gas turbi Sssible adaptation techniques, by discussing their operational

fuel can be proposed under several possible scenarios, depen I | L h It . |
on the mode of Kl production. For instance, hydrogen can beem%iser?cnférﬂosgz&e?%u%eu?amg the resulting combined cycle

produced remotely from renewable energy soutsetar or wind
or from nuclear energyia direct thermal conversion or by elec-
trolysis), but in a more realistic and near-term vision it will be2 NO, Control

derived from conventional fossil fuels by conversion ProcessesGenerally speaking, three methods have been used to reduce
including CQ sequestration. Possible solutions includ@:re- NO, emissions from gas turbine power plan(i$:premixed com-
mote coal conversion to hydrogeia gasification, shift, and pystion, including catalytic combustiofij) fuel dilution, mostly
separation from C¢) and H pipeline transport to the power sta-py steam, water or nitrogefiii ) removal from exhaust gases. For
tion, (i) integrated hydrogen and electricity production from cogdatural gas applications, the first technique is the preferred one: at
or natural gas, exporting pure hydrogen to remote users, and usjigsent, the “dry low-emission” combustors are proposed by
on-site low-grade hydrogen to produce poWgy, (iii) electricity manufacturers for virtually any gas turbine model. Their basic
generation from combined cycles integrated to fossil fuel decairinciple is to achieve a moderate flame temperature by forcing
bonization(applicable to coal, oil, or gasnd to CQ capture[2].  more air than stoichiometric in the primary zone; this is obtained
Fuel cells and B0, semiclosed cycles may represent future opsy mixing air to fuel before the combustion. Catalytic combustors,
tions for power generation, but combined cycles coupled 40 hbften referenced as the future technology for extremely low emis-
production/CQ sequestration processes can be proposed asiéns, just enhance the same principle, allowing for a much larger
short/mid-term solution for massive greenhouse gas emission fate of premixing, no longer limited by flame stability limits.
duction. When switching to hydrogefor to hydrogenated fuels, such as
This paper addresses the possibility to burn hydrogen in a largie coal syngas used in IGCC plangemixing becomes a very
size, heavy-duty gas turbine designed to run on natural gas, fofj@estionable practice, due to the much larger flammability limits
prompt application of the above general concepts, regardlessaoid the lower ignition temperatures of hydrogen with respect to
the process used to produce hydrogen and its integrations with tiegural gas[3]. Therefore both dry low-emission and catalytic
combined cycle. We will focus on the behavior of the gas turbinepmbustors cannot be safely proposed for large industrial applica-
by considering the effects of the variation of volume flow ratesons, to the authors’ knowledge, simply because hydrogen
and of thermophysical properties, related to switching from natpromptly reacts when mixed to air at typical gas turbine condi-
ral gas to hydrogen. These effects are emphasized by the fact tiwts, at virtually any rate. In fact, IGCC combustors, handling a
NO, emission control relies on fuel dilution with large quantitiesCO-H, mixture with H, content from 25 to 40%, are diffusion
of inert gases, like steam or nitrogen, as discussed in Sec. 2. Tuners and pre-mixed combustion was never attempted. Massive
steam or nitrogen dilution is extensively used in these combustors
Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN  [4] to control NQ,. In diffusion burners, the stoichiometric flame

EOC'ETY OF MECHA(;"CA# ENG'NEERSfOLgUb”CﬁgOH in the AStME OtU?hNAIL ?F temperaturgSFT) is representative of the actual flame tempera-
NGINEERING FOR GAS TURBINES AND WER. Paper presented a e Interna- : H

tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jurt%re.‘ SmCtly related to the ’.\IO forr_nat|on rate. .
16-19, 2003, Paper No. 2003-GT-38205. Manuscript received by IGTI October Figure 1 shows a collection of literature data, mostly retrieved

2002; final revision March 2003. Associate Editor: H. R. Simmons. from a GE experimental investigation with hydrogenated fuels

Hydrogen, as a carbon-free energy carrier, is likely to play

Journal of Engineering for Gas Turbines and Power JANUARY 2005, Vol. 127 | 73
Copyright © 2005 by ASME



1000 I ] L 30 T 2800
% { no dilution ; ﬁtowhltometrlc ture. .
0 i | ame temperature: ;
%SA) hyfiroge T 25 : P : 2700
1 7 c . |
suggested range = 2600 <
for all fuels 5 o
© 2500 £
Q o Q
Q ]
o "g g‘
8 100 & e 2400 2
= L2 &
3 —56‘I/o hydrogen 2300
b4
I
/ | _natural gas 2200
0O 1 2 3 4 5 6 7 8
74 . )
7 | range for IGCC a Steam diluent / hydrogen mass ratio

10
2000 2100 2200 2300 2400 2500 2600 2700 2800 30 ‘ - ; 2800

Stoichiometric flame temperature, K stoichiometric 1
flame temperature

. ) . _ ) 25 t--- = A i e i 2700
Fig. 1 Relation between NO , emission and stoichiometric : ‘ volume ’
flame temperature, progressively reduced by steam dilution, ; | ' flow rate :
for gas turbine diffusive combustion at 12—16 bar with different 20 ft----- poooes AN e oo V6 SRR 2600

fuels. Nitrogen is the balance gas for 56% and 95% hydrogen.

15 D 2500

reported by Todd and Battistd], showing a relation between
SFT and NQ emission for various fuels in typical gas turbine

Percentage variation
Temperature, K

10 e frebowo bS] 2400

conditions. It is clear that the utilization of undiluted, Hrings i ‘—l AN

about unacceptable levels of emission and that the SFT must be 5 A e 7 '\:;‘ 2300
greatly reduced to have emissions comparable to power industry | i ientk}lal ; dro:
standard$25—-45 ppmvdl A reasonable value of 2300 K for SFT S S SRS SN SR N 2200
can be stipulated to meet this standards, even if more experience 0 2 4 6 8 10 12 14 16

must be gained to set precise indications.
The third technique mentioned abogremoval from exhausts b
includes:(i) selective catalytic reductio6CR by means of am-
monia injection(a very well-known methoxl (ii) the Sconox pro-
cess, recently proposed for extremely elevated removal rates, R respect to the reference natural gas case. Curves are
ing adsorption-desorption on potassium carbonate beds. Thga&yn as a function of the added diluent flow rate: the upper
techniques can be used downstream effireled gas turbines, as giagram refers to steam, the lower diagram to nitrogen.
well as for conventional units. However, their cost and size are
basically related to the amount of N@moved(about 2000 $/ton
for SCR, 6000—8000 for ScondMajor and Power$6])). Their
utilization can be proposed to reduce emissions starting from
moderate concentratidifor instance from 100 to 10 ppmbut the
incidence on the electricity cost would be excessive when starti
from many hundreds of ppm, as for, ldombustion(especially for
Sconoy. Therefore, excluding premixed combustors and limiting
the SCR to “finishing” applications, dilution techniques seenB Effects of Hydrogen Combustion
mandatory for hydrogen utilization in gas turbine combustors. on Turbomachinery

The selection of steam and nitrogen as the possible diluents is | h ion | |
quite straightforward. Steam is always available in a combined COmMpared to natural gas, hydrogen combustion leads to a lower

cycle and can be extracted from the steam turbine at any press’ﬂ\?s flow rate and to a different composition of the product gases,
and at any reasonable rate. Nitrogen is available “for free” iif/ith an higher water content that in tumn influences the molecular
processes including air separation, i.e., in any coal or refine\fsg'ght and the specific heat of the mixture. The most relevant
residual gasification plant: if the hydrogen used by the gas turbiRGECtS On the operation of a gas turbine drga variation of the

is produced on site from decarbonization of syngas from hea{thalpy drop in the expansiofii) a variation of the flow rate at
fuels, nitrogen will be surely present in large quantitiesee, for € turbine inlet which, in turn, affects the turbine/compressor
instance, Lozza and Chief2]). In such plants, it is also possible Matching, i) a variation of the heat-transfer coefficient on the
to use saturation of the hydrogen-rich gas by means of war?Hter side of the turbine blades, affecting the cooling system per-
water coming from the syngas cooling: it makes available 'f"mance.

steam-diluted fuel without extractions from the steam turbine. In
some other hydrogen production processes, nitrogen is “natllij

Nitrogen diluent / hydrogen mass ratio

Fig. 2 Variation of the SFT and of the inlet volume flow rate
d isentropic enthalpy drop of a hydrogen fueled gas turbine

raélly" available: this is the case of natural gas decarbonization by

means of an air-blown autothermal refornj@;8], producing a

ﬁﬁnthesis fuel consisting of a 50—-50#pproximately, by volume
xture of H, and N,, perfectly suited for NQ abatement.

3.1 Influence of Fluid Composition Variation on Turbine
nthalpy Drop and Inlet Volume Flow Rate. Figure 2a)
Throughout the discussion we will assume that nitrogen for dilution is av.';lilablgéhOWS the influence of hydmgen CombUStI@!ﬂI presence of a

at no energy cost at atmospheric pressure. This assumption is actually verified if\ﬁ@:riab_Ie flow of _d”UtiUg Steamo_n_ the isentropic enthalpy drop of
plant incorporates a low-pressure air separation unit. a turbine at a given inlet conditionT& 1450°C, p=17 bar) and
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atmospheric outlet pressure, compared to the corresponding natu-,\A i
ral gas fired case. Compared to natural gas, the simple hydrogen & M\ i
combustion increases the enthalpy drop by about 5%, a variation
that increases as long as the amount of added steam rises. Assum-
ing the working fluid as an ideal gas, since the isentropic enthalpy
drop can be evaluated through the expression

Pressure ratio

TN
Ahis:J Cp(MdT=cp(Tin—Trn,s), \ ™ _ § o
Tenis ~ c??éa{;:tenstlcs
a
it is possible to distinguish the effect due to the variation of aver- T\ standard angle
agecp and the one due to the variation of the temperature drop
through the expansiofibeing the latter influenced by the exponent 4//"@
of the isentropic transformation, i.e., the specific-heat rafio IGVs C

Increasing steam dilution entails an enhancement of the mixture -

specific heat but a simultaneous decrease of the expontt Non dimensional flow (Grc,n)
reduces the temperature drop and consequently increases the tur-
bine outlet temperature. Fig. 3 Typical compressor characteristic curve at constant ro-

The second axis reports the stoichiometric flame temperaturtitional speed. Different lines correspond to different settings
resulting from the combustion. It shows that a diluent torhass ©f the variable guide vanes angle.
ratio of about 7 is required to keep this temperature at 2300 K:
correspondingly the enthalpy drop increases by about 12% with
respect to the natural gas case. lar mass reduction. This increase becomes more and more impor-
Figure Za) also quantifies the variation of the volume flow ratdant whenG+ y grows up due to the diluent addition. Therefore
at turbine inlet resulting from the hydrogen combustialways in ~ switching from natural gas to hydrogen makes impossible to op-
comparison with the natural gas fired casehe same amount of erate the gas turbine on the same running p6iet, at the same
combustion air and the same combustion temperatl460°Q VGV angle, pressure rati6G¢ y and Tt ).
are assumed for all the cases and therefore also jhitoit rate Assuming thatA andA’ are the design points on the compres-
increases as long as the diluent flow rate increases. Notice thas@ and turbine mapéFigs. 3 and # of the natural gas fueled
the case of no dilution, although the mass flow rate of combustiomachine, three different regulation strategies can be envisaged:
products reducesabout 2%, considered that hydrogen LHV is (i) Letting the compressor to work at the same poéAtat the
119.95 MJ/kg versus 44.77 of natural jahe volume flow rate same VGV anglgand reducing thel' , to restore the fluid-
increases by about 3% due to the change in compoditmtecu- dynamic matching between compressor and turbine. The expander
lar weight of this mixture reduces from 28.27 to 26.93 kg/kmol runs at the design poimt’:
This effect amplifies when dilution is considered. At steam to H (i) Letting the VGV angle andl'+y at their original value,
mass ratio of 7 the mass and volume flow rate increase by 1184 1y can be adjusted by increasing the pressure rét@,mov-
and 20%, respectively. ing from A to B on the compressor characteristics while the tur-
Figure 2b) reports the analysis as far as nitrogen is consideréghe running point moves from’ to B’). If the compressor is not
for dilution. The different scale on the abscissa reflects thatchoked, the higheg also reduces the mass flow rate and helps to
much larger diluent to fuel ratio is required to determine a givefeset the matching. If the required pressure ratio exceeds the avail-
SFT abatementabout twice, sincecp of N, is approximately able surge margin, one or more high-pressure stages must be
one-half ofcp of steam. Therefore dilution greatly affects the added to the compressor.
mass flow rate and, consequently, the volume flow catack (iii) Letting Tty and B at their value, equilibrium can be
dotted ling. On the contrary the effect of nitrogen dilution on thefound by closing the VGV'’s and reducir@c i . The correspond-
turbine enthalpy drop is virtually negligible since a large amouritg running point moves from to C in Fig. 3. If condition de-
of nitrogen(from combustion ajris already contained in the mix- picted by pointC exceeds the available surge margin, additional
ture so that even a large diluent addition does not substantiadifages are required. The turbine running point remains unaffected
modify the fluid properties. so thatC’ overlapsA’.

3.2 CompressofTurbine Matchin Because of the varia- Remarking that the actual regulation can be carried out by
tion' of the v%lume flow rate cause%l. by the different féahd adopting all the three strategies at the same time, it is evident that

additional dilueny, using hydrogen affects the original matchin h(;]fgisnte%ng i?:r:jbt:érl]%git |r&teecrzsgnvg3h3|ncer'g]deupc):ggfo;_rﬁ:rgcf_e ofa
between compressor and expander in a gas turbine originally 8éts of the )Ilatter strate ies):)n theyc cle-bﬂileNrformancé will be dis-
signed to run on natural gas. A different running point will be s 3 9 yclep

where mass flow rate and pressure ratio will restore the fluid-
dynamic equilibrium between the two turbomachines. Typical op-
erational curves are shown in Figs. 3 and 4, for a single shaft
arrangement operating at fixed rotational spéhd only solution
adopted for large industrial gas turbine&or high performance
axial compressors with several transonic stages, used in advanced
gas turbines, the characteristics show that the mass flow rate is
virtually constant when the inlet is choked. To improve partial
load operations, variable geometry guide vatMGV'’s) are used
on several stator rows, affecting the characteristic lines as shown
by Fig. 3.

The operating line of the expander at constant speed is reported -
in Fig. 4. When the machine is fueled with hydrogen, having a Pressure ratio ()
higher heating value than natural gas, the mass flow Gt
reduces for a give compressor airflow. Nevertheless the nonglig. 4 Typical turbine characteristic curve at constant rota-
mensional flowGg 1y slightly increases, because of the molecutional speed

fg

A B’
Cl

flow (Gr7.n)

Non dimensional
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Table 1 Thermophysical properties at 1000°C and 10 bars o a

o, Cp, wx10°, kx 10%, | /
kg/m®  KkIkgK ~ Pas  W/mK  p®S%l323,07 /

Air 2736 1.183  50.109  83.164 73.84 i
Steam 1702 2482 48241 135465 98.15 /
Co, 4158  1.289 49524  81.696 98.09 -y

cussed laterSec. 5, but it can be anticipated that off-designx
operations imply a substantial change of the gas turbine pow

output. Therefore considerations about mechanical stresses
heavily influence the regulation strategy: dealing with such limit
is beyond the scope of the present analysis but they must be c:
fully considered.

The hydrogen combustiofand related dilution also entails
substantial changes in the shape of the velocity triangles, due

\
\
\
a /)] l
|

T / T /

the increase of the enthalpy drop and volume flow rate that influ-
ence the flow velocity and its axial component, respectivelyy g Temperature—heat-transfer area diagrams showing dif-
Given that the flow is accelerated along the gas path, the turbieent situations in the simplified cooling circuit of Fig. 5. Tem-
blades can operate efficiently even for incidence angles sensipbtature profiles have the same meaning of Fig. 5: from left,
different from the design value and these changes in the velocibgy refer to coolant, inner blade wall, outer blade wall, main
triangles consequently have small effects on the turbine perf@as stream. The continuous lines refer to the original situation,
mance. A more relevant efficiency decay can be caused by the dashed ones to modified conditions.
increase of the kinetic energy loss at the exhaust due to the in-
creased flow rate for the same exhaust area.
Table 1. On the contrary, steam dilution determines an increase of
the thermal flux since the heat-transfer coefficient for steam is
higher than for air. A secondary effect is an increaségf; due
“the higher average velocity of the gas stream along the flow

3.3 Blade Cooling. Hydrogen combustion and additional
dilution affect the cooling system under two different aspects:

« the varied composition of the hot stream enhances the c
vective heat-transfer coefficient on the outer side of the bla Sth related to the higher available enthalpy drop.

increasing the thermal flux with negative consequences on €y ha,gh the calculation model used for the final discussion

pe.rft?]rmﬁnﬁe of the COO“”? circult; th tive heat-t ec. 5 considers the current gas turbine cooling circuits includ-
€ higher preéssure ratio increases the convective heat-ranglef gy, cooling and multipass channels, the behavior of a cooling

;;r?eﬁ|C|fT_nts on b(.)tth Elade S|dfes and thedtemperature of air useq.fil, it in consequence of a change in the main stream composition
€ cooling circuit whose performance decays. can be better discussed by considering a very simplified convec-

Effect of Flow Composition. The correlation proposed by tive cooling circuit. It consists of a single internal duct run by the
Louis [9] allows us to evaluate the average heat-transfer coeffiooling fluid whose blade transverse section is schematically
cient on the outer side of the blade: shown on the left side of Fig. 5. The temperature profiles along

the blade height are shown in Fig. 5, right side. The blade can be

(pv) considered a cross-flow heat exchanger, where the cooling flow

hour=0.28 D037,07 ensures that the highest metal temperature remains within the

K stipulated limit.

wherev is the main stream speed referred to the cascade exitEnhancing the thermal flux on the blade at constant cooling

Replacing steam to CQO(as it actually occurs when Heplaces flow rate causes an increase of the temperatures along the profiles
natural gas as fuglhas no significant consequences on the heas shown in Fig. @). The constraint on the maximum metal

flux imposed on the blade outer surface, as it can be argued fre@mperature can be restored either by increasing the cooling flow

O.63CJF.’/3k213

coolant outlet x4 .hi%hest temperature
in the blade metal
channel outlet Bl blade wall
219 .
9 main stream
|
main stream é ; é main stream | °Qolant
heat flux é N7 heat flux t
UX ] ] aDE outer
% 1Y blade
| wall
"
channel inlet I - X
emperature
*Cocﬂant inlet inner blade wall

Fig. 5 Simplified blade cooling model. Blade is assumed as a cross-flow
heat exchanger where heat capacity of the outer stream is infinitely larger
than the one of the inner stream. Main temperature profiles are reported in
the right diagram.
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rate (Fig. 6(b)) or by reducing the temperature of the outer streamTable 2 Main assumptions for reference cycle calculations
(Fig. 6(c)). In hydrogen operation of a gas turbine designed to run

on natural gas, it seems straightforward that the cooling circuit Gas'&“nrqtgig?]t condition: 15°C. 1.0132 bar. 60% RH
does not change and therefore the solution of F) 6annot be Inlet/outlet pressure lossed/3 kPa
adopted. Decreasing the turbine inlet temperatig. 6(c)) ap- Airlexhaust gas flow:633.8/644 kg/s
pears the only feasible alternatite. Pressure ratie17, TIT=1350°C
Natural gas LH\=44.769 MJ/kg, preheated at 185°C
Effect of Pressure Ratio.An increase of the cycle pressure Steam cyclethree pressure Ievel/s, r/eht);eat
ratio influences the blade cooling mechanisms in three main as- Evaporation pressures: 166/36/4 bar

Condensing pressure: 0.0406 bar

pects:(i) the heat-transfer coefficients enhance on both the inner Maximum steam temperature at SH/RH outl665°C
and the outer blade side due to the fluid density incre@sete AT at pinch point=8°C, at SH approach poir25°C
temperature of the cooling air from compressor increasiesthe Auxiliaries consumptior1% of heat rejected

coolant mass flow rate increases because of coolant density i

crease for a given circuit geometry. About the first point, we al-

ready discussed the negative effects ohagr enhancement. On

the contrary, an enhancement lo§go, has positive effects be-

cause it reduces the temperature difference between the fluid and

the metal blade. Nevertheless, the simultaneous and proportioaadl 57.57%predicted for the gas turbine and the combined cycle,
enhancement of the heat-transfer coefficient on both the bla@gpectively, are in good agreement with declared (28220 and
sides due to the pressure ratio increase is not neutral becauss7iB0%. The same holds for power outp{@59.4 and 387.2 MW
increases the heat fluand consequently the temperature dropversus 260 and 390 MW The assumptions of Table 2 were used
across the blade wall, bringing the maximum metal temperatuigr all the cases considered, apart from the gas turbine air flow,
beyond its admissible valugFig. 6(d)). Finally, a coolant tem- pressure ratio, and TIT, varied according to the following discus-
perature increase causes the shift of all the temperature profilesias. In fact, according to Sec. 3, different approaches can be

shown in Fig. ). A temperature decrease of the flow at theidopted to use hydrogen as the fuel; three alternatives will be
turbine inlet is then required to restore the capability of the cootonsidered in the paper:

ing circuit to meet the imposed limitéig. &(f)) although this ) ) ) o
effect is somehow mitigated by the coolant flow increase allowed VGV Operation. In this case no major modifications are re-
by the higherg. quired to the gas turbine provided that the stall margin is guaran-
teed. Additional high-pressure compressor stages can help to re-
cover this margin. Calculation proceeds keeping the pressure ratio
; at the design value, with an inlet airflow reduced to recover the
4 Calculation Methodology matching between compressor and turbine. Given the shape of
The performance prediction was carried out by a computer cogfficiency curves on the compressor méfig. 3), it has been
developed by the authors’ research group during several yearsagumed to keep the compressor efficiency at the design (takie
activities about gas turbine power plants. For a comprehensiygetual variation of efficiency depends on specific design criteria
description, see Chiesa and Macgh0]. As a brief reminder, the and cannot be generalizedThe turbine maintains the original
main features of the code include the ce}pability_ of reproducingsometry(diameters, blade heights, anglemnd cooling circuit
very complex plant schemes by assembling basic modslesh characteristics but runs on a lower TIT in order to maintain the
as turbine, compressor, combustor, steam section, heat exchangge blade metal temperature of the natural gas case. The differ-
etc) and an effective _prediction of the efficiency _of turt_)omachineém enthalpy drop is accommodated by varying the load on each
(gas and steam @ur_bme stages, compreﬁssﬂrthel_r design point stage at constant degree of reaction: according to Sec. 3, effects of
by means of built-in correlations. The calculation process al$gading on the stage efficiency have been neglected, but variations

includes the one-dimensional design of the gas turbine staggfthe kinetic energy at the turbine outlet were kept into account.
useful to establish all the aerodynamic, thermodynamic, and geo-

metric characteristics of each blade row necessary for an accuratéicreasedg. The second approach assumes that the VGV'’s
estimation of the cooling flows and the evolution of the cooletemain full open and compressor/turbine matching is reset by in-
expansion. The cooling model accounts for film cooling, therm&reasing the operating pressure ratio. Calculation proceeds by as-
coatings, and multipassage internal channels with enhanced h&gming that the compressor characteristics is verticahstant
transfer surfaces. These effects are evaluated by means of s@miow). Given the stall margins available on the actual machines,
parameters, calibrated to reproduce the performance of advanttgd really doubtful that this strategy can be adopted without any
gas turbines. The complete procedure is reported in [Réf. modification to the machine design, especially when SFT of 2300

Even if the code is conceived for prediction of gas turbinK are demanded. Probably, one or more high-pressure compressor
performance at the design point only, introduction of conveniestages must be add¢#i2,13 shifting upward the surge limit. In
hypotheses on off-design behavior of turbomachines has mabis case every compressor stage operates very close to the design
possible calculating the performance of hydrogen fueled comeint so that their efficiency can be correctly predicted by the
bined cycles. We suppose that off-design operations are limiteddode built-in correlations. Assumptions for turbine calculation are
the gas turbine because of the extreme rigidity of its design. Hehe same used in the previous case. TIT experiences a more sig-
recovery steam generator and steam turbine can be easily adapiidant decrease, justified by the warmer cooling flows and the
to run at the different conditions resulting from, ldombustion, higher heat-transfer coefficients related to the higher
due to a more flexible manufacturing. . . . L

The “reference” natural gas combined cycle was calculated b Re-engineered Machine.In this case the standard machine is

b

using a set of assumptions reported by Table 2. The main data ;designed to comply with the larger flow rate at the turbine inlet.

the gas turbine are tuned to describe a Siemens V94.3A ur e compressor is virtually unchanged and the turbine blade

representative of a state-of-the-art, heavy-duty, single-shaft nji£/9nt ishincrggsed to accomrg(i)(?aée the I!argﬁr gas ﬂov‘(’j In tgis
chine[11]. The assumptions for the steam cycle calculation reprgPProach, turbine geometry and blade cooling flows are adapted to

duce the present technological standards. The efficiéB8yl7 operate the_ gas turbine at_the_ saeand TIT of the standard
machine. Since the calculation is based on the very same assump-

" 2The rationale underlying this strategy is that the same lifetime of a mat:hitlor‘s used for the natural gas fired machine, this case represents

n . S . .
running on natural gas can be preserved in hydrogen operations by maintainingtlﬁg h|gh.eSt performanpe limit attainable with a hydrogen fueled
same maximum metal temperature. gas turbine of the assigned technology level.
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Table 3 Main results of the investigation ~ (GT: gas turbine, SC: steam cycle )

Fuel Nat. gas Hydrogen, VGV operation Hydrogen, incregded Hydrogen, re-engineered

Diluent none none steam nitrogen none steam nitrogen none steam nitrogen
Dil./fuel mass ratio 0.00 0.00 6.78 14.44 0.00 6.92 15.36 0.00 6.83 14.45
SFT, K 2545 2745 2300 2300 2746 2300 2300 2745 2300 2300
Pressure ratio 17.00 17.00 17.00 17.00 17.05 18.47 19.73 17.00 17.00 17.00
TIT, °C 1350 1339 1316 1340 1339 1305 1319 1350 1350 1350
TOT, °C 585.1 574.7 577.2 574.2 574.1 562.7 548.6 584.0 591.4 569.5
Air flow, kg/s 633.8 631.9 584.1 550.7 633.8 633.8 633.8 633.8 633.8 633.8
Gas flow, kg/s 644.0 632.7 623.5 631.1 634.6 676.5 728.2 634.7 678.1 725.9
Fuel flow, kg/s 15.02 5.58 5.67 5.562 5.59 6.02 6.11 5.66 6.31 6.31
Diluent flow, kg/s 0.00 0.00 38.44 79.67 0.00 41.71 93.78 0.00 43.10 91.21
Mapy 0.441 0.437 0.442 0.437 0.439 0.479 0.504 0.441 0.441 0.441
Cooling flows, kg/s 139.8 138.0 138.4 138.1 138.3 146.2 149.0 143.6 168.9 163.1
GT output, MW 256.8 264.5 292.0 297.6 265.1 314.4 340.5 266.3 323.8 342.7
SC net output, MW 130.4 125.6 91.5 125.3 125.7 92.1 132.4 130.1 104.9 142.1
N, compressor, MW 0.0 0.0 0.0 42.7 0.0 0.0 54.3 0.0 0.0 48.9
Total output, MW 387.2 390.1 383.5 380.2 390.9 406.4 418.6 396.4 428.7 436.0
LHV efficiency, % 57.57 58.32 56.38 57.46 58.32 56.25 57.15 58.35 56.60 57.57
5 Discussion of Results versus 92.4 on a polytropic basiand brings the nitrogeffrom

The general results of the investigation are reported in Table mospheric pressurdo a larger pressure than combustion air

showing details ofi) the reference natural gas cycl#) the three 2 times, §u_ff|0|ent for fuel m'x'”g-.Th.erefore the power output
pure hydrogen fueled cases, calculated according to the strate§igd the efficiency reduce with Ninjection, mostly due to the
described in Sec. 4jiii) the three hydrogen cases with steanfiPove quoted effects regarding Bompression: the cycle thermo-
dilution to achieve 2300-K SFTjv) the same cases repeated foflynamics is practically unmodifie@iifferently from steam injec-
nitrogen dilution. Figures (&)—(f) reports the most relevant pa-tion, strongly affecting the cycle with larger efficiency losses
rameters of the calculated cycles as a function of the SFT, i.e., by5.2 Results at IncreasedB (Constant Air Flow). When

varying the hydrogen dilution rate. using pure hydrogen as the fuel, results are very similar to the

5.1 Results With VGV Operations (Constant 8). As dis- previous caséa negligible variation of3 here, of airflow there
cussed in Sec. 3, pure hydrogen combustion products show supe-the contrary, significant differences arise with large dilution
rior heat-transfer capabilities and a lower TIT must be seled®d ratios: a larger pressure ratio is required to accommodate for the
K—see Table B To keep the same pressure ratio, the airflovarger gas flow at the same airflow and turbine nozzle area. TIT
remains almost unchanged, as well as the heat ifigtl¥/), for a must be reduced to keep into account for the higher coolant tem-
number of reasons related to the variations of molecular maggrature(a consequence of the larggf, in addition to different
inlet temperature, nozzle COOling flow. The gas turbine power ilh-eat-transfer properties of steam-rich mixtures. F|gl(|© Zand
crease$3%y), due to a larger turbine enthalpy drop, but the steampple 3 show thap must be increased to 18.5 for steam and to
cycle loses some powgs MW), due to a lower TOTabout 8 K 19 7 for N, if the SFT should be kept at 2300 K, requiring the
and gas flow. The total power slightly increas@7% and a aqgition of at least one compressor stage. Compared to VGV op-
better efficiency is predicted. Note that this efficiency increase lsations. the TIT reduction is much largéfig. 7(c)) because of
not related to any improvement in the power cycle. It just depenﬁ}e high‘er coolant temperatuté36°C atB=19.7 versus 406 at
on the thermodynamic properties and on the different lower he 217), even if slightly larger cooling flow rates result from in-
inf? \_/alu; of the fueldin fact, the higher heating value reduce creaséd@ assuming that coolant passages are unmodified
efficiency). ' . - L

When using steam dilution, we obtaiwith respect to the un- _The lower TIT is the main reason. for the lower eﬁlqency_ob-
diluted H, case (i) a lower TIT(Fig. 7(c), i.e., 23 K at dilution for tained for_the_present casésig. 7(b)); ar_10ther reason is the in-
SFT=2300 K), due to the higher heat-transfer capabilities of h feased kinetic energy loss at the turbine exhaust because of the

igher flow rate through the same annulus area. The power output

gases with larger water contefi, a reduced air flowFig. 7(d)), : A ) : .
to accommodate for the added diluent flofiii) a relevant im- (Fig. 7(a)) is much higher than for the cases with VGV operations,

provement of the gas turbine outgidwer compressor power due because the air flow rate is no longer reduced and fL_JII z_zldvantage is
to lower air flow, elevated turbine power due to a larger enthalggken from the added diluent flow. For the 2300-K dilution the gas
drop), (iv) a reduced steam turbine output, due to the steam dirbine power rises to 314 Msteam and 340 MW (N) from
traction. Therefore the total output does not change dramatica# original value of 257 MW. Such a large modification will re-
(Fig. 7(a)) but a different gas to steam turbine power ratio can guire a number of mechanical adaptations and a larger generator
depicted(Fig. 7(f)). A loss of efficiency is predicte(Fig. 7(b): 2 in addition to a modified compressor. Similar situations were en-
percentage points at elevated dilutiphecause of the detrimentalcountered in the development of gas turbines for IGCC applica-
effects of steam/air mixingtypical of mixed gas/steam cycles, agions[12,13.
discussed by Macchi et dl14]). ) ) L
The situation is different with nitrogen dilution, becaugigthe -3 Results for the Re-engineered Machine. This is the
TIT and the TOT do not change significantly, the gas propertiéétuatlon_shOW|_ng the minimum impact on the cycle gﬁlClency and
being very little affected by Naddition, (ii) the compressor air the maximum improvement of the power output. With respect to
flow must be reduced because of nitrogen injection, to keep tH& previous case, a larger power output is accomplished because
Gg 1 v Unchanged(iii) the gas turbine power increases due to thé TIT reduction is no longer necessary, due to the same coolant
lower compression powefjv) the steam turbine power remainstemperaturgunmodified pressure raji@nd to the adaptation of
unchanged(same TOT and gas flow (v) the N, compressor the cooling circuit to the different heat transfer capabilitiéable
power requirement is larger than the power augmentation of tBeshows that cooling flows vary according to the turbine flow,
gas turbing42.7 MW versus 33 for the cases reported in Table 3determining the blade surfaceOn another side, keeping the de-
because it is less efficient than the gas turbine compré85di% sign pressure ratio allows for the optimum cycle configurations:
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the efficiency decays for the same reasons described for VGVTIT = first rotor total inlet temperature, °C
operations(steam mixing or higher pressure of compressed N TOT = turbine outlet temperature, °C

depending on the diluent v = flow velocity, m/s
] VGV = variable guide vanes
6 Conclusions B = compressor pressure ratio

The simulations carried out in this work allow a positive answer Ah = enthalpy drop, J/kg

to the issues related to hydrogen combustion in modern gas tur- ¥ = Specific heat ratio
bines. However, a SFT abatement to about 2300 K seems neces- 7 = efficiency )
sary to comply with NQ emission limits without incurring exces- w = dynamic viscosity, Pas
sive operating costs of the end-of-pipe de-nitrification systems. P = density of the gas stream, kgim
This is possible without dramatic performance losses by meansSibscripts
a massive fuel dilution with steam or nitrogéhe latter providing C = relative to the compressor
minor losses of efficiengy Different strategies have been envis- OL = coolant side of thepblade wall
aged to operate the gas turbine in presence of dilution. Looking%%N —fi "

. . . = final condition
the VGV operated solutiofwhich appears the most likely for the IN = inlet condition
first realization$ the efficiency loss is limited to 0.9 points for IS = isentropic
nitrogen dilution and 1.9 for steam dilution. Equally small is the OUT = outer sFi)de of the blade wall
influence on the combined cycle power output provided that the T = relative to the turbine
gas turbine power output can be increagbyl about 10% in
consequence of the compressor airflow reduction. The other s ferences
tions here investigate@ncreased pressure ratio and re-engineer
maching are not particularly attractive in terms of efficiency but [1] Kreutz, T. G. et al., 2002, “Production of Hydrogen and Electricity From Coal

. . With CO, Capture,”Proc. of the Sixth International Conference on “Green-
provide a much larger power output, an opportunity to reduce the ,;,c’Gas Control Technologieskyoto, Japan.
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