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Low-power gas turbines have been widely used for decades as combined heat and power. In the recent years, they
received increasing interest with respect to applications such as range extenders in the automotive sector and for

In this framework, the present work analyzes the combustion stages optimization of an intercooled regener-

ative reheat gas-turbine system, for a low power gas turbine. In particular, a thorough analysis was carried out to
identify the optimal combustion system configuration in order to ensure suitable turbine inlet temperature and
global efficiency of the thermodynamic cycle higher than 40%. Starting from the typical intercooled regenerative
reheat gas turbine system, several configurations were analyzed. In particular, air bypass systems were intro-
duced as suitable strategy able to tune the combustion chamber working temperatures and turbine inlet ones,
according to operating requirements and combustion unit specifications. Furthermore, different bypass ratios
were considered, analyzing the effectiveness of air bypass systems in terms of efficient combustion and reduced
pollutant emissions (CO and NOy).

An innovative cyclonic flow burner, assumed to operate under MILD (Moderate or Intense Low oxygen
Dilution) combustion conditions, was considered as main combustion unit and in the reheat process. In this
respect, the choice was motivated by the well-established high fuel flexibility and very low pollutants emission
typical of such a combustion unit and the MILD process.

Analyses were performed considering methane as fuel, which is currently the most used fuel in land-based
applications. However, results here reported have general validity and may be directly applied with respect to

the use of innovative energy vectors.

1. Introduction

One of the driving challenges of the present century is the achieve-
ment of effective energy systems capable of satisfying the still growing
energy demand while ensuring, in the long term, their sustainability.
This imposes the simultaneously reduction of the use of fossil fuels and
the increasing integration of renewable energy sources, in order to
mitigate the global warming by reducing the CO, net emission in the
atmosphere [1]. Along this road, the technological perspective focuses
on boosting the use of renewable sources and alternative fuels [2-4],
and increasing the efficiency of energy production systems [5].

In the case of gas turbines, the efficiency increase has been achieved
by increasing the maximum temperature turbine inlet temperature
(TIT). Consequences of this approach are the need of increasingly

sophisticated cooling techniques for the blades [6], the use of thermal
barrier coatings [7] or special materials such as nickel-based super al-
loys [8]. However, more complex configurations and special materials
imply higher costs. On the other hand, increasing operating tempera-
tures entails increasing NOy formation through thermal routes [9]. In
this respect, systematic resort to lean and ultra-lean combustion condi-
tions is often required to mitigate working temperature levels and,
consequently, thermal NOy formation [9]. However, lean and ultra-lean
conditions may lead to the approach combustion instabilities and effi-
ciency losses.

Unlike large-scale gas turbine plants, usually combined with steam
plants, in medium and low power gas turbines systems the wide use of
radial turbines instead of axial ones entails the not feasible imple-
mentation of blade cooling techniques. In this case a significant increase
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in the efficiency of the respective Brayton cycle can be achieved using
several technological solutions as intercooling, reheating and regener-
ation [10-12]. Remarkably, all these techniques may be used simulta-
neously [13] and their coexistence allows for significant increases in
efficiency, with moderate TIT values. Furthermore, several other stra-
tegies can be implemented in order to significantly increase the system
efficiency. Among them, beneficial increase of the system efficiency can
also be achieved with techniques such as humidification, already opti-
mized for extended range vehicle applications of micro-gas turbines
[14].

In these approaches, a micro gas turbine (mGT) is used, coupled with
electric generators for recharging the batteries in automotive applica-
tions [15,16], thus realizing an ideally unlimited range extension (RE) of
electric vehicles. In this respect, several studies are in progress on the
optimization of the Brayton cycle of such turbo gensets [16-19]. A key
point in such systems design is represented by the need of optimizing
both the system configuration and operating parameters in order to
ensure the attainment of the maximum efficiency at both the turbine
stages and for the combustion process. This latter, in particular, is driven
by the fundamental prerequisites of specific temperature levels, com-
bustion stability and reduced pollutant emissions. Such a requirement
poses some relevant issues related to the fact that the optimized oper-
ating conditions for combustion and turbine stages often do not match
each other, even being antithetical in some specific cases.

In this framework, the present study focuses on the combustion
stages optimization for a low-power, intercooled, reheated and regen-
erative gas turbine configuration, simultaneously ensuring high effi-
ciency and moderate operating temperature levels for the expansion
stages. To this aim, a bypass strategy of the only gas flows incoming in
both the combustion chambers was proposed. In particular, the flow
bypassing the combustion stage was supposed to recover heat from the
combustion chamber and then mixed with the combustion products
coming from the combustion chamber itself. The resulting stream was
supposed then expanding in the turbine stages located downstream the
combustion ones. In this respect, the effect of the bypass degree was
analyzed, by verifying the required constrains in terms of global system
efficiency, operating temperatures and pollutant emissions levels.

In particular, a cyclonic flow burner [20,21] operating under MILD
combustion conditions [22,23] was considered as main combustion unit
and in the reheat process. In this respect, despite conventional com-
bustion regimes, MILD combustion allows to achieve uniform and stable
combustion, with both moderate operating temperatures and reduced
pollutant emissions. Indeed, under MILD conditions the high dilution
and consequent local low oxygen levels prevents the stabilization of
deflagrative/diffusive structures, while entailing an oxidation process
mainly controlled by local mixture ignition mechanisms under moderate
temperature and distributed over the whole combustion chamber vol-
ume [24,25]. Distributed ignition makes MILD combustion a highly fuel-
flexible and resilient process. Indeed, the chemical evolution of the fuel
oxidation is almost independent of the specific fuel type and operating
conditions in terms of thermal load and fuel/air ratio [26]. Power plants
and/or systems in which MILD combustion technology is used extend
their operating range to a wide palette of different and innovative fuels
(ammonia, hydrogen, etc.), overcoming the limitations usually hinder-
ing their utilization in conventional burners. In addition, the high
resiliency of the oxidation process under MILD conditions allows to
continuously adapt the thermal load to the specific demand, without
compromising the combustion efficiency and the pollutant emissions
[27].

The combustion process analysis was carried out considering
methane as reference fuel. However, the adopted methodology show
very general validity, thus being also relevant to the effective imple-
mentation of alternative fuels [28] or methane blending with hydrogen
and ammonia [29,30].

The novelty of this work precisely lies in the bypass ratio optimiza-
tion for the combustion stages of the considered mGT configuration,
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implementing the MILD technology for the combustion process. This
allows to provide useful insights with respect to feasible industrial ap-
plications of MILD combustion for mGT systems, for which the perfor-
mance optimization is mainly achieved by humidification and
hybridization techniques.

2. Methodology

An intercooled regenerative reheat gas turbine configuration
devoted to the range extension of electric vehicles, equipped with a
regenerator recovering heat on the outlet of the second turbine to pre-
heat the incoming air stream fed to the first combustion system (re-
ported in Fig. 1 along with the respective operating characteristics), was
considered.

For the sake of simplicity, a single shaft configuration was consid-
ered, however the same analysis and combustion parameters optimiza-
tion can be equally applied also to 2-shaft engines. In particular, this last
option would allow compressor and turbine to operate at their respec-
tive optimal rotational speed.

For this reference system, an optimization procedure was performed,
specifically focused on the combustion stages. This was carried out in
order to identify the most effective configuration and optimal operating
conditions ensuring stable combustion, acceptable pollutant emissions
(namely CO and NOy) and suitable operating temperatures (reported in
red in Fig. 1), while meeting the operating requirements reported in
Table 1 [16,17]. In particular, the optimization methodology was based
on a parametric numerical analysis. Firstly, the most influent operating
parameters for the analysed burners were identified, with respect to the
reported requirements, afterwards the implementation of suitable so-
lutions to ensure combustion stability, required temperatures levels and
low pollutant emissions was analysed. In this respect, fundamental
prerequisites driving the performed optimization analysis of the com-
bustion stages were the turbine inlet temperature limit, fixed at 1370 K
to be compatible with specific alloys of turbine elements for medium
temperature applications [31], and the air mass flow rate equal to 6 kg/h
for each kW of thermal power (kWt), essential to ensure a global effi-
ciency higher than 40 %. From these operating requirements, a recursive
procedure was applied, in order to determine the optimal setup of the
identified strategy to meet the needed targets.

A cyclonic-flow burner, extensively described in literature [32,33]
and operating under MILD combustion conditions [22,23], was
considered for both the combustion units of the configuration showed in
Fig. 1. Such a choice is driven, to some extent, by the inlet flow re-
quirements and turbine inlet temperature limit shown in Table 1 to
reach a thermodynamic cycle global efficiency higher than 40 %. Since,
at the indicated flow conditions, the reactant mixture falls outside the
flammability limits of the reference fuel in air (actual %CH4 = 1.07 vol,
LFLcys = 4.4 % vol [34]), a combustion process not relying on a def-
lagrative structure stabilization but on distributed ignition [22], like the
MILD combustion, is much more suited.

In this respect, MILD combustion process ensures wide range of
combustion stability, moderate operating temperatures, flexibility to the
fuel type and reduced pollutants formation [20,32].

With reference to the cyclonic burner, briefly it consists in 2:107> m®
prismatic chamber, with two anti-symmetrical couples of inlet tubes for
oxidizer and fuel, orthogonally placed with respect to the outflow sec-
tion, located in the reactor bottom face center. Such a configuration
allows to establish a cyclonic flow in which the intense internal recir-
culation of combustion products induced by the centripetal motion
covers a prominent role to attain a stable MILD conditions, without the
use of complex external recirculation systems or elaborate injection
strategies.

Starting from the reference configuration reported in Fig. 1, the
combustion performance of both the burners of the gas turbine system
were numerically evaluated. Then, ignition and oxidation times were
analyzed with reference to the operating requirements reported in
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Fig. 1. Intercooled Regenerative Reheat gas turbine system configuration to be optimized.

Table 1
Operating requirements, burners and Brayton cycle specifics.

Turbine inlet temperature limit, 1370 Maximum cycle pressure, bar 8.7
K
Air mass flow rate, kg/h-kWt 6 Compression ratio m; 3.3
Tin Air Burner By, K 1020 Compression ratio 7 5 2.9
Fuel CH4 Expansion ratio n; 2.7
Total thermal power, kWt 20 Expansion ratio 1y 3.2
Tin Fuel (Tp), K 298 Compression efficiency nc, % 80
Single burner volume, m® 2.10"%  Expansion efficiency nr, % 85

Heat transfer coefficient, J/m?- 75.37 Required global efficiency 1, >40
K-s %

Table 1 in terms of inlet air temperatures, fuel and air flow rates,
operating pressure and nominal residence times. Afterwards, air bypass
systems were proposed as suitable strategies to optimize the combustion
process in terms of stable combustion, low pollutant emissions and
required turbine inlet temperatures. In particular, bypass strategies are
already used in conventional burners for mGT, such as premixed (e.g.
the AE-T100 kW), non-premixed (MTT Enertwin 3 kW) swirl stabilized
flame or jet stabilized (e.g. DLR burners developed for these applica-
tions) systems. However, in the proposed analysis this strategy has been
combined with cyclonic MILD combustors, thus coupling the benefits of
both technologies.

The effectiveness of the proposed bypass strategies was investigated
as a function of bypass number, location and intensity. In particular, for
each proposed configuration, a two steps optimization procedure was
carried out: first, the optimal bypass ratio was identified by analyzing
the combustion performance for each burner in terms of operating
temperature, combustion stability and pollutant formation minimiza-
tion; then, energy balance for each component of the whole system
configuration was performed, in order to verify the achievement of the
required global system efficiency. Specifically, this latter was evaluated
in agreement with Eq. (1):

(LT| + LTZ) B (LC| + LC:) _ Lnet

= 1
% Qn W

where Lt and L¢ are the turbines power output and the compressors
power input respectively, whose difference is equal to the system net
power Ly, while Q is the total thermal power input (20 kWt).

In detail, with respect to the combustion performance evaluation of
both the burners reported in Fig. 1, these were modelled as Perfectly
Stirred Reactors (PSR), provided by CHEMKIN PRO [35] package, with a
volume of 2 - 10~ m® and a nominal thermal power P = 10 kW each,

using methane as fuel and air as oxidant stream.

Numerical analyses were performed utilizing such a OD approach
since both the internal fluid dynamic configuration of the cyclonic
burner and the key features of reactive structures associated with MILD
combustion suggest a PSR behaviour. In this respect, the cyclonic flow
field entails an intense and continuous mixing between recirculating
combustion products and inlet fresh reactants, with very low mixing
timescales compared with the characteristic chemical ones. This results
in distributed reaction zone, involving the whole reactor volume, with
almost uniform temperature and species distribution, thus emulating a
PSR behaviour [36]. On the other hand, MILD combustion demonstrates
nearly homogeneous characteristics at the macroscale [37], while at the
microscale it shows reactive kernels evolving through both homoge-
neous [37] and diffusive structures [38]. In this respect, several nu-
merical studies highlighted the importance of homogeneous processes
(0D), especially for premixed feeding modes, wherein a PSR emerges as
an appropriate reference paradigm [39].

Simulations were performed in both adiabatic and non-adiabatic
conditions. Specifically, for this latter case the heat transfer coefficient
was set equal to 75.37 J/m>K-s, as estimated in a previous work [40],
while a heat exchange area of 0.12 m? was imposed since characteristic
of the considered burner [27,41]. The external ambient temperature for
the heat exchange quantification was set as logarithmic mean difference
between the inlet and outlet air bypass temperatures [42]. Furthermore,
combustion stability and pollutant formation were investigated by using
the C;-C3 detailed kinetic mechanism [43].

3. Results
3.1. Evaluation of the system combustion performance

Preliminary analyses were performed in order to numerically eval-
uate the combustion performance of both the burners of the gas turbine
system, following the system configuration showed in Fig. 1. In partic-
ular, these were modeled as Perfectly Stirred Reactors (PSR), in adia-
batic conditions, in order to analyze the possibility of stabilizing the
oxidation process for the inlet conditions reported in Table 1.

As reported in Table 2 these conditions impose the burners working
in extremely fuel-lean conditions, at equivalence ratio values equal to
0.103 and 0.115 respectively. In particular, with respect to Burner B,
the air inlet temperature Ty, = 1020 K ensures the reactive mixture
ignition, although the combustion system shows very poor performance,
as testified by the low operating temperature (T; ~ 1220 K) and very
high CO emissions (~10* ppm). On the other hand, the resulting inlet
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Table 2

Computed operating conditions of Burner B; and Burner B, with reference to
system configuration reported in Fig. 1.

%CH,4 ™™, vol
%0, ™, vol
%N, ™, vol
%Ar ™, vol
equivalence
ratio

Ti, K

Ty, K

Burner B,

CO 15 %02, ppm

1.07
20.77
77.15
1.00
0.103

1224
987

~10*

Burner B,

%CH, ™™, vol
%CO, ™, vol
%H,0 ™, vol
%0, ™, vol
%N ™, vol

%Ar ™, vol
equivalence
ratio

Ts, K

1.07
1.07
2.13
18.43
76.34

0.96
0.115

ouT
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respectively, in order to cover a wide range of possible operating states.
The ignition delay times were evaluated under batch conditions [35],
while a PSR model was employed for the oxidation times evaluation
[35], as reported in Section 2. For this latter, the air mass flow rate was
set equal to 120 kg/h, as required for a total thermal power input equal
to 20 kWt.

With respect to Fig. 2a, monotonic decreasing trends characterize
Tign as a function of the operating pressure for all the investigated
temperatures. In particular, ignition delay time decreases from 0.5 s
down to 0.01 s at increasing T from 950 up to 1100 K, as expected. On
the other hand, oxidation times 7. increase by increasing the operating

pressure and ranges between 0.3 s and 2.2 s, as reported in Fig. 2b, with
opposite trend with respect to Tig,. Finally, the nominal residence time
(grey area in Fig. 2b) always remains lower than 0.45 s for all the
investigated pressure and temperature values. Specifically, this behavior
entails a reactant mixture residence time lower than the characteristic
one required to totally convert it to complete combustion products ().
Consequently, such a condition entails incompatible oxidation and
nominal residence times, resulting in incomplete and essentially inef-
fective combustion process for the operating conditions of interest re-
ported in Table 1. This results in significant emissions of partially
oxidized species (CO). Indeed, as shown in Fig. 2¢, CO levels in the ex-
hausts are always ranged between 10%-10° ppm, testifying the require-
ment for suitable improvements to increase the process performance.

conditions of Burner By in terms of temperature (T ~ 990 K) and
mixture composition do not allow the oxidation process stabilization.

Therefore, in order to identify the main parameters to be optimized
and, consequently, suitable strategies aiming at ensuring stable and
effective combustion with low pollutant emissions and required turbine
inlet temperatures, further focalized numerical analyses were
performed.

In particular, ignition delay times Tig, (time at which a temperature
increase equal to 10 K with respect to the non-reactive conditions oc-
curs), oxidation times Tox (time to achieve the stationary system tem-
perature) and nominal residence times (ratio between the reactor
volume and inlet volumetric flow rate) of a reactant mixture evolving
under the conditions reported in Table 1 were analyzed and showed in
Fig. 2, along with the computed CO emissions. Specifically, a parametric
analysis was performed by varying the operating pressure and temper-
ature in the range 1 bar < p < 15 bar and 950 K < T < 1100 K,

3.2. Optimization of the system configuration: Burner B

Results analyzed in Section 3.1 highlighted the need of identifying
suitable strategies ensuring the reactants ignition and their complete
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05 L [ —T=950K 7
I 20 __T=1000K g
—_—T= r o
04 =950 K F ---T=1050K oL
L - =T=1000K 1.5 - _—.T=]100K 2
w2 -
503 ---T=1050K | % |
; - —-T=1100K L
0.2 + i /,,r/
N [ [
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Fig. 2. (a) Ignition delay times (tig), (b) oxidation time (7o) and numerical CO emissions (c) as a function of operating pressure and temperature. CH,. Reference
conditions reported in Table 1.
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and stable oxidation, while meeting the operating targets of Table 1. To
this aim, it is essential to investigate useful configurations able to ach-
ieve compatible reactor residence times and reactants mixture oxidation
ones. In this respect, among the possible effective strategies (i.e. larger
reactor volumes, reduced thermal power etc.), the partition of the total
air flow rate fed to the first reactor, coming from the regenerator system,
was investigated. Such a solution was selected since it can beneficially
affect the combustion process by increasing both the nominal residence
times and the equivalence ratio values in the burner, as showed in Fig. 3,
both essential to achieve stable combustion conditions. Specifically, air
bypass ratio levels %R; = ﬁo 100, on mass basis, were system-
atically investigated in the range 10<%R; < 90, corresponding to
equivalence ratio values of the Burner B; ranging between 0.1 and 1 and,
consequently, nominal residence time between 0.2 and 1.6 s.

In this framework, the proposed system configuration was shown in
Fig. 4. In particular, the air bypass stream was supposed to absorb the
heat exchanged by the reactor and then mixed with the combustion
product outgoing from the burner itself. In this respect, the heat ex-
change analysis between the bypass air and the burner external surface
would need an in-depth and dedicated study, according to the design
strategies adopted for bypass systems such as enveloping or passing
through the combustion chamber. However, this is beyond the aim of
presented paper, therefore the approach here proposed of using the
bypass air to recover the burner exchanged heat is only conceptually
analyzed since representing a simple and feasible configuration to meet
the needed requirement in terms of global system efficiency.

In particular, the influence of air bypass ratio %R; was analyzed by
evaluating its impact on combustion stability, pollutant emissions and
operating temperature levels of the Brayton system configuration.

In Fig. 5 operating temperatures and pollutant emission levels are
reported as a function of the air bypass ratio %R;. With reference to
Fig. 5a, by increasing %R; the Burner B; temperature (T;) mono-
tonically increases. Such a result is expected, due to the resulting
equivalence ratio increase with %R;, as showed in Fig. 3, that in turn
ensures the oxidation process stabilization. In particular, T; ranges be-
tween 1200 and 1750 K for Ry = 10 % to Ry = 90 % respectively. The
corresponding global heat exchange of the burner consequently varies
between a minimum of 4 % (R; = 10 %) up to 40 % (R; = 90 %) of the
total inlet thermal power level (considering both the fuel thermal input
and the inlet air sensible enthalpy). This, in turn, results in air bypass

1.8 1.4
- Burner Bj, p=8.4 bar, Tair=1020K

1.6 INY
17,
GJ /4 7
g 11 o
= 'g
9]

S
S.:)' 1 N ()8 9]
D )
g 15
»n —
2 08 106F
206 2,
g 104°
S 04 ]
10
0.2 0.2
(} PR B L L L [T | L1 P | L ()

0 10 20 30 40 50 60 70 80 90
%R1, m/m

Fig. 3. Nominal residence time and equivalence ratio of Burner B, as a function
of air bypass ratio R;. T, = 1020 K, p = 8.4 bar.
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temperature profile (T4) monotonically increasing from about 1100 K up
to 1185 K as a function of %R;.

Similarly, the inlet gas temperature profile of Turbine T; (Ts)
smoothly increases by increasing %R;. In particular, the Turbine T; inlet
temperature ranges between 1190 and 1260 K for all the investigated %
R, approaching the Burner B, exit temperature (T;) by decreasing the
air bypass ratio, as expected. On the other hand, inlet temperature of
Burner By (T3), corresponding to Turbine T; exit temperature, keeps
almost constant and in the range 950-1000 K. These low temperature
level affects the oxidation process effectiveness in the second combus-
tion stage (Bo). Indeed, a very low temperature increase characterizes
the gas flow outgoing from Burner By, as testified by the turbine inlet
temperature T3 in the range 970-1030 K.

Nevertheless, it is worth noting that the partition of the total air flow
rate fed to the first reactor entails stable combustion and inlet temper-
atures for both the turbines of the investigated configuration always
lower than the allowable limit of 1370 K, not exceeding 1260 K and
1030 K respectively.

With respect to pollutant emissions characterizing both the burners
of the system configuration, NOy and CO levels normalized at 15 %04
are reported in Fig. 5b as a function of %R;. Specifically, NOy emissions
always stay below 4 ppm, for all the investigated conditions, due to the
moderate combustion operating temperatures. Instead, CO emissions
show different behavior depending on the considered burner. In
particular, a non-monotonic trend characterizes CO levels of Burner By,
with a minimum of about 20 ppm located around R; = 87 % (corre-
sponding to an equivalence ratio equal to 0.8) and increasing CO
emissions for both higher and lower %R;. Specifically, as previously
shown in Fig. 3, R1 < 87 % entails the decrease of both the nominal
residence times (<1s) within the reactor and inlet global equivalence
ratio (<0.8), thus resulting in lower operating temperatures (T; < 1700
K, Fig. 5). This affects the combustion process performance by entailing
a lower conversion of the inlet fuel to complete combustion products
and, thus, increasing CO emissions. On the other hand, for Ry > 87 % the
lower oxygen availability due to the inlet equivalence ratio increase
entails increasing CO emissions, as reported in previous works [20].
Instead, CO levels of Burner B, always keep higher than about 7 - 10°
ppm, independently of the investigated bypass ratio of the Burner B;.
This behavior can be ascribed to the very short residence times (<0.05 s)
and low operative temperatures (<1050 K) characterizing the second
combustion stage. These operating conditions entail incomplete fuel
oxidation, similarly to what highlighted in Section 3.1 with respect to
the Burner B; in the configuration without the air bypass system.

3.3. Optimization of the system configuration: Burner By

The analysis reported in Section 3.2 highlighted the effectiveness of
the investigated air bypass strategy to optimize the operating conditions
for the first burner of the considered gas turbine system configuration.
Furthermore, it also pointed out the scarce combustion performance of
the second combustion stage (Burner By).

In this respect, in order to attain effective combustion and allowable
CO emission levels also for Burner By, an optimization strategy similar as
though for the first combustion chamber of the gas turbine system was
proposed. In this respect, the effectiveness of a further partition of the
total inlet flow fed to the second reactor (Burner By) was investigated, as
reported in the configuration of Fig. 6.

Specifically, the bypass ratio R; was set equal to 87 %, identified as
optimal operating condition for Burner B in terms of operating tem-
peratures, CO and NOy emissions, while the bypass levels proposed for
the second burner (%R, = % ¢ 100, on mass basis), were systemati-
cally investigated in the same range proposed for Burner B; (10 < %R»
< 90).

In this respect, in Fig. 7 operating temperatures, CO and NOy emis-
sion levels for Burner By as a function of the air bypass ratio %Ry are
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Fig. 6. Scheme 2: System configuration with bypass strategies for both the burners.
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Scheme 2: Influence of air bypass ratio R2 (R1=87%)
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Fig. 7. Scheme 2: Operating temperatures (a), CO and NOy emissions (b) as a function of the bypass ratio of Burner B, (%R5). Ry = 87 %.

shown.

With reference to Fig. 7a, operating temperature levels show
coherent profiles to those obtained for Burner By, with increasing trends
by increasing %R5.

In particular, Burner B, operating temperature (T3) increases from
about 1040 K up to 1700 K, while air bypass temperature levels (Tg) are
ranged between 1030 and 1150 K. The resulting turbine inlet temper-
atures also show a monotonic increasing trend and, in particular, they
keep always lower than the maximum allowable limit of 1370 K. With
respect to Fig. 7b, CO emission profile show a non-monotonic trend as a
function of %R, in agreement with the CO emission trend of Burner B;
reported in Fig. 5b, with the minimum located at R, = 85 %. On the
other hand, NOy emissions keep very low in the whole investigated %R
range, not exceeding 5 ppm.

Hence, as R; = 87 % for Burner B;, Ry = 85 % (corresponding to a
global inlet equivalence ratio equal to 0.78) was identified as optimal
bypass ratio value for Burner By. This is able to ensure effective and
complete oxidation of the reactant mixture, with CO and NOy emissions
keep lower than 60 ppm and 2 ppm, respectively, and inlet temperature
for Turbine T, of about 1220 K. Moreover, the identified optimal bypass
ratios allow both the burner and the turbines of the system to operate in
very similar conditions.

Finally, the achievement of the required global energy efficiency of
the optimized Brayton system configuration with bypass strategies for
both the burners was evaluated with respect to %R; (Fig. 8), in agree-
ment with Eq. (1). In this respect, for all the analyzed conditions in terms
of %R, the system global efficiency n keeps always higher than the
minimum required target (n > 40 %), with an increasing trend by
increasing %Ra.

In particular, the considered intercooled regenerative reheat gas
turbine system, with optimized combustion stages by bypass strategies
(R; = 87 % and Ry = 85 %) ensures a global energy efficiency of about
49 %, testifying the effectiveness of the investigated solutions also with
respect to this target.

The gradual slight increase of global efficiency as a function of %R is
correlated both to the increase of combustion efficiency (due to the
reduction of CO) and to the slight increase in the inlet temperature of the
second turbine. This last parameter increases the expansion work and
therefore the network of the analyzed system, thus resulting in an
increased system efficiency. Finally, starting from a higher turbine inlet
temperature, the turbine outlet temperature is also increased, allowing
greater heat recovery, with a further improving effect on the global

56 .
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Fig. 8. Scheme 2: Global energy efficiency as a function of the bypass ratio of
Burner B, (%R5). %R; = 87.

energy efficiency.

4. Conclusions

In the present work the optimization of the combustion stages of a
typical intercooled regenerative reheat gas turbine system was carried
out, with specific focus on system operating temperatures, turbine inlet
temperature levels and pollutant emissions (CO, NOyx). A cyclonic-flow
combustion chamber operating under MILD combustion conditions
was considered as innovative combustion unit implemented in the
analyzed configuration, in order to meet the requirements of stable
combustion, moderate operative temperatures and minimized pollutant
formation. In particular, the best operating conditions for methane
combustion have been outlined through the investigation of different
system configurations.
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The preliminary analysis performed to evaluate the combustion
performance under the specifics reported in Table 1 highlighted the
need of identifying useful strategies able to achieve compatible reactor
residence times and reactants mixture oxidation ones. In this respect, the
partition of the total inlet flow rate for each burner by bypass systems
was proposed as suitable strategy to ensure both longer nominal resi-
dence times and higher equivalence ratio values for both the combustion
stages.

In particular, the system configuration with bypass ratios equal to Ry
= 87 % and Ry = 85 % was identified as optimal solution for the
considered intercooled regenerative reheat gas turbine system, with
turbine inlet temperatures lower than the imposed limit of 1370 K, CO
and NOy emissions lower than 60 ppm and 2 ppm respectively and a
global energy efficiency of about 49 %.

In this framework, the proposed analysis can represent a useful
methodology to simply identify and assess suitable strategies to optimize
the combustion stages of gas turbine thermodynamic configurations,
especially for the use of unconventional energy carries, such as low
calorific (raw biofuel) and no-carbon fuels, for which the combustion
process optimization still represents the main issue.
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