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Abstract

Micro Gas Turbines have to become more operational and fuel flexible, and

carbon clean. Applying cycle humidification and Exhaust Gas Recirculation

(EGR) in combination with Carbon Capture offers a solution. However,

current advanced mGT cycle development is limited by the combustor. To

improve the cycle performance further, stable and complete combustion

has to be achieved under unconventional diluted conditions. Accurate data

predicting the stability and performance of specific mGT combustors under

these diluted conditions are still missing. A comparison between classic

natural gas combustion in an mGT and three diluted cases with water and/or

CO2 using Large Eddy Simulations (LES) is presented in this paper. Results

show that complete and stable combustion was reached for all cases. Although

the flow dynamics are identical, diluted operating conditions lead to a wider

reaction zone. An outlet temperature reduction could be observed in the water

diluted cases due to the higher specific heat of the humidified combustion
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air. Regarding CO emissions, the humidified case presents slightly lower

concentrations (25ppm) compared to the reference case (32ppm), while the

dry EGR case shows the highest values (50ppm). Based on high fidelity LES

results, the feasibility of mGT combustor operating under diluted conditions

has been proven.
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1. Introduction

The more and more visible impact of climate change on our daily life

together with the increasing awareness of the negative impact of air pollution

on human health made that environmental issues have become the biggest

concern of this century. The management of our energy resources and air

pollution are strongly related to the combustion processes involved in trans-

port, industry, domestic heating applications, and power generation. This last

sector is responsible of 33.1 Gt of CO2 emitted in the atmosphere in 2018 [1].

Whereas our current power generation and supply system has to support the

growing energy demand while reducing drastically its CO2 emissions [2], it

also faces another challenge linked to the increasing implementation of renew-

able energy production. The unpredictable fluctuations of renewable energy

sources, like wind and solar, put some severe constraints on the reliability

and stability of the grid. Next to the integration of energy storage, shifting

from centralized to a more decentralized, small-scale production, possibly in

combination with Combined Heat and Power (CHP) production, can offer the
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necessary flexibility to the grid to ensure stable and reliable production [3].

Considering these statements, micro Gas Turbines (mGTs) seem promising

to fulfil the requirements of the future power generation market where the

trend is indeed moving towards decentralized power production [3, 4]. With a

typical net electricity generation ranging from 1 kWe up to few 100 kWe, while

having typical efficiencies ranging 15 to 35% respectively, mGTs have a large

field of application, especially in small-scale CHP production for residential

and public applications, showing high total (combined electrical and thermal)

efficiency combined with low CO2 and NOx emissions [5]. Although having

a lower electrical efficiency than their main competitor, the Reciprocating

Internal Combustion Engine (RICE), the mGT still has some advantages

over the RICE, being lower maintenance costs, lower vibration levels, and

less emission [6]. Nevertheless, mGTs did not really penetrate the market so

far [7].

The adaptability of the mGT systems allows to perform cycle humidifica-

tion, which enables a separated heat and power production control, leading

to increased operational flexibility [8]. Indeed, in most CHP units, thermal

and electrical power production are coupled, and their ratio is thus fixed.

At the same time, for a typical residential user, the demand for electricity

and heat is usually not linked, and can differ quite significantly (e.g., during

summertime, when there is no demand for heat in residential applications).

A lack of demand for heat always leads to a shut-down of the unit, given the

moderate electrical efficiency (e.g., around 30% for the Turbec T100 [9], a

typical mGT). During these periods, performing cycle humidification, and by

doing so, re-injecting part of the thermal power back into the cycle, offers
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a solution. Indeed, humidifying the mGT enables to increase the electric

efficiency of the cycle and thus the operational flexibility of the unit, avoiding

unnecessary shut-down, increasing so the economic profitability of the mGT

[10, 11].

Cycle humidification can be achieved in several ways, going from simple

steam injection to more advanced cycles using saturation towers and addi-

tional heat exchangers. A complete overview of the existing research on the

humidified mGT cycles, and different cycle layouts is presented in [12]. The

micro Humid Air Turbine (mHAT) in particular, introducing water in the

cycle using a saturation tower, was identified as the most promising technol-

ogy and its potential efficiency improvement was confirmed experimentally

[8, 13, 14].

Next to improving the electrical performance, the high cycle adaptability

also offers a solution to make the mGT carbon clean. mGTs are appreciated

for their low carbon exhaust. However, to limit the effects of climate change,

CO2 emissions are still too high and need to be reduced rapidly. Applying

Carbon Capture Utilization and Storage (CCUS) offers a solution to make

the mGT carbon clean. However this require a high CO2 concentration in the

flue gases to keep the capture penalty low. Hence, performing Exhaust Gas

Recirculation (EGR) on the mGT allows to achieve a higher CO2 concentration

in the exhaust gases, reducing thus the energy penalty linked with the carbon

capture [15, 16]. One of the major impacts of EGR on the cycle is the

reduced oxygen level in the oxidizer leading to possible flames instabilities

[17]. Moreover this CO2 enhancement involves an increase of the CO emissions

as well as unburnt CH4. Indeed, due to the displacement of oxygen, as well
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as the increased heat capacity of the oxidizer (resulting from the altered

composition) lower temperatures, reaction rates, and flame speed are observed

in the combustion chamber [18].

Although EGR on mGT cycles reduces the carbon capture penalty, it has

a negative effect on the cycle efficiency itself. Using cycle humidification (e.g.,

converting the mGT into an mHAT) can compensate these efficiency losses

(allowing thus to perform CCUS with a higher efficiency). This solution was

investigated by our research group [19, 20, 21], showing the impact of EGR

on a flexible humidified mGT. This study revealed that mGT humidification

increases the total cycle efficiency, entirely compensating the EGR induced

losses. Humidifying the mGT with EGR opens thus a path for further

investigation.

Although the different advanced cycle concepts have been proven effective

in terms of mGT cycle performance improvement, the impact on the individual

component performance, especially the combustion chamber, still remains an

attention point. So, despite the high adaptability and the recent development

on advanced mGT cycle modifications, it is clear that the combustion chamber

remains the limiting factor for the full employment of the mGT potential. The

mGT operation under diluted conditions can lead to a non-stable, incomplete

combustion with increased CO emissions, negatively affecting the global cycle

efficiency. It is thus essential to have detailed information on the combustion

stability limits. Several experimental and numerical works on the assessment

of the impact of water injection [10, 12, 22, 23, 24, 25] and of CO2 dilution

[15, 16] on the combustion performance and stability in mGTs, are available

in the literature. However, most of these works only consider and describe
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general trends clearly highlighting that the impact of such diluted working

conditions is still too qualitatively studied, while a strong requirement for

a more accurate turbulence modelling, such as Large Eddy Simulation, is

identified. A major advantage of using LES is the possibility to analyse

the instabilities captured by the Root Mean Square (RMS) of the different

physical quantities (in RANS they are only modelled). Besides, numerical or

experimental research on combustion at combined diluted conditions: i.e. at

elevated CO2 and H2O concentration, as it is the case when combining both

EGR and mHAT, is still missing. This lack of knowledge on the combustion

process under these particular diluted conditions limits the technology progress

towards more flexible operation.

The work presented in this paper aims at providing an accurate compari-

son, based on Large Eddy Simulations (LES), of the natural gas combustion

process under different diluted (water and/or CO2) conditions in a typical

mGT, the Turbec T100. This comparison will allow to assess the impact of

water injection, EGR or the combination of both on the combustion stability,

efficiency and emissions. In this article, the advanced cycle modifications, in-

cluding introduction of water and/or CO2 in a typical mGT, the Turbec T100,

is first described. Then the combustion chamber geometry and configuration

are presented followed by the numerical set-up of the LES. Finally, the results

based on a comparison of the stability, flame topology, flow fields, global

performances, and emissions of the combustor are presented and discussed.
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Figure 1: Typical recuperated mGT cycle (in black) with advanced modification for carbon

capture penalty reduction and efficiency improvement such as humidification (mHAT, in

blue) and EGR (in red).

2. Cycles description

Prior to the presentation of the LES set-up and results, it is essential to

present the different considered mGT cycles. The cycles have been selected

based on their major advantages and potential for carbon capture penalty

reduction (EGR), cycle efficiency, and flexibility improvement (humidification),

as demonstrated in recent works [12, 19, 20, 26]. The reference case as well

as the advanced cycle modifications are based on the cycle of a commercial

mGT, the Turbec T100 [9]. As shown in Fig. 1, the considered mGT cycles

are: a typical recuperated mGT cycle (in black, reference case), a humidified

cycle using a saturation tower (mHAT, in blue), a dry cycle with EGR (in

red) and a humidified cycle with EGR (mHAT+EGR).
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2.1. Typical recuperated mGT cycle layout

mGTs operate typically using the recuperated Brayton cycle. As shown by

the black path in Fig. 1, the dry air is first compressed by the variable speed

compressor. Then the compressed air is preheated by the recuperator using

the heat from the exhaust gases before entering the combustion chamber to

be heated further till 950 ◦C by burning fuel [8]. After combustion, the hot

flue gases, at a pressure of approximately 4 bar, are expanded in the turbine

to drive the compressor and to produce electrical power using the generator.

Finally, the heat of the flue gases is first used to preheat the incoming air

in the recuperator, and then the remaining heat is used for thermal power

production by heating water in the economiser.

2.2. Humidified mGT cycle layout

The recuperated mGT can be converted into an mHAT by adding a

saturation tower between the compressor outlet and the recuparator inlet.

Considering the blue path in Fig. 1, the compressed air coming from the

compressor is humidified in the saturation tower by injecting an excess

of hot water in the saturation tower. Part of the water (approximatively

5 % in mass) is evaporated using the heat available from the excess water.

After humidification, the saturated pressurised air is again preheated by

the recuperator using the flue gases, and heated further in the combustion

chamber. The main difference with the typical recuperated mGT cycle

is that no thermal power remains available after preheating the water for

humidification. Indeed, the remaining heat in the exhaust gases is used to

heat the water that will be sprayed into the saturation tower to humidify the
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incoming compressed air. Finally, the evaporated water is replaced with feed

water.

2.3. Dry and wet mGT cycle with EGR

EGR is performed on the dry or humidified mGT cycle by spliting a part

of the exhaust gases, and reinjecting it in the compressor inlet, as shown

by the red path in Fig. 1. Part of the exhaust gases are recirculated to the

compressor inlet: first the gases are cooled down, then condensed water is

separated from the gases, and finally blowed by a fan through a filter up to

the compressor inlet. Besides the altering composition of the inlet air, the

main working fluid pathway of the mGT or mHAT remains unaffected and

similar to the reference case.

3. Combustion chamber configuration

The considered mGT combustor has been inspired on the combustion

chamber of the Turbec T100 mGT [9] which features a can swirl burner layout

(Fig. 2). The particularly challenging mesh generation for industrial gas

turbine combustors, due to the geometrical complexity, requires simplification

with respect to the actual geometry. Therefore, the complex geometry of the

original burner (Fig. 2) has been adapted to a simplified cylindrical layout,

as presented in Fig. 3, for the LES. Despite the simplification, this generic

geometry offers flexibility, and still allows to assess the general trends, required

by the main goal of this paper. Moreover, this geometry allowed to determine

successfully the impact of H2O addition on H2 combustion stabilization [27].

In this layout, the typical characteristics of the real combustor geometry,

such as the length of three times the chamber diameter D, as well as the two
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Figure 2: The Turbec T100 combustion chamber is a reverse (or counter-current) flow can

burner where the combustion air is entering between the outer casing and the inner walls

of the combustor. The air reaches then the dilution holes, the pilot, and main injectors by

passing on the external surface of the inner walls.

flames, pilot and main, have been conserved. As in the Turbec T100 mGT,

the pilot flame is a diffusion flame, fed by 12 air injectors (dinj,air/D = 0.033,

with dinj,air the diameter of the pilot injectors for air and D the diameter

of the combustor) and 6 fuel injectors (dinj,fuel/D = 0.004, with dinj,fuel

the diameter of the pilot injectors for fuel). For the main flame, which is

a premixed flame, the original T100 geometry has two swirlers. The first

one is located upstream to premix fuel and air through 15 guide vanes. The

second one, located downstream and closer to the combustion chamber, offers

a swirled dynamic to the flow, and is adding more air to the mix just before

entering the combustion chamber through 30 guide vanes. To reduce the

computational cost, the designed layout for the simulations presented in

this paper has been adapted to use only the downstream 30 injectors with

dinj,main/D = 0.05 (with dinj,main the diameter of the main injectors, Fig. 3).
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Figure 3: The simulation domain is defined by the inner walls of the combustion chamber

where the total combustion air flow rate is distributed as follows: 5 % in the 12 pilot

injectors (6 for fuel and 6 for air) for the diffusion flame (a), 30 % in the 30 main premixed

injectors (b) and 65 % through the 9 dilution holes (c).

As previously shown by the authors of this paper using LES simulations

[28], this change has no impact on the velocity field. In order to limit the

temperature of the flue gases entering the turbine (to 950 ◦C), the hot gas is

diluted using 9 dilution holes (DH) (Fig. 2), which have also been adopted in

the geometry used for simulations (Fig. 3). In the original geometry (Fig. 2),

the fresh combustion air, passing on the outside of the burner, is preheated by

the convective heat transfer with the reaction zone. In the LES simulations,

the outer casing walls of the can are not modelled (to reduce the mesh size

and the computational cost), but the convective heat flux through the inner

walls is simulated using a wall cooling model, and the combustor inlet air

temperature was thus changed accordingly.

Since the geometry is based on the Turbec T100 combustion chamber, we

opted to use operating conditions as close as possible as those found in the

T100 for the dry reference mGT case [29]. The working conditions are chosen

such that the air-to-fuel equivalence ratio of the reference case corresponds to

the actual ratio of the T100, while the thermal power, injected in the chamber
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Table 1: Operating conditions of the generic combustion chamber for mGT applications.

Total oxidizer mass flow rate [g/s] 400

Pilot fuel injector mass flow rate [g/s] 0.7

Main fuel injector mass flow rate [g/s] 4.2

Pressure [bar] 4

Fuel inlet temperature [K] 288

Air inlet temperature [K] 865

Thermal power [kW] 242

by the fuel, is kept constant for all the four cases. Although, according to

the technical datasheet of the T100 provided by the manufacturer [9], the

mGT has an air mass flow rate of 0.8 kg/s when operating at nominal power

output of 100 kW, we opted to use a reduced combustion air mass flow rate

of 400 g/s entering the chamber at 590 ◦C and 4 bar. Although the T100 is

able to operate with an air flow rate in a range from 600 g/s and 800 g/s

(depending on the operating point) by varying the rotational speed of the

compressor, as shown in [10, 29], the geometry used in this paper requires a

lower air flow rate to ensure that the velocities and the equivalence ratio in the

chamber are similar to those of the reference chamber (typically 120 m/s in

the main injectors [15]). So rather than injecting 600 g/s, a reduced total air

mass flow rate of 400 g/s is injected in the combustion chamber, distributed

over the different injectors and dilution holes as follows (see Fig. 3): 65 %

of the mass flow rate enters the chamber through the dilution holes, 30 %

with the main premixed injectors, and 5 % in the pilot injectors [15, 30, 31].
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Table 2: Mass fraction Yk [·] of the fuel and combustion air composition at the inlet for

each case: typical mGT cycle, humidified cycle, dry cycle with EGR, and humidified cycle

with EGR. The compositions are based on ASPEN simulations from the different cases

[19].

CH4 C2H6 CO2 N2 O2 H2O

Fuel All cases 0.914 0.05 0.014 0.022 - -

Reference - - - 0.7679 0.2321 -

Air mHAT - - - 0.755 0.195 0.05

Dry EGR - - 0.04 0.76 0.2 -

Humid EGR - - 0.04 0.74 0.17 0.05

Given this lower combustion air flow rate, the considered geometry requires

also a reduced fuel consumption of 240 kW with respect to the 330 kW for

the original T100 chamber.

Since the aim of this paper is to assess the impact of H2O and CO2 dilution

of the combustion air, as a result of advanced cycle modifications, on the

combustion performance, simulations are performed using altered combustion

air compositions. As mentioned before, the considered mGT cycles are (Fig. 1):

a classical typical recuperated cycle (reference case in black), a humidified

cycle using a saturation tower (mHAT, in blue), a dry cycle with EGR (in red)

and a humidified cycle with EGR (mHAT+EGR). For the diluted cases, the

cycle modifications lead thus to an additional mass fraction of 5 % of H2O for

the humid cases [32] and 4 % of CO2 for the cases with EGR [15]. For each

case, the simulations were performed with a constant fuel flow rate, meaning

operation at constant thermal power injection was assumed, which is slightly
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different than the actual mGT, that operates at constant TOT. All operating

conditions for the studied cases are summarized in Table 1 and Table 2. From

these tables, it is clear that the different cycle modifications stand out by

a modification of the combustion air. Indeed, water and/or CO2 are added

to the cycle upstream of the CC, involving thus a shift from 0.232 to 0.292

for the fuel-air equivalence ratio (Table 3). The different combustion air

inlet compositions are based on ASPEN PlusR© simulations for the different

cases [19].

4. Numerical set-up

Since the swirled injection leads to a flow with strong shear regions and

high turbulence level, performing scale-resolved simulations provides a better

understanding of the flow behaviour compared to a classical RANS approach.

In this framework, the LES, presented in this paper, are performed using the

massively parallel flow solver YALES2 [33]. This finite-volume code solves

the low-Mach number Navier-Stokes equations using a projection method for

variable density flows. Equations are solved using a 4 th order centred scheme

in space and a 4 th order Runge-Kutta-like scheme in time [34]. The numerical

code has been validated several times for different configurations [35, 36].

Especially, the validated LES of the lean-premixed Preccinsta burner with

wall heat loss is comparable to our case [37].

The mesh of the complex geometry of the mGT combustor includes

33.125 million tetrahedral cells where the cells size in the main injectors is

∆ = 250 µm (∆/dinj = 0.042). The turbulent sub-grid scale stresses are

modelled with the local dynamic Smagorinsky model [38]. The stability of

14



the time integration is ensured with an adaptive time step that keeps the

CFL number under 0.4. Moreover, the selected operating conditions involve

a Reynolds Number Re = 20000 and a dimensionless wall distance y+ = 45

in the main injectors. If the wall grid resolution is such that y+ > 30, a wall

model is required. In our simulations, we use a classical log-law profile as

wall model [39]. For all cases, the simulation ran over 12 convective times

(Tcv = 3D/〈UCC〉 with 〈UCC〉 the mean velocity of the flow in the combustion

chamber) to ensure that the flow is well established. An additional 4 Tcv

were used to obtain the statistics presented in this paper. The total of 16 Tcv

required 215 000 CPUh.

As shown in Fig. 3 and discussed in previous section, the simulation

domain is limited to the inner flow section of the combustion chamber. The

reverse flow in the outer casing (see Fig. 2) is not simulated, however non-

adiabatic conditions are considered for the walls. The wall cooling effect of the

external reverse flow is simulated using a Neumann condition. An exchanged

heat flux of 6 kW is imposed on the walls of the combustion chamber. This

convective heat transfer was obtained out of energy balance calculations with

experimental temperature measurements [8, 31].

The LES of the combustion were performed coupling finite-rate chemistry

to a detailed chemical mechanism. The conservation equations for reacting

flows (mass, species, momentum and energy) are solved by transporting all

species of the chemical mechanism and evaluating the source terms from the

kinetic mechanism. The kinetic scheme DRM19 (21 species and 84 reactions)

is used [40]. A comparison between the DRM19 and the detailed kinetic

mechanism GRI-3.0 (53 species and 325 reactions [41]) has been established for
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Figure 4: 1D laminar flame simulations with both kinetic scheme, DRM19 and GRI3,

showing identical results for the species evolutions for all considered cases.

each case. This comparison is performed using a 1D laminar flame calculation

where the results of the evolution of the different species are consistent and

identical for both kinetic schemes and all operating conditions defined by

the different cases. Fig. 4 shows that the DRM19 provides similar results

compared to the GRI-3.0 for every case, but at a reduced cost.

To ensure that the mesh is fine enough to correctly capture the flame

front, the thermal thickness of the laminar flame is compared with the mesh

size in the reaction area. By simulating the theoretical unstrained 1D flame

for all different cases using the same operating conditions, the thermal flame

thickness could be calculated. Table 3 shows that the flame thickness (δ0L)
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Table 3: Equivalence ratio, laminar flame velocity and flame thickness comparison between

the different cases show that combustion air dilution has only a minor effect.

φ [-] S0
L [m/s] δ0L [µm]

Reference 0.232 1.387 350

mHAT 0.2644 1.191 400

Dry EGR 0.2596 1.228 380

Wet EGR 0.292 1.003 458

is ranging from 350 µm to 458 µm, while the cell size in the region of the

injectors near the flame front ranges from 250 µm up to 1000 µm, which will

lead to under-resolved source terms of the species. The cells size of the mesh

is thus not refined enough to ensure the direct resolution of the combustion

in the flame front. In this framework, a combustion model of artificially

thickened flames is used to predict correctly the combustion and to model

the sub-grid scale turbulence/chemistry interaction on the LES grid. In our

LES, the Dynamic Thickened Flames model (DTFLES) [42] is implemented

by modifying the conservation equations with a thickening factor F and the

efficiency function E of Charlette et al. [43] (considering a static formulation

with β = 0.5), to have the thermal flame thickness δT = F ·δ0L and flame speed

S0
T = E · S0

L where S0
T is the sub-grid scale turbulent flame speed [44]. This

model is suitable for premixed flame as well as for non-premixed flame since

the dynamic formulation of the TFLES model is implemented in YALES2.

In this dynamic formulation of the TFLES model, the thickening factor is

not constant in the domain as proposed and showed by Légier et al. [45] and
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Schmitt et al. [46] in their extended model to non-premixed flames. Therefore,

the combination of the flame sensor, to track the region where the combustion

takes place, with a non-constant thickening factor, makes the model suitable

for both premixed and non-premixed flames. Finally, the authors of this work

would like to stress that the TFLES model is now a well-know and several

times validated model in the literature, for a various range of application

[37, 43, 44, 45, 46, 47]. However, Bénard et al. [37] showed that the CO

prediction remains difficult in LES (combustion model considered or not).

Indeed, the accuracy of the prediction is related to a fine mesh resolution in

addition with the model of wall heat transfer. Hence, the CO overestimation

is a well-know problem when using the TFLES model. Therefore, the main

trend of the CO evolution between the different cases is mainly analysed.

5. Results

In this section, the results obtained for the LES of the swirled flow in

the mGT combustor, considering the 4 different cases including the reference

case (typical recuperated mGT cycle), the humidified case, and the both dry

and wet EGR cases, are analysed. The global performance of the burner in

normal and diluted conditions is studied with a qualitative approach, using

stability, flame topology and flow fields. Additionally, a quantitative analysis

on the emissions is presented as well.

5.1. Stability and flame topology

Swirled burners are widely used in gas turbine, and mGT in particular,

given their enhanced flame stability. Indeed, they promote recirculation inside

the combustion chamber [44]. When the geometry of the injectors results in a
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Swirl number S higher than 0.6, the flow shows an Inner Recirculation Zone

(IRZ) and an Outer Recirculation Zone (ORZ) (Fig. 5) generated by the rapid

expansion of the swirling flow in the combustion chamber. By reintroducing

hot products in the reactive zone as a result of the high recirculation rate,

flame stabilization is promoted, which leads to extended flammability limits

[44]. Hence, the geometry is set up for a Swirl number [47, 48]:

S =
Gθ

R ·Gz

=

∫ R
0
ρ uz uθ r

2 dr

R
∫ R
0
ρ u2z r dr

= 0.707, (1)

at the main injection considering an injection angle of θ = 45◦, where this

definition compares the axial flux of tangential momentum Gθ to the axial

momentum flux Gz with R the outer radius of the cylindrical injector. The

streamlines from the time-averaged velocity 〈U〉, shown in Fig. 5, allow to

highlight the development of the ORZ and IRZ in the combustion chamber.

A first ORZ and IRZ stand out in the pilot diffusion flame region where

the main stream between these both recirculation zones joins downstream

the centerline stream in the main part of the combustor. Additionally, the

main premixed flame also develops a toroidal ORZ generated by the rapid

expansion of the swirling flow and confined by the walls of the chamber. The

IRZ of the main flow is stretched by the ORZ and is led by the centerline

stream coming from the pilot flame. The centerline stream is accelerated by

the swirling stretched IRZ due to the exchange of momentum.

A first indicator to analyse flame stability and topology in a qualitative

way is using the 3D heat release visualisation. Indeed, as illustrated by

Fig. 6, the iso-contour of the time-averaged heat release is compared for the

reference case, mHAT case, and both dry and wet EGR cases at the same
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Figure 5: The streamlines from the time average velocity 〈U〉 allow to highlight the

development of the Outer Recirculation Zone (ORZ) and Inner Recirculation Zone (IRZ).

value (5× 108 W/m3). For this level of heat release, the 3D visualisation of

the flame front appears more stable and better attached for the reference case

whereas the dry EGR case shows a lower and smaller flame front. Furthermore

a clearly less developed flame front for this level of heat release can be observed

for the both humid cases (mHAT and mHAT+EGR). Although the analysis

does not allow to discuss the full flame stability, we can conclude that the

humid cases raise a flame with a lower heat release, but certainly a more

spread reaction along the CC as will be shown in Fig. 11.

The temporal fluctuation of the thermal power released by the reaction in

the combustor gives an additional clue for the stability assessment. Indeed,

Fig. 7 allows to compare the time evolution over four convective times Tcv of

the dimensionless ratio of the computed thermal power Pr released by the
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REFERENCE mHAT Dry EGR Wet EGR

Scan for the clip

Figure 6: The iso-surfaces of the time-averaged heat release allow to compare the flame

front of the reference, the mHAT, and both dry and wet EGR cases (from left to right).

reaction over the theoretical power of the combustor Pin:

Pin = ṁfuel · LHV (2)

Pr =

∫
V

ω̇T dV, (3)

where LHV is the Lower Heating Value of the fuel, and ω̇T the reaction rate.

We can observe in Fig. 7 that there are only limited fluctuations around the

ratio Pr/Pin = 1, involving a stable and complete combustion for all cases.

Indeed, when looking at the Table 4, we can conclude that the combustion is

stable for all considered cases, since the average value of the ratio Pr/Pin is

close to 100 % and shows a maximum standard deviation of the fluctuations

of 2.9 %.

Flame stability and topology analysis showed that the diluted cases present

the same flow dynamic as the reference case with the appearance of ORZ

and IRZ in the same region, and similar velocity and TKE profiles. However,

lower peaks of heat release and a more spread reaction are observed in the

diluted cases compared to the reference case. Finally, the results showed that
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Figure 7: Time evolution of the dimensionless thermal power Pr over the power of the

combustor Pin for stability comparison shows that the combustion is stable for all considered

cases with a maximum deviation of the fluctuation of less than 10 %.

stable combustion is achieved for all considered cases with minor fluctuations

of the thermal power produced by the combustor.

5.2. Flow fields comparison

In this section, the LES results of the different cases are analysed and

compared in a qualitative approach using 2D cross-sectional color maps

along the axial axis. These color maps only show the reaction area (region

Table 4: Comparison of the released thermal power and its fluctuation in the combustion

chamber under diluted conditions shows only limited fluctuations around the ratio Pr/Pin =

100% with a maximum standard deviation of 2.9 %, indicating stable combustion is achieved

for all cases.

Reference mHAT Dry EGR Wet EGR

Mean value Pr/Pin [%] 99.94 99.39 100.23 99.57

Standard deviation Pr/Pin [%] 2.89 2.41 2.57 2.84
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REFERENCE mHAT Dry EGR Wet EGR

Figure 8: 2D cross-sectional color maps of the time-averaged axial velocity (a) and time-

variation (b) show no significant differences between the cases, but allow to highlight the

recirculation areas.

of interest), not showing the dilution holes (DH) and outlet regions (until

Z = 2D on Fig. 3).

As expected, the time-averaged (Fig. 8 (a)) and RMS velocity fields

(Fig. 8 (b)) are very similar for the four cases. Indeed, we did not expect that

the applied modifications of the air composition would have an impact on the

flow dynamic given the relative small changes in the composition (5% H2O and

4% CO2 addition). The influence of different combustion air composition on
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the flow structure remains minor given the high Reynolds number. These

results show that the flow is well established in the combustion chamber (first

clue for stable combustion for each case), and the symmetrical shape of the

time-averaged and time-variation fields ensure that the simulations run over

sufficient convective time. Furthermore, the recirculation area of the flow is

clearly visible in Fig. 8 (a) (the blue to dark blue regions (0 to −32 m s−1))

highlight the reverse flow with negative velocity values, affording then the

conclusion exposed in the previous section. Given this choice of color scaling,

the area of reverse flow are highlighted with the negative values of velocities

(these results converge with the conclusions of the previous section).

The time-averaged distribution of the temperature (Fig. 9 (a)) shows that

a global lower level of temperature is reached in both wet cases, especially

in the region beneath the flame front in comparison with the reference case.

For the dry CO2 dilution, a temperature decrease is also observed, however,

less pronounced. The temperature levels are the lowest for the wet EGR case,

suggesting that combined EGR with H2O addition would generally reduce the

NOx emissions compared to the dry ref case and even below the level of the

mHAT and dry EGR cases. Regarding the RMS variation (Fig. 10 (a)), water

and CO2 addition show to have no significant impact on the temperature

variation for the main flame, involving thus no additional perturbation on

the temperature field and on the combustion stability. Nevertheless, the

variations are slightly less intense in the region of the pilot flame for the wet

EGR case in comparison to the reference case case, and to a lesser extend for

the mHAT and dry EGR cases, leading thus to more stability.

When looking at both the time-averaged (Fig. 9 (b)) and RMS heat release
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Figure 9: The effect of water and/or CO2 addition on the combustion can be observed on

the time-averaged 2D cross-section color maps of the temperature (a), reaction rate (b),

CO2 (c) and CO (d) concentration taken along the axial axis for the reference, mHAT and

both dry and wet EGR cases.
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Figure 10: The effect of water and/or CO2 addition on the combustion stability can be

observed on the time-variation (RMS) 2D cross-section color maps of the temperature (a),

reaction rate (b), CO2 (c) and CO (d) concentration taken along the axial axis for the

reference, mHAT and both dry and wet EGR cases.
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(Fig. 10 (b)), we can clearly observe that the mHAT and both dry and wet

EGR cases show a slight wider reaction zone with lower maximal values,

compared to the more intense reaction in the reference case. The reaction rate

for both humidified cases is clearly lower than the heat release of the reference

case, and to a lower extend the dry EGR case, with a time-averaged value

around 6× 108 W m−3 against 9× 108 W m−3 in the flame region. Moreover,

the color map of the reaction rate of the reference case shows also a smaller

fresh gases zone in the flame front, while diluted cases result in a wider

reaction area. In addition, humidification does not only prevent peaks of

reaction, it also reduces the heat release variations (Fig. 10 (b)), resulting

in similar levels for both humid cases, leading therefore to a more stable

combustion. In these simulations, we worked with low H2O content in the

combustion air while more variations are expected when going to higher levels

of H2O dilution.

Regarding the CO2 mass fractions, we can observe that the results show

similar trends along the radial axis of the combustion chamber (Fig. 9 (c)).

On the one hand, the reference dry mGT and mHAT cases, having no CO2 in

the combustion air, produce same order of magnitude of CO2 emissions. On

the other hand, both dry and humid EGR cases result in higher CO2 levels

in the exhaust gases. Since these cases operate with a higher CO2 content

of the combustion air entering the chamber, outgoing levels must be higher.

Correcting for the initial 4 % CO2 in the combustion air as a result of the flue

gases recirculation in the EGR cases, the same range of CO2 emissions are

reached for all cases. Regarding the distribution of the RMS CO2 levels, similar

results are observed for all cases. Hence, we can conclude that water addition,
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considering a limited fraction, does not have any effect on CO2 emissions, and

the EGR with CO2 dilution neither, since in both cases, complete combustion

was still achieved. This trend was also found by De Santis et al. [15].

For the time-averaged distribution of the CO concentration (in mass

fraction) in the chamber (Fig. 9 (d)), the same conclusion made for the

heat release analysis can be drawn for the CO: in general, the CO levels

are relatively low in the chamber, and the highest levels are mainly located

near the flame front with a slightly wider distribution for the diluted cases.

Whereas an increase in CO levels might be expected for both humidified

cases due to lower temperature levels, on the contrary a slight decrease is

observed for the mHAT case. An explanation can be found in the relative

low H2O addition, limiting this effect. When going to higher H2O fractions, a

more profound impact is expected. Additionally, as expected, in regard to the

higher initial CO2 content, a slight increase of CO concentration is observed

for the dry EGR with higher peak levels. The most pronounced CO increase

is however linked to the wet EGR. Although the wet EGR case shows only

the same levels of CO peak emissions as the reference case in the flue gases.

However the distribution is far more spread, increasing the total quantity

compared to the reference case. This conclusion is confirmed using a volume

integral on the domain to obtain qualitative values, as presented in more

details in the next section on the prediction of the flue gases emissions. Finally,

the time-variation comparison (Fig. 10 (d)) shows that both conjugated effects

of water and CO2 dilution have a significative impact of the CO time-variation

where the distribution is less concentrated and more spread in the combustion

chamber with lower peaks of production for the wet EGR case. This trend is,
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to a lower extend, also observed with the mHAT case, while the dry EGR

shows a similar profile as the reference case.

5.3. Prediction of the flue gas emissions

The comparison of the performances and the emissions of the combustor

are characterized using the azimuthal average profiles of temperature, reaction

rate, and mass fractions of CO2 and CO at 3 axial positions along the chamber:

in the region of the flame front at Z = 0.75D, before the DH at Z = 2D, and

at the outlet Z = 3D (see Fig. 3). The time-averaged and the RMS quantities

are studied for the reference case (in black), the humidified cycle (in blue),

and both dry (in red) and wet (in grey) EGR cycle. Fig. 11 represents the

temperature and the dimensionless heat release profiles, while the profiles of

the mass fraction of the CO2 and CO profiles are presented in Fig. 12. Finally,

we wanted to stress that the x-axis is not kept constant for each plane to

better highlight the shape of the different profiles.

When looking at the evolution of the temperature along the radial axis

(y-axis) for the different positions in the combustion chamber (Fig. 11 (a)), a

constant shift from 50 K up to 80 K along the chamber from the flame front

(Z = 0.75D) to the DH (Z = 2D) can be observed between the dry and humid

cases. This shift is a result of the higher specific heat of the combustion air

due to the water addition. This discrepancy slightly decreases to maximum

30 K after the DH. At plane Z = 3D of each profile, as mentioned before,

combustion air is injected in the combustion chamber to lower the turbine inlet

temperature to lower the thermal fatigue and to avoid mechanical failure. This

dilution is responsible for the drop of the temperature on the upper side of the

radial axis (close to the wall) and also for the reduced CO2 and CO fractions
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Figure 11: Comparison of azimuthal time-average temperature and reaction rate and RMS

profiles for the different cases: the reference case (in black), the humidified cycle (in blue),

and both dry (in red) and wet (in grey) EGR cycle in 3 positions along the chamber: in

the flame front region at Z = 0.75D, before the DH at Z = 2D, at the outlet Z = 3D,

shows that H2O dilution involves a temperature decrease, while CO2 dilution leads to a

shift in reaction rate.
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Figure 12: Comparison of azimuthal time-average CO2 and CO and RMS profiles for the

different cases: the reference case (in black), the humidified cycle (in blue), and both

dry (in red) and wet (in grey) EGR cycle in 3 positions along the chamber: in the flame

front region at Z = 0.75D, before the DH at Z = 2D, at the outlet Z = 3D, shows that

CO2 remains mostly constant, while there is a negative effect on CO due to CO2 dilution.
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(Fig. 12 (a) and (c)). Clearly, this dilution air does not penetrate to the

centerline, since the temperature, CO2 and CO fractions are still constant in

this region.

Moreover, the temperature profiles (Fig. 11 (a)) are consistent with the

velocity flow fields (Fig. 8 (a)). Indeed, the temperature drop at Z = 0.75D

corresponds to the region of the injection jet where a velocity peak stands out.

In addition, this region corresponds to the flame front region since a peak of

reaction rate can be observed in the related figure (Fig. 11 (c)). Furthermore,

as global observation, the flow becomes more homogeneous and uniform along

the chamber with a fall of the fluctuations at Z = 2D (just before the DH)

for the temperature, and in general for all quantities (Fig. 8, Fig. 11 and

Fig. 12). This trend is similar for all simulated cases where a damping of

the time-averaged profiles and a drastic decrease of the RMS values can be

observed.

Finally, the average (in time and space) flow temperature at the outlet

were calculated, indicating an approximate temperature of 1350 K is reached

for the reference and dry EGR cases and 1325 K for both humid cases (as a

result of the water dilution, see Table 5). These temperatures are slightly

higher compared to the typical combustion outlet temperature for the Turbec

T100 (1225 K) [9] which can be explained by the slightly altered layout (see

section 3). The lower outlet temperature in the humidified cases is a result

of the higher heat capacity values. A similar trend can be observed for the

maximum temperature reached in the chamber: the reference case has the

highest value and the humid EGR case has the lowest (see Table 5). These

final outlet temperature results are validated using ASPEN PlusR© [19], by
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Table 5: Comparison of the combustion system performances on the maximum peak of

temperatures, the time and space average of the temperature and the mass fractions

emissions on wet basis of the CO2, CO and UHC at the outlet of the combustor.

Reference mHAT Dry EGR Wet EGR

Max. temperature [K] 2500 2430 2415 2375

Outlet temperature [K] 1350 1323 1348 1326

YO2
[%] 18 14.5 15 12

YH2O
[%] 2.7 7.6 2.7 7.6

YCO2
[%] 3.3 3.3 7.3 7.3

YCO[ppm] 32 25 53 44

YUHC [ppm] 115 75 100 90

performing equilibrium calculations. A discrepancy of maximum 0.6 % is

observed between the outlet temperatures obtained for all cases with our

LES and those obtained based on the ASPEN model from [19] with this

equilibrium calculation. Despite this good agreement, our results show a

difference between 5 % to 8 % with the results from De Santis et al. for the

temperature of the reference and dry EGR cases [15]. This difference in

temperature can be explained by the different wall cooling model considered

by De Santis et al. [15], the different kinetic scheme, and the inlet conditions

which are slightly different. Nevertheless, similar trends are observed and the

results can be considered as correct and validated.

The maximal values of the reaction rate ω̇T , expressing the instantaneous

heat release of the reaction, are globally located in the flame front region at
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Z = 0.75D (Fig. 11 (c)). Therefore, we can assume that the major part of

the reaction is achieved at the beginning of the combustion chamber near the

flame front for all cases. In this respect, simulation results indicate that all

the fuel is burnt after Z = 0.75D, and there is no remaining fuel at Z = 2D

and 3D. In addition, very low values of reaction rate (0.1 %) can be observed

at Z = 3D, meaning that the main reaction of the combustion is complete.

Furthermore, the concentration of unburned hydrocarbon (UHC) is less than

0.01 % at the outlet of the combustion chamber (see Table 5). On the other

hand, the impact of the dilution with CO2 and/or water on the reaction rate

itself can be observed close to the inlet (Fig. 11 (c)). The heat release in the

diluted cases at Z = 0.75D is lower than the heat release in the reference case,

while an inverse trend can be observed when moving downstream. Besides,

reactions still occur for the wet EGR case and to a lesser extent for the dry

EGR case at Z = 2D while the main reaction is almost finished at that point

for the reference case, indicating thus that there is a wider reaction zone

for the EGR cases. We can conclude that both CO2 and to a lesser extent

H2O dilution have an effect on the heat release by delaying the reaction,

leading to the largest impact for the combined dilution (wet EGR case). This

lower reaction rate is mainly result of the lower available quantity of oxygen

under diluted conditions, and to a lesser extent to the increased specific heat

capacity due to water introduction (humid cases). Indeed, the equivalence

ratio (Table 3) increases from 0.232 to 0.292, and the available oxygen in the

inlet combustion air decreases (O2 depletion) from 23 % to 17 %, involving

therefore a decrease in the outlet O2 levels from 18 % for the reference case to

12 % with water and CO2 dilution (Table 5). Finally, it is worth to mention
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that as highlighted when discussing the heat release (Fig. 6) in the previous

section, dilution with CO2 and/or H2O leads to a stretched flame. This

stretched flame, quantitatively validated by the reaction rate distribution

(Fig. 11 (c)), involves a larger reaction zone compared to the reference case,

limiting the local maximal temperature. Although no NOx calculation have

been included in these LES, based on this local reduced temperature, we can

presume that NOx emissions will be lower as a result of the dilution.

When looking at the specific CO2 mass fractions, we can observe that the

results show similar trends along the radial axis of the combustion chamber

(Fig. 12 (a)), as well as no significant impact of the dilution on the time-

variation (Fig. 12 (b)). As previously explained, both dry and humid EGR

cases result in higher CO2 levels in the exhaust gases. Since these cases operate

with a higher CO2 in the combustion air entering the chamber, outgoing levels

are higher. Correcting for the initial 4 % CO2 in the combustion air as a results

of the flue gases recirculation in the EGR cases, the same concentration profile

of CO2 emissions are reached for all cases. Based on our quantitative results,

we can conclude that water does not have any effect on CO2 emissions, as well

as EGR with CO2 dilution either (as for the qualitative results). Obviously,

given the selected operating conditions of working at constant power input

combined with a combustion efficiency not impacted by the water additions

(reflected in the low CO emissions, as presented before), we observe similar

CO2 emissions for both dry and wet case. As long as water addition does not

lead to a significant increase in CO emissions, combustion is complete, and

all fuel is converted in CO2. However, it is expected that higher H2O dilution

will lead to a significant impact on combustion efficiency and CO emissions.
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Figure 13: Generic representation of the oxygen depletion and humidification impact on

the CO emissions in lean premixed swirled combustion.

Regarding the evolution of the CO mass fraction in the chamber, in general,

the CO levels are relatively low in the chamber. For all cases, maximum

values (∼1 %) are reached in the reaction zones at Z = 0.75D (areas where the

reaction rate is higher), and significantly lower at the outlet of the chamber

(Fig. 12 (c)). When moving down the chamber (Z = 2D), the CO levels

decrease to very low levels which ensures complete and stable combustion for

all cases, while the dilution air also helps to decrease further the CO emissions

(Z = 3D). Furthermore, the lowest average (in time and space) value of CO

at the outlet is reached in the mHAT case with 25 ppm whereas the highest

values are reached for both EGR cases, and more particularly for the dry

EGR case at the outlet with 53 ppm (see Fig. 12 (c) at Z = 3D and Table 5

for the detailed comparison).

We observe thus that the CO concentration level slightly decreases with
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humidification, which might appear counter-intuitive and in contrast with

literature [49]. However, as highlighted in Fig. 13, the CO concentration

levels evolve as followed: starting from lean conditions (left hand side of the

curve), the CO emissions progressively decreases with increasing equivalence

ratio resulting in a higher temperature reducing the risk of incomplete com-

bustion. Then, the CO level passes by a minimum before increasing again

when operating conditions become richer (right hand side of the curve). The

temperature increases further involving a raise of CO concentration caused by

the dissociation of the CO2. Hermann et al. showed that water introduction

leads to a shift of this operating curve, and thus a shift of the equivalence

ratio [50]. In addition to this trend, Li et al. [49] and De Paepe et al. [51],

showed also that the CO emissions globally increase with high humidifica-

tion. Nevertheless, complete combustion and low CO levels (as low as for

classical dry combustion) can be kept under humidification conditions, if

the combustion operates in the appropriate equivalence ratio region and the

humidification is below 30 % (as seen in Fig 13), explaining the reduction

in CO levels [25]. Regarding both dry and wet EGR cases, the results show

that CO concentration levels are higher compared to those of the reference

case. Therefore, in our LES results, the CO level reduction of the mHAT case

is mainly due to the equivalence ratio shift, resulting of the humidification

as shown in Fig. 13, and to a lesser extent to the higher heat capacity (and

thus lower temperature)) due to the water addition. As validated by De

Santis et al. [15], less oxygen is available when CO2 is recirculated in the cycle,

involving less CO oxydation. Although the increase of CO2 in the combustion

air composition has a negative effect on the CO emissions, the results showed
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that humidification can partly compensate this increase of CO level.

It is important to note that a proper experimental validation of the flame

region would be necessary to fully validate the LES results. However, this

is unfortunately technically impossible, and never achieved on a real facility

of a complete running mGT since there is no option for optical access, nor

for a detailed measurement of temperature (inside and at the outlet of the

combustor), species and velocities in the combustion chamber of the mGT. The

only possibility of validation lies in the comparison of our LES results on the

combustor outlet conditions with other validated numerical or experimental

results of the outlet conditions of the mGT cycle, in terms of CO levels. Even

though there are also some technical limitations to obtain these experimental

validations, depending on the studied case, we are more interested in the

evolution between the different cases, allowing a partial validation.

• For the reference case, although our simulated CO emission values are

already relatively low (32 ppm), the data-sheet of the Turbec T100

manufacturer announces less than 15 ppm of CO emissions, while the

simulation results of De Santis et al. [15] (using RANS) show 2 ppm

for the reference case and 5 ppm for the EGR case. The slight higher

obtained results for the CO levels of the reference case find their origin,

as explained before, in the overestimation induced by the TFLES model.

However, comparison with the limited available data show that our

results are within a realistic range for the reference and the EGR cases.

• For the humidified mGT case (mHAT), essentially numerical results

on the impact of humidification on the mGT cycle and performances

can be found in literature [32, 12, 10, 52]. Nevertheless, we have shown
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(Fig. 13) that the same trends are observed with our results as those

presented by Li et al. [49], even though their experimental work is more

on a generic set-up, where they aim to assess the general impact of

humidification on combustion.

• Regarding the dry EGR case, literature [16, 18] and authors experience

[20] have shown that EGR is really difficult to emulate on a real test

rig, and still too barely developed on a real mGT facility. Nevertheless,

the work of Best et al. [18], which shows a configuration close to our

case, present a set-up of the T100 which emulates EGR by adding

CO2 to the combustion air. Even though the operating conditions are

slightly different and the aim of the work of Best et al. [18] is to assess

the mechanical and cycle performances when performing EGR up to

6.3vol% of CO2 added, the paper shows an evolution of an increase

from 45% to 55% of CO emissions when EGR is performed compared

to pure natural gas combustion, while our results show an increase of

the CO emissions of 39%.

• Finally, for the wet EGR case, this configuration has only been studied

numerically so far, and there is no available test rigs that would allow

for experimental validation. Only trends of the combination of both

humidification and EGR, as shown by Giorgetti et al. [21] (only for

a limited operating range), can be discuss but no real validation are

available.

In addition to all these considerations, even if an actual full operational

mHAT-EGR test rig would be available, it would unfortunately be impossible
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to simulate exactly the operating conditions as used in this paper on the

test rig, considering the complex impact of the control system as well as

all other cycle components (i.e. compressor, recuperator, turbine) on the

combustor inlet conditions in a real system. Indeed, on an actual test rig, it is

challenging to keep both combustor inlet air mass flow rate and temperature

constant, when applying humidification and/or EGR. Due to the coupling of

the combustion chamber with the compressor/turbine system, water addition

leads to lower incoming air mass flow rate under normal operating conditions,

imposed by the turbine. Moreover, given that mGTs operate at constant

TOT, altering the combustion air composition by EGR and/or humification,

leads to lower combustor inlet temperature, due to the changing effectiveness

of the recuperator. In conclusion, even though recreating the conditions of

the simulations (constant combustor inlet temperature) for an experimental

validation appears as impossible, and considering the technical limitations

to obtain experimental data, we can consider that the presented results of

our simulations are within a realistic range of their observed values, and thus

partially validated by the available data for the reference, the mHAT and the

dry EGR cases.

6. Conclusion

To improve the mGT cycle by implementing advanced cycle modifications,

including humidification for increased operational flexibility and EGR for

carbon capture facilitation, stable and complete combustion has to be achieved

under unconventional, diluted conditions. In this framework, four different

operating conditions of mGT combustion chamber have been studied using an
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LES approach in this paper. The considered cases include a classical typical

recuperated cycle (reference case), and advanced mGT cycles modification

such as: a humidified cycle using a saturation tower (mHAT), a dry cycle

with EGR and a humidified cycle with EGR (mHAT+EGR).

The results presented in this paper show that complete and stable combus-

tion was reached for all different operating conditions. Although the stability

and the flame topology analysis showed that the flow dynamics is identical for

all cases, the reaction still occurs further downstream of the injectors in the

combustion chamber for the humid EGR conditions (water and CO2 dilution),

and to a lesser extent in both dry EGR and humid conditions. The flame

topology is thus not similar for all cases, resulting in a wider reaction zone

for the diluted cases. Furthermore, the temporal analysis of the heat release

fluctuations confirmed that stable combustion is achieved for all cases.

Next to the qualitative analysis, a more quantitative analysis was per-

formed focussing on temperature, heat release, and emissions. In terms of final

outlet conditions, the lower outlet temperature is reached in the humidified

cases (mHAT with 1323 K and Wet EGR with 1326 K), as a result of the

higher specific heat capacity of the gases due to the higher water content.

Those values are close to the typical values of the Turbec T100, and are

validated by ASPEN simulations with a maximum discrepancy of 0.6 %.

The CO2 levels for both EGR cases are higher compared to the dry and

mHAT cases, due to the higher CO2 content in the combustion air. Regarding

the CO emissions, the mHAT case displays slightly lower emission levels

(25 ppm) compared to the reference case (32 ppm) while both dry and wet

EGR cases show the highest values (approximately 50 ppm). This lower level
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is mainly due to the equivalence ratio shift of the humid case, and at a lesser

extent to the higher heat capacity. Therefore normal level of CO emissions can

be reached with humidification, if the combustion operates in the appropriate

equivalence ratio range. Although the increase of CO2 in the combustion air

composition has a negative effect on the CO emissions, the results showed

that humidification can partly compensate this increase. Nevertheless, the

considered dilutions were relatively limited (5 % H2O and 4 % CO2).

Based on high fidelity LES results, the feasibility and flexibility of mGT

combustor operating in diluted conditions (with water and/or CO2) as those

currently found in more advanced mGT cycles have been demonstrated. These

results allow to help future combustor design towards more stability. Future

work involves experimental investigations in this combustion chamber for

validation, and extending the study to higher dilution rates. This next step

would lead to the establishment of the performance curve of the oxygen

depletion to predict the CO levels for a range of operating condition A 1D

reactor approach will help to quantify the limits, while these limits will be

then validated with LES simulations.
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Nomenclature

Acronyms

CCUS Carbon Capture Utilisation & Storage

CHP Combined Heat and Power

DH Dilution Holes

EGR Exhaust Gas Recirculation

LES Large Eddy Simulation

mGT micro Gas Turbine

mHAT micro Humid Air Turbine

RANS Reynolds-Averaged Navier-Stokes

RMS Root Mean Square

TIT Turbine Inlet Temperature

TKE Turbulent Kinetic Energy

TOT Turbine Outlet temperature

Greek symbols

δ0L laminar thermal flame thickness, m

ω̇T heat release, W·(m3)−1

φ equivalence ratio
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ρ density, kg·m−3

Symbols

ṁ mass flow rate, kg·s−1

dinj,air diameter of the pilot injectors for air, m

dinj,fuel diameter of the pilot injectors for fuel, m

dinj,main diameter of the main injectors, m

y+ dimensionless wall distance

D diameter of the combustion chamber, m

E efficiency function

F thickening factor

Gθ tangential momentum, kg·m·s−1

Gz axial momentum flux, kg·m·s−1

Re Reynolds number

S Swirl number

S0
L laminar flame speed, m·s−1

T temperature, K

u velocity, m·s−1

uθ tangential velocity, m·s−1
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uz axial velocity, m·s−1

Yk mass fraction of the species k
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