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ARTICLE INFO ABSTRACT
Keywords: Humidified gas turbine (HGT) is a promising technology with several advantages compared to traditional
Humidified gas turbine thermal power plants, such as higher electrical efficiency, lower investment costs, and lower emissions. Using
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steam diluted, carbon neural bio-syngas as fuel in the HGT cycle leads to distributed wet combustion, often
characterised by high Karlovitz number. This kind of combustion may be unstable if a small perturbation of bio-
syngas fuel composition occurs and it can lead to flame blow-off. Hence, quantifying wet bio-syngas fuel vari-
ability effects on the flame physicochemical behaviour is an important step. Using uncertainty quantification, it
is found that a 0.75% perturbation of a typical wet bio-syngas composition can lead to 10% fluctuation of the
flame speed, 7.5% fluctuation of the flame thickness and 2% fluctuation of flame temperature for stoichiometric
combustion of steam diluted reactants at gas turbine conditions. Since near stoichiometric combustion is asso-
ciated with highly steam-diluted bio-syngas to retain constant thermal efficiency of HGT, ultra-wet combustion
has indeed suffered from strong combustion instability led by fuel variability. The main sensitivity study shows
that hydrogen variability is responsible for the high fluctuation of flame speed while methane variability is
responsible for the fluctuation of thermal efficiency and flame thickness. A high pressure (HP) burner running on
a typical wet bio-syngas can suffer from a change of Karlovitz number by 20 (300% by fraction) and Reynolds
number by 14,000 (10% by fraction), with potential impact on flame stability and cycle performance due to small
perturbation of bio-syngas composition.

biomass pyrolysis to produce carbon-free bio-power [5]. Pivotal towards

1. Introduction the fulfilment of the promise to achieve 60% electrical efficiency in
2030, an HGT cycle in which steam is recirculated and used at various
To cut down greenhouse gas emission in EU by at least 40% below points of the whole process sits at the core of their so-called BTC
1990 level, European commission aims to improve share of renewable (Biomass-fired TopCycle) power plant. Several difficulties are faced,
energy to at least 32% of final energy consumption and increase energy amongst which more than 50% steam in reactants poses challenges to
efficiency to 32.5% by 2030. Humidified gas turbine (HGT) technology achieving stable combustion of the ultra-wet bio-syngas.
has great potentials for combined heat and power (HCP) production, Specifically, ultra-wet bio-syngas combustion faces flame stabilisa-
owing to its higher electrical efficiency up to 60% and lower investment tion issues at two levels. First, bio-syngas produced from different grades
costs compared to traditional steam turbines [1]. Several variations of of biomass is often associated with fuel composition variability [6,7],
the HGT cycle have been studied, mainly classified by how steam/liquid which may change the flame behaviour during practical operation of
water is generated, injected, and condensed/evaporated within the cycle HGT. The possible steps towards useful bio-syngas for gas turbine
[2,3]. These variations may differ in terms of their capability to improve combustion are complex, starting from high pressure (HP) steam treated
total, electrical, and heat efficiencies over existing dry gas turbine cy- biomass pyrolysis, to biochar gasification, and finally to bio-syngas
cles. As a result, transforming existing power production lines to include clean-up. Under some circumstances, when the biomass is over-wet
HGT of different kind requires a systematic evaluation of investment before the HP steam treatment, an air dryer is also needed. Amongst
costs and returns, which slows down the application of this relevant these steps, the composition of the bio-syngas product, such as the Hy/
technology [4]. Recently, Phoenix Biopower AB in Sweden started on- CO/CHj4 ratio, may vary significantly, even when the most stable man-
site tests of using the gas products of high steam, high pressure ners of control are applied [8]. In particular, the water—gas shift
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Nomenclature:

D Mixing tube diameter (m)

E Expectation

fi Deterministic sensitivity coefficient

Ka Karlovitz number

L Characteristic length (m)

p Truncation order

QQ Flame quantity and its fluctuation

Re Reynolds number

Si Main sensitivity index

Sij Join sensitivity index

S Laminar flame speed (m/s)

Tas;Tin  Adiabatic flame temperature, inlet temperature of mixture
(K)

Ty, Tp Unburnt and burnt mixture temperature
Upuik Bulk velocity (m/s)

u Velocity fluctuation (m/s)

Var Variance

Xy Mole fraction of each species k

BTC Biomass-fired TopCyle

DM Determinstic sampling method

HGT Humidified gas turbine

HP High pressure

HCP Combined heat and power
LHS Latin-Hypercube-Sampling
LHV Lower heating value

MCS Monte-Carlo sampling
ODE Ordinary differential equation

PCE Polynomial chaos expansion

PDF Probability density function

UQ Uncertainty quantification

Greek symbols

Ui Nominal values, mean value of quantity i
i Standard deviation of quantity i

A Sample mass fraction

& Quadrature points

w Weights

n Carnot efficiency

¢ Equivalence ratio

o1 Thermal flame thickness (m)

v Kinematic viscosity (m?/s)

al Degree of Legendre polynomial

Ak; Perturbation of rate constant of reaction i

reaction, whose kinetic rate is sensitive to temperature fluctuations in
the gasifier, has a direct impact on the product gas composition.

As for the second flame stabilisation issue, highly steam-diluted bio-
syngas combustion leads to high Karlovitz number (Ka), i.e., potentially
longer chemical reaction time compared to mixing time. Small eddies
are able to penetrate into the reaction zone and take away heat rapidly.
This indicates that wet combustion has a higher tendency to flame blow-
off at operating conditions similar to traditional dry gas turbines and is
therefore more sensitive to fuel variability. Although swirling flow may
help the stabilization of a typical high Ka flame via increasing flame
residence time [9], more research efforts are needed to understand the
behaviour of swirl stabilised, ultra-wet bio-syngas flames. Moreover,
ultra-wet combustion can also be stabilised by increasing the fuel/air
ratio to approach stoichiometry. Less air excess and more steam
involved to drive the gas turbine expander benefit the HGT efficiency,
with risk for high CO emission. Despite many studies show that the CO
level can be acceptable at practical high-pressure wet-combustion con-
ditions [10-12], compromises are needed amongst the steam content,
CO emissions, and flame stability. In the end, the second flame stabili-
sation issue is strongly coupled with the high Ka flame that can be easily
extinguished due to a small perturbation of wet bio-syngas fuel
composition.

Therefore, wet bio-syngas fuel variability poses great challenges to
the integration of the ultra-wet combustion technique into the HGT
cycle. Many researchers [13-15] have investigated the effect of high
steam dilution on the Hy/CO flame physicochemical behaviour as these
two species are the main components of syngas. Studies of steam diluted
bio-syngas containing Hy/CO/CO5/CHy4 are still scarce [16,17]. Meng
et al. [13] measured the flame speed of Hy/CO burning in O/H20
environment: the chemical effects of HoO addition promotes Hy/CO
combustion for Hy content below 50%. A complex effect was noticed
when a large amount of H,0 is added: the concentration of free radicals
(O, H, OH) is decreased, partly via increase of three-body reactions such
as H + Ox(+M) = HO3 + (M). This is primarily a result of the higher
third body coefficient of HoO compared to No [18]. Xu et al. [14] per-
formed experimental and numerical studies of Hy/CO diffusion flame
also in O5/H>0 environment. The chemical and thermal effects of H,O
on OH formation were reported to be more important compared to
transport and radiative effects. Krejci et al. [15] discussed the steam

dilution (0 ~ 15% by volume) effect on the laminar flame speed of
syngas blends of different Hy/CO ratios at different temperatures (323
~ 423 K). The flame speed of Ha-rich blends is more sensitive to steam
dilution, while CO-rich blends experience less influence. Lee et al. [19]
reviewed the combustion properties of practical bio-syngas Hy/CO/
CO9/CH4 mixture compositions, relevant to lean-premixed; dry gas
turbine cycles; fundamental properties of practical bio-syngas flames
were reported, though steam dilution was not considered.

Despite these valuable results, there is a lack of knowledge about the
likelihood of flame blow-off when highly steam-diluted bio-syngas is
subject to a random small change of methane and hydrogen concen-
trations. If the bio-syngas composition is known, one can predict the
HGT behaviour at given conditions, but small inevitable fuel un-
certainties/variabilities are more difficult to handle. In 2018, one of the
authors of the present study employed uncertainty quantification (UQ)
for the first time to investigate the role of bio-syngas fuel (9.5%CHj4-
35.5%C0-30.5H2-25.5%CO0>) variability on the flame physicochemical
properties [20]. A 0.75% variance of each of the three species CH4/CO/
Hj leads to 14% flame speed fluctuation for rich combustion (¢ = 1.8)
and 1.5% for lean combustion (¢ = 0.6) at 300 K and 1 atm. Hydrogen
variability plays a significant role (70% to 80%) on producing the flame
speed fluctuation, while methane impact is negligible. In another recent
study of a fuel with different H/CO ratio, a similar result was observed,
and it was concluded that the flame speed fluctuation is dominated
primarily by the variability of Hy, followed by CO, CO,, and CH4 [21].
Very lean combustion (¢ = 0.45) with high Hy/CO fuel ratio containing
a small compositional change of 0.75% variance, resulted in the highest
flame speed fluctuation, of about 5%.

However, the steam effect on the fuel variability which causes wet
combustion instability remains unexplored. Therefore, the present study
aims to fill this gap by providing novel findings and discussions on 1) the
general effect of steam content on wet combustion instability; 2) the
sensitivity of flame physicochemical properties to the variability of
renewable bio-syngas compositions; 3) how to reduce flame instability
from upstream gasification. The present work is the first attempt to use
UQ to understand wet combustion instability from the perspective of
fuel variability.

The present study is structured as follows. Section 2 summarises the
steps of the UQ method and introduces the new assumptions made to
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improve its accuracy. Section 3 analyzes the results obtained and dis-
cusses the impact of flame fluctuations on practical HGT operation.
Finally, conclusions are given in Section 4.

2. Methodologies
2.1. Background and polynomial chaos expansion

In the present study, UQ analysis is performed invoking the advan-
tages of polynomial chaos expansion (PCE) based surrogate models
which can replace ODEs describing one-dimensional flame features in
the Cantera Package [22]. The PCE method was introduced by Wiener
[23] and later widely used in combustion science to evaluate chemistry
models [24-26]. The method conveniently expresses the variance-based
sensitivity indices (‘Sobol’ indices [27]) as part of the constructed PCE
model, such that the quantitative effect of the input variables of a
dynamical system on the variance of the system output can be directly
obtained [28]. A deterministic sampling method (DM), recognised to
converge faster than conventional Monte-Carlo sampling (MCS [29])
and Latin-Hypercube-Sampling (LHS [30]), is often employed during the
PCE model construction process when the PC coefficients must be
evaluated using quadrature rules [31]. The details of the UQ method are
described in previous publications [20,21]; hence only the key steps
relative to the present case are summarised as:

Step 1: Pre-storage of the quadrature points ¢ according to the
polynomial type (Legendre), PCE dimensions D and truncation order
of the expansion P.

Step 2: Representation of the sampled input variables 1 with the
quadrature points &.

Step 3: Calculation of target flame quantities Q using the sample
variables 4.

Step 4: Galerkin projection to evaluate the PC coefficients using the
chosen polynomial type with quadrature points &, weights w, and
flame quantities Q.

Step 5: Expansion of the flame quantity Q on the chosen orthogonal
polynomial basis.

Step 6: Forward propagation of the input variables through PCE to
obtain the desired flame quantity Q.

Step 7: Analysis of the PCE using Sobol indices (PCE destruction) and
construction of probability density functions (PDFs) for the flame
quantity Q.

The composition of the chosen ultra-wet bio-syngas fuels is shown in
Table 1. The low hydrogen and methane contents indicate that the
investigated bio-syngas is of the type with very low heating value,

Table 1
Representative bio-syngas composition in mole fractions.
Dry Bio-syngas Composition Equivalence Steam
Ratio Content
Case pi»  co®™ col cHM N& O ¢ Hy0"
1 0.093 0.176  0.224 0.050 0.457 0.6,0.7,0.8, 0.25,
0.9,1.0 0.35,
0.41,
0.45,
0.47
2 0.084 0.158  0.201 0.100 0.457 0.6,0.7,0.8, 0.35,
0.9, 1.0 0.45,
0.51,
0.55,
0.57
3 0.074 0.140 0.179 0.150 0.457 0.6,0.7,0.8, 0.43,
0.9,1.0 0.53,
0.58,
0.62,
0.64
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produced from high-pressure steam treatment and gasification of
biomass [5,32]. The species mole fractions, except for that of steam, are
superscripted with ‘dry’ indicating that they are calculated on the dry
basis and their sum is unity. The H,O mole fraction, relative to the wet
bio-syngas, is superscripted with ‘wet’. The three cases differ mainly in
terms of their methane content, whilst the ratio of Hy/CO/CO> is kept
constant. The lower heating value (LHV) for cases 1, 2 and 3 is 3.94 MJ/
Kg, 5.21 MJ/Kg, and 6.55 MJ/Kg respectively.

The nominal species fractions of the bio-syngas in Table 1 are ob-
tained from Phoenix Biopower [5], an industrial partner of the authors.
Since the nominal concentrations of the species are associated with
unavoidable small uncertainties, it is crucial to investigate if the HGT
will still operate in a safe and efficient mode. A 0.75% variance, relative
to the nominal value, is assumed for the dry species fractions, except for
No. This is realized by sampling the dry species fractions from a uniform
PDF, symmetric around the nominal value, with 1.5% support on either
side. This is acceptable as there is a lack of evidence on how a practical
PDF may look like.

The uncertain input variables are therefore calculated as:

A =H" =p, 40015 x &,
Jp = CO™ =y, +0.015 x &,
Js = COSY = py +0.015 x &,
Ay = CHSY =, +0.015 x &;

@

where A, y and ¢ are the sample mass fractions, nominal values and
quadrature points defined in Step 2 above, and ¢ is sampled in [—1, 1]
using quadrature rule. The PCE dimension D is therefore equal to 4.

The conditions examined in the present study differ from the ones
used in the previous publications [20,21] mainly on two points. First,
chemical reactions involving the inert species Ny are ignored. Second,
the flame temperature is pre-calculated at 1 atm and kept constant.
These modifications are made in order to migrate the UQ method to
practical cases. In HGT, high steam content is used as a heat carrier and
working medium to control the combustor exit temperature and
improve the turbine efficiency [2]. The combustor exit temperature T
can be approximated with the adiabatic flame temperature T,q, and the
turbine (or thermal) efficiency n may be approximated with Carnot
efficiency,

TM T‘in
— ot
1 T, Tua

@

where the unburnt mixture temperature T, (or T) is assumed to be 780
K in the present case, a practical inlet temperature for the reactants in
the HGT cycle. The adiabatic flame temperature is required to be stable
and is often below 1700 K to reduce thermal NOy emissions and to
prevent downstream burn-out of the gas turbine expander.

For this reason, in the present study, ¢ and H,O“®' are always
associated, written as {¢, Ho0"®'}, in order to always keep the adiabatic
flame temperature at around 1720 K. Their values in Table 1 are pre-
calculated from the equilibrium assumption. In practical applications,
when heat loss is involved, T} is smaller than 1720 K.

In order to satisfy the constraint Zfs"“"“xk =1 during sampling, ni-
trogen is used as a passive species to absorb the uncertainty of the other
dry species, ie. Ny” =1 —Hy" —CO" —C0O3Y —~CH}” for each sample.
Hence the PDF support of N3¥ will be 0.015 x D = 0.06. This introduces
an error in Step 4, the Galerkin projection, because the flame quantity Q
is now dependent on five dimensions rather than four. Previous studies
have shown that the error is acceptable if the passive uncertainty is
applied to species having little influence on the fluctuation of the flame
quantity Q. In the present study, a stricter strategy is applied in that the
passive species is forced to be an inert species except in three-body re-
actions. Thus, N‘;‘y has very limited influence on the flame physico-
chemical properties, except for being a heat absorber, and given its
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relatively small uncertainty, its thermal effect can be considered negli-
gible as well. This strategy, therefore, improves the accuracy of the UQ
by reducing the perturbation from the passive uncertainty.

2.2. Main, joint, and deterministic sensitivity coefficient

The reason for building a PCE of the model output is the ease of
obtaining sensitivity information (effect of the input variance on the
output variance) from the PCE terms. The PCE of the output quantity Q,
truncated at order P, can be written as:

,
04) = ) Cyul(8); 3)
i=0

where C; are the PC coefficients and y, (€) is the multivariate Legendre
polynomial of degree i, defined as:

D

= Hja; (&) 4

k=1

Vi (6)

here, Jai (&) is the univariate Legendre polynomial of degree ai,

function of &, and &' is the set of polynomial degrees whose sum is equal
to the degree i :

D
ai—{a;;ZO:Zaf_—i} 5)
r=1
It can be shown ([33]) that the variance of the PCE is:

VarlQ] = Y " CPE[w, ()] (6)

i=0
Eq. (3) can be rearranged by gathering the terms according to their
dependence on the input parameters:
D

D P
O=fot Y > fuwyE)+y D

i=1 j=1 i =lip=i;+1

Xzf(a; L,)‘/’( ,)(é,-l,:,-z)+-..+hzn;... XD:

iy iy in=ip—1+1

XZf(a? ] )W(a{ d )(fi. ’."’§i3)+".+z:l:f(”’1~"‘~"'D)W(“’|-“‘-"'D)(5]’“"&))

)

This form is identical to the Sobol decomposition of Q [27], and can
be used to directly calculate the Sobol indices (or sensitivity indices), i.
e., the contributions of all possible subsets of input parameters to the
total variance.

In the present work, we are interested in the main sensitivity index:

S _ Zf:lf;x’sz {l//af (é:i)z :| .
T VarQ] '

i.e., the contribution of the input variable i on the total variance,
when taken by itself, and the joint sensitivity index:

o T El ) 6:8)°]
v Var|Q] ’

(8)

9

i.e., the contribution of the pair of input variables (i,j) when taken by
itself.

While the main and joint sensitivity indices allow to evaluate the
statistical effect of wet bio-syngas variability on the fluctuation of the
flame physicochemical properties, it is difficult to assess how the steam
addition may have changed the chemical pathways of individual species
and altered the radical pools balance.

Therefore, a conventional (i.e., deterministic) sensitivity study is also
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carried out, showing the sensitivity of the flame temperature to indi-
vidual reactions when the steam content is changed. We define the
deterministic sensitivity coefficient f; as:

_ ainQ _ ki 00 ~ Oprer — Qbefore_

= =X 1
alnkx Q x akl Qbrfore*Aki l ( O)

fi

where Ak; is a small perturbation applied to the rate constant of reaction
i, and Qpefore and Qqfer is the flame property calculated before and after
the perturbation Ak; respectively.

Summarising, the main and joint sensitivity indices show the effect of
fluctuations of the bio-syngas composition on the statistics of the flame
properties, while the deterministic sensitivity coefficient shows the ef-
fect of steam content on the chemical reaction pathways of fixed bio-
syngas composition.

2.3. Chemical mechanisms

Before proceeding to the UQ analysis, it is necessary to validate the
existing reaction mechanisms in conditions of high H,O content. To the
knowledge of the authors, no skeletal mechanisms are specifically
developed for ultra-wet bio-syngas combustion. However, several
mechanisms which may be feasible in ultra-wet conditions can be vali-
dated in CO/Hy/02/H20 environment [13,34]. Though the validating
cases do not involve CH,4 and Ny reactions, most existing mechanisms for
methane combustion in Oy/N3 environment can be applied with little
concern. It is the high H,O content and its effect on the formation and
consumption of H and OH radicals and on three-body reactions that
require extra care.

In the present study, the mechanisms chosen for validation are: GRI
Mech3.0 [35], SanDiego Mechanism [36], USC Mechanism [37], Davis
Mechanism [38], and FFCM-1 [39]. Although the GRI Mech3.0 is widely
used for C reactions, its performance in CO/H,/045/H50 environment is
doubtful. This also applies to the SanDiego Mechanism. The perfor-
mance of the Davis mechanism was validated by Sun et al. [34], Meng
et al. [13] in CO/Hy/02/H20 environment. Reasonable flame speed
predictions were reported only when the Hy content in the reactants is
low. Since the Davis mechanism does not include CH4 reactions, it is
here considered only for comparison with the USC mechanism, and it is
not included in the UQ analysis. The USC Mechanism refers to a high-
temperature Hy/CO/C;-C4 reaction model optimized based on the
Davis Mechanism, GRI Mech2.11, GRI Mech 3.0, etc.

In addition to the above widely used mechanisms, the FFCM-1,
released in 2016 as an Hy/CO/C; reaction mechanism, invokes the UQ
analysis to carry out forward propagation and backward minimization
of rate coefficient uncertainties against experiment datasets for fuel/
species sets Hy, CO, CH0, CH4, H205, and CoHe. Although not opti-
mized specifically for high steam content combustion, the mechanism
shows great potential for such a purpose, as will be shown in Section 3.1.
A recent report by Tao et al. [40] showed good performance of this
mechanism under various combustion conditions, attributing to its
employed UQ method to reduce reaction mechanism uncertainty. In
fact, using UQ for reducing uncertainty in reaction mechanism was
broadly discussed in many literatures [41,42], but using the method for
investigating the effect of fuel variability, as given in the following
sections, is still scarce.

3. Result and discussions
3.1. Validation of chemical mechanisms

Following the description of chemical mechanisms in Section 2.3,
Fig. 1 shows a comparison of the predicted flame speed against experi-
mental data [13] for CO/Hy combustion in O2/H0 environment, with
Zn20 = Xu20/ (Xu20 + Xco + Xg2 + Xo2). The flame speed was experi-
mentally measured at ¢ = 0.9 and T, = 400 K. All mechanisms agree
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Fig. 1. Comparison between the experimental flame speed at ¢ = 0.9 and T, = 400 K [13] and different combustion mechanisms.

reasonably well with the experiment [13] and show roughly the same
performance at ¢ = 0.9. The best performing mechanism at this
equivalence ratio is the SanDiego mechanism. Despite this fact, in Fig. 2,
when experimental data [34] covers a wider range of equivalence ratios
for Zyso = 47%, the performance of the SanDiego mechanism de-
teriorates in the very rich combustion region. The GRI Mech3.0, USC
and Davis mechanisms under-predict the flame speed when CO/H, =
50:50. The FFCM-1 mechanism has the best overall agreement over the
entire equivalence ratios from 0.6 to 2.0; hence it is chosen for the UQ
study in the following.

3.2. Uncertainty quantification of the flame physicochemical properties

3.2.1. Uncertainty effect on the flame temperature

The wet bio-syngas fuel variability effect on the adiabatic flame
temperature Tgq is shown in Fig. 3. As discussed in Section 2.1, the
estimated mean T,q was fixed a priori around the value 1720 K, based on
the nominal bio-syngas composition given in Table 1, by balancing {¢,
H,0"®'}. The slight variation of mean T,q in Fig. 3 (less than 10 K across
the various cases) is due to the accuracy of this balancing calculation.

In Fig. 3, the mean yy , is the first mode of the PCE, i.e., Co in Eq. (3),
while the standard deviation o7, is the square root of the variance
directly evaluated from Eq. (6). The fluctuation T;Id is defined as the
coefficient of variation (,“Tm, /ot,,). The fluctuation increases when ¢

increases from 0.6 to 1.0 and when CHS” increases from 0.05 to 0.15. A

maximum T’ .4 of roughly 2% occurs for low LHV bio-syngas (CHy”

0.05) at stoichiometric condition, indicating that a thermal efficiency
(7 = 1—Tin/Tyq) may vary from 51.6% to 56.7%, corresponding to a
minimum Ty ~ 1610K and a maximum T, =~ 1800K, as shown in
Fig. 4. The PDFs of Fig. 4 are obtained from 1,000,000 flame tempera-
ture evaluations using the PCE.
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Fig. 3. Mean, standard deviation and fluctuation of T,q4.

Fig. 5 shows the four main sensitivity indices. It is noticed that the
impact of the bio-syngas composition variability on T, follows the order

Scua > Sco > Su2 > Scoz. When CHfl‘ry increases, this order remains
unchanged. When ¢ = 1, the variance of methane alone is responsible
for nearly 80% of the total variance of Tyq. This indicates that, for an
HGT running on bio-syngas, feedstock from that produces methane after
gasification needs extra care. For example, if wood chips are the feed-
stock responsible for the CH4 content in a batch of bio-syngas, one may
want to ensure that these wood chips are produced in a consistent shape,
contain the same moisture content, and are stored at the same conditions
before being used. Other than the feedstock issue, stable CH4 content
also depends on stable control of the steam-reforming process during the
gasification operation.

Besides, in Fig. 5, it can be seen that the methane uncertainty effect
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on the flame temperature is influenced by {¢, H,0"®"}. Note that each ¢
in the legend is associated with a different H,0"* with values given in
Table 1. When {¢, H,0"®'} increases, the sensitivity of the flame tem-
perature variance to the methane variance also increases, in association
with a reduction of the temperature sensitivity to the hydrogen variance.
The large methane contribution to the flame temperature variation was
never reported in previous literature, though different fuels were ana-
lysed. In contrast, hydrogen uncertainty was deemed to have the largest
impact on the flame temperature variation. It is speculated that the high
impact of methane in the present study is due to the high steam content
in the bio-syngas, which influences subsequent chemical pathways. This
new finding is of great importance to run HGT using wet fuel with large
composition variability.

To illustrate the impact of steam content on chemical pathways, a
sensitivity analysis is performed in the post-combustion region (~1ms
after flame front) where T4 is chosen for building PCEs. The deter-
ministic sensitivity coefficient of T,4 for case 1: CHTY:O.OS is shown in
Fig. 6. The ten most sensitive reactions relevant to the three species of
interest, CH4, Hp, and H50, are shown. For the convenience of com-
parison, x-axes are labeled with the same range, even though this
sometimes leads to a difficult visualization of the reactions with low
sensitivity indices.

Comparing Fig. 6a and 6b, it is apparent that the CHy4 reactions are
more sensitive to the change of {¢, H0"®"} compared to the H, re-
actions, though some reactions are shared by the two species. Out of the
three species, H2O has the most rapidly increasing impact on the change
of Tsq when {¢, HoO"'} increases. This is mainly attributed to the
promoted forward reactions R14: 2H,0 = H + Hy0 + OH and R13: H,O
+ M = H + OH + M, which produce H and OH radicals via HyO disso-
ciation. Although the H radical limits CH4 dissociation via R97: CHs + H
= CHy, the OH radical promotes the hydrogen abstraction reaction
R138: CH4 + OH = CHs + H20 [43], to partially favour the higher
impact of the CH4 uncertainty on T,;. The promoted forward reaction
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R136: CH, + H = CH3 + Hj, also plays the same role at high {¢, HoO"®'},
meanwhile reducing the contribution of H to the adiabatic flame tem-
perature together with R16: H + HOy = Hy + O,. From a chemical
perspective, the parameter variability in the third body dissociation
reactions featuring H,O may introduce extra uncertainties to the UQ
analyses. This issue will be investigated by the authors in the future UQ
studies, while it is out of the scope of the present work focusing on the
uncertainties introduced by fuel variabilities in a macroscale.

3.2.2. Uncertainty effect on the flame speed and flame thickness

Variations of the laminar flame speed S; and the flame thickness &,
due to fuel variability can greatly change combustion/flame behaviour,
which may lead to flame blow-off, flashback, and thermo-acoustic
instability. In the sense of combustion modelling, although it was
shown that the commonly employed scaling method fails, alternative
formulations can still work surprisingly well [44,45]. While these
studies do not consider wet mixtures, forward pushing the established
uncertainty effect in the present work through similar formulations (e.g.
by varying Zimont turbulent flame speed closure method [46,47]) re-
sults in modelling approaches capable of predicting quantified safety
margins. High Karlovitz (Ka) and high Reynolds (Re) number flames
stabilised with swirling flow, as often found in an industrial humidified
gas turbine (HGT), are particularly sensitive to the issue.

Fig. 7 shows the impact of the wet bio-syngas fuel variability on S,
and 6. As was the case for Tyq in Fig. 4, uniformly distributed wet bio-
syngas composition uncertainties lead to bell-shaped distributions of S;,
and §;. It is observed that the variance of the flame speed has negligible
dependence on the change of {¢, H,0"®'}, while the variance of the
flame thickness is very sensitive to it. For instance, at a fixedCHiry =
0.05, increase ¢ (and hence equivalent to increase {¢, H,0"®%}) does not
change the variance of Sy - the change of Sy is always ~30 cm/s, while it
increases the variance of §;, - the change of §; amplifies from ~0.18 mm
to ~0.4 mm. When methane content in dry bio-syngas increases, mean
flame speed decreases and flame thickness increases due to less highly
reactive and diffusive Hy and H radicals in reactants. The same obser-
vation can also be identified in Fig. 8 with mean S and its fluctuation Sy’
explicitly plotted. In Fig. 8, the standard deviation of Sy decreases while
the standard deviation of §; increases with increased methane content in
dry bio-syngas.

In terms of fluctuation, S;’ and §; follows roughly the same trend that
they both increase at higher content of CHiry or {¢, H,0"®"}. The impact
of {¢, HO"*'} on S;’ and &, is seen much larger than that of CHd4ry. For
instance, at a fixed ¢ = 0.6, increase CH‘jry from 0.05 to 0.15 has little

impact on S;’ and 5i; while at a fixed CHiry , increase ¢ from 0.6 to 1.0
significantly modifies the two quantities. The highest fluctuation of S;,
and &, are observed to be nearly 10% and 7.5% respectively at stoi-
chiometric condition, a case of highly steam-diluted bio-syngas. Note
that for an HGT running on highly steam-diluted bio-syngas with

CHfl‘ry =0.15 and ¢ = 1, occasional changes of flame speed and flame
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Fig. 6. Deterministic sensitivity coefficient of T,q to chemical reactions.
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thickness may lead to serious operational failure.

For instance, consider the small-scale 60 KW HP burner developed at
TU berlin [11,48,49] running on wet bio-syngas. Table 2 shows the
flame properties, Reynolds number (Re) and Karlovitz number (Ka) for
the three points labelled in Fig. 9. This figure shows the PDF of the flame
speed for case 3 at stoichiometric conditions, extracted from Fig. 7. The
Reynolds number and Karlovitz number are two key factors influencing

flame stabilisation, together with the swirl number.

To calculate Re = UpyL /v, the characteristic length L is chosen to be
the mixing tube diameter of the HP burner: D,; = 0.034 m. The bulk
velocity (Upyx) is calculated based on a constant thermal power of
60KW, the LHV of the bio-syngas compositions corresponding to the
three points in Fig. 9, and the mixing tube cross-section. The Karlovitz
number is defined as,
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where velocity fluctuation ' = 15%Upy in the burner is widely used to
calculate global Ka. From Table 2, Ka increases by three times when the
bio-syngas composition changes from the high LHV to the low LHV
point. In the meantime, Re is reduced by 14000, roughly 10%. Although
a flame with these dimensionless values is most likely still in the thin
reaction zone (Borghi diagram [50,51]), the percentage change of Ka
and Re for a practical HGT (which is upscaled by a factor of about 1000
in terms of power output) will result in serious operating issues, which is
risky even if the probability of occurrence for the high and low points in
Fig. 9 is very low.

The sensitivity indices identify which species in the bio-syngas are
responsible for the above large fluctuations. In Fig. 10, it is seen that
when CHS” is low, the variance of flame speed is dominated by the
species uncertainty in the following order: Sgs > Sco > Scus > Scoz. For
higher CH‘jry, the contribution of methane to S;’ increases and that of
hydrogen decreases, while the sensitivity to the other species does not
change much. The sensitivity order of species variability on §; follows
Scu4 > Su2 > Sco > Scoz and the order is less affected by mean methane

Table 2

Bio-syngas composition and flame properties relative to the three points of Fig. 9.
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content in dry bio-syngas compared to the flame speed.

The joint role of CH4 and Hs on S;’ and §; is confirmed by the joint
sensitivity study shown in Fig. 11. Only the result for the case with CHLd‘ry
= 0.05 is shown, as the other two cases show essentially the same trend.
The joint sensitivity indices involving CO2 always have little contribu-
tion to the flame speed variation, as CO, contributes scarcely to the
reactions of the other species, and mainly acts as a heat source being
produced by combustion. The Sy, ¢y, index always gives the highest
contribution to the fluctuation of S; and &;, and is strongly influenced by
{ (/) , Hzowet}'

3.2.3. Uncertainty effect on the CO emissions

In addition to the impact of fuel variability on T4, S and &;, CO
emissions are of great concern for an HGT running on wet bio-syngas.
This is driven by two mechanisms: first, a flame that is unstable due to
fuel variability can produce high CO emissions owing to local incom-
plete combustion; second, ultra-wet combustion in an HGT cycle often
needs a high equivalence ratio far from the lean blow-out (LBO) limit in
order to sustain the flame, which in turn leads to higher CO emissions.
Moreover, it is reported that the CO emissions from wet combustion are
strongly affected by the CO oxidation by OH (from decomposed H50) in
the downstream flue gas pathway, and are hence highly influenced by
the flue gas temperature and residence time [11,52]. In the vicinity of
the flame, however, the CO production increases with increasing steam
dilution, when the adiabatic flame temperature is fixed by varying {¢,
H,0" %}, One efficient way to reduce CO emissions is to elevate the HGT
operating pressure, which is often the case in practical HGT industrial
operation.

Fig. 12 shows the effect of the wet bio-syngas variability on the flue
gas CO content. Note that the unit of CO emissions, ‘ppmvd’, is defined
as volumetric parts per million on the dry bio-syngas base, same as it is
often used in experimental measurements. A rapid increase in CO
emissions occur when ¢ increases from 0.9 to 1.0. The inhibiting effect
of the increased H,0 content on the CO production is outbalanced by the
increased equivalence ratio which promotes CO formation. The highest
CO emission fluctuation of 23% occurs when the equivalence ratio is 0.8
and CHy” = 0.05, and the lowest fluctuation of 10% occurs at stoi-
chiometric conditions. These fluctuations are induced by fuel variability
only, but in real flames, when the fuel variability leads to flame insta-
bility, fluctuation magnifies.
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Dry Bio-syngas Gas Composition

Case 3 ngy coy Cogfy CH‘;W Ng"y S, (em/s) & (mm) LHV (MJ/Kg) Re Ka

High 0.089 0.154 0.165 0.165 0.427 40.46 1.11 7.483 113,000 11.60
Mean 0.074 0.140 0.179 0.150 0.457 30.11 1.38 6.55 105,000 20.14
Low 0.060 0.125 0.190 0.135 0.490 22.32 1.77 5.670 99,000 32.69
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Fig. 10. Main sensitivity indices relative to the flame speed and the flame thickness. Each ¢ in the legend is associated with a different H,O"*' at a typical
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The mean CO values in Fig. 12 are much larger than often reported
because a 1D premixed calculation presents the highest possible CO
emission at the highest flame temperature. In real burners or combus-
tors, the position of the high CO value reported in Fig. 12 locates at
where the highest OH intensity is observed.

To obtain a practical mean CO emission value, a plug flow reactor
(PFR) is built using Cantera [22] to post-process the CO emissions given
in Fig. 12. The inlet velocity of the PFR is set to 10 m/s, corresponding to
the velocity in the post-flame region of the HP burner developed at TU
Berlin. The exhaust tube of the TU Berlin burner extends for a length of
roughly 1 m downstream of the main flame position, and the exhaust gas
temperature for wet bio-syngas combustion is about 800 K. Following
these parameters, the PFR length is reproduced by a sequence of 2000
perfectly stirred reactors (PSR), each with a fixed rate of convective heat
transfer to the environmental temperature of 300 K. This ensures that
the outlet temperature of the last PSR is approximately 800 K. After post-
processing, the CO emission drops to a much lower value, as seen in
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Fig. 13. The first PSR is fed with a flame temperature of 1720 K and the
same CO concentration shown in Fig. 12. As the CO proceeds down-
stream, it is oxidised by the OH radical, which is more abundant than
oxygen. Except for ¢y = 1.0, the CO level drops below 10 ppm when the
exhaust gas temperature is lower than 1150 K. A higher CO level is
observed for higher {¢, H,0"®'}, indicating a prominent effect of the
equivalence ratio on increasing CO emissions over the CO suppression
effect of steam dilution. Moreover, although the final exhaust gas tem-
perature is often much lower than 800 K in a practical HGT cycle, no
apparent CO decrease may be observed for temperatures lower than
around 900 K. Cleaner combustion in terms of CO emissions can be
achieved for bio-syngas containing more methane.

For consistency, the high CO emission level shown in Fig. 12 is used
for sensitivity analysis. The results, shown in Fig. 14, reveal that the
variance of the CO emissions is dominated by the wet bio-syngas
composition variability following the order Scys > Sco > Su2 > Scoa-
The methane index is above 50% in most cases. This sensitivity order is
the same as that of temperature given in Fig. 5, and the CH” content in
the bio-syngas has little impact on changing the sensitivity order. These
results are expected, as the adiabatic flame temperature reflects the
reaction progress in a 1D premixed flame simulation, and the reaction
progress is directly related to the CO emissions for incomplete
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combustion.
4. Conclusions

The effect of steam-diluted bio-syngas composition variability on
flame physicochemical properties is investigated employing a PCE based
UQ method. The accuracy of the method is improved by prohibiting
species containing passive uncertainty to interact with other species. A
constant adiabatic flame temperature (T,q) is pre-calculated by co-
varying the equivalence ratio and the steam content {¢, H,0"*'}. This
ensures that the sensitivity study is not influenced by temperature
variation due to varying equivalence ratio. In a practical HGT cycle, an
adiabatic flame temperature lower than 1720 K is required to avoid
downstream turbine damage and to retain constant thermal efficiency.
The variation of Toq around 1720 K at a typical {¢, HoO"*'} can only be a
result of the fuel composition variability.

Several reaction mechanisms, the GRI Mech3.0, SanDiego Mecha-
nism, USC Mechanism, Davis Mechanism, and FFCM-1, are validated
against experimental flame speed data of highly steam-diluted CO/H3 in
an Oy environment. The FFCM-1 mechanism has the best overall
agreement over the entire tested equivalence ratios; hence it is recog-
nized as an accurate mechanism to predict flame physicochemical
properties for steam-diluted bio-syngas.
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Fig. 13. Post-processed CO emission level using 2000 sequential perfectly stirred reactors (right panels are zoom-in of the left).
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Fig. 14. Main sensitivity indices relative to the CO emission.

Assuming a uniformly distributed PDF with a small variance of
0.75% for the mole fraction of the bio-syngas composition, bell-shaped
PDFs of T,q and S; are observed. Defining the fluctuation of a flame
quantity as its coefficient of variation (ratio of the standard deviation to
mean), a maximum 2% fluctuation of T,q is observed at ¢ = 1.0 for
methane content in dry bio-syngas equal to 5%. Lower {¢, HoO"*'} or
less methane content in the dry bio-syngas reduce To4. The main
sensitivity indices show that 80% of the fluctuation is dominated by the
uncertainty of CHy, followed by CO, Hp, and CO,. This order is different
from the one previously reported in the literature, due to the promoted
reaction rate of R14: 2H,O = H + H,O + OH and R13: HoO + M =H +
OH + M in a wet environment, which favours the reaction of methane
but inhibits the reaction of hydrogen. Due to the small 2% fluctuation of
adiabatic flame temperature, the thermal efficiency of an HP burner can
vary from 51.6% to 56.7%.

The flame speed and flame thickness, which are vital factors influ-
encing the flame stability and combustion regime, are very sensitive to
wet bio-syngas variability. A maximum S;’ of 10% and &, of 7.5% are
observed at stoichiometric conditions. The dry methane mole fraction in
the bio-syngas has limited influence on these fluctuations, while they are
very sensitive to the change of {¢, Hy0"%}. The importance of these
observations is highlighted by the calculation of Ka and Re using the
parameters of an HP burner, developed at TU Berlin, Germany, for
CH‘;ry = 0.15. An absolute change of Ka by 20 (300% by fraction) and Re
by 14,000 (10% by fraction), due to the fuel variability, can have a
serious impact on practical flame stability. The main sensitive indices
show that the variance of hydrogen dominates the flame speed fluctu-
ation, while the variance of methane dominates the flame thickness
fluctuation. It is reported for the first time that the largest fluctuation of
CO is observed at an equivalence ratio of 0.8, and is dominated by un-
certainty of methane content in the fuel. Co-increasing the equivalence
ratio and steam content to keep a constant flame temperature is seen to
increase the CO emissions.
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Overall, the present study provides new findings on how an HGT
running on steam diluted bio-syngas may experience flame instability
due to fuel variability. Guidance on practical application of the HGT
technology is provided that a) an HGT cycle is cleaner by burning wet
bio-syngas containing high methane content, while this leads to less
stable combustion and less stable thermal efficiency from a view of fuel
variability; b) although the HGT technology with more steam content
involved in combustion process is known more electrical efficient
compared to the traditional thermal power plants, it suffers from
stronger combustion instability compared to dry combustion. This is a
result of not only the lower reactivity of diluted wet bio-syngas but also
the fuel composition variability, especially the methane variability.
Guarantee the stable methane production, during the upstream gasifi-
cation process to produce bio-syngas, is a key to ensure safe and stable
operation of the HGT cycle.

Further studies are being performed by the authors to investigate
high-pressure impact on the stable operation of HGT, which is of prac-
tical relevance to industrial renewable energy production.
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