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The growing demand for the use of biofuels for decentralized power generation initiates new research in
gas turbine technology. However, development of new combustors for low calorific fuels is costly in
terms of time and money. To give momentum to biofuels application for power generation robust numer-
ical models for multicomponent biofuels must be developed. This paper discusses the use of CFD tech-
niques for modeling the combustion of pyrolysis oil in a new burner geometry from OPRA Turbines.
Pyrolysis oil contains many different compounds, which are represented by a discrete fuel model consist-
ing of seven components. The components and their initial fractions approximate the volatility, water
content, elemental composition and heating value of a typical fast pyrolysis oil. Simulations have been
carried out for both the multicomponent pyrolysis oil and, as a reference, ethanol, a single-component
biofuel with a higher volatility. Comparative simulations have been performed to examine the influence
of the initial droplet size and to evaluate different combustion models. The results were compared to
available experimental data for pyrolysis oil and ethanol combustion. A qualitatively good agreement
was achieved.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction [17–24]. Since most of these models are restricted to the
Fast pyrolysis oil is a renewable biofuel produced from biomass
waste materials that can potentially be used as a fuel for industrial
applications [1–10]. It is composed of a large number of oxy-
genated compounds that are formed during the thermal decompo-
sition of biomass in the pyrolysis process. The chemical and
physical properties of pyrolysis oil are markedly different from
conventional fossil fuels [11–13]. Regarding spray combustion
applications, the high water content, high viscosity and high coking
tendency are particularly challenging. Several test campaigns have
indicated that these properties can cause incomplete combustion
and fouling [4,14–16]. It is generally concluded that modification
of the combustion equipment is required to achieve acceptable
operating performance with this biofuel.

The development of new combustors for this purpose can be
facilitated by models that describe the evaporation and burning
characteristics of pyrolysis oil with respect to other fuels.
Especially CFD models can be useful to gain insight into the
interactions between the pyrolysis oil spray and the surrounding
air in a combustion chamber. However, the numerical analysis of
these phenomena has received little attention so far. Only a few
models have been proposed to approximate the behavior of
pyrolysis oil droplets in a high temperature environment
evaporation process, the characterization of the entire combustion
process using numerical methods still needs to be explored.

This paper presents a CFD approach for modeling pyrolysis oil
spray combustion in an industrial gas turbine. The commercial
code ANSYS Fluent has been employed to model the vaporization
and combustion of pyrolysis oil in the low-caloric fuel combustor
that was recently developed by OPRA for the application of biofuels
in their OP16 gas turbine [22]. The aim is to capture the main burn-
ing characteristics of pyrolysis oil. The results have been compared
to simulations with ethanol, a single-component biofuel. Addi-
tional computations have been performed to verify the sensitivity
of the results to the initial droplet size and to the combustion
model. Although the detailed experimental data regarding flow
and temperature field at various locations inside the combustor,
as well as droplet size and distribution were not available for val-
idation purpose, the model outcome was compared to experimen-
tal exhaust gas temperature and CO2 emissions. Comparison with
outlet measurements is frequently performed in case the detailed
data regarding specific flow profiles is out of reach current exper-
imental techniques, see [25–28].
2. Pyrolysis oil fuel model

Considering the large number of compounds present in pyroly-
sis oil, the composition was simplified using a discrete component
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approach. To capture the most relevant properties for the evapora-
tion and combustion behavior, a surrogate fuel was developed that
represents the volatility, water content, elemental composition
and heating value of a typical pyrolysis oil.

The pyrolysis oil devolatilization characteristics reported by
Branca et al. [23] were used as a guideline in selecting the compo-
nents for the fuel model. On basis of thermogravimetric analysis
(TGA) of four different pyrolysis oils (BTG, Dynamotive, Ensyn
and Pyrovac), they proposed to divide the devolatilization curve
into six main temperature zones. It was shown that the measured
weight loss in the zones could be correlated with the mass frac-
tions of the compounds identified in the oil samples of which the
boiling points fell within the corresponding temperature ranges.
In the surrogate fuel developed for the current 37 study, the total
weight loss in each of the six temperature zones is lumped into a
single organic compound that is typically found in pyrolysis oils.
Water has been selected as an additional species, because it is
the most abundant constituent of pyrolysis oil and highly influ-
ences the evaporation curve due to its high latent heat of vaporiza-
tion. This approach resulted in the fuel model specified in Table 1.
The surrogate fuel has an elemental composition of C 40% H 8.5% O
51% by weight and a lower heating value (LHV) of 15.6 MJ/kg, both
of which are typical for fast pyrolysis oils [24,29–31].

The initial mass fractions of the surrogate fuel components have
been estimated by evaluating TGA data reported in the literature.
Branca et al. [23] determined devolatilization curves for the above-
mentioned pyrolysis oils using a heating rate of 5 K/min up to a
final temperature of 600 K. The measured weight loss in each of
the six temperature zones was compared to their prediction for
the mass loss in the zones. These predictions were based on the
mass fractions of the oil constituents that were allocated to the
zone based on their boiling points.
Table 1
Specification of the discrete fuel model used as a surrogate for pyrolysis oil. The temperatur
boiling point and the initial mass fraction.

Zone Oil temperature (K) Component

1 <360 Methanol
2 360–400 Water

Acetic acid
3 400–450 Acetol
4 450–500 Phenol
5 500–550 Eugenol
6 >550 Levoglucosan

Table 2
Weight loss (WL) in wt.% for the different temperature zones as measured using TGA. Pred
et al. [23] and from Van Rossum et al. [30].

Zone Temp. zone (K) WL vs Toil

Dynamotivea

TGA Pred.

1 <360 16.7 7.8
2 360–400 13.3 33.2
3 400–450 13.7 8.4
4 450–500 9.7 2.9
5 500–550 8.9 4.7
6 >550 6.0 7.2

1–2 <400 30 41
1–3 <450 44 49
1–6 Full range 68 64

a Dynamotive oil, 21% water, heating rate 5 K/min up to 600 K based on oil temperatu
b BTG oil, 30% water, heating rate 5 K/min up to 600 K based on oil temperature.
c VTT oil, 24% water, heating rate 50 K/min up to 823 K based on oil temperature. Pre
d VTT oil, 24% water, heating rate 1 K/min up to 1073 K based on sample cup tempera
e VTT oil, 24% water, heating rate 100 K/min up to 1073 K based on sample cup temp
For the Dynamotive and BTG oils, the TGA data obtained from
these experiments are listed alongside the predictions in Table 2.
Both oils were produced from softwood and obtained by collecting
the entire liquid from the pyrolysis reactor. Due to differences in
the feedstock and the production process, the Ensyn and Pyrovac
oils were considerably less volatile and therefore excluded from
the present discussion. Table 2 also shows the TGA results reported
by Van Rossum et al. [30]. These experiments were performed with
pyrolysis oil produced from forest residue by VTT using a heating
rate of 50 K/min up to an oil temperature of 823 K. The latter
two columns in the table show TGA data for the same VTT oil,
but the reported temperatures are of the sample cup in those cases.

The weight loss of the Dynamotive and BTG oils measured by
Branca et al. deviates considerably from the predictions, especially
in the lowest temperature zones. It was stated that these differ-
ences were mainly caused by the low heating rate used for the
analysis. The slow process presumably allowed the oil constituents
to largely evaporate already before their respective boiling points
were reached. A reasonable agreement between the measurements
and predictions for the individual oils was however observed by
comparing the total weight loss over the first three zones, which
cover the evaporation of water and all relatively light compounds.

A comparison of the TGA data obtained for the two oils shows
that the BTG oil is more volatile than the Dynamotive oil in the
lower temperature regions. The primary reasons for the higher
volatility are the higher water content (30 vs 21 wt.%) and the
lower pyrolytic lignin fraction (8 vs 25 wt.%) of the BTG oil. The
TGA curve obtained for the VTT oil with a water content of
24 wt.% and a heating rate of 50 K/min is generally similar to that
of the BTG oil. A large difference is seen in the highest temperature
zone, however, presumably because the VTT sample was heated to
a higher final temperature.
e zones have been adopted from Branca et al. [23]. Tb and Yinit denote respectively the

Formula Tb (K) Yinit (%)

CH3OH 338 10
H2O 373 25
CH3COOH 391 10
C3H6O2 419 10
C6H5OH 455 10
C10H12O2 527 15
C6H10O5 623 20

ictions are based on oil composition and boiling points. Data reproduced from Branca

WL vs Tcup

BTGb VTTc VTTd VTTe

TGA Pred. TGA TGA TGA

27.6 7.9 28.0 28 7
16.6 44.4 18.4 15 17
13.1 6.5 9.6 11 16
8.3 1.6 7.0 8 10
5.7 3.1 5.0 4 9
4.2 4.9 16.0 16 26

44 52 46 43 24
57 59 56 54 40
76 68 84 82 85

re.

dictions are not available.
ture.
erature.
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Since the heating rates in a gas turbine combustor are several
orders of magnitude higher (typically P105 K/min), the actual
evaporation curve of a droplet in the spray is expected to approach
the extreme case of sequential boiling more closely than seen in
Table 2. This presumption is supported by TGA measurements at
different heating rates conducted by Van Rossum et al. [30]. In
Table 2, the measured weight loss of the VTT oil in each zone is
reported for heating rates of 1 and 100 K/min up to a temperature
of 1073 K based on the sample cup temperature. The data cannot
be directly compared to the other values given in the table because
the temperature of the pyrolysis oil itself is unknown, but the
results indicate that the release of volatiles is shifted towards
higher temperatures in case the heating rate is increased. It there-
fore seems plausible that the evaporation behavior at high heating
rates will be strongly correlated with the oil composition and the
boiling points of the various components.

Following these considerations, the initial weight fractions for
the lowest three temperature zones given in Table 1 (T < 450 K)
have been chosen based on the predicted values reported in
Table 2. The total mass fraction represented by these zones was
constrained to 55%, which is the average value of the predictions
for the Dynamotive and BTG oils. After setting the water content
to 25 wt.%, the average value of all three oils considered in the
table, the remaining mass was divided over the other three compo-
nents in these zones.

For the higher temperature zones (T > 450 K), the data in Table 2
cannot be used as a reliable basis for the present fuel model. Firstly,
the chemical characterization of the oils was incomplete regarding
the heavier species. It can be seen that the predicted values do not
sum up to 100%, which is mainly because the nonvolatile fractions
were excluded from the analysis [32]. Secondly, the TGA results
obtained at such temperatures are not representative because the
liquid phase chemistry is sensitive to the heating rate. At low heat-
ing rates (1–100 K/min), pyrolysis oils show a high tendency to
form nonvolatile material under influence of polymerization reac-
tions once the water and light components have evaporated [30].
This polymerization process typically results in a large amount of
secondary char at the end of a TGA experiment, as can be seen from
the total weight loss data given in Table 2. In several studies, how-
ever, it was observed that the charring tendency of pyrolysis oil is
strongly reduced by increasing the heating rate. Evaporation
experiments with small droplets resulted in a char yield as low
as 4% [30] and 1% [31] of the original pyrolysis oil mass. The heat-
ing rates in these experiments were estimated to be 106 and above
105 K/min, respectively. In spray combustion experiments only
0.1% of the original mass was obtained as char [33], although it
must be noticed that the hot product gases were not quenched
so that part of the char could have been consumed via surface reac-
tions. Nevertheless, these studies clearly show that TGA under-
predicts the mass release in the upper temperature regions.

Given the low char yield under typical spray combustion condi-
tions, a solid phase was not included in the fuel model. The small
amounts of char that remain from the droplets may have implica-
tions for the soot emission and the service life of certain engine
components, but are not expected to significantly influence the
general combustion characteristics currently studied. Conse-
quently, the initial mass fractions chosen for the components in
zones 4–6 in Table 1 account for the evaporation of volatiles with
a high boiling point as well as the cracking of the nonvolatile pyrol-
ysis oil constituents. As the content of nonvolatiles (pyrolytic lig-
nin, sugars, extractives) is very significant in most oils [29,34,35],
the mass fractions are increasing towards higher boiling points.
However, it remains uncertain if the assumed fractions accurately
describe the evaporation curve in this region because reference
data is not available. As the pyrolytic lignin largely consists of
macromolecules with unknown properties, levoglucosan is chosen
as the heaviest component in the oil. Levoglucosan is a major com-
pound in pyrolysis oils and can imitate the fact that the lignin does
not evaporate or decompose until a high droplet temperature is
reached.

The properties of the seven fuel components in the model have
largely been found in the Fluent built-in database, in other prop-
erty databases [36–39] or in the literature [40–45]. Property data
that were not directly available have been estimated using meth-
ods proposed in the literature [40,46–49].
3. Numerical methods

The combustion of pyrolysis oil and ethanol in an industrial gas
turbine burner has been numerically investigated by using the
Euler Lagrange RANS approach in ANSYS Fluent 14.5 [50]. The
numerical setup for ethanol combustion is partly based on the
modeling approach discussed in Sallevelt et al. [51] for the com-
bustion of ethanol in a conventional diffusion-mode burner.

3.1. Computational domain

Fig. 1 shows a schematic of the combustion chamber that is
considered in this study. This reverse-flow tubular combustor has
recently been developed by OPRA Turbines to efficiently burn
low-calorific fuels in the OP16 gas turbine rated at 1.9 MW [6].
Compared to the standard combustor used for burning fossil fuels
in diffusion mode, the new design has a larger volume to provide
enough residence time for complete burnout. The distribution of
air was furthermore changed to ensure sufficient burning rates of
the low-calorific fuels. Another major difference is the flame stabi-
lization technique, which is now provided by a radial swirler only.
Fuel is injected using a preforming airblast nozzle.

The simulations have been performed using a 45� section of the
combustor to reduce the computational cost. Boundary conditions
for the flow field and turbulence parameters imposed on the inlets
of the domain were extracted from non-reacting flow simulations.
The domain has been discretized using an unstructured tetrahedral
grid with boundary layer elements. Local refinements were used to
fill the width of a channel or hole with a minimum amount of 10
cells. The grid dependency study for the reacting flow domain
included 9 different grids. In the finest grid, used as a reference,
the global cell size was set to 2 mm. Comparison of the tempera-
ture and velocity profiles at various locations resulted in an opti-
mized mesh containing 3.4 million cells, with local refinements
near the atomizer, in the flame region and adjacent to the liner.
Although considerably less elements were used compared to the
2 mm reference mesh, it was observed that velocity and tempera-
ture profiles at different sample lines along the combustor axis did
not deviate more than 6%.

3.2. Gas phase modeling

The gas phase is described by the steady-state RANS equations.
Favre-averaged conservation equations for mass, species, momen-
tum and enthalpy have been solved to obtain the mean field quan-
tities, while effects of turbulent fluctuations are modeled using the
SST k - x formulation as available in Fluent [50]. The density and
heat capacity of the gas are computed from respectively the ideal
gas law and a mixing law. Correlations for air are used to approx-
imate the thermal conductivity and viscosity of the gas as function
of temperature.

Radiative heat transfer has not been included in the model. This
is a reasonable simplification for the low-soot ethanol flame, but
may cause a more significant error in case of the pyrolysis oil
flame. The luminosity of the latter has been observed to be roughly



Fig. 1. Sketch of the biofuel combustor developed by OPRA Turbines [22]. The arrows indicate the flow field according to the current simulations.
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in between that of ethanol and fuel oil [6,52]. The error on the dro-
plet evaporation rate caused by neglecting radiation is acceptable
since, for the small droplets considered here, convection is
reported to be the dominant heat transfer mechanism [53].

3.3. Fuel spray definition

In the discrete phase model, the fuel spray is considered as a
collection of parcels representing up to 75 droplets with the same
properties. A transient solver tracks the parcels in a Lagrangian
frame of reference while they exchange mass, heat and momentum
with their surroundings. These processes are incorporated in the
governing equations for each of the two phases by including source
terms (two-way coupling). Since fuel sprays in gas turbines are
typically characterized as dilute, any droplet-droplet interactions
are unlikely to occur and can be neglected [54].

There is no experimental data available which describes the
droplet size distribution produced by OPRA’s prefilming airblast
atomizer. Several empirical correlations for estimating the mean
droplet size exist in the literature, but the predictions from these
correlations show large differences. For the purpose of this study,
it was therefore assumed that the droplets in the fuel sprays are
uniform in size, i.e. 30 or 50 lm. Although such sprays are hypo-
thetical and generally do not represent the real case, the
uniformly-sized sprays give a clear indication of the relation
between the flame and the drop size. Nevertheless, to illustrate
the influence of the spread in the drop sizes observed in practical
sprays, comparative simulations have been performed using a
Rosin-Rammler distribution:

1� F ¼ eðDd=DdÞ
q

ð1Þ
where F is the volume fraction of the droplets with a diameter smal-
ler than Dd. The distribution is defined by a characteristic diameter,
Dd, and a spread parameter, q. Following the approach described in
Sallevelt et al. [51], the characteristic diameter was derived from an
estimated Sauter mean diameter (SMD) using the correlation pro-
posed by El-Shanawany and Lefebvre [55], while a typical value
for the spread parameter was obtained from experimental data
for water sprays [56]. For q = 3.45, this approach results in a distri-
bution with a SMD of 42 lm and a Dd of 54 lm. Secondary breakup
has been neglected because the Weber number is typically lower
than 10, meaning that further breakup of the droplets may not
occur [54].

3.4. Interphase transport

Once the parcels have been released, the parcel trajectories are
computed from the drag force exerted by the flow. The drag coef-
ficient for a parcel is approximated by that of a spherical particle.
Other forces acting on the parcels, such as virtual mass and pres-
sure gradient forces, are negligible compared to the aerodynamic
drag. The effect of turbulent velocity fluctuations on the droplet
trajectories has been taken into account using the discrete random
walk model [50]. An approximate expression for the mass flux
from the droplet surface is the Maxwell equation for the
diffusion-based evaporation:

_md ¼ �4pRdDvqðYv;s � Yv;1Þ ð2Þ
where Rd is the droplet radius, Dv is the diffusion coefficient of the
fuel vapor, q is the total density of the mixture in the vicinity of the
droplet, and Yv,s and Yv,1 are the fuel vapor mass fractions at the
surface and in the far field. For the simulations with pyrolysis oil,
Eq. (2) is solved for each fuel component listed in Table 1 and the
total mass loss is the sum of the species mass fluxes. The physical
and chemical properties of the individual species are taken into
account as droplet evaporation proceeds.

Vapor concentrations at the droplet surface are computed from
Raoult’s law under the assumption of an ideal mixture in vapor-
liquid equilibrium. The diffusion coefficients have been evaluated
at a film-averaged temperature using the 1/3-rule recommended
by Hubbard et al. [57]. For a spherical droplet in a static
atmosphere, the Sherwood number in this model is equal to 2.
To account for external convection around the droplet in the com-
bustor, this value is corrected using the Ranz-Marshall correlation:

Sh ¼ 2þ 0:6Re1=2Sc1=3 and Nu ¼ 2þ 0:6Re1=2Pr1=3 ð3Þ
where Re, Sc and Pr are the Reynolds number, Schmidt number and
Prandtl number, respectively.

Eq. (2) is generally valid for low evaporation rates since it
ignores the convective flow of fuel vapor away from the droplet
surface. The outward vapor flow induced at high evaporation rates
is referred to as Stefan flow and impedes the transfer of mass and
heat at the droplet surface.

A more general formulation for quasi-steady droplet evapora-
tion that includes this effect has been developed in the 1950s
[58,59]. Starting from the continuity equations for mass and spe-
cies, it was derived that the evaporation rate can be described by
Eq. (4), where BM is the Spalding mass transfer number.

_md ¼ �4pRdDvq lnð1þ BMÞ and BM ¼ ðYv;s � Yv;1Þ=ð1� Yv;sÞ
ð4Þ

When assuming a Lewis number equal to unity, an equivalent
expression for the rate of droplet mass loss can be obtained from
the energy balance:

_md ¼ �4pRdkg
Cp;v

lnð1þ BTÞ and BT ¼ Cp;vðT1 � TsÞ=Leff ð5Þ

where kg is the thermal conductivity of the gas, Cp,v is the specific
heat capacity of the vapor, BT is the Spalding heat transfer number
and Leff is the effective latent heat of vaporization, defined as:
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Leff ¼ L� ðj _qdj= _mdÞ ð6Þ
where L is the specific latent heat and qd is the conductive heat flux
at the surface used to heat the droplet interior. By further evalua-
tion it is found that the Sh and Nu numbers are now expressed by:

Sh ¼ 2
lnð1þ BMÞ

BM
and Nu ¼ 2

lnð1þ BTÞ
BT

ð7Þ

In the limit of low evaporation rates, BM ? 0 and BT ? 0 such
that the solution for moving droplet, i.e. Eq. (3) is obtained. For
droplets that are surrounded by a flame, the theory for a non-
reacting atmosphere can be extended to obtain the burning rate
of a drop in an oxidizing gas. The rate of mass loss of a burning dro-
plet is given by Eq. (8) with a modified mass transfer number to
account for the heat release near the drop surface:

BT;c ¼ Cp;vðT1 � TsÞ þ ðYO;1=rOÞqc

Leff
ð8Þ

where the subscript c refers to combustion, qc is the heat of com-
bustion and rO is the stoichiometric mass ratio of fuel and oxidizer.

When the droplet is in thermal equilibrium after an initial heat-
up period, the square of the droplet diameter decreases linearly
with time and is described by the well-known D2-law, see Eq.
(9). Note that the D2-law does not hold for multicomponent fuels
and is not used as assumption in the current model.

D2
dðtÞ ¼ D2

d;0 � K � t ð9Þ

where Dd,0 is the initial diameter of the droplet and K denotes the
evaporation or burning rate constant. The linear trend has been
confirmed by many experimental observations with single-
component liquids. From the Maxwell equation the K value is given
by:

K ¼ 8kg
qlCp;v

ðYv;s � Yv;1Þ ð10Þ

whereas from the Spalding the evaporation constants Kv and Kc are
defined as:

Kv ¼ 8kg
qlCp;v

ln 1þ Cp;vðT1 � TsÞ
L

� �
and

Kc ¼ 8kg
qlCp;v

ln 1þ Cp;vðT1 � TsÞ þ ðYO;1=rOÞqc

L

� �
ð11Þ
3.5. Liquid phase modeling

The selective evaporation of the various constituents of a mul-
ticomponent fuel can lead to significant mass and temperature gra-
dients within the droplet. Consequently, the influence of internal
transport on the evaporation process can be more pronounced than
in case of pure liquids [60,61]. Simulation results are hence
expected to be sensitive to the model used for describing the liquid
phase transport mechanisms. However, solving transport equa-
tions inside each droplet requires large computational effort. The
current CFD code therefore relies on the rapid mixing assumption,
which is in line with the work of Hallett and Clark [18] and Zhang
and Kong [21]. It is accordingly assumed that the droplet is spa-
tially uniform in temperature and composition. The temperature
change in time is computed from the global heat balance given by:

_mdCp
dTd

dt
¼ 4pR2

dhðT1 � TdÞ � _mdL ð12Þ

where Td is the droplet temperature, Cp is the droplet heat
capacity and L is the latent heat of vaporization. Note that Cp and
L are changing during the lifetime of the droplets in case of a
multicomponent fuel. The heat transfer coefficient h is determined
from the Nusselt number (Eq. (3)).

3.6. Combustion modeling

The pyrolysis oil flame is described by using a combustion
model based on local equilibrium to allow for a changing composi-
tion of the fuel vapor. Under the assumption that species react
toward their equilibrium state over a characteristic time, the mean
local reaction rate for species i can be modeled as [50]:

Ri ¼ q Yeq
i � Yi

� �
=s ð13Þ

where q is the mixture density, Yi is the mean mass fraction as
obtained from the species conservation equation, Yeq

i is the local
equilibrium mass fraction and s denotes a characteristic time scale.
The characteristic time is equated to the turbulent time-scale,
which is described by the turbulence model:

s ¼ sturb ¼ k=ðA�Þ ð14Þ
where k is the turbulent kinetic energy, e is the eddy dissipation
rate and A is a model constant equal to 4 by default. This model will
be referred to as the relaxation-to-equilibrium (RTE) model.

The RTE model has also been applied in the simulations with
ethanol to facilitate comparisons with the pyrolysis oil cases. For
modeling the ethanol flame, however, it is also feasible to use alter-
native models. The sensitivity of the temperature field to the cho-
sen chemistry model is therefore evaluated by performing
additional simulations with ethanol using the non-adiabatic steady
laminar flamelet model, with temperature change but frozen spe-
cies composition. The laminar ethanol flamelets were calculated
on basis of a reaction mechanism developed by Röhl and Peters,
including 38 species and 228 reactions [62]. The average tempera-
ture, density and species mass fractions in the turbulent flame
were subsequently computed and stored in multidimensional
look-up tables of the form:

e/ ¼ e/ðeZ ;gZ002 ; fvst ;
eHÞ ð15Þ

where e/ is the quantity of interest, eZ is the mean mixture fraction,gZ002 is the mixture fraction variance, fvst is the stoichiometric scalar

dissipation rate, and eH is the mean enthalpy level.

3.7. Boundary conditions and case specification

Air enters the domain with a total flow rate of 300 g/s at a tem-
perature equal to the compressor discharge temperature in OPRA’s
OP16 engine. The thermal input is set to 280 kW in all simulations,
which corresponds to a fuel flow rate of 10.5 g/s for ethanol and
17.9 g/s for pyrolysis oil. A pressure condition is applied at the out-
let. The combustor walls are assumed to be adiabatic. Impinge-
ment of droplets on the liner is described by the wall-jet
boundary condition [50]. The wall-jet model predicts the trajectory
of a droplet after impacting a high-temperature wall where no liq-
uid film is formed. The droplet size distribution and the combus-
tion model have been varied to study the influence of these
settings on the solution. Table 3 gives an overview of the settings
used in the reacting flow simulations. A more detailed description
of these models can be found in Sections 3.3 and 3.6.

3.8. Solution method

The system of equations was solved using a pressure-based
AMG solver with a pressure-velocity coupling algorithm. Values
on the cell faces were computed using the second-order upwind
scheme. Explicit as well as implicit under-relaxation was used to



Table 3
Overview of the models used for the reacting flow simulations.

Case Fuel Combustion model Droplet size and distribution

E.1 Ethanol RTE Uniform, 50 lm
E.2 Ethanol RTE Rosin-Rammler
E.3 Ethanol RTE Uniform, 30 lm
E.4 Ethanol Flamelets Uniform, 50 lm

PO.1 Pyrolysis oil RTE Uniform, 50 lm
PO.2 Pyrolysis oil RTE Rosin-Rammler
PO.3 Pyrolysis oil RTE Uniform, 30 lm
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stabilize the solver. The PRESTO! Scheme has been selected for the
pressure interpolations.
4. Results and discussion

The results for ethanol and pyrolysis oil combustion using the
same model configuration are discussed first. Subsequently, it is
examined to what extent the solution is sensitive to the droplet
size and the combustion model. Temperatures and velocities have
been made dimensionless through division of the values by a con-
stant reference value. The overall mass and heat imbalance were
respectively below 0.01% of the total mass flow rate and below
0.3% of the heat of combustion (280 kW ± 0.5%). Whenever possi-
ble, the numerical data are validated with experiments performed
by OPRA with the same combustor configuration [6]. The predicted
air distribution over the combustor zones agrees well with the
measurements, with an error of less than 1% of the total flow.

4.1. Maxwell vs Spalding evaporation

To investigate the sensitivity of the droplet life to the evapora-
tion model, additional simulations have been performed with the
Spalding (Eq. (4)) and Maxwell (Eq. (2)) evaporation model. A
Fig. 2. Comparison of the square of the non-dimensional droplet diameter and the
droplet temperature of ethanol combustion as function of time, computed using the
Maxwell (solid) and the Spalding evaporation model (dashed).

Table 4
Comparison of evaporation constants for vaporizing or burning ethanol droplets. Tempera

Author(s) Method Dd,0 (lm)

Godsave [58] Exp. 1500
Goldsmith [64] Exp. 1500–1800
Maqua et al. [65] Exp. 105

Current Num. (Maxwell model) 50
quantitative evaluation of the difference in vaporization rate is
given in Fig. 2 for E.1 ethanol case. Figure shows that the evapora-
tion rate constant predicted by the Spalding model is only
0.54 mm2/s, which results in a 65% increase in average droplet life-
time. Such long evaporation times are highly unlikely considering
the measured regression rates listed in Table 4. This indicates that
the droplet should be regarded as burning rather than evaporating
when using the Spalding theory under these conditions. In other
words, more accurate results can be expected from the droplet
combustion model given by Eq. (5) combined with Eq. (8). Calcula-
tions performed by Shaddix and Hardesty [63] show that the burn-
ing rate predicted by Eq. (11) is typically 1.5–2.0 times higher than
the evaporation rate for diesel and pyrolysis oil droplets. This ratio
between Kc and Kv agrees well with the difference between the
measured and predicted surface regression rates for ethanol as
observed in this study.

From the models considered in the present simulations, the
Maxwell equation is thus observed to give the most credible
results (see also discussion in Section 4.2). A possible explanation
is that the adverse effect of Stefan convection at the drop surface
is compensated by the flame surrounding the droplet. The over-
simplified Maxwell equation, in which both these effects are not
included, may therefore still be capable of providing reasonable
estimations for the droplet lifetime.

4.2. Temperature field and evaporation behavior

Fig. 3(left) shows the temperature contours for ethanol (Case
E.1) in the top half and for pyrolysis oil (Case PO.1) in the bottom
half, together with the corresponding fuel sprays. In these simula-
tions, the chemistry is predicted by using the RTE model, and dro-
plets are 50 lm in diameter (see Table 3). The peak temperatures
for the ethanol case are reached near the atomizer pintle and near
the combustor axis further downstream. The temperatures in these
regions are in close agreement with the adiabatic flame tempera-
ture. In the pyrolysis oil case, the peak temperature is observed
close to the liner and is only 2140 K. This temperature is signifi-
cantly lower than the adiabatic flame temperature of 2287 K for
the pyrolysis oil surrogate fuel. However, it is very well possible
that the maximum temperature of the pyrolysis oil flame does
not correspond to the adiabatic value because the fuel components
are not released simultaneously (see Fig. 4). The differences in
molecular formulas of the vaporizing components make that a
wide range of local C–H–O ratios are possible. In practice, the flame
temperatures for both fuels are expected to be slightly lower than
predicted by the model, primarily since radiative heat losses are
neglected.

The total amount of energy required for evaporating the fuel is
more than twice as high for pyrolysis oil as for ethanol, i.e. 20.5 kW
compared to 9.5 kW. As illustrated by Fig. 3(left), the evaporating
pyrolysis oil droplets therefore cause a large decrease in gas tem-
perature near the spray. Since the majority of the combustion heat
is released during the latter half of the droplet lifetime, after the
water has evaporated, ignition and combustion in the proximity
of the atomizer will proceed at a lower rate. During experiments
tures and velocities from the simulations are typical values.

Tgas (K) Urel (m/s) K (mm2/s)

Tfame Quiescent 0.81
Tfame Quiescent 0.86
1140 5–6 0.81
1260 4–5 0.71
1270 2–4 0.73

800–1800 5–20 0.98



Fig. 3. Comparison of the temperature fields and fuel sprays. Left: ethanol (top) and pyrolysis oil (bottom) combustion (Case E.1 vs PO.1) and right: pyrolysis oil combustion
using a Rosin-Rammler distribution (top) and using a uniform drop size of 30 lm (bottom) (Case PO.2 vs PO.3).

(a) Total (b) Methanol (c) Water (d) Acetic acid

(e) Acetol (f) Phenol (g) Eugenol (h) Levoglucosan 

Fig. 4. Rate of mass transfer to the gas phase for the total droplet (a) and for each individual component (b–h) in the pyrolysis oil surrogate, using the same intensity scaling.
The plots give qualitative insight into the vaporization regions of the components in case of a uniform droplet size of 50 lm (Case PO.1).
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with pyrolysis oil in OPRA’s atmospheric test rig [6], this effect has
been reported as a decreased flame stability.

It is also observed that the pyrolysis oil spray penetrates consid-
erably further into the combustor. A qualitative impression of the
subsequent evaporation of fuel species can be found in Fig. 4. To
get detailed insight into the evaporation process, Fig. 5 reports
the square of the non-dimensional diameter and the temperature
of the droplets in the ethanol and pyrolysis oil spray as function
of time. The small dots indicating the current state of each droplet
show a significant degree of scattering due to the modeled effect of
turbulent velocity fluctuations (see Section 3.4). For the sake of
convenience, this discussion will only consider averaged values
at each point of time, which are indicated by the solid curves for
ethanol and the dashed curves for pyrolysis oil.

The figure shows that the evaporation curve for ethanol approx-
imates the D2-law given by Eq. (9). After a short heat-up period the
temperature tends to stabilize between 338 and 351 K, whereby the
exact value varies with the conditions of the droplet surroundings.
The evaporation rate constant in Eq. (9) can be determined from the
average slope of the diameter curve from this point (tP 1 ms) and
is found to be 0.98 mm2/s. In Table 4, this result is compared to
experimental values reported in the literature for vaporizing or
burning ethanol droplets. The somewhat higher value found in this
work is probably related to the velocity of the droplets relative to
the gas, Urel, which is generally much higher in the current simula-
tions. According to the correlation that accounts for the effects of
gas phase convection on the evaporation rate, Eq. (3), the external
velocity can have major impact on the vaporization rate via the
Reynolds number. Nevertheless, since measured values for higher
velocities or typical Re numbers have not been found in the
literature, the accuracy of the predicted evaporation curve for these
conditions cannot be fully confirmed.

The dashed curves in Fig. 5 show the evaporation of the multi-
component pyrolysis oil surrogate. A rapid increase in temperature
is again observed within the first millisecond, where already part
of the methanol escapes from the drop surface. The temperature



Fig. 5. Comparison of the square of the non-dimensional droplet diameter and the
droplet temperature as function of time for the ethanol (solid) and pyrolysis oil
(dashed) spray (Cases E.1 and PO.1).
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curve then levels off while the remaining methanol, the water and
part of the acetic acid vaporize. The D2-curve shows that the evap-
oration rate constant is only 0.36 mm2/s at this stage, which is lar-
gely due to the high latent heat of the water. This adds to the effect
of the relatively high density of the surrogate fuel, increasing from
1050 kg/m3 to 1317 kg/m3 over the droplet lifetime.

When practically all the water has been released around
t = 3.5 ms, the temperature curve steeply increases up to the final
value just above 600 K, where the levoglucosan evaporates in an
equilibrium state. The heating rate in this latter part of the curve
is an important indicator for the formation of char inside the dro-
plet. From this model, it follows that the mean heating rate is
8 � 106 K/min. This result suggests a low tendency of the droplets
to form solid residue according to earlier studies (see Section 2).
During combustion tests with pyrolysis oil using airblast atomiza-
tion, sparks were indeed hardly observed in the flue gases. The
average evaporation rate constant after t = 3.5 ms is changing to
1.0 mm2/s. In this time range, however, the evaporation rate is also
influenced by the significant increase in temperature of the sur-
rounding gas. Whereas the droplet surrounding is typically around
1000 K up to this point, temperatures up to 2000 K are reached at
the end of the curve.

Experimental data to validate the pyrolysis oil results are hardly
available, but some valuable measurements have been performed
by Shaddix and Hardesty [63]. For poplar and switchgrass oil
droplets with an initial diameter of 350 lm, they found that the
burning rate ‘‘ranged from � 0.3 mm2/s (shortly after the droplet
heat-up period) to 0.5–0.6 mm2/s at later residence times”. An
important note is that the square of the non-dimensional droplet
diameter in these measurements did not reach values lower than
0.75 and 0.85 for respectively the poplar and switchgrass oil due
to the occurrence of micro-explosions. Nevertheless, these data
suggest that the model predicts a representative surface regression
rate for the first part of the evaporation curve. The total lifetime of
a pyrolysis oil droplet is roughly 60% longer than that of an ethanol
droplet. If compared to the evaporation time for diesel No. 2, even
larger differences can be expected since reported burning rates for
diesel are slightly higher than for ethanol under similar conditions
[58,63]. This outcome underlines the need for large combustion
chambers and fine atomization for burning pyrolysis oil
successfully.
Fig. 6. Comparison of the velocity fields for ethanol (top) and pyrolysis oil (bottom)
combustion using a uniform drop size of 30 lm (Case E.3 vs PO.3). An additional
circulation region is formed in case of pyrolysis oil. The colors are based on the
velocity magnitude. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
4.3. Influence of the initial droplet size

As explained in Section 3.3, the uniform droplet size used in this
study does not reflect the diameter variations observed in practical
fuel sprays. The possible influence of this simplification on the
results has been examined by performing an additional simulation
with ethanol and pyrolysis oil, in which the uniform size was
replaced by a Rosin-Rammler distribution defined in Section 3.3.
This section also discusses the results for a uniform droplet size
of 30 lm instead of 50 lm, simulating extremely fine atomization.

The simulations for ethanol using a droplet size distribution
(Case E.2) shows that the spray reaches much further into the
domain as it contains larger droplets. However, aside from the dif-
ference in spray penetration, the temperature and velocity fields
are very similar to those for the uniform 50 and 30 lm droplet size
cases (E.1 and E.3). The results for ethanol combustion are hence
found to be remarkably insensitive to the exact size distribution
of the droplets specified at the injection location.

In case of pyrolysis oil combustion, the influence of the droplet
size on the temperature field is more pronounced. This is
illustrated by Fig. 3(right), which compares the results for a
non-uniform drop size (top) to those for a uniform size of 30 lm
(bottom) (Case PO.2 vs PO.3). For both cases, the temperature field
is significantly different with respect to the base case with a
uniform size of 50 lm, shown in the bottom half of Fig. 3(left).
An important difference with ethanol is that most of the energy
in this fuel is released after the evaporation of the water. When
using the Rosin-Rammler distribution (Case PO.2) instead of a
uniform size of 50 lm (Case PO.1), a significant part of the fuel
reaches this stage in the evaporation process relatively soon due
to the presence of small droplets in the spray. This causes the flame
temperature to rise faster in the first case. On the other hand, the
largest droplets in the distribution do not fully evaporate before
impacting the combustor liner. A small fraction of the fuel is there-
fore burning along the liner wall, where it forms a thin, hot film of
product gases.

Impingement of drops on the liner is found to occur for initial
diameters larger than 65 lm. This diameter should hence be con-
sidered as the maximum desirable droplet size to avoid possible
coke formation on the inner liner walls. However, since droplet
diameters up to 100 lm are common in practical fuel sprays, it is
likely that the spray is partly impacting the liner. This scenario



Table 5
Predicted and measured CO2 emissions and outlet temperatures. The model predictions in this table are flow-averaged values in the dry gas. Experimental values have been
provided by OPRA. The temperatures are non-dimensional and the concentrations have been normalized to 15% oxygen.

Case CO2 (%) Tout (–) Case CO2 (%) Tout (–)

E.1 4.27 3.21 PO.1 5.34 3.16
E.2 4.27 3.21 PO.2 5.34 3.15
E.3 4.27 3.21 PO.3 5.32 3.15
E.4 4.19 3.17

Exp. 4.27 2.79 Exp. 5.45 2.86
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has been confirmed by test runs with pyrolysis oil, after which
some droplet traces were observed on the liner wall around the
impact location. Furthermore, it explains why the removal of film
cooling on the liner inner wall resulted in a considerable decrease
of sediments in preliminary tests with the down-scaled standard
combustor [6,16]. At engine conditions, however, spray impinge-
ment is hardly expected to occur because the atomization quality
is known to improve at higher pressures.

Changing the droplet size in the pyrolysis oil cases not only
influences the temperature field, but also affects the flow field
close to the atomizer. When either using a size distribution (Case
PO.2) or a very fine spray (PO.3), an additional circulation region
is formed in front of the nozzle pintle. It is remarkable, however,
that the flow pattern remains unchanged when varying the droplet
size in the simulations with ethanol. Fig. 6 compares the flow fields
and sprays of the ethanol and pyrolysis oil simulations using
30 lm as the drop size (Case E.3 vs PO.3). The top half of the figure
represents the ethanol case and shows the strong curvature in the
flow near the pintle as seen in most of the simulations. In the bot-
tom half, it can be seen that the curvature has turned into a sepa-
rate vortex. The temperature in this zone is significantly lower
compared to the previous situation (typically by 150–300 K), since
the new circulation contains part of the atomizing air that other-
wise would have followed the swirler air in outward direction.
The vortex can thus have adverse consequences for the evapora-
tion and ignition of the fuel, and might affect the performance of
the combustor in practice.

The temperature field in the 30 lm pyrolysis oil case is further
influenced by the altered spray path as seen in the bottom half of
Fig. 6. The small droplets are carried in a more forward direction
compared to the path of the 50 lm shown in Fig. 3(left), such that
the fuel is largely located at the inner side of the bulk flow originat-
ing from the nozzle and the swirler. This reduces the mixing of hot
product gases on the outer side and therefore results in a lower
temperature in the circulation region adjacent to the dome. In
combination with the relatively cold vortex in front of the nozzle,
the temperature on both sides of the spray has become lower and
the combustion heat is more concentrated in the core region of the
burner at some distance from the nozzle (see Fig. 3).

4.4. Comparison of the combustion models

The flame characteristics for the multicomponent pyrolysis oil
were calculated by employing the RTE model, in which the gas
phase reacts towards local equilibrium with a finite reaction rate
(see Section 3.6). In case of ethanol, simulations were performed
also with the flamelet model instead of the RTE model in order
to incorporate effects of turbulence and flame strain. The flamelet
model has shown already a good agreement with experimental
data in the former study, see [51]. The results obtained with the
RTE model on the one hand, and the flamelet model on the other
hand, have been compared for this fuel (Case E.1 vs E.4) on basis
of the CO2 mole fraction. From this comparison, it can be concluded
that the overall reaction towards CO2 proceeds slower in case of
the flamelet model. As a consequence, this model predicts a more
distributed release of combustion heat over the combustor volume.
Aside from this difference, however, the RTE model provides a sim-
ilar temperature field as the flamelet model. This suggests that the
RTE model may also be used to obtain adequate predictions for the
pyrolysis oil flame as long as detailed combustion kinetics are not
available. For more advanced models that may be applicable in this
case, the authors refer to a review by Jenny et al. [66].
4.5. Temperatures and CO2 emissions

The CO2 concentrations and dimensionless temperatures at the
outlet are given in Table 5. The table includes predictions from the
CFD model as well as experimental data obtained by OPRA at sim-
ilar operating conditions [6]. The normalized CO2 concentrations
correspond to the theoretical values based on the atomic ratios
of the two fuels and are in good agreement with the measured val-
ues. This is an important validation of the overall credibility of the
model. Regarding the temperatures, however, the measured values
are considerably lower than predicted by the model due to the
non-uniform temperature profile at the outlet. Similar deviations
have been observed in [51], where CFD results were compared to
experiments in OPRA’s conventional fuel burner and adiabatic tem-
perature calculations.

The table furthermore shows that, for the same model configu-
ration, the predicted outlet temperature for pyrolysis oil combus-
tion is slightly lower compared to the ethanol case (Cases PO.1
and E.1). This temperature difference is mainly caused by the
higher total mass flow rate in the first case. The lower temperature
and CO2 concentration reported for Case E.4 is due to the high CO
level predicted by the flamelet model used in this simulation. The
presence and location of the recirculation zone inside the combus-
tor was confirmed in the experiments on the basis of droplet mark-
ings on the liner. Furthermore the air split in the combustor
corresponded very well with experimental data (obtained in cold
flow conditions).
5. Conclusions

The combustion of ethanol and fast pyrolysis oil in OPRA’s low-
calorific fuel burner has been modeled using the Euler Lagrange
RANS method in ANSYS Fluent. Given the complex, multicompo-
nent nature of pyrolysis oil, a surrogate fuel has been developed
to obtain a feasible implementation of its properties in the CFD
code. Comparing the results obtained for pyrolysis oil and ethanol
burning, it is found that the peak combustion temperature is rela-
tively low in the pyrolysis oil case. The difference cannot be fully
explained by the lower adiabatic flame temperature of pyrolysis
oil, and could, therefore, be related to the multicomponent evapo-
ration and mixing. The pyrolysis oil surrogate requires twice as
much evaporation heat compared to ethanol, resulting in a
decreased flame stability. The total lifetime of a 50 lm pyrolysis
oil droplet is approximately 60% longer than that of an ethanol dro-
plet of the same size. For this particular combustor, pyrolysis oil
droplets larger than 65 lm are seen to impinge on the combustor
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liner. These findings underline the importance of a large primary
zone and of fine atomization for the combustion of pyrolysis oil.
The numerical results for the pyrolysis oil behavior in gas turbines
are in agreement with the experimental data available, but further
research is needed to validate the simulations in more detail.

Regarding the spray modeling, it is seen that results for ethanol
are remarkably insensitive to the initial droplet size defined at the
injection location. In case of pyrolysis oil, however, changing the
droplet size leads to differences in both the temperature and the
velocity field. The ethanol flame has been predicted using two dif-
ferent combustion models. Comparative simulations have shown
that a model based on a local balance between diffusion and reac-
tion gives similar predictions as the flamelet model. This suggests
that, except for pollutant emissions, the first approach can be used
to predict a pyrolysis oil flame with fair accuracy.
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