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A B S T R A C T

Entrained flow gasification (EFG) is an important process for generating syngas from biogenic and anthro-
pogenic waste based feedstocks for a future circular economy. The EFG process is characterized by complex
interactions between different physical and thermo-chemical sub processes which determine syngas quality
and process efficiency. The understanding of these sub processes is essential for the development of validated
models, and therefore for design and scale up of EFG reactors. EFG processes using a central jet burner
configuration feature flames that can be described as inverse diffusion flames superimposed by a fuel spray.
The flames are characterized by (i) the conversion of liquid and slurry droplets and (ii) the oxidation of
recirculating synthesis gas with the gasification medium. This work studies the interactions between fuel and
oxidizer in the near-flame region of an atmospheric EFG process. The model fuel ethylene glycol was gasified
using oxygen-enriched air for two different burner nozzle configurations. Spray imaging, OH-LIF and Fuel
Tracer-LIF measurements were carried out in addition to gas temperature measurements to characterize the
fuel distribution and the flame structure. The experimental results show that narrower fuel spray distributions
result in shorter flames and changes in flame shape from a compact to a hollow cone shape in the downstream
flame region. The experiments were accompanied by 2-phase free-jet modeling and RANS based CFD modeling.
The models were improved to reflect the experimental findings including the fuel spray distributions. The
simulation results predict the observed flame structures well using both models and for both burner nozzle
configurations. The changes in flame structure for different spray distributions can be explained by local
stoichiometry using the results of the 2-phase free-jet model.
1. Introduction

The challenge of creating a CO2 neutral economy requires not only a
net-zero CO2 energy system but also a shift towards a circular economy.
Processes for conversion of low grade biogenic and anthropogenic
feedstocks are needed to enable a sustainable energy system together
with a closed anthropogenic carbon cycle. High-pressure entrained flow
gasification for the conversion of waste based feedstocks into new
high-quality products can serve as an enabling technology for this
transition due to its high fuel flexibility and its capability to produce a
high-quality synthesis gas suitable for chemical synthesis.

The Entrained Flow Gasification (EFG, see Table 3) process is char-
acterized by complex interactions of physical and thermo-chemical
sub-processes [1,2]. Understanding these processes is essential for de-
sign and scale-up and for the efficient, feedstock flexible operation
of EFG reactors. Particularly, the processes in the burner near region
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which determine fuel conversion and therefore syngas quality and
process efficiency need a better understanding for optimum design
of burner and adjustment of operational parameters. The goal of this
study is to provide insight in the interaction between fuel and oxidizer
medium in the near-flame region of an atmospheric EFG reactor to gain
both fundamental knowledge of the fuel conversion processes in EFG
flames and deliver information for EFG burner development.

1.1. Research on flames in technical EFG systems

Only a limited number of experimental studies have dealt with the
flame structure in EFG processes. In addition to (i) invasive concentra-
tion and temperature measurements in the far-flame region [2–4], (ii)
local heat flux measurements at the reactor wall [5] and (iii) non spa-
tially resolved spectroscopy [6,7], more advanced optical diagnostics
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like (iv) camera-based systems to investigate spray behavior [8,9], (v)
particle image velocimetry (PIV) to measure velocity fields [10,11], (vi)
absorption spectroscopy for gas temperature and concentration mea-
surement [12–15] and (vii) chemiluminescence imaging for reaction
zone mapping [16–18] were applied to EFG systems. However, most
of these studies focused on single effects like flame lift-off distance,
temperature field or particle dispersion, which makes it difficult to
derive an overall process understanding.

The flame structure of EFG and similar systems was also investigated
using CFD simulations. For example, [19–21] compared near-flame and
far-flame predictions for different burner configurations demonstrating
the significance of the burner design for fuel conversion. However,
validation was only performed with respect to the far-flame predictions.
RANS based and large eddy simulations for the gasification of the model
fuel mono ethylene glycol provided far-flame predictions that were in
good agreement with experimental results but deviated significantly in
the prediction of flame shape [22,23], showing the importance of the
numerical description of turbulent mixing of fuel, synthesis gas and
oxidizer. In addition, the fuel spray distribution in the flame zone was
also found to be decisive [24] for the prediction of flame structure.

1.2. Flame types in EFG

In commercial EFG reactors, fuel and gasification medium, usually
consisting of oxygen and steam, are typically fed to the reaction cham-
ber by coannular external mixing burner nozzles [25]. Different burner
designs with varying arrangements of the inlet streams are in use. In
this work, burner nozzles with a central liquid fuel stream surrounded
by a coannular oxidizer stream are applied. The resulting flame can be
described as an inverse diffusion flame (IDF) of oxygen rich gasification
medium issuing into a hot syngas atmosphere as a gas free jet which
is superimposed by a coflowing spray of liquid fuel droplets. The
oxygen in the jet medium is primarily consumed by reaction with
syngas entrained from the surrounding atmosphere and to a lesser
degree by reaction with fuel vapor and its decomposition products.
Fuel droplets are converted partly in the flame zone where oxygen is
still present, but also in the oxygen free atmosphere surrounding the
flame. The interaction of the fuel droplets with the oxidizer influences
flame structure and is therefore one key aspect to understanding the
fuel conversion processes in EFG.

Recently, IDFs gained research interest and there have been nu-
merous studies on laboratory systems under well defined conditions
outlined in the review by Zhen et al. [26]. Most of the published work
however focuses on stoichiometric or lean IDFs with air and is due to
high N2-dilution of minor relevance for gasification conditions. Numer-
ous publications looked into the role of oxygen enrichment in techni-
cal [27–29] and laboratory [30] combustion systems, but they typically
do not feature rich conditions or an inverse flame configuration.

Notable work on rich IDFs is provided by [31–33] for laminar
and [34,35] for turbulent IDFs. The latter one especially focus on the
qualitative distribution of temperature and OH radicals in an oxygen
enriched turbulent IDF in comparison to a normal diffusion flame
(NDF) under equivalent flow conditions. Stelzner et al. [31] measured
gas temperature by OH LIF to investigate the relation between OH
concentration and temperature for a rich, oxygen enriched laminar IDF
and shows that under these conditions very high temperatures up to
3000 K are possible. To the author’s knowledge, the superposition of
an IDF with a liquid fuel spray is not covered by experimental work on
model systems to date, thus the interaction between the IDF and the
fuel requires more research.

1.3. Flame structure analysis

For flame structure analysis, the OH radical has been used as a
flame front marker for decades particularly because of its good de-
tectability by laser induced fluorescence (LIF) [36–39]. The OH radical
2

is produced during oxidation processes and marks the transition from
unburnt to burnt gases in the flame [39,40]. OH is typically present
in high concentrations in the flame front itself and can also be found
in equilibrium concentrations in hot product gases. Under non pre-
mixed conditions OH is mostly found at the interface between oxidizer
and fuel gas [41–43], which is also true for rich inverse diffusion
flames [35]. This makes OH a suitable spatial marker for the high
temperature oxidation processes in the flames covered in this work.
Without further information on other intermediates, the suitability of
OH alone as a marker for heat release is limited, as discussed by [44].
The OH LIF signal is generally dependent on local concentration of
other main species due to quenching of the excited states [36,38]. Most
studies including the present one therefore focus on the qualitative
interpretation of OH LIF signals as markers for flame front location and
reaction intensity instead of discussing quantitative OH concentrations.

Based on the LIF measurements described in Section 2.2, three
reaction zones are defined in this work for flame structure analysis
(Section 3.2). Reaction zones in entrained flow gasification have been
discussed in previous works [2,23], which will be expanded in this
paper. The core zone of the flame (CZ) is defined as the area close to
the nozzle exit at the jet axis where fuel but no OH can be detected.
The situation in the core zone is characterized by the presence of fuel
droplets and gasification medium at low temperature conditions where
no oxidation reaction takes place yet. It is indicated by the absence of
OH. The oxidation zone (OZ) is defined as the region enveloping the
core zone where OH is present. In this zone, oxygen rich gasification
medium is consumed by reaction with syngas entrained by the gas
jet from the recirculation zone as well as with fuel vapor originating
from the central fuel spray. The oxidation reactions lead to heat release
resulting in high temperatures and also to formation of OH radicals.
The gasification zone (GZ) is defined as the region surrounding the ox-
idation zone. Oxygen from the gasification medium is not present, fuel
droplets and vapor are converted under moderately high temperature
by slow gasification reactions, OH is no longer detected.

1.4. Experimental and numerical approach

The objectives of this study are to show the influence of the liquid
fuel spray distribution on an inverse diffusion flame in an EFG system
in order to gain a deeper understanding of the fuel conversion processes
and the interaction between fuel and oxidizer under gasification condi-
tions. An optically accessible atmospheric entrained flow gasifier was
used as a model system for high pressure entrained flow gasification,
since access for detailed diagnostics is limited in the pressurized system.
The detailed process understanding derived at the atmospheric system
can then be transferred to pressurized systems where macroscopic
effects can be validated.

In the atmospheric gasifier, two central liquid jet burner nozzles
were applied, providing different radial spray distributions under other-
wise identical operating conditions. Sprays and flame structures in the
gasification experiments were investigated by OH LIF and fuel tracer
LIF, spray imaging and temperature measurement. The measurements
were complemented by atmospheric atomization experiments and by
numerical simulation using a 2-Phase Free-Jet Model (2-Ph-FJM) and a
RANS based CFD model. The original two-phase free-jet model [18,45]
and the original CFD model [22,24,46–49] were revised within this
work to improve the fuel spray distribution and were subsequently
applied for the simulation of the gasification experiments. The 2-Ph-
FJM was also used to investigate and interpret the influence of the
fuel spray distribution on the experimentally observed flame length
and flame shape. The CFD model was used to support the explanation
provided by the 2-Ph-FJM and to further investigate the role of fuel
evaporation in the flames considered.

The adapted models are described alongside the experimental meth-
ods in Section 2. The experimental and numerical results are subse-
quently presented and discussed in Section 3. The main conclusions are
given in Section 4.
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Table 1
Nozzle geometry parameters.

Nozzle
𝑑liq

mm
𝑠

mm
𝑑gas

mm
𝛼gas

°
D1.1 2 0.5 7.12 30
D2.1 2 0.5 5.25 30

Table 2
Experimental conditions of the atmospheric gasification experiments.

Case Nozzle REGA experiment GLR
�̇�fuel
kg∕h

�̇�air
kg∕h

�̇�O2

kg∕h
𝑢gas,0

m∕s

A D1.1 TUC5 V1374 0.83 12.42 3.77 6.55 69
B D2.1 TUC5 V1105 0.83 12.42 3.77 6.55 156

Table 3
List of acronyms.

Acronyms Explanation

ATMO Atmospheric spray test rig
CFD Computational fluid dynamics
EFG Entrained flow gasification
GGPD Generalized Gaussian probability density
GMBS Generalized member-ship bell-shaped
GLR Gas to liquid ratio
IDF Inverse diffusion flame
L Logistic
LIF Laser induced fluorescence
MEG Mono ethylene glycol
PPDS Physical Property Data Services
RANS Reynolds averaged Navier–Stokes
REGA Research entrained flow gasifier
2-Ph-FJM 2-phase free jet model

2. Methods

This section describes the experimental and the numerical methods
applied within this work.

2.1. Gasification experiments

Gasification experiments were carried out at the atmospheric Re-
search Entrained flow Gasifier REGA, which is described in detail
in [2]. On the measurement plane E0, the reactor provides 4 access
ports (see Fig. 1) that can be equipped with nitrogen-flushed quartz-
glass windows to provide optical access to the reaction chamber. The
burner plate is movable in axial direction to enable analytical and
optical access in a range of 0–300 mm nozzle distance at E0. Two
xternal mixing twin fluid nozzles were applied (see Fig. 1) with
eometry parameters given in Table 1.

The reference fuel mono ethylene glycol (MEG) was gasified with
n O2/N2 mixture under the conditions given in Table 2, corresponding
o an adiabatic equilibrium temperature of 1700 °C. The model fuel is
hosen due to its similarity to biogenic pyrolysis oil as described in [2].
or each nozzle geometry, a set of experimental data was acquired
cases A and B). In successive experiments, data on OH and fuel
istribution, spray patterns and temperature profiles were measured.
H-LIF and fuel tracer-LIF data were measured in the range of 0–
00 mm nozzle distance. The setup of this experiment is described
n detail in Section 2.2. Spray breakup images for 0–40 mm nozzle
istance were taken with the same setup. Radial temperature profiles
ere measured at nozzle distances of 150, 200 and 300 mm (case B)
nd 300 mm (case A). A method for correction of radiation using double
ead thermocouples described in [2] was applied.

.2. LIF measurements

Simultaneous qualitative OH-LIF and fuel tracer-LIF imaging ex-
eriments were conducted with the setup shown in Fig. 1. A pulsed,
3

requency doubled Nd:YAG laser (Quantel Q-smart 850) with a wave-
ength of 532 nm was used to pump a frequency doubled dye laser

(Sirah Cobra-Stretch) with an output wavelength of 283 nm. The laser
eam was expanded by a cylindrical lens followed by a collimation
ptics to form a laser sheet with a height of 50 mm and a width
f 0.5 mm at the measurement position. The pulse energy after the
ollimation optics was determined to be approximately 10 mJ with a
ulse rate of 10 Hz. Images were acquired with an intensified CMOS
amera system (LaVision IRO coupled with LaVision Imager M-lite
M) which was equipped with a stereoscope to allow simultaneous
easurements of OH- and Fuel Tracer-LIF. Both optical channels were

ligned by a calibration plate prior to the measurement to ensure a
patial overlap of the images. To suppress background radiation, the
ntensifier gain was set to 50 ns. Detection of the OH radical was
erformed with a 320 nm ∕ 40 nm FWHM bandpass filter while the
uel tracer channel was equipped with a 572 nm ∕ 33 nm FWHM
andpass filter. Rhodamine 6G was dissolved in MEG as a fuel tracer.
he concentration of 10−5 mol∕L was chosen to get comparable signal

ntensities in the OH and Fuel Tracer channel without saturating the
mage intensifier.

In order to minimize temperature dependence of the OH signal, the
ye laser output was tuned to the Q1(8)-line in the A-X (1,0)-band of
he OH radical at 283.55 nm [50]. The line position was verified by
omparing a measured excitation spectrum to a spectrum calculated
sing LIFBASE [51]. In addition, off line images with laser excitation
t 283.51 nm and background images without laser excitation were
aken. The experiments were repeated without addition of fuel tracer
o account for spectral crosstalk between Rhodamine 6G and OH. The
inal OH images shown in this work were taken from this dataset. A
uenching correction for OH was not performed due to lack of detailed
as concentration data.

The burner was moved in 20 mm steps. 500 images were taken at
ach position to get a stable time average, which was assessed in a
ensitivity study. The single images were averaged and corrected with
he respective background image, followed by a white image correction
nd a correction for spatial inhomogeneities in the laser sheet profile.
he 20 mm image segments of each burner position were merged to
ield an intensity distribution of the whole flame area.

.3. Atomization experiments

Spray characterization experiments under ambient conditions were
arried out at the atmospheric spray test rig (ATMO) described in [52].
EG was atomized with air at input conditions analogous to the

onditions given in Table 2. Radial profiles of droplet size and velocity
t a nozzle distance of 100 mm were measured with a PDA system
escribed in [18]. PDA data processing and calculation of the Sauter
ean diameter was performed with the SprayCat toolbox presented

n [53,54]. Spray formation and liquid jet breakup was analyzed using a
igh speed camera system described in [54]. 2000 images with a frame
ate of 3600Hz were recorded for each nozzle to obtain a representative
ataset. In addition, radial liquid mass flux density distribution was
easured in a nozzle distance of 100 mm by the method specified in
.4.

.4. Patternator experiments

A mechanical spray patternator was used for mass flux density mea-
urements in the atmospheric atomization experiments. The patternator
s a linear array of 62 chambers with a length of 6.2 mm, a width of
.9 mm and a height of 150 mm, which are each separated by 0.25 mm.
he patternator was placed in the spray cone at a nozzle distance of 100
m and uncovered for a specific period of time. The mass flux density

n a chamber was determined by the collected fluid volume per unit
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𝑚

Fig. 1. REGA test rig cross sections and nozzle configuration (left) and LIF setup (right).
time. Three mass flux density profiles were measured for each nozzle
and averaged. The profiles were fitted by a logistic peak function

̇ liq = 𝐴 ⋅
𝑒−𝑧

(1 + 𝑒−𝑧)2
, where 𝑧 = 𝑟 − 𝛥𝑟

𝑤
(1)

which is used for a mass balance by radial integration to validate the
measurement. As a characteristic parameter, the full angle containing
90% of the spray mass flow is defined based on the cumulative radial
mass flow distribution.

𝜃0.9 = 2 ⋅ arctan
( 𝑟0
𝑧

)

, with
�̇�liq

(

𝑟0
)

�̇�liq (𝑟 = ∞)
= 0.9 (2)

2.5. 2-phase free jet model

The 2-phase free jet model (2-Ph-FJM) was adopted from preceding
works [18,45] but adapted with respect to the radial liquid mass
flow distribution. The model describes steady state fields of mixture
fraction and gas and droplet velocities for a two phase free jet. It
uses sub-process models for droplet evaporation and gas phase reac-
tion to describe fuel conversion. Equations for the single-phase free
jet are modified to reflect the two phase case based on theoretical
considerations and experimental data.

Exchange of momentum and mass are governed by the momentum
of the free jet at the nozzle exit, which is a key parameter for the
similarity relations of gas free jets. Since the gas phase is injected
through an annulus in the burner nozzles used in this work, the flow
is assumed to enter the reaction chamber by a circular cross section
with the same momentum and mass flow as in the original geometry,
resulting in a geometric equivalent nozzle diameter given by

𝑑eq =

√

4 ⋅ 𝐴gas

𝜋
. (3)

In the model, the liquid phase is introduced into the gas flow in
a grid of angular discretized radial segments, which leads to droplets
moving along straight trajectories with fixed angles originating from
the nozzle exit. In the original 2-Ph-FJM, liquid mass flow is distributed
over the radial segments proportionally to the gas mass flow given by
the free jet equations, i.e. the local gas-to-liquid-ratio in each radial
segment 𝑖

𝐺𝐿𝑅local,𝑖 =
�̇�gas,𝑖
̇ (4)
4

𝑀liq,𝑖
is originally set constant and thus equal to the global 𝐺𝐿𝑅. Based
on the results of the experiments described, the model was modified
in this work to reflect the observed fuel mass flow distributions (see
Sections 2.4 and 3.1). The cumulative mass flow distributions derived
from the patternator experiments were used as input for the model.
The amplitude of the distribution was modified to account for the mass
balance error. Mass flow rate distribution in the model is based on this
data, leading to a radial 𝐺𝐿𝑅local-profile. Calculated mass flux densities
for the ambient case were validated with the spray data derived from
the ambient atomization experiments.

Radial distribution of droplet size was also implemented in this
work in contrast to the previous model using the spray data from
the ambient experiment (Sections 2.4 and 3.1). The experimental ra-
dial Sauter mean diameter distributions were nondimensionalized and
approximated with a 4th-order polynom. In each radial segment, a
Weibull 𝑄3-distribution with a sauter mean diameter corresponding
to the approximation function was used to define 50 equally spaced
droplet size classes.

Coefficients for turbulent exchange of momentum and mass in the
2-phase free-jets were defined according to [55] based on the results
of the spray characterization experiments. The expansion of the gas jet
due to the outer recirculation zone of the REGA setup is considered in
accordance with the descriptions given by [56,57] to account for the
increased gas jet angle.

To assess the influence of fuel evaporation on the flame, local
absolute stoichiometry in the gas phase was calculated by

𝜆abs =
𝑛O

2 ⋅ 𝑛C + 0.5 ⋅ 𝑛H
. (5)

as discussed by [2].
The cases A and B were simulated under the given model as-

sumptions using the input data presented in Sections 2.1 and 3.1.
Additionally, a parameter variation to investigate the influence of the
radial spray distribution was conducted (see Section 3.3.1).

2.6. CFD model

The CFD model for the gasification of ethylene glycol [22,46–49]
was recently presented in detail [24] and partially revised within this
work. The model is used for steady-state simulations of the REGA
reactor using ANSYS Fluent [58] and user-defined implementations.
The gas phase is described in the Eulerian specification of reference
using the RANS approach. Favre averaged Navier–Stokes equations,
Favre averaged species balance equations and the turbulence equations
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of the SST 𝑘 − 𝜔 model [59,60] are solved on two-dimensional and
axisymmetric domains with approximately 2 ⋅ 105 unstructured cells
using the finite-volume method and the SIMPLEC algorithm [61].
The second-order upwind scheme is used for the discretization of the
momentum, the energy and the species equations while the PRESTO!
scheme and the first-order upwind scheme are used for the pressure
equation and the turbulence equations, respectively. Radiative heat
transfer is accounted for using the discrete ordinates model and the
weighted-sum-of-grey-gas model [22] using line-by-line and emissivity
chart calculations. The radiative heat transfer equations neglect particle
scattering and are solved for six pseudo gases and 4 × 8 × 8 directions
using the finite volume method [62,63] and the first-order upwind
scheme.

The gas reactions are described using the eddy-dissipation-concept
model [64] and the reduced reaction mechanism for ethylene gly-
col using the rapid reduction method [65] from the most recent de-
tailed mechanism for ethylene glycol [66]. Preceding works [24] al-
ready showed that this combined implementation provides reasonable
near-flame and accurate far-flame predictions.

The fuel inlet is described differently compared to most of the
preceding works [22,23,46–48,67–69]. Instead of the twin-fluid nozzle
configuration, this works has adopted the free-jet nozzle approach with
a simple circular orifice [24,49]. The corresponding nozzle diameter
was derived using (i) the droplet velocities observed in the respective
atomization and gasification experiments and (ii) the momentum flow
rates of gas and liquid determined for the gasification experiment at
nozzle inlet (see Appendix A.2 in supplementary material).

Infiltration air and purge nitrogen are not introduced through the
nozzle as in previous works. Instead, source terms are incorporated into
the continuity equation, the oxygen balance equation and the energy
equation of some boundary layer cells while maintaining previous
assumptions for the boundary conditions of the adiabatic top wall
and of the heated side wall. Furthermore, temperatures of 1195 °C
measured 50mm below the surface of the side wall are applied within
the common simplified thermal resistance approach. The wall thermal
conductivity and the wall emissivity are defined with 2.22W∕(mK) and
.8, respectively. Accordingly, the thermal boundary conditions at the
all were slightly changed as compared to the preceding works [24].

The liquid phase is injected using spherical droplets. The corre-
ponding initial properties (see Appendix A.2 in supplementary mate-
ial) were derived from the results of the PDA and patternator mea-
urements (see Sections Section 2.3, 2.4 and 3.1). After injection, the
roplets are tracked in the Lagrangian specification of reference. The
rajectories are determined using the simplified transport equations
or the droplet position, the droplet velocity, the droplet temperature
nd the droplet mass which (i) neglect particle interactions, (ii) ac-
ount for gravity and thermal radiation, (iii) assume uniform droplet
emperatures and (iv) describe vaporization based on the classical
onvective-diffusive vaporization model. Furthermore, turbulent dis-
ersion is described using the discrete random walk model, the Morsi–
lexander equation [70] is applied for the drag coefficient, and the
anz–Marshall equations [71,72] are used for the Nusselt and Sher-
ood numbers. The essential physical droplet properties are described
sing the PPDS and Wagner correlations for ethylene glycol [73].

. Results

This section presents the results of the gasification and atomization
xperiments and the 2-Ph-FJM and CFD simulations. The cases A and B
escribed in Section 2.1 are considered. Both cases have identical gas
nd liquid mass flow rates but differ in the gas exit area of the burner
ozzles, resulting in a low and a high gas exit momentum.

The 2-Ph-FJM and the CFD model were validated using the results
rom the gasification experiments. Furthermore, the experimentally
bserved interdependence of different sub-processes was analyzed by
he 2-Ph-FJM. The influence of fuel evaporation on the flame structure
5

as investigated with the CFD model.
Fig. 2. Radial distribution of mass flux density for case A and B from the ambient
patternator experiments at a nozzle distance of 100 mm.

3.1. Spray characterization

Results on radial distribution of mass flux density in the ambient
spray experiment at ATMO are shown for the two cases in Fig. 2. Mass
balance errors were determined to be 8.5% and 11.5% for cases A
and B respectively. Both nozzles show a bell-shaped distribution with
case A exhibiting a wider spray angle. The difference in mass flux
distribution is attributed to different liquid jet primary breakup patterns
as shown by the high speed camera images in Fig. 3. Case A shows
a flapping primary instability due to the low gas exit velocity of 69
m∕s while for case B the high gas exit velocity of 156 m∕s results in
a super pulsating breakup of the primary liquid jet. These results are
consistent with prior findings and theoretical work [74]. Based on this
data, the factors for momentum exchange 𝑐𝑖 as input parameters for
the 2-phase free jet model were determined to be 0.0856 and 0.0776
for cases A and B respectively, according to [55]. The dashed lines in
Fig. 3 represent the angle 𝜃0.9 accounting for 90% of the spray mass
flow collected in the patternator experiment. The spray images from
the gasification experiment indicate that the same spray patterns are
present under reactive conditions. Therefore, it can be concluded that
the patternator experiments provide reasonable input data for modeling
the gasification experiments.

Radial distributions of the Sauter mean droplet diameter measured
at ATMO under ambient conditions by PDA at 𝑧 = 100 mm are shown
in Fig. 4. Both nozzles show profiles with increasing droplet size in
the outer jet regions which is a typical feature of the applied atomizer
design [75]. Case B generally has lower droplet sizes due to higher gas
momentum flux at the nozzle exit compared to case A. Input conditions
for modeling of the gasification experiments were defined based on this
data.

To conclude, the increased gas exit momentum for case B leads to
a narrower spray, smaller droplets and an overall higher entrainment
rate due to the reduced nozzle equivalent diameter 𝑑𝑒𝑞 in comparison
to case A.

3.2. Experimental flame structure analysis

Fig. 5 shows OH-LIF and fuel tracer-LIF measurements at REGA. The
spray distribution depicted in the fuel tracer-LIF images shows a broad
spray distribution for case A with liquid fuel detected both inside and
outside the oxidation zone (OZ, see Section 1.3), whereas for case B
liquid fuel is only detected in a narrow region close to the jet axis.
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Fig. 3. Spray images under ambient and gasification conditions.

Fig. 4. Radial distributions of Sauter mean diameter under ambient conditions at a
nozzle distance of 100 mm.

As indicated by the OH-LIF images, both flames show a distinct
core zone (CZ) and have the same OZ structure in the region upstream
the axial OH maximum. In the region downstream the OH maximum
however, case A shows a compact long OZ whereas in case B a shorter,
hollow cone shaped OZ is detected. This suggests an influence of the
liquid fuel distribution on the spatial distribution of the OZ, which is
further discussed together with the 2-Ph-FJM results in Section 3.3.

Since both nozzles have different gas exit cross-sections and thus
different entrainment rates according to free jet theory, for discussion
of flame length the equivalent nozzle diameter defined in Section 2.5
has to be considered. Fig. 6 shows radial profiles of OH-LIF intensity
for four different normalized nozzle distances. The profiles close to the
nozzle exit at 𝑧∕𝑑𝑒𝑞 = 5 show the same M-shaped profile for both noz-
zles indicating oxidation reactions mainly at the jet boundaries, i.e. hot
recirculated syngas reacting with oxygen rich gasification medium,
while little oxidation is taking place at the jet axis at this point. At
𝑧∕𝑑𝑒𝑞 = 20, a bell-shaped OH profile is found for case A whereas case B
still exhibits the M-profile with the highest OH-LIF intensities detected
about 7 mm from the jet axis. For 𝑧∕𝑑𝑒𝑞 = 35, the shape of the OH-
profiles remains unchanged but the profiles are broader and have lower
intensities especially for case B. At a nozzle distance of 𝑧∕𝑑𝑒𝑞 = 47, there
is still OH present for case A while almost no signal is detected for case
B, which indicates a shorter oxidation zone under these conditions.
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Gas temperature measurements shown in Fig. 7 support this state-
ment. Comparison of radial temperature profiles at 𝑧∕𝑑𝑒𝑞 = 47 generally
show lower temperatures for case B, especially near the jet axis. This
can be explained by the higher fuel concentration on the jet axis
for case B which is further specified in chapter 3.3. Another notable
difference between both temperature profiles is their general shape.
For case A, a bell-shaped temperature distribution is clearly observed.
For case B, the profile is flatter and no clear temperature maximum
at the jet axis is found. An M-shaped profile with a temperature
minimum near the jet axis is detected at 𝑧∕𝑑𝑒𝑞 = 35. This is consistent
with the OH-LIF profiles acquired at the corresponding positions. The
observed asymmetry of the profiles can be explained by infiltration air
due to the invasive temperature measurement as well as by a slight
flame asymmetry stemming from the burner nozzle as indicated by
the OH-LIF profiles. However, these asymmetries do not compromise
the general conclusions drawn from the measurements. With respect
to differences in flame length and flame shape between the two cases,
both OH-LIF and temperature measurement describe the same flame
structure.

3.3. Two-phase free jet model

3.3.1. Influence of spray angle
The experimentally observed influence of fuel spray distribution

on length and shape of the OZ discussed in the previous chapter
was further investigated using the 2-Ph-FJM. A parameter variation
originating from case B was conducted modifying the radial liquid mass
flow distribution. The parameters of the logistic function for mass flux
density were changed to obtain different angles 𝜃0.9 ranging from 15◦

to 40◦ while keeping the integral liquid mass flow constant. Other
input parameters of case B, particularly droplet size distribution, nozzle
geometry and coefficients for turbulent exchange of momentum and
mass were kept unchanged to ensure constant gas flow and mixing
conditions.

Fig. 8 shows the resulting calculated temperature distributions. As
can be seen, with decreasing 𝜃0.9 the temperature maximum on the jet
axis moves closer towards the nozzle exit. In the region downstream the
axial temperature maximum, the gas temperature gradient is steeper
for the narrow sprays as compared to the wide sprays. For the two
narrowest angles considered, a change in flame shape from compact to
hollow cone is observed downstream the axial temperature maximum.
In this case, the temperature profile shifts from a bell-shaped profile
with maximal temperature on the jet axis to an M-profile. The axial
temperatures are significantly reduced and the highest temperatures are
now found off the jet axis.

These two observations are consistent with the statements on flame
length and flame shape derived from the gasification experiments on
the basis of OH- and temperature distribution in Section 3.2. Fig. 9
provides an explanation for this behavior by showing oxygen mole
fraction and absolute gas phase stoichiometry calculated by the 2-Ph-
FJM on the jet axis. In general, a core region with a constant oxygen
mole fraction can be observed at the jet axis up to an axial nozzle
distance of approximately 50 mm for both cases. When syngas from
the gasification zone reaches the jet axis through turbulent mixing
at this distance, oxygen mole fraction decreases due to reaction of
the jet medium (oxidizer) with entrained syngas, indicating the start
of the oxidation zone. The temperature increase causes evaporation
of fuel droplets to start at approximately 55 mm, which results in
additional oxygen consumption by the fuel vapor now available in
the gas phase. From this point, a difference between the two cases is
observed for the different fuel spray distributions. Narrowing the spray
from 𝜃0.9 = 40◦ to 15◦ leads to a higher concentration of liquid fuel
on the jet axis. Downstream the starting point of droplet evaporation,
this results in more gaseous fuel being available on the jet axis, which
is reflected by lower values of 𝜆𝑎𝑏𝑠 for the 15◦ case. The increased
availability of fuel vapor results in a faster consumption of oxygen
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Fig. 5. Flame structure and fuel distribution results for cases A and B. Left images show averaged OH-LIF signal, right images show averaged fuel tracer LIF signal.
Fig. 6. OH-LIF radial profiles for cases A and B at 4 different nondimensional nozzle distances.
Fig. 7. Temperature profiles for case A and B for different nondimensional nozzle
distances.
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compared to the wider spray case, leading to heat release by oxidation
being completed at a shorter nozzle distance. Additionally, further
fuel evaporation after complete oxygen consumption leads to further
cooling of the gas phase in the gasification zone. This is caused by
evaporation cooling and endothermal gasification reactions under now
oxygen free atmosphere, causing the faster temperature decline for
smaller spray angles observed in Fig. 8.

For very narrow sprays, this effect concentrates on the jet axis and
leads to the observed difference in flame shape, as Fig. 10 shows. Here,
radial profiles of temperature and local stoichiometry are displayed for
three different 𝜃0.9 and the original case B at 𝑧∕𝑑𝑒𝑞 = 35. Narrowing the
spray to very small angles leads to a minimum of local stoichiometry
on the jet axis, causing a corresponding minimum of gas temperature,
as can be seen for the 15◦ and 20◦ case. In the 25◦ case, a bell-shaped
stoichiometry and temperature profile is obtained. In the outer region,
temperatures below the ambient temperature can be detected. This is
attributed to the fact that for broader sprays, a significant portion of
the droplets move on trajectories outside the gas jet, in the gasification
zone. These droplets cool the ambient gas due to evaporation and
endothermal gasification reactions.

3.3.2. Validation of 2-phase free jet simulations
For comparison, temperature fields simulated by 2-Ph-FJM for the

cases A and B are displayed in Fig. 11. In contrast to the isolated varia-
tion of spray distribution in the previous chapter, these simulations also
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Fig. 8. Calculated temperature fields for case B input parameters with different radial spray distributions (Free Jet Model).
Fig. 9. Oxygen mole fraction and local absolute stoichiometry on the jet axis calculated
for two different radial spray distributions in the 2-Ph-FJM sensitivity study.

include the effects of the different nozzle diameters and droplet size
distributions for the two cases. As can be seen in comparison with the
measured gas temperature profiles in Fig. 7 and the OH images in Fig. 5,
the compact flame shape for case A is predicted correctly. The bell-
shaped temperature profile observed in the experiments is qualitatively
reproduced by the model, which exhibits a temperature maximum
on the jet axis in the downstream flame region. The modeled bell
shape is also consistent with the OH-LIF results. The lower temperature
outside the jet boundaries in the gasification zone however is not
found experimentally. This discrepancy is due to the modeling of the
atomization process, where the droplets outside the gas jet boundaries
have low velocities and therefore long residence times. This leads to a
temperature reduction in the gasification zone due to fuel evaporation
and endothermal reactions. In the physical atomization process in
contrast, the flapping primary jet breakup produces faster droplets with
8

high momentum in the outer spray regions leading to the fuel droplets
to be more evenly distributed in the recirculation zone.

For case B, the modeled flame is shorter than for case A as indicated
by the lower temperature at 𝑧∕𝑑𝑒𝑞 = 47, which is in agreement with the
OH and temperature measurements. This is caused by the increased
availability of fuel vapor in the gas jet because of a narrower fuel
spray and smaller droplets, leading to faster evaporation compared to
case A. Case B can be seen as a transition between the compact and
the hollow cone flame shapes which occurs in the range of 𝜃0.9 = 20
◦ to 25◦, as Figs. 10 and 8 show. Case B with 𝜃0.9 = 23.5 ◦ is set
in between and still exhibits a bell-shaped temperature profile, which
is in contrast to the experimentally determined temperature profiles
in Fig. 7. For a slightly smaller 𝜃0.9 however, the profile shows the
temperature distribution expected from the experiment, leading to the
correct flame shape (Fig. 10). Since the reaction model is constrained to
main species, high temperature dissociation to radicals is not accounted
for. Therefore, the model overpredicts gas temperature in hot regions
and a temperature comparison between model and experiment can only
be made on a qualitative level.

To conclude, the 2-Ph-FJM clearly shows the influence of fuel spray
distribution on oxidation zone structure in an EFG inverse diffusion
flame by enabling an independent variation of fuel spray distribution
and gas phase mixing. The free jet model achieves its goals of capturing
the relevant effects and providing an explanation for the observed be-
havior, allowing qualitative statements about the interaction between
fuel spray and oxidizer under conditions typical for EFG to be made.

3.4. CFD simulations

RANS based CFD simulations for gasification are known to provide
accurate far-flame predictions of gas temperature and gas concentra-
tions in reasonable computing time [22]. This can be achieved for
case B at a nozzle distance of 680mm. Gas temperature and dry gas
concentrations shown in Figs. 12 and 13 are in good agreement with
previous experimental results [76].

However, it is also interesting to investigate the near-flame predic-
tions of RANS based CFD simulations and to determine how far the
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Fig. 10. Calculated radial distributions of local absolute stoichiometry (left) and gas temperature (right) for 3 different radial spray distributions at 𝑧∕𝑑𝑒𝑞 = 35. Model results for
case B are shown for reference.
Fig. 11. Temperature fields for case A (left) and B (right) calculated by the 2-Ph-FJM.
experimental observations can be accounted for in spite of deficiencies
in turbulence, turbulence dispersion and turbulence-chemistry interac-
tion models. Concerning the radial gas temperature profiles at a nozzle
distance of 300mm, limited agreement is observed in Figs. 14 and 15.

This can be explained by the insufficient mathematical description
of the fuel mass transfer into the gas phase. If the common film
factor of 1/3 (for example, see [77–79]) in the vaporization model
is changed to 1, the fuel mass transfer from droplet to gas phase is
accelerated providing predictions that are in better agreement with
the experimental observations. Accordingly, the actual atomization and
turbulence processes lead to stronger turbulent mixing of the fuel and
the gasification medium and to longer droplet residence times in the
flame region and, thus, to faster fuel mass transfer into the gas phase
than obtained by the RANS based CFD simulations. Therefore, the
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predicted colder core zones shown in Fig. 16 are significantly longer
than it is observed experimentally (see Section 3.2) or can be predicted
using large eddy simulations (see [23,67]).

However, the flame shapes that are indicated by the OH-LIF mea-
surements (see Section 3.2) are predicted quite well for both cases
when applying 1/3 as film factor. Numerical results of gas temperature
and OH mole fraction in Figs. 16 and 17, respectively, indicate bell-
shaped OH and gas temperature radial profiles for case A and M-shaped
profiles for case B, which also confirms the results of the 2-phase free-
jet simulations (see Section 3.3). However, if the film factor of 1/3
is changed to 1 to enhance the fuel mass transfer, the flame shape
significantly changes for case A as shown in Fig. 18. Together with
the broad droplet size distribution (Appendix A.2 in supplementary
material), this can be attributed to the injection properties of the fuel
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Fig. 12. Radial profiles of the gas temperature for case B at a nozzle distance
of 680mm. Exp.: experimental results [76]; Sim., film condition: numerical results
obtained using the 1/3 rule for the film properties; Sim., gas condition: numerical
results obtained using the gas condition for the film properties.

Fig. 13. Radial profiles of the dry gas volume fractions for case B at a nozzle distance
of 680mm. Exp.: experimental results [76]; Sim., film condition: numerical results
obtained using the 1/3 rule for the film properties; Sim., gas condition: numerical
results obtained using the gas condition for the film properties.

Fig. 14. Profiles of the gas temperature for case A at a nozzle distance of 300mm.
Exp.: experimental results; Sim., film condition: numerical results obtained using the
1/3 rule for the film properties; Sim., gas condition: numerical results obtained using
the gas condition for the film properties.
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Fig. 15. Radial profiles of gas temperature for case B at a nozzle distance of 300mm.
Exp.: experimental results; Sim., film condition: numerical results obtained using the
1/3 rule for the film properties; Sim., gas condition: numerical results obtained using
the gas condition for the film properties.

Fig. 16. Numerical gas temperature distribution using the 1/3 rule for the film
properties. A: results for case A; B: results for case B.

Fig. 17. Numerical gas mole fraction distribution of OH using the 1/3 rule for the
film properties. A: results for case A; B: results for case B.

droplets in combination with insufficient turbulent mixing. Since the
number of injection events was limited for computing time reasons,
13 injection positions were assumed corresponding to 13 directions
with mean initial droplet velocities (Appendix A.2 in supplementary
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Fig. 18. Numerical gas temperature distribution using the gas condition for the film
properties. A: results for case A; B: results for case B.

material). This lead to some discontinuities in the fuel spray distribu-
tion and to the discontinuous flame for case A when applying 1 as
film factor. Further injections might slightly improve the near-flame
predictions but increase the computing time. Therefore, elaborative
approaches (for example, based on large eddy simulations combined
with the volume-of-fluid method) may support future RANS based
CFD simulations with injection properties and models that improve
the description of turbulent mixing, fuel spray distribution and fuel
conversion.

4. Summary

The impact of the fuel spray distribution on the structure of an
inverse diffusion flame in an entrained flow gasifier was investigated
by experiments and modeling.

Two nozzles with different gas exit momentum were applied under
identical operating conditions to obtain different radial spray distribu-
tions. A comprehensive dataset was generated by measuring fuel spray
distribution under atmospheric and gasification conditions, followed by
flame structure analysis using OH-LIF and temperature measurements
in an atmospheric entrained flow gasifier. For analysis of the spatial
distribution of the reaction zones in the flame, a core zone, an oxidation
zone and a gasification zone were defined. The experimental results
indicate that the axial and radial extension of the oxidation zone
is determined by the fuel spray distribution. A narrower fuel spray
distribution leads to a shorter oxidation zone and to a transition from
a compact to a hollow cone structure in the downstream flame region.

The experiments were accompanied by simulations using a 2-phase
free-jet model and a RANS based CFD model, which were adopted
from preceding works and modified to account for the fuel spray
distributions observed in the spray characterization experiments. The
near-flame predictions using both models qualitatively reflect the ex-
perimentally observed flame shapes, the far-flame predictions using the
RANS based CFD model are in good quantitative agreement with the
experimental observations.

A numerical analysis using the two-phase free-jet model shows that
the fuel spray distribution affects the local stoichiometry which is deci-
sive for the flame structure. The model is able to qualitatively describe
the observed flame structure and provide a deeper understanding of the
interacting sub-processes. Further analysis with the CFD model support
the conclusions drawn from the 2-phase free-jet simulations and show
the importance of the fuel mass transfer into the gas phase.

Future experimental work should clarify the implications of the
observed fuel spray distribution effects on the gasification of technical
liquid and suspension fuels. Since more advanced models cannot be ap-
plied in the foreseeable future to describe technical fuels characterized
by complex compositions, future modeling work needs to focus on the
adaption of the 2-phase free-jet model and the RANS based CFD model
to technical fuels to derive a deeper process understanding.
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