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A B S T R A C T

This study investigates the evaporation of a liquid surrogate fuel in the burner near region of an atmospheric 
pressure Entrained Flow Gasification (EFG) unit. Fuel evaporation is compared for two twin-fluid atomizer 
nozzles with different gas exit area under identical gas and liquid mass flow. PDA and Fuel-Tracer LIF are used to 
measure droplet size, droplet velocity and fuel spray distribution under reacting conditions for both cases while 
OH-LIF is used to measure the flame structure. A 2-Phase Free Jet Model (2-Ph-FJM) is applied in a sensitivity 
study on the influence of gas momentum flow, spray angle and droplet size on fuel evaporation in the high 
temperature oxidation zone. The impact of the liquid evaporation model is investigated by comparing two model 
approaches. Model results are used to interpret the experimental data and to derive an understanding of the fuel 
conversion processes in the investigated flame. A major portion of fuel was found to evaporate outside the flame 
boundaries in both investigated cases. Data indicates a strong impact of droplet residence time and spray pa
rameters on the amount of fuel evaporation within the EFG flame. The 2-Ph-FJM shows the capability to identify 
beneficial and detrimental parameter spaces for fuel evaporation in the flame. With further understanding of by- 
product formation under EFG conditions, the detailed experimental data and the insights gained from the nu
merical study are a useful basis for further development of EFG burners and to define boundary conditions for 
CFD reactor simulations.

1. Introduction

Processes for the conversion of waste based biogenic and anthropo
genic feedstocks into platform chemicals are needed in order to achieve 
a transition from a linear to a circular economy with closed material 
cycles. High-pressure Entrained Flow Gasification (HP-EFG) can serve as 
an enabling technology for a closed carbon cycle because of its ability to 
generate a high quality syngas from waste based fuels with a wide 
spectrum of contaminants, e.g. pyrolysis oil derived from mixed plastic 
wastes. As shown by various authors [1–6], fuel conversion in the burner 
near region of entrained flow gasifiers is characterized by a complex 
interaction of different sub-processes that influence fuel conversion and 
syngas quality. For design and scale up of efficient and fuel flexible EFG- 
processes, a detailed understanding of the fuel conversion processes in 
the burner near region is necessary.

EFG reactors typically use external mixing twin fluid burner nozzles 
to feed fuel and gasification medium to the reactor. The high momentum 

of the gasification medium disintegrates the liquid fuel phase into a 
spray, with local mass flux and droplet size depending on nozzle ge
ometry and operating conditions. Fuel spray conversion under com
bustion conditions has been extensively studied [7–12]. Under 
combustion conditions it is known that droplet diameter [13–15], 
spatial spray distribution [14], inter-droplet distance [10,11] and gas 
phase mixing [16] can heavily impact fuel burnout and emission of soot 
and unburned hydrocarbons. However, few studies explicitly investigate 
the influence of these parameters on the fuel conversion processes in 
EFG, which is caused by diagnostic difficulties under the harsh condi
tions in EFG reactors, the complex situation being difficult to reproduce 
in laboratory systems and the lack of validated models of the burner near 
zone.

A key difference between the situation in common spray combustion 
systems and EFG reactors is the presence of a combustible atmosphere 
surrounding the jet that leads to the stabilization of an inverse gas 
diffusion flame superimposed by a liquid fuel spray. Under EFG 
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conditions, the high momentum jet of oxygen rich gasification medium 
entrains hot ambient syngas, which stabilizes a high temperature 
oxidation zone near the burner nozzle [1,17]. The heat release in this 
zone leads to heat up, evaporation and secondary pyrolysis reactions of 
the fuel droplets. The spatial distribution of the oxidation zone and thus 
local temperature and species concentrations depend on the complex 
interaction between entrainment of ambient syngas and oxidation of 
fuel [18]. The oxidation reactions in the burner near zone provide the 
thermal energy needed for evaporation and endothermal gasification 
reactions and are known to be important for cracking hydrocarbons 
[19,20]. It is known from literature that under typical EFG conditions, a 
significant portion of fuel does not evaporate in the high temperature 
oxidation zone [1,2,21], leading to a conversion of fuel droplets further 
downstream in a moderate temperature environment under fuel rich 
conditions. Links between evaporation and pyrolysis processes of fuel 
particles outside the flame and by-product formation have been pro
posed [2,5,22]. However, systematic literature on this subject is scarce 
and rules for burner development for combustion applications are not 
easily transferable to gasification conditions [5].

In order to fill the mentioned gap of data and to improve the un
derstanding of the fuel conversion processes in the burner near zone, this 
study aims to quantitatively assess the evaporation of a liquid fuel spray 
under technically relevant EFG-conditions. The question how much fuel 
evaporates within the EFG flame and which process parameters exhibit 
the highest impact on fuel evaporation is addressed. The influences of 
gas momentum flow, droplet size and spray angle on the evaporation of 
the surrogate fuel monoethylene glycol (MEG) are examined in a 60 kW 
EFG unit by detailed optical measurement and modeling. Two burner 
nozzles featuring different gas exit areas were applied under identical 
gas and liquid mass flows. The resulting different gas momentum flows 
at the nozzle exit influence gas phase mixing (i.e. flame shape) and spray 
(i.e. droplet velocity, spray angle and droplet size). Fuel sprays were 
characterized under cold and reactive conditions. Droplet size and ve
locity in the gasification experiment were measured along the jet axis by 
PDA. The results were used to investigate the evolution of droplet size 
distribution during the evaporation process as well as for calculating 
droplet residence times in the oxidation zone. In addition, a qualitative 
assessment of liquid fuel concentration by Fuel-Tracer-LIF was con
ducted in order to estimate of the amount of evaporated fuel, providing a 
detailed data set on fuel conversion under EFG conditions. Experimental 
results are complemented by a model based investigation of the exper
imental cases as well as a sensitivity study using a 2-phase free jet model 
developed by Hotz [23]. Gas momentum flow, droplet size and spray 
angle were varied independently in order to gain a systematic under
standing of parameter sensitivities. Parameter spaces for high and low 
fuel conversion in the flame zone are identified as a basis for burner 
development.

2. Methods

2.1. Experimental

Since the experimental facilities used in this study have been elab
orated in preceding works, only a brief overview is given here. Two 
external mixing twin fluid nozzles with a central liquid jet and an 
annular gas outlet as shown in Fig. 1 were used. The two nozzles differ in 
the gas outlet diameter dgas, resulting in different gas exit areas and 
therefore different gas momentum flow. The geometry parameters for 
the two nozzles are given in Table 1 together with liquid and gas mass 
flows as well as the resulting gas momentum flows. Due to its chemical 
composition (C/H/O) similar to biogenic pyrolysis oil and for compa
rability to other experiments in this series, mono ethylene glycol (MEG) 
was used as a reference fuel. The nozzles together with their respective 
experimental data set are defined as case A and case B. Ambient spray 
characterization experiments with MEG were performed at the Atmo
spheric Spray Test Rig ATMO, which is described in detail in [24]. PDA 

measurements were conducted at axial nozzle distances from 50 mm to 
250 mm to measure radial profiles of droplet size for the two investi
gated cases. A mechanical patternator was used to measure the radial 
liquid mass flux distribution at the same axial nozzle distances. Based on 
the radial mass flux distribution, a spray angle θ0.9 containing 90 % of 
the liquid mass flow was defined. Further details on these measurements 
and their data evaluation can be found in [1], where the data for z = 100 
mm has already been presented. The results of the ambient spray 
characterization data used as model input are listed in Table 1, the full 
datasets are provided in the supplementary material. The gasification 
experiments were conducted at the Research Entrained Flow Gasifier 
REGA at atmospheric pressure. The plant consists of a tubular reactor 
with an electrically heated Al2O3 ceramic refractory lining featuring 
optical access ports. A detailed description of the plant is given in [25]. 
The fuel was gasified with oxygen enriched air under the conditions 
given in Table 1, resulting in an adiabatic temperature of 1700 ◦C.

Under reacting conditions, droplet size and droplet velocity were 
determined using the same PDA system as for the ambient condition 
experiments. OH and fuel tracer LIF were measured simultaneously from 
0 – 300 mm axial nozzle distance in order to determine the spatial dis
tribution of oxidation zone and fuel spray. Rhodamine 6G was used as a 
fuel tracer in a concentration of 10-5 mol/l. Simultaneous excitation of 
OH radicals and fuel tracer was performed at the Q1(8) line of the OH 
radical at a wavelength of 283.55 nm. The fluorescence signal of OH and 
fuel tracer were recorded in 2 separate channels using an image inten
sifier equipped with a stereoscope. A 320 nm / 40 nm FWHM bandpass 
filter was used for the detection of OH while the channel for the fuel 
tracer LIF signal was equipped with a 572 nm / 33 nm FWHM bandpass 
filter. Further details on the LIF measurement and the image post
processing are given in [1].

Fuel Tracer LIF is widely applied to characterize non-reacting and 
reacting sprays and can under certain conditions be used to gain 

Fig. 1. Geometry of the twin-fluid atomizer nozzles applied in the experiments.

Table 1 
Operating conditions and spray data for the two experimental cases.

Quantity Case A Case B

Ṁfuel/ kg/h 12.42

Ṁair/ kg/h 3.77
ṀO2/ kg/h 6.55
dliq / mm 2
s / mm 0.5
dgas / mm 7.12 5.25
u0,gas / m/s 69.4 156.0
Jgas / kg/m/s2 0.20 0.45
SMD (integral, z = 100 mm) / µm 160.2 73.1
ϴ0.9 (z = 100 mm) / ◦ 40.4 [1] 23.5 [1]
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quantitative information on fuel concentration [26–29]. In this work, 
the fuel tracer Rhodamine 6G is used which has a negligible vapor 
pressure and is reported to decompose at temperatures above 219 ◦C 
before reaching its boiling point [30]. In accordance with works by other 
authors [31], it is therefore assumed to mark the liquid phase exclu
sively. However, the enrichment of fuel tracer in the droplets during the 
evaporation process together with the temperature dependence of the 
fluorescence signal of Rhodamine 6G [32,33] allows only a qualitative 
interpretation of the fuel tracer LIF signal under reacting conditions.

The boundaries of the oxidation zone for the experimental cases were 
determined using the measured OH-LIF intensities, with the longitudinal 
extension of the OH zone LOH defined as the axial distance where the 
OH-LIF signal drops below 10 % of the maximum value [18]. The flame 
volume VOH is defined analogous by volumetric integration of the 10 % 
OH contour. See (Table 2).

2.2. Model

For modeling the liquid evaporation processes in the burner near 
region, a 2-phase free jet model was used. The model was originally 
developed by Hotz and is in depth described in [23]. The model assumes 
a 2-phase free jet of gasification medium and fuel spray that mixes with a 
surrounding hot syngas atmosphere. The model is implemented in 
MATLAB and features a modular setup [23]. The equations for exchange 
of momentum, heat and mass for a single phase free jet were modified in 
order to describe the mixing in the two phase case as outlined in [34], 
which serves as a basis of the model. Gas and liquid phase are assumed to 
enter the modeling domain through a circular orifice with an equivalent 
diameter deq derived from free jet theory, which also marks the origin of 
the computational grid described in [23]. The modular setup allows to 
complement the basic description of the 2-phase jet with sub-models for 
gas phase reaction, heat and mass transfer and droplet conversion, 
which are described below.

Due to the high temperatures in the flame zone, gas phase species in 
each cell are assumed to be in chemical equilibrium and were calculated 
using a 4 reaction equation approach in the original model. To describe 
species dissociation to radicals in the high temperature zone and to 
enable a comparison with the measured OH distributions, the reaction 
model was revised using a Gibbs free energy minimization approach 
[18]. The longitudinal extension and volume of the OH distribution in 
the modeled cases is determined based on the calculated OH number 
density analogous to the experimental cases described above.

In the model, the droplets move along straight trajectories origi
nating at the nozzle exit and are accelerated according to a momentum 
balance. Heat transfer between liquid and gas phase as well as droplet 
evaporation can be described using different droplet models [23]. In 
order to reflect the radial distribution of liquid mass flux, the original 
model was modified by Haas as described in [1].

To assess the impact of the droplet evaporation model on the fuel 
evaporation within the flame zone, two different droplet model ap
proaches were investigated. As a reference, the simple d2-law was 
considered. Once a droplet reaches its boiling temperature, its diameter 

can be described as 

d2(t) = d2
0 − K • t (1) 

with the initial droplet diameter d0.The evaporation factor K can be 
expressed as 

K =
8λgas

ρliq
• B (2) 

using the gas phase thermal conductivity λgas, the liquid density ρliq,. The 
Spalding evaporation factor B is given by 

B =

ln
(

1 + cp,gas
T∞ − Tliq

Δhvap

)

cp,gas
(3) 

with the gas phase heat capacity cp,gas, surrounding temperature T∞ and 
heat of evaporation Δhvap [7]. The d2-law uses a quasi-steady-state 
approach considering only heat conduction. A more accurate descrip
tion of evaporation also considering convective effects is given by the 
heat convection limited Spalding approach, which is widely used in 
droplet evaporation calculations [7]. After a droplet reaches its boiling 
temperature, the temporal evolution of the droplet mass is in this model 
described by 

dmliq

dt
= πd2 • α • B (4) 

using a heat transfer coefficient α determined by a Nusselt correlation. In 
further contrast to the d2-law, evaporation before reaching the boiling 
temperature is modeled by 

dmliq

dt
= πd2 • β •

(
Cvap,s(Tliq) − Cvap,∞

)
(5) 

with the bulk concentration of fuel vapor Cvap,∞ and the concentration of 
fuel vapor at the droplet surface Cvap,s(Tliq) determined by the vapor 
pressure curve. The coefficient of mass transfer β is derived from a 
Sherwood correlation.

3. Results

The first section 3.1 of this chapter describes the analysis of the 
qualitative fuel tracer LIF measurement from the gasification experi
ments and compares the findings regarding fuel evaporation with model 
data. In the following two sections 3.2 and 3.3, droplet residence time in 
the OH zone and the evolution of droplet size distribution during 
evaporation are discussed based on experimental and model data. A 
model sensitivity study separately investigating the influence of nozzle 
and spray parameters on fuel evaporation is presented in section 3.4.

3.1. Assessment of fuel evaporation

In order to get a qualitative representation of the liquid fuel distri
bution under gasification conditions, the fuel tracer LIF signal was 
measured for case A and B according to the procedure described above. 
Fig. 2 shows images of absolute LIF intensities (gray scale) together with 
flame contours from the OH-LIF measurement (red) reported in [1]. The 
images clearly show distinct spray patterns due to the different gas 
momentum flow at the nozzle outlet, which also affects the flame. The 
Fuel-Tracer-LIF signal marking the liquid phase indicates that fuel 
droplets are found outside the OH contour in both cases.

As shown by the values in Table 1, case A exhibits a lower gas mo
mentum flow at the nozzle exit which results in a reduced entrainment 
rate of ambient syngas into the free jet causing a larger flame zone 
indicated by OH. Additionally, the lower gas momentum flow in case A 
leads to larger droplets and a wider spray angle in comparison to case B. 

Table 2 
List of Acronyms.

Glossary

Acronym Description

2-Ph-FJM 2-Phase Free Jet Model
ATMO Atmospheric Spray Test Rig
CFD Computational Fluid Dynamics
EFG Entrained Flow Gasification
LIF Laser Induced Fluorescence
MEG Mono Ethylene Glycol
PDA Phase-Doppler Anemometry
REGA Research Entrained Flow Gasifier
SMD Sauter Mean Diameter
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For case A, a considerable amount of droplets is visible outside the jet 
boundaries, which is a consequence of the high spray angle. In case B, 
the higher gas momentum flow causes a shorter flame zone through 
enhanced syngas entrainment together with a finer spray and smaller 
spray angle. In contrast to case A, the remaining fuel outside the OH 
contour in case B is mostly found at the jet centerline.

Profiles of Fuel-Tracer-LIF intensity ILIF along the jet axis are shown 
in Fig. 2. Close to the nozzle exit, ILIF is higher for case B. This indicates a 
higher fuel concentration on the jet axis that is caused by the narrower 
spray angle. The smaller droplet size in case B allows a faster fuel 
evaporation, which is indicated by the stronger decrease of LIF intensity 
along the jet axis in comparison to case A. Since the tracer Rhodamine 
6G is assumed to exclusively mark the liquid phase during evaporation 
without occurring in the gas phase, a lower LIF signal indicates that less 
liquid fuel is present per volume further downstream the nozzle in case 
B. At the end of the oxidation zone of case B however, it is apparent that 
the fuel tracer LIF signal is higher than it is for case A, which is already 
close to the detection limit at the end of the OH zone.

Because a direct quantitative measurement of the amount of evap
orated fuel in the reacting system is not possible due to the diagnostic 
limitations discussed in section 2.1, data obtained by the 2-Ph-FJM is 
used for further investigation. Fig. 3 shows the calculated evaporation 
progress as fraction of evaporated fuel xliq,vap,jet along the jet axis. Case B 
shows a larger fraction of evaporated fuel at a given nozzle distance due 
to the smaller droplet size, which is in agreement with the insights 
gained from the LIF data shown in Fig. 2. Due to the larger OH zone and 
the longer droplet residence time in case A, the model shows a higher 
fuel evaporation progress at the end of the oxidation zone in case A 
which is also in agreement with observations made before. As this result 
shows, the fraction of fuel evaporating within the OH zone is controlled 
by the competing influence of droplet size and droplet residence time, 
which will be studied in more detail in the next two chapters. The overall 
calculated evaporation progress on the jet centerline within LOH is xliq, 

vap,jet = 25 % for case A and xliq,vap,jet = 13 % for case B. Additional 
validation data comparing the measured LIF intensities with modeled 
droplet concentrations are given in the supplementary material.

Because the two cases exhibit different spray angles, the total 
evaporation within the flame volume defined by the OH contour must be 
taken into account. The model calculations show a total amount of 
evaporated fuel mass within the flame volume of xliq,vap = 15 % (case A) 

and of xliq,vap = 22 % (case B) using the d2-law as evaporation model (of 
xliq,vap = 23 % and 32 % respectively for the heat transfer controlled 
Spalding model). The impact of spray angle on droplet evaporation 
under EFG conditions is further discussed in section 3.4. This result 
clearly shows that in both cases the major fraction of the fuel does not 
evaporate within the oxidation zone. These fuel droplets are converted 
in a syngas atmosphere under moderate temperatures, which may have 
a major impact on the formation of by-products during gasification 
[22,35].

3.2. Droplet residence time in flame zone

The differences in droplet residence time for the two cases are further 
investigated in this chapter. Experimental mass averaged droplet resi
dence times have been determined using droplet mass averaged axial 
velocities measured along the jet axis by PDA in the gasification 
experiment (Fig. 4). For both cases, droplet residence times derived from 

Fig. 2. Measured spray distributions (Fuel Tracer LIF) and flame contours (OH LIF) [1] for cases A and B. Fuel-Tracer-LIF intensities along the jet centerline are 
shown in the central graph.

Fig. 3. Evaporated mass fraction of fuel on the jet centerline xliq,vap,jet for cases 
A and B calculated by the free jet model using the d2-law.
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model data agree well with the experimental data. Case A shows a 
steeper increase of droplet residence time along the jet axis than case B. 
This is caused by the lower gas momentum flux in case A leading to 
slower droplets and thus an increased time for the droplets to reach a 
given nozzle distance z. The lower gas momentum flux also leads to 
slower mixing of ambient medium into the free jet, which increases the 
longitudinal extension of the OH zone LOH. This causes a twofold in
crease of droplet residence time within LOH in case A (τ = 10.1 ms) in 
comparison to case B (τ = 2.5 ms). The longer residence time allows 
more fuel to evaporate within the oxidation zone, as indicated by the 
experimental and modeling results above. For both cases, droplet resi
dence times in the oxidation zone are in the order of few milliseconds, 
explaining the incomplete fuel evaporation in the oxidation zone 
observed above. The results show that the gas momentum flow at the 
nozzle exit can have a strong influence on the amount of fuel evaporated 
within the oxidation zone, with a large gas exit area supporting fuel 
evaporation.

3.3. Evolution of droplet size distribution in flame zone

In order to assess the influence of droplet size on evaporation in the 

EFG flame, modeling results for case A using the d2-law are presented in 
Fig. 5. A selection of droplet size classes of the droplet collective along 
the jet axis is shown with droplet diameters normalized to their initial 
diameter. In this case, heating of droplets starts at the end of the core 
zone of the jet at an axial distance of about 71 mm, leading to an initial 
increase in droplet diameter due to the reduction of liquid density with 
temperature. After complete heat up to the boiling point, droplet di
ameters decrease following the d2-law. The smallest droplet class shown 
in the graph fully evaporates shortly after the start of droplet heating 
within a nozzle distance of 103 mm. Larger droplets take a longer dis
tance to heat up and evaporate. According to the model results applying 
the d2-law, the largest droplet class to fully evaporate within the OH 
zone has a diameter of 59,8 µm. Droplet classes larger than that take 
considerably longer to heat up and show only a small decrease in droplet 
size within LOH, showing that only a small amount of fuel is released by 
these larger droplets within the oxidation zone. These large droplets are 
most prevalent to evaporate in the post flame zone and may contribute 
to the formation of unwanted by-products during gasification.

These findings are in agreement with the experimentally determined 
droplet size distributions measured for case A along the jet axis by PDA 
(Fig. 6). With increasing nozzle distance, SMD increases as small drop
lets are consumed by evaporation and large droplets remain in the spray. 
If a more complete droplet evaporation within the OH zone is desired, it 
is thus necessary to reduce the amount of large droplets formed in the 
atomization process.

3.4. Model sensitivity study on fuel evaporation

The results above show that droplet size distribution, spray angle and 
droplet residence time influence the amount of fuel evaporated within 
the OH zone. Since these parameters are all affected by the gas mo
mentum flux at the nozzle exit, they can not be separately investigated in 
the experiment. Therefore a sensitivity study applying the 2-phase free 
jet model was conducted. For simplicity, the spray angle was kept con
stant and identical to the gas jet angle in the first set of calculations 
discussed here. For the operating conditions used in the experiment, 
droplet size distributions with SMD between 50 µm and 400 µm and 
equivalent nozzle diameters deq ranging from 4 mm to 10 mm were used 
as input conditions. At each point, a droplet collective with a Weibull 
droplet size distribution using 50 droplet size classes was considered. 
The fraction of fuel evaporated within the OH zone xliq,vap was deter
mined by integrating the fuel evaporation over the flame volume 
derived from the OH radical distribution. As described earlier, the two 

Fig. 4. Droplet residence time along the jet axis determined from the PDA 
under gasification conditions data together with modelled residence times.

Fig. 5. Calculated normalized droplet diameter on the jet axis for selected 
droplet size classes of the droplet collective displayed together with the axial 
OH profile (Case A, d2-law).

Fig. 6. Droplet size distribution on the jet centerline measured by PDA 
(Case A).
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evaporation models from section 2.2 were compared. The results are 
displayed in Fig. 7.

For constant SMD, an increase in nozzle equivalent diameter deq 
(decrease in gas momentum flow) causes an increase in the amount of 
fuel evaporated within the OH zone, which is in agreement with the 
observations reported above. The lower gas momentum flow leads to 
slower droplets and a longer OH zone, which results in a twofold in
crease of droplet residence time within the OH zone, leading to a higher 
amount of fuel being able to evaporate. For a given gas momentum flow, 
the fraction of fuel evaporated in the OH zone can be further increased 
by a lowering the SMD, which is also expected from the prior experi
mental results. This effect is very pronounced for all gas momentum 
flows investigated.

The model comparison shows that for all points investigated, the 
heat convection controlled evaporation model yields higher values for 
xliq,vap than the d2-law, which only takes into account heat conduction. 

The individual values however do not differ by much, showing that the 
simple d2-law can give a reasonable approximation.

The results above show that a low gas momentum at the nozzle exit 
combined with a small droplet size favors fuel evaporation within the 
oxidation zone. In a technical twin-fluid atomizer nozzle, gas mo
mentum flow and SMD cannot be controlled independently because the 
atomization process is influenced by the gas momentum flow itself. 
Typically, an increase in deq (reduction of gas momentum flow) would 
on the one hand lead to a longer residence time in the oxidation zone, 
but would on the other hand lead to larger droplets, resulting in two 
opposing effects on the amount of fuel evaporated in the oxidation zone. 
A general conclusion for a technical system would therefore require 
knowledge about the dependence of droplet size on gas momentum for 
the used burner type in a broad range in form of a theoretical prediction 
or an empirical correlation. This makes further research in the area of 
fuel atomization necessary.

The impact of spray angle on fuel evaporation within the OH zone is 
visualized in. Fig. 8. Here, the process conditions from the experimental 
cases were used as input for the model under variation of droplet size 
distribution characterized by SMD in the range of 50 – 400 µm and spray 

Fig. 7. Calculated mass fraction of fuel evaporated in the OH zone volume for 
different values of nozzle equivalent diameter and SMD. The spray angle is 
equivalent to the gas jet angle. The droplet evaporation using d2-law is 
compared to the heat transfer controlled Spalding approach.

Fig. 8. Total amount of evaporated liquid fuel within the flame boundaries 
calculated for different spray angles and droplet size distributions applying 2 
different evaporation models. A constant nozzle equivalent diameter deq = 6 
mm was assumed.

M. Haas et al.                                                                                                                                                                                                                                   Thermal Science and Engineering Progress 59 (2025) 103342 

6 



angle θ0,9 between 15◦ − 40◦. The sensitivity analysis was performed 
with a constant nozzle diameter deq = 6 mm. For each point, the amount 
of liquid evaporation within the OH zone xliq,vap was calculated. As 
shown above, an increase of SMD reduces fuel evaporation in all cases. 
For a given initial droplet size distribution, it can be observed that the 
highest xliq,vap is achieved at spray angles around 20◦, which roughly 
corresponds to the gas free jet angle. In this configuration, the distri
bution of fuel within the OH zone is found to be optimal for evaporation. 
For higher spray angles, xliq,vap is reduced because more fuel is present 
on trajectories outside the gas jet that does not come in direct contact 
with the high temperature oxidation reactions marked by OH, which is 
the situation found in the experimental case A (see Fig. 2).

For spray angles smaller than the gas free jet angle, a reduction of, 
xliq,vap is also found compared to θ0,9 = 20◦. Under these conditions, the 
concentration of liquid fuel on the jet centerline is very high, leading to 
low local temperatures and stoichiometries, [1]. This causes a large 
portion of the fuel to traverse the flame zone at the jet axis, which is the 
situation found in experimental case B. (see Fig. 2). In order to link these 
results to EFG process performance, further knowledge on the conver
sion behavior of the droplets outside the flame is required.

The model comparison again shows that in all cases, a higher amount 
of liquid fuel evaporates when the heat convection controlled evapora
tion approach is used. The qualitative trends however are the same for 
both models.

4. Conclusion

The situation in the burner near region of EFG reactors for liquid 
fuels can be described as an inverse diffusion flame of oxygen rich 
gasification medium reacting with hot syngas entrained from the envi
ronment, which is superimposed by a central fuel spray. Since reactants 
are usually fed to the system using twin-fluid atomizer nozzles, the 
gasification medium also serves as atomization medium. As a conse
quence, the momentum flow of the gasification medium does not only 
determine flame structure but also spray parameters (i.e. spray angle, 
droplet velocity and droplet size).

This study investigates the evaporation of a liquid surrogate fuel 
(MEG) in the burner near region of an atmospheric pressure EFG unit. 
Fuel evaporation is compared for two twin-fluid atomizer nozzles with 
different gas exit area. Gas and liquid mass flow are kept constant, thus 
gas momentum flow is varied. PDA and Fuel-Tracer LIF are used to 
measure droplet size, droplet velocity and qualitative data on fuel spray 
distribution under reacting conditions for both cases while OH-LIF is 
used to measure the flame structure. A 2-phase free jet model is applied 
to interpret the experimental data. In addition, a sensitivity study on the 
influence of gas momentum, spray angle and droplet size on the amount 
of fuel evaporated in the high temperature oxidation zone is conducted. 
The impact of the liquid evaporation model is investigated by comparing 
the simple d2-law with a heat transfer limited Spalding approach.

The model results show good agreement with the experimental data. 
A major portion of fuel was found to evaporate outside the flame 
boundaries in both cases. Experimental and model results indicate a 
strong impact of droplet residence time and spray parameters on the 
amount of fuel evaporation within the flame boundaries. High droplet 
residence times caused by a low gas momentum flow together with small 
droplets and a spray angle similar to the gas free jet angle were found to 
be beneficial for fuel evaporation within the flame zone.

The 2-Ph FJM allows to investigate the flame detached from the in
tegral system and shows the capability to describe the parameter sen
sitivities in the investigated flame type. In order to quantify the impact 
of these effects on EFG process performance, more complex models and 
further experimental work are needed, especially to characterize the 
impact of the fuel conversion reactions within and outside the flame 
zone on by-product formation. With further understanding of this sub
ject provided, the 2-Ph FJM can be used to define boundary conditions 
for the development of burners for larger scale EFG units and for CFD 

reactor simulations.
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