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Abstract 
 
High pressure entrained flow gasification is a very promising technology for the conversion of low-grade 

fuels to a high quality syngas to be used for production of chemicals and chemical energy carriers, e.g. liquid 
fuels or SNG. High gasification efficiencies using liquid fuels or slurry can only be achieved through generation 
of a fine homogenous spray at high ambient pressure and low gas to liquid ratio (GLR). Influence of spray quali-
ty on gasification performance is demonstrated by experiments in an atmospheric Research Entrained flow GAs-
ifier (REGA).The present work is therefore focused on the atomization of liquids at increased ambient pressure 
using an external mixing twin fluid nozzle, typical for entrained flow gasification. For the experimental work 
reported, ambient pressure is varied in the range of 2 – 16 bar using water as model fuel. Spray quality, i.e. drop 
size distribution and axial velocity distribution is detected by Shadow sizer and PDA-System, respectively. A 
high speed camera is used for qualitative investigation of primary atomization. The experiments show the influ-
ence of reactor pressure on spray quality in terms of SMD, for operational conditions at We = const. and alterna-
tively at urel = const. Basic finding is that keeping the We-number constant is not enough to guarantee for con-
stant atomization quality at varying reactor pressure, but the relative velocity has a dominant effect. The experi-
mental results are discussed on the background of a short literature review. 

 

 
Introduction 

 
Expected increase in worldwide energy demand, local and global limitation of high quality fossil fuel re-

sources and emission of greenhouse gas represent the main challenges for future sustainable energy supply. 
Therefore, future energy systems will be characterized by increased use of renewable, volatile energy sources 
(wind, solar) combined with utilization of low-grade fossil and biogenic fuels. The worldwide available low-
grade fuels (e.g. coal with high ash content, biomass, waste based fuels) feature high heterogeneity, low calorific 
value and high content of inert material and trace species. In order to be utilized in highly efficient energy con-
version processes with high fuel- / load- and product-flexibility, these fuels must be converted to high quality, 
process adapted chemical energy carriers. 

In this context the conversion of low-grade fuels to a high quality fuel (syngas) based on high pressure en-
trained flow gasification will play a major role. The produced syngas can subsequently be converted to methane 
(SNG), liquid fuels (Biomass / Coal to Liquid, BtL / CtL), chemicals (methanol and others) or it can be fired in a 
gas turbine of a combined cycle power plant (CCP) to produce electricity at high efficiency. This so called poly-
generation gives maximum operational flexibility combined with fuel-flexibility and high energy efficiency. At 
KIT a three step Biomass to Liquid (BtL) plant is under construction employing entrained flow gasification with 
pressure up to 80 bar and thermal load of 5 MW. 

The operation of a technical entrained flow gasifier aims to achieve complete fuel conversion into a tar-free 
syngas at minimum oxygen consumption. Oxygen is the gasification agent but it also serves as an atomization 
agent in the common technical twin fluid nozzles. When the gasifier is fed with liquid or slurry (solid fuel parti-
cles suspended in the liquid phase), syngas quality and process efficiency (cold gas efficiency) are essentially 
influenced by the drop size distribution generated by the burner-nozzle. As reported in [1] large droplets pass the 
reactor without being gasified completely due to their smaller specific surface and in consequence slower evapo-
ration. Therefore, the aim of this study is to achieve the smallest possible droplets at low gas-to-liquid-ratio 
(GLR). Based on the stoichiometry of the gasification reaction the optimum GLR ranges from 0.4 – 0.7 for bio-
mass based fuels [2]. 
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To estimate the influence of SMD on the gasification process, two series of measurements were conducted at 
the Research Entrained flow GAsifier (REGA) at KIT under ambient pressure conditions [3, 4]. Glycol was used 
as model fuel. Two different nozzles were applied using constant GLR and therewith constant stoichiometric 
ratio (S.R.) for the gasification but different air momentum achieved through variation of nozzle geometry. Both 
nozzles were characterized concerning integral SMD at an atmospheric spray test rig using a Malvern Spraytec 
drop size detector. At the given conditions nozzle 1 was characterized by SMD in the range of 50 µm and nozzle 
3 by SMD in the range of 10 µm [3]. 

 
Figure 11 shows radial concen-

tration of CH4 and higher hydro-
carbons measured at 500 mm dis-
tance from the burner for both noz-
zles applied. With nozzle 3 (small 
SMD) less CH4 and Corg is pro-
duced as compared to nozzle 1 
(larger SMD). This can be ex-
plained by faster evaporation of 
smaller droplets and thus larger 
residence time in the gas phase that 
allows for completion of fuel con-
version reactions. Those results 
clearly indicate the strong influ-
ence of atomization quality on gas-
ifier performance. 

 
 
 

Slurries based on biogenic and fossil fuels that are typically fed to the gasifier are characterized by high vis-
cosity and non-Newtonian rheological behavior. This is of considerable importance for the atomization. There-
fore, it is a very challenging task to guarantee for a fine homogenous spray of such slurries at low GLR. 

In literature numerous studies concerning twin fluid atomization of low viscous liquids at atmospheric pres-
sure conditions are found e.g. [5, 6, 7, 8], but detailed investigations reported on atomization of high viscous 
liquids at elevated pressures are scarce. Atomization of Coal Water Slurry (CWS) at increased ambient pressure 
was investigated by Yu et al. [9]. The study was focused on optimization of secondary atomization to guarantee 
for a good burnout. CWS atomization was also investigated by Smith et al. [10]. Here a decrease in Sauter Mean 
Diameter (SMD) with increasing ambient pressure was detected, which is in contrast to Risberg et al. [11] where 
atomization of high viscous liquids at reactor pressure up to 20 bar was investigated and no influence of ambient 
pressure on drop size was detected. 

Lefebvre [12] and Lightfoot [13] postulated that there will be no influence of ambient pressure and only 
small influence of liquid properties on SMD if the atomizer is operating in the so called prompt atomization 
mode. Prompt atomization occurs if the air impinges the liquid at a significant angle and gas velocity is suffi-
ciently high compared to liquid velocity. 

Detailed investigations on influence of ambient pressure on atomization of low-viscous liquids were per-
formed by [14, 15, 16, 17 and 18]. [14, 15 and 18] used various plain jet air-assist atomizers for their experi-
ments. Ingebo [16, 17] worked on a jet in cross flow set up, with slow moving liquid and fast flowing gas stream 
in cross flow at increased pressure. This system may be considered as a special form of external mixing twin 
fluid atomizer, because energy for atomization is contributed by the gas flow. All authors postulated correlations 
for the calculation of SMD, but the reported influence of the operational parameters of the atomizers on SMD is 
inconsistent. 

Lorenzetto et al [19] and Jasuja et al. [20] did investigations on twin fluid atomizers at similar operating 
conditions like those used for the experimental work presented in this paper. However they did not verify influ-
ence of ambient pressure. Semiao et al. [21] and Dooher [22] developed physical models to characterize the at-
omization process and calculate SMD, also with respect to ambient pressure. 

In order to lay groundwork for future investigations of atomization quality achieved with external-mixing 
twin fluid atomizers when operated with high viscous slurries and in addition to provide the understanding of the 
contradictions found in literature, the atomization of low-viscous fluids (water) at increased ambient pressure 
conditions was investigated in the present work. A comparison of some of the correlations reported in literature 
with experimental results obtained in the present study is presented and discussed. 

 
 

Figure 11: CH4 and Corg as function of SMD and radial position 
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Experimental Methods – Pressurized Atomization Test Rig PAT 
 
Atomization at increased pressure is investigated at the Pressurized Atomization Test Rig (PAT) shown in 

Fig. 1. The facility can be operated with liquids featuring viscosities up to 3,000 mPa.s at GLR down to 0.05. 
Liquid mass flow can be varied in the range of 10 – 200 kg/h and reactor pressure can be set from 1 – 21 bar. 
The temperature of the liquid can be controlled in the range of 10 – 50 °C. A movable lance at the top of the re-
actor offers the possibility to mount different twin fluid atomizers. 

 

Figure 1: Flow Chart – PAT Figure 2: Reactor with Shadow sizer 
 

Three high pressure glass windows allow for optical access to the spray chamber. A specially developed 
purge-air system keeps the windows free from spray droplets. A detailed description of the facility can be found 
in [3, 23]. 

External mixing twin fluid nozzle concept is favored for the entrained flow gasifier application since abrasion 
of the burner nozzle is avoided applying low velocities of the slurry, whereas the energy for the atomization pro-
cess is provided by dynamic pressure of the fast flowing gas. Due to the high process temperatures in entrained 
flow gasifier internal mixing nozzles pose a risk of coking at the mixing channel causing a blockage of the noz-
zle. The atomizer used in the experiments is shown in Fig. 3. Liquid is supplied in a central tube to the nozzle 
orifice, whereas gas flows through a concentric annular gap. The gas phase impinges the liquid phase at an angle 
of 30°. 
 

Two measuring systems were used for detection of drop size distribution and axi-
al drop velocity in the spray. First a photo optical system based on shadowgraph 
method was used. The Shadow sizer was chosen as future atomization experiments 
will be done using opaque slurry. Considering that the refraction index of the slurries 
is unknown and that the slurry droplets are not necessarily spherical, the chosen 
measuring technique is the only one that allows for space resolved investigation of 
droplet size and velocity. The Shadow sizing system consists of a high speed CCD 
camera coupled with a high efficiency diffuser, powered by an NdYag laser (Fig. 2). 
The far field microscope mounted on the camera reduces the size of the measuring 
volume down to 2.8x2.8x0.8 mm3. The small measuring volume in combination with 
an optical resolution of 4 MPixel of the camera allows for reliable detection of drop-
sizes in the range of 10 – 1000 µm. The Shadow sizing measurements show that sec-
ondary atomization is finished 200 mm downstream the nozzle orifice. In this section 

all droplets are nearly spherical. 
In order to validate the results obtained with the Shadow sizing measuring technique a Phase Doppler Ana-

lyzer (PDA) was used for detection of drop size and velocity distribution. A fiber PDA as described in [24] with 
a high power water cooled argon ion laser was used. The aperture was mounted in 70° forward scattering ar-
rangement with parallel polarization according to the first order refraction maximum of water. The PDA was 
mounted on the same traverse rig as the Shadow sizer and allows for detection of local drop size and drop veloci-
ty distribution at various positions in the spray cone. A PDA with a large beam waste diameter in front of the 
front lens was used to decrease the size of the measuring volume. Due to the high density of the spray at in-
creased ambient pressure – as detected by Shadow sizing experiments – a special HiDense detector unit with a 
selectable spatial filter was used to get a better quality of the measuring signals. High pressure glass windows 
with optimized optical performance (no inclusions or cords) were used to avoid any disturbances of the laser 
beam. 

 
Figure 3: Twin fluid 
atomizer 
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Finally a high speed camera for qualitative investigation of primary atomization was used. The camera fea-
tures a frame rate up to 36 kHz and resolution up to 1 MPixel. A high power light source with up to 1000 W was 
used in backlight mode for illumination of the measuring volume. Recording the spray with the high speed cam-
era reveals information concerning primary atomization phenomena and qualitative information concerning pri-
mary drop size. 

 
 

Results and Discussion 
 
Spray quality in terms of spray pattern and local SMD was investigated. The influence of ambient pressure 

on spray quality was separated from other influencing parameters, keeping Weber number and alternatively gas 
velocity constant. Water was used as model fuel with a mass flow rate set to 20 kg/h for all experiments. Reactor 
pressure was varied between 1 and 16 bar. All measurements were performed 200 mm downstream of the nozzle 
orifice. The same nozzle was used for all experiments. Shadow sizing measurements were performed only to 
measure local SMD at the axis, and no radial profiles were obtained with this measurement method. 

 
Comparison of Shadow sizer and PDA performance 
 
Since spray density can pose an issue for Shadow sizing method, the accuracy of the Shadow sizer was 

checked with a calibration target. Laser light intensity during calibration tests was reduced in such way to simu-
late the intensity prevailing at dense spray conditions in the measuring volume. A target with opaque circles of 
the size range of 10 – 200 µm was used. The accuracy for the test was within +/- 5 µm, which is standard for 
shadow sizing measuring technique. 

 
For the interpretation of the experimental results obtained using Shadow sizing technique all droplets small-

er than 10 µm were neglected. This was done to avoid artefacts like broken pixels or dust particles on the CCD 
sensor being detected as droplets. A typical histogram of the drop size distribution obtained with the Shadow 
sizer at 2 bar and relative velocity between gas and liquid of urel = 78 m/s is compared with the one measured 
with the PDA System at the same operating conditions (Fig 4). It is obvious that the PDA System reliably detects 
droplets smaller than 10 µm, which cannot be detected by the Shadow sizer. 

The histograms obtained with two 
measuring techniques exhibit similar 
trends. However the maximum of the 
PDA histogram is shifted to smaller 
diameters as compared to the Shadow 
histogram. Further both histograms 
show a decrease of counts moving to 
bigger diameters, whereas this declina-
tion is steeper in case of Shadow sizer 
as compared to PDA. Nevertheless, 
the SMD value is not significantly 
affected either by this effect or by the 
droplets smaller than 10 µm, as the 
volume fraction of this size range is 
negligible. Furthermore, the main tar-
get of development and optimization 
of burner for high pressure entrained 
flow gasifier is to avoid the large drop-

lets that cause a significant decrease of the process efficiency as described above. Thus, droplets smaller than 10 
µm are of minor interest in the present study. 

 
 
Evaluation of spray geometry 
 
Radial profiles of SMD and axial velocity obtained with the PDA system are shown in Figs. 5 and 6. All da-

ta were taken at We = 1000. A typical radial SMD profile with a minimum on the spray axis as reported in litera-
ture [25] can be observed in Fig. 5 for the spray at 2 bar. At 16 bar a more uniform drop size distribution can be 
observed. Figure 6 shows the median axial velocity of the droplets as function of radial position and reactor pres-
sure for constant Weber Number of 1000. All profiles are axis-symmetric in consequence the spray pattern can 

Figure 4: Drop Size Histogram of Shadow sizer and PDA-System 
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be considered as rotationally symmetric. Furthermore, a smaller spray angle is detected at 16 bar as compared to 
the 2 bar experiments. 

 

  

Figure 5: Radial SMD profiles Figure 6: Radial profiles of axial velocity 
 
 
SMD as function of system pressure for We = const. 

 
In air assist atomization, where high-velocity air impacts on a slow-moving liquid, the disintegration of the liq-
uid by self-induced generation of turbulence i.e. instabilities is negligibly small [7]. Thus, aerodynamic forces 
are the key factor promoting the atomization by generation of disturbances on liquid surface and providing the 
energy needed for separation of ligaments and subsequently droplets. Therefore, Weber number associated with 
the aerodynamic forces is an important parameter influencing drop size and hence it is often used in literature to 
describe atomization. The present experiments were conducted at various reactor pressures keeping the aerody-
namic forces essential for the atomization constant, i.e. at: 

./2 constudWe lrelOg            (1) 

where ρ is density, d0 is liquid jet diameter, urel is relative velocity between gas and liquid phase and σ is surface 
tension; subscript l denotes the liquid and subscript g stands for the gas phase. 

In Figure 7 the local SMD at the axis is 
plotted as function of reactor pressure for con-
stant Weber number. Two series of measure-
ments were performed while keeping Weber 
number constant, at We = 1000 and 2000, re-
spectively. As expected, the increase in We re-
sults in a decrease of SMD at constant pressure. 
However, an increase in pressure at We = const. 
results in an increase in SMD. 

In order to interpret these findings, Fig. 7 
also shows the effect of pressure on urel ( ~ p-1/2) 
and on GLR ( ~ p1/2). 

The tendency detected with the Shadow siz-
ing measurement technique was confirmed by 
the corresponding experiments employing a 
PDA-System as shown in Fig. 8. For PDA 
measurements the increase in SMD on the axis 

was even more pronounced than for the Shadow sizing results. It should be emphasized that the effect of the 
pressure is discussed here based on the SMD values on the axis. Bearing in mind that the SMD profile exhibits a 
minimum on the axis for lower pressure (Fig. 5) it can be expected that a mass weighted integral SMD values 
would demonstrate somewhat different tendencies. Nevertheless, a comparison of the SMD radial profiles at Fig. 
5 indicates that the mass weighted integral SMD at high pressure will certainly be higher than the corresponding 
value at low pressure. Therewith, the accuracy of the statement that the SMD increases with increasing system 
pressure at We=const. can be guaranteed. 

 
 

Figure 7: SMD as function of reactor pressure and Weber 
number (Shadow sizer) 
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In Fig. 8 the measured SMD values are 
compared with predicted values using drop 
size correlations from literature. The predic-
tions of drop size for the operating conditions 
under investigation are inconsistent. Rizk and 
Lefebvre [18] as well as Kim and Marshall 
[10] predict a decline in SMD with increasing 
pressure, whereas the correlations of Elkotb 
[7] and Ingebo [16] forecast an increase. The 
correlations of Lorenzetto and Lefebvre [19] 
and Jasuja [20] were obtained from experi-
ments at atmospheric pressure which limits 
their application for the high pressure experi-
ments. The prediction of Jasuja [20] at 1 bar 
fits very well the measured data. The extrapo-
lation of this equation for higher system pres-
sures gives a very weak increase of the SMD 

with ambient pressure. The predictions based on Lorenzetto and Lefebvre [19] deviate from the experimental 
data even for the 1 bar case, which might be due to the fact of the big exponent of the GLR term compared to 
other correlations. The discussed correlations describe the classical atomization mechanism. 

It is important to emphasize that in the present experimental work in order to keep We number constant 
while varying reactor pressure, gas velocity ug and therewith relative velocity urel decreased to compensate for 
the corresponding increase of gas density (Fig. 7). Thus, the detected increase of SMD with increasing reactor 
pressure can be connected with the decrease of relative velocity, indicating the superior role of this parameter. 
This is the reason of the good agreement with the correlation of Ingebo [16] for jet in cross flow set up where 
SMD scales with x

relg
x uWe )(~Re)( 3  instead of scaling with x

relg
x uWe )(~ 2 as in correlations for classical 

atomization mechanism [7, 18, 19, 20]. 
Thus, the experimental results indicate that the effect of relative velocity is not completely described with 

the dynamic pressure 2
relgu  introduced in the aerodynamic Weber number. The profound effect of the relative 

velocity between liquid and surrounding gas on the atomization is typical for the prompt atomization mechanism 
as given in [12] with a correlation: 

 

)/11/(1

5.1
/

GLRWeC
dSMD

l
o 
  

(1) 

 
with C indicating an empirical constant connected with the energy efficiency of the atomization process 

and ./2
lrelOll udWe   The correlation for the prompt atomization given with Eq. 1 gives a good agreement 

with experimental data (Fig. 8). 
 
 
SMD as function of system pressure for urel = const. 
 

Since the experiments (Fig. 8) showed that keep-
ing We number constant is not enough to guarantee 
for constant atomization quality at varying reactor 
pressure, further experiments were performed keep-
ing gas velocity and in consequence the relative ve-
locity constant while varying reactor pressure. Gas 
velocity was set to 80 m/s which resulted in a rela-
tive velocity between gas an liquid phase of 78 m/s. 
Again, the local SMD was detected on the spray axis 
at an axial distance of 200 mm to the nozzle orifice. 
Figure 9 shows the axial SMD as function of reactor 
pressure at constant relative velocity. At high system 
pressures the measured SMD exhibits no dependen-
cy on pressure when urel = const. This agrees well 
with the postulation of the prompt atomization 

mechanism. For the lower system pressures (1-6 bar) an increase in local SMD at axis was measured. Neverthe-

Figure 8: SMD as function of reactor pressure at We = 1000 as 
measured by the PDA and Shadow sizer (Symbols); SMD pre-
dicted using drop size correlations (Lines) and signs + and * 

Figure 9: SMD function of reactor pressure at relative 
velocity urel = 78 ms-1 (PDA) 
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less, a mass weighted integral SMD may exhibit different tendency than here considered local SMD at the axis 
due to the pronounced minimum at the axis characteristic for the SMD radial profiles at low pressure (Fig. 5). In 
the future work, a data necessary for the determination of the mass weighted SMD shall be obtained for all in-
vestigated operating conditions in order to provide a well-defined basis for a comparison of spray at different 
pressures. 

 
 
Primary atomization detected by High Speed Camera 
 
For a qualitative observation of the near field of the nozzle the high speed camera was employed (Fig. 10). 

The pictures were taken at constant relative velocity of 78 m/s at 2 bar (left) and 16 bar (right). In the 16 bar case 
the spray appears to be very fine and homogenous; all drops seem to have the same order of magnitude. The 
spray developed from primary breakup at 2 bar looks very heterogeneous; the size of the droplets varies by order 
of magnitude and the average drop size seems to be considerably larger as compared to the 16 bar experiment. In 
contrast to the findings, the axial SMD measured with the shadow sizer at 200 mm downstream of the nozzle 
orifice is smaller for the 2 bar case (Fig. 9). 

It can be speculated that larger droplets formed during primary atomization at low reactor pressure are fur-
ther subjected to secondary atomization. It is possible that for the given nozzle geometry and ambient pressure of 
16 bar secondary atomization is finished within the first centimetres downstream the nozzle orifice, whereas for 
2 bar secondary atomization takes place further downstream of the nozzle orifice. Furthermore, a decrease of 
spray angle with increasing reactor pressure was detected for the investigated nozzle [3]. Therefore, the probabil-
ity of agglomeration of originally small droplets which were formed by primary atomization at high pressure 
increases. Further experiments detecting SMD profiles at different distances downstream of the nozzle orifice 
will have to clarify this phenomenon. 
 

 
Figure 10: Primary breakup for 2 (left) and 16 bar (right) at urel = 78 m/s 

 
 

Summary and Conclusions 
 
The influence of reactor pressure on atomization of low-viscous fluids (water) using an external-mixing twin 

fluid atomizer was investigated. Spray quality was detected using Shadow sizing and PDA measuring technique. 
The experiments were conducted at various reactor pressures keeping aerodynamic We number constant. For the 
experimental setup chosen, local SMD at the spray axis increases with increasing reactor pressure. Thus, keeping 
the We-number constant is not enough to guarantee for constant atomization quality at varying reactor pressure. 
The results indicate that relative velocity has a profound effect on air-assist atomization under investigated con-
ditions and show good agreement with the correlation for the prompt atomization mechanism. Therefore, in fur-
ther experiments relative velocity urel was kept constant at varying reactor pressure. At high system pressures the 
measured SMD exhibited no dependency on pressure supporting the prompt atomization mechanism postulation. 
Nevertheless, for the lower system pressures (1-6 bar) an increase in local SMD on the axis was measured. The 
determination of mass weighted integral SMD is necessary to clarify the detected tendency. 
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For a qualitative observation of the spray disintegration at the nozzle orifice high speed camera measure-
ments were done at 2 and 16 bar for constant gas velocity. The spray pattern appears to be finer and more uni-
form for 16 bar as compared to 2 bar. In contrast to that the axial SMD measured at a distance of 200 mm down-
stream the nozzle orifice is higher for 16 bar. This finding may be explained by reduced secondary atomization 
downstream the nozzle orifice at 16 bar due to the fast deceleration of the gas phase and the small size of the 
primary droplets whereas large primary drops formed at low pressure are subject to secondary atomization. 

Further investigations at different distances from the nozzle orifice are in preparation in order to clarify the 
phenomena described. Parameter studies are planned in order to develop a drop size correlation that could suc-
cessfully predict the effect of reactor pressure. Moreover, investigations with high viscous slurries are planned in 
order to obtain a knowledge-based model for the design and scale-up of the burner for the high pressure en-
trained flow gasifier. 
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