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INTRODUCTION 

Recently Jasuja [1] reviewed effects of ambient air pressure 
(pa) on spray characteristics of two types of airblast fuel 
injectors designed for aero gas turbine applications. The review 
pointed out that a so-called “high-shear” type injector had very 
small dependence of Sauter mean diameter (SMD) on pa (SMD
~ pa

-0.05) [2] compared to a “low-shear” type (SMD ~ pa
-0.45) at a 

fixed air-to-fuel mass flow rate ratio (AFR). The possible 
interpretation for this small dependence of the high-shear 
design was that this design causes “prompt atomization [3],” 
and thus the dominant mechanism may be different from the 
growth of instability waves of liquid sheets in a conventional 
sense [1,2]. On the other hand, to the authors’ knowledge, and 
as mentioned in the review, the literatures dealing with the 
similar issues for practical designs are limited and further work 
is needed to clarify the phenomenon. Therefore, the purpose of 
this study is to provide experimental data for a high-shear-type 
airblast injector for better understanding of spray 
characteristics depending on pa, and some preliminary results 
are presented in this paper. 

EXPERIMENTS 

A counter double-swirl high-shear-type fuel injector 
employed in this study is illustrated in Fig. 1. It was one of the 
models studied in the development of injectors for a small-class 
aero-engine research combustor [4]. Detail explanation on this 
injector can be found in Ref. [4,5]. Similar to the injector in Ref. 
[2], atomization takes place due to strong interaction of the 
counter-swirling “high-shear” airstreams generated by inner- 
and outer- swirl vanes with an annular fuel film at the exit of the 
injector. The fuel film is also given initial swirl component by 
fuel swirl slits whose effects will be briefly discussed later. 

Fig.1:  Schematic drawing of fuel injector. 

Experiments were conducted by means of the high pressure 
spray test facility at the Japan Aerospace Exploration Agency, 
developed for spray experiments under elevated ambient air 
pressures up to approximately 1MPa at room temperature 
condition. A photograph and schematic diagram of the facility 
are shown in Fig.2. Its test section had 310.5mm inner-diameter 
cross section and two pressure windows of approximately 
150mm and 200mm in diameters respectively and 40mm in 
thickness were installed for optical measurements. Auxiliary air 
systems were equipped to keep clear optical access through the 
windows. This system restricted the view of sprays to 50mm in 
the axial direction. The duct module for the test section could 
be changed depending on employed optical measurement 
techniques. Details of the facility are described in Ref. [6]. 

The spray characterization was based on laser sheet Mie 
scattering visualization and phase Doppler anemometry (PDA).  
For the laser sheet visualization, a Nd: YAG pulse laser at the 
second harmonic wave length (New Wave Solo PIV, 
532nm,4-6ns pulse width) was used as an optical source. The 
laser sheet was formed by a series of lenses and its thickness on 
the injector axis (z-axis) was 2.5mm approximately. The images 
were taken by a CCD camera (PCO Sensicam QE 12bit 
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1376x1024 pixels) with a Nikon Micro Nikkor 60mm f2.8D 
imaging lens. The view area of the imaging optics was 
approximately 104mm x 78 mm. 

The PDA measurements were performed by 
two-velocity-component Aerometrics PDI system with Artium 
ASA signal processors. A 4W Argon ion laser (Spectra Physics: 
Stabilite 2017, Green: 514.5nm and Blue: 488nm) was used as 
an optical source with a fibre-driven transmitting optics. The 
PDA optical setup is summarized in Table 1. The green beams 
were used for diameter and axial velocity (vz) measurement. 
The blue beams were used for radial velocity (vx) measurement 
but the results for vx are not discussed in this paper.  The PDA 
optics was traversed in the radial (x) direction, and 100,000 
triggered samples were acquired at each measurement positions 
unless the acquisition time exceeded 30 seconds. Number of 
final validated samples depended on the measurement positions, 
but it was at least more than 10,000 and statistically sufficient.  

Fig.2:  High pressure spray test facility. 

Table 1: Details of phase Doppler optics. 

With regard to test conditions, the air pressure drop across 
the injector normalized by the inlet pressure (∆p/pt) was fixed at 
4% and the ambient pressure pa was varied from 0.10MPa to 
0.82MPa. Kerosene was used as liquid phase to be atomized, 
and fuel flow rate (mf) was either constant at 0.78g/s or varied 
so as to keep AFR constant at 14.2. For pa=0.10MPa, data for 
mf=0.78g/s can be also commonly used as those for AFR=14.2. 
The fuel flow rate was kept reasonably low to make sure that the 
phase Doppler measurements did not suffer “dense-spray” 
effects significantly. Otherwise, it would overestimate the SMD
which would be likely to occur for high pa conditions and thus 
underestimate its pressure dependence. 

RESULTS AND DISCUSSIONS 

Typical images of the laser sheet visualization are presented 
in Fig. 3. Instantaneous photographs are in the upper row 
whereas time-averaged Mie scattering intensity distributions 
obtained by 100 instantaneous photographs are in the lower row. 
The asymmetry of the spray images is mainly due to the 
attenuation of the incident laser sheet by the spray. The 
auxiliary purge air from the windows is also a cause of the 
asymmetry, but its flow rate was minimized so that its effect 
was not significant. For mf =0.78g/s (Fig 3-a,b), the spray 
pattern changes from a nearly conical shape to a curved 
bell-like one as  pa increases. This is because of the better 
atomization by which droplets easily follow airflow field rather 
than flying in a ballistic manner. The same is true for the 
comparison for the same AFR at 14.2 (Fig 3-a,c). On the other 
hand, Zheng et al. [2] also pointed out the effect of fuel-to-air 
momentum ratio (MR) on the spray angle close to the injector 
exit, because the fuel also has an initial swirl velocity 
component as mentioned above. This effect is expected to 
result in the smaller spray angle for a fixed mf and the larger one 
for a fixed AFR as pa increases. In fact, the effect is not clearly 
evident in Fig. 3. This is probably because of the low 
momentum ratio, and the effect possibly becomes clear after 
MR becomes sufficiently high. In their study [2], lower AFR
conditions than the present study were also examined. In our 
previous study on spray visualization for the same injector but 
at a different condition (∆p/pt=12.4% and AFR=4.1), the spray 
angle close to the injector exit also becomes larger for higher pa 

[7]. Since initial fuel placement in the flow field may affect 
subsequent atomization process, its effect should be considered 
on analysis of pa – SMD correlation at a fixed AFR. 

Radial distributions of data rate of the PDA measurements at 
z=15mm which is proportional to droplet number flux density 
are presented in Fig. 4. Their global trend such as the existence 
of local peaks at approximately |x|=15mm is generally similar 
and they are fairly symmetric with respect to z-axis, except for 
pa=0.82MPa and AFR=14.2. Since the PDA receiver was set on 
the side of x<0, the PDA signal quality for x>0 deteriorated 
more significantly than x<0 as the spray becomes dense. The 
symmetry of the data rate is considered as an indicator to 
evaluate the reliability of the PDA results and care should be 
taken for data interpretation if it is deteriorated. 

Radial distributions of the SMD at z=15mm are presented in 
Fig. 5. Here, it is important to note that the SMD calculation 
was based on flux ensembles, and not based on those of 
concentration. Also, no probe volume correction depending on 
the droplet size was applied at this stage of the present work. 
For mf=0.78g/s, the SMD becomes smaller for higher pa and the 
radial distribution becomes more uniform. These are also true 
for AFR=14.2 in general, but the SMD for pa=0.82MPa 
becomes larger than for pa=0.42MPa in the central region of the 

Transmitter  
Focal length            500mm 
Beam separation at front lens    39.9mm 
Beam diameter at front lens      2.8mm (Green and Blue)

Receiver 
  Focal length            500mm 
  Effective lens diameter           72mm 

Scattering angle                         70deg.
Probe volume (PV) 
  Total beam power (Green)        210mW 
  Total beam power (Blue)          80mW 
  Size (Green)      117µm (dia.) x 2.94mm(length)
  Size (Blue)      111µm (dia.) x 2.79mm(length)
  Slit width projected on PV          300µm 

Fringe separation (Green)           6.46µm 
Fringe separation (Blue)             6.13µm 

Phase-diameter conversion factor         0.39µm/deg. 
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spray. The symmetry of the SMD distributions is reasonably 
good, even though it is not for the data rate as mentioned above.   

Radial distributions of mean axial velocity (vz) for droplets 
smaller than 4 µm at z=15mm are presented in Fig. 6. Negative 
vz is observed close to the z axis due to the existence of a central 
recirculation zone. Positive peak velocity for pa =0.82MPa and 
AFR=14.2 is much smaller than the other conditions. Since the 
droplets of this size class almost follow the airflow, this means 
measurable deceleration of gas phase velocity due to two phase 
interaction. The deceleration possibly takes place already 
upstream where the fuel is atomized and therefore this may 
cause poorer atomization than the cases of modest deceleration.  

The dependence of the overall SMD at z=15mm 
cross-sectional plane on pa is shown in Fig. 7 and the 
relationship between the two properties by assuming the form 
of SMD =A pa

n is summarized in Table 2. Here, the weighted 
average considering the data rate at each x location was taken to 
obtain the overall SMD, assuming the axial symmetry of the 
spray. Similar to the SMD in Fig. 7, no probe volume correction 
was considered. The SMD shown in this figure is again based 
on the flux ensembles, but the similar attempt was carried out 
on the concentration based ensembles by using the information 
of droplet velocity. The difference between the two was at most 
3µm and in most cases less than 2µm. Therefore, choice of the 
ensemble does not seem to have major influence on the 
evaluation of the ambient pressure effect as for the present 
injector. Also, the larger difference between the SMD in Fig. 7 

and that calculated by using the data only for either x<0 or x>0 
was again at most 3µm and in most cases less than 2µm. Thus, 
the effect of asymmetry of the PDA data, especially those of the 
data rate, is small on the evaluation of the overall SMD. 

The SMD dependence on pa does not show significant 
change for mf =0.78g/s through the whole range of pa examined. 
One may deduce that it becomes slightly larger for the high pa 

range, but further data are required for proper interpretation. On 
the other hand, it becomes smaller for the high pa range for 
AFR=14.2. In our result, the dependence is even close to that of 
the low-shear-type for the low pa range, whereas it becomes 
more consistent with that in Ref. [1,2] for the high pa range.  

Here, it should be noted that the obtained values of n are 
indicative of the dependence of the SMD on pa in a qualitative 
sense, but obviously more data points are required for 
quantitative purposes. Furthermore, the form of the correlation 
used here is not dimensionally correct and thus, despite the 
value of such a correlation for some engineering purposes, 
proper care should be taken for data interpretation. 

In the study of Ref. [2], the data used to obtain the 
correlation between the SMD and pa is those for 1, 6 and 12bars. 
Thus, their correlation is mainly based on relatively high 
ambient pressure and this is probably the cause of the good 
agreement with the present results at the high pa range. As far as 
these preliminary results are considered, it may be difficult to 
obtain a reasonable power-law correlation at a fixed AFR
through a wide range of ambient pressures, though this form  

                                                                

  

(a) pa=0.10MPa, mf=0.78g/s (AFR=14.2)          (b) pa=0.52MPa, mf=0.78g/s                      (c) pa=0.52MPa, AFR=14.2 

Fig.3:  Spray pattern dependence on ambient pressure (∆p/pt=4%) 

Fig.4:  Radial distributions of data rate (∆p/pt=4%, z=15mm). Fig.5:  Radial distributions of SMD (∆p/pt=4%, z=15mm). 

Laser 

x[mm]                                                        x[mm]                                                        x[mm] 

Laser Laser 

3



Fig.6:  Radial distributions of mean axial velocity for droplets 
smaller than 4µm (∆p/pt=4%, z=15mm). 

Fig.7 Effects of ambient air pressure on SMD (∆p/pt=4%, 
z=15mm). 

Table 2: Dependence of SMD on ambient air pressure  

may be practically convenient for combustion applications. More 
factors should be considered to understand and scale the effect of 
pa, in addition to the mechanism of atomization itself. For 
example, the fact that the spray angles depends on pa at a fixed 
AFR in Ref. [2,7] suggests the effect of fuel placement should be 
studied, though it is not clear in Fig.3. The effect of deceleration 
of gas phase velocity as discussed above should be also 
considered, which seems more important for high pa cases. 
Further investigation is required to clarify the reason for larger 
SMD in the central region for pa=0.82MPa than for pa=0.42MPa 
at AFR=14.2. The examined test conditions were currently 
limited and experiments to obtain further datasets are in progress. 

CONCLUSIONS 

The effects of ambient pressure (pa) on spray characteristics of 
a high-shear-type aero-engine airblast fuel injector were 
investigated at a fixed normalized air pressure drop of 4% and 
room temperature condition. The ambient pressure was varied 
from 0.10 to 0.82MPa. Laser sheet Mie scattering visualization 
and phase Doppler anemometry (PDA) were employed for spray 

characterization. Since the reliability of the PDA measurements 
is important for the present purpose, fuel flow rate was kept low 
enough for PDA not to suffer “dense spray” effect and the 
obtained results were carefully examined. As pa increased, spray 
pattern changed from a nearly conical shape to a bell-like one. 
For a fixed mass fuel flow rate mf=0.78g/s, the dependence of the 
Sauter mean diameter (SMD) on pa did not change significantly 
through the whole range of pa examined. On the other hand, for a 
fixed air-to-fuel mass flow rate ratio AFR=14.2, the dependence 
was rather strong and close to that of the low-shear-type for the 
low pa range whereas it was weak and in agreement with that of 
the high-shear-type injector employed in Ref. [2] for the high pa

range. The expression of pa - SMD correlation by a simple 
power-law for wide range of pa may be difficult for a constant 
AFR. More factors should be considered to understand and scale 
the effect of pa. Since the examined test conditions are currently 
limited, further datasets are required for better understanding. 
Acquisition of more comprehensive datasets is in progress.   
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SMD =A pa
n

mf=0.78g/s                        AFR=14.2
pa [MPa]                   A            n                         A            n 

0.10-0.82               7.21       -0.66                   15.0       -0.29 
0.10-0.42               7.64       -0.63                   12.9       -0.38 
0.42-0.82               6.78       -0.76                   17.0       -0.07
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