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Abstract
Airblast atomizers are used extensively in aero gas turbine engines. In the pursuit of reducing emissions and increasing fuel efficiency a novel airblast atomizer design is being developed that is capable of variable fuel-placement. Such a design will create two independently fuelled zones, a pilot and a main that can be optimised for efficiency, emissions and stability throughout the flight envelope.
Three novel airblast atomizer designs capable of providing variable fuel-placement have been developed. The airflow structure of the designs has been investigated experimentally using Phase Doppler Anemometry (PDA). The experiments were performed isothermally, under atmospheric conditions in a perspex tube. Axial velocity data were obtained at a number of positions downstream of the atomizer. 
The three airblast atomizers were also modelled isothermally using the commercial Computational Fluid Dynamics package (CFD) CFX. The results presented in this paper, show that qualitatively the CFD captured the flow profiles for the three designs and there was also good quantitative agreement, especially in the downstream regions for two of the designs.
Introduction
Gas turbine engines are an essential part of the world today. They are used in the industrial sector in the generation of electricity, in the maritime sector for powering ships and in aviation. The impact that their emissions have upon the environment, such as global warming, has led to strict emission controls imposed by international agreements such as the Kyoto Protocol. Such restrictions have been a driving force in the development of gas turbine engines and will continue be so.

Aircraft gas turbine engine design faces a significant challenge in emission reduction. There is a trend towards higher thrust engines with greater pressure ratios and higher firing temperatures, all of which are counterproductive to low levels of oxides of nitrogen (NOx). The operation and safety requirements that an aero-engine must achieve also represent real challenges to the designer.

Current aero combustors tend to be of the single annular type with a rich primary zone to ensure good stabilisation of the flame and good weak extinction and altitude relight capabilities. Through careful design of the downstream region of the combustor and introduction of dilution air, significant reductions of emissions have been achieved by manufacturers that meet current Committee on Aviation Environmental Protection (CAEP) 3 requirements. 

With more stringent emission targets being introduced with CAEP4, in particular for NOx emissions, future designs will have to operate at leaner air/fuel ratios (AFRs). One of the major issues resulting from this is poor stability performance. 
To overcome this aero engine manufacturers like Rolls-Royce and General Electric have looked at double annular systems that employ two combustion zones; a pilot zone optimised for low power conditions and a main zone optimised for high power conditions. Such systems have associated complexities with the injector and combustor arrangement along with weight and reliability issues.

One proposed alternative is the use of a single annular combustor with a fuel injector that allows variable fuel placement, whereby adjustment of the spray, independent of fuel flow, would allow the control of local AFRs and hence flame temperature throughout the engine’s operating range. A rich zone would provide low power and stability capabilities and at higher power settings a lean zone would be utilised which would be conducive to low NOx.
Variable-fuel placement
Proposed emission reduction would be through variable fuel-placement using an airblast atomizer, which will be designed to produce two independently fuelled regions within the combustor, a main and a pilot, as shown in Fig. 1.

The pilot recirculation region will be optimised for idle stability, high combustion efficiency (low UHC and CO) and good ignition characteristics. As power is increased fuel is added to the main recirculation region which will be optimised for low NOx and high levels of efficiency. Combustion to the main zone will be initiated and supported by the heat from the pilot region. At increased power settings both regions will be operating
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Figure 1: Variable fuel-placement.
at low equivalence ratios which is conducive to low NOx.  Fuel delivered through the pilot and main fuel circuits within the airblast atomizer will allow for the control of fuel to the pilot and main recirculation regions and thereby allow emissions to be controlled throughout the flight envelope.

Fuel injector tested

Three fuel injectors (Device_A, B and C) have been designed to produce two independently fuelled resgions, each device represents a design iteration based upon combustion testing of the deivices. However this paper will concentrate only upon the validation of  Compuatational Fluid Dynamics (CFD) using Phase Doppler Annemometry (PDA) data and not the results of combustion testing.
 All three devices as shown in Figs. 2 to 4 have two fuel circuits providing a main and pilot fuel supply. The main central recirculation is created by the central swirler and the axial air curtain; the central swirler has a swirl number of 0.7 to provide a short residence time, which is beneficial to producing low NOx at high power conditions. The axial air-curtain contains no swirl and acts as a divider to the pilot and main regions.
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Figure 2: Device_A
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Figure 3: Device_B
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Figure 4: Device_C
Experimetnal setup
The experimental apparatus was designed to investigate the air-placement flow structure of the designs under atmospheric conditions, within the confines of a perspex tube using PDA.  The perspex tube was used to simulate the geometry of a single combustor.

 As shown in Fig. 5 the injector was housed in an airbox where fuel could be piped to the main and pilot fuel circuits (not used in this investigation). Upstream of the injector was a twin fluid atomizer which was used to seed the air flow with a sufficient number of droplets, <<10 μm to capture the gas phase of the flow. 
A fan supplied the required airflow requirements to the injector, which was set at 4% ∆P/P across the injector for all three devices. 
The receiving optics were set to receive 1st order refraction from the particles (scattering angle of 72(), thus ensuring good scattering light intensity levels (high signal to noise) [1]. The signal processor was a 58N10 Particle Dynamics Analyzer which allows data such as particle velocity and size to be obtained.
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Figure 5: Schematic of experimental apparatus.

The PDA measurements were taken within a confined perspex tube which raises various issues with regard to the effect the tube has on the passage of the laser beam. The tube can alter the position of the beam intersection and fringe spacing which will affect the orientation of the velocity component being measured, with the velocity not being linearly related to the measurement geometry [2].

The position of the laser beams within the perspex tube can be obtained through ray tracing. The correlation can be made provided that the laser beam is assumed to be smaller than the radius of the tube. This can be assumed for the axial velocity component, as the measurements were taken in the horizontal plane.

The airbox arrangement could be traversed radially and the optics were mounted on arms that could be moved to various vertical planes. There were 10 measurement planes in 10mm steps starting from 10 mm from the fuel injector face, to 90 mm downstream and then one plane at 120mm downstream from the injector. At each plane the injector was traversed radially in 5 mm steps from the reference position (centerline), up to 
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40 mm radially, this represents 17 data points per plane.
Throughout the PDA experiments statistical sampling uncertainty was kept to a minimum, by using a sufficiently large sample size (10,000).
The systematic errors were minimised by using a high data acquisition rate [3], this could be achieved in most locations throughout the flow due to adequate seeding.

Other systematic errors were calculated as:

· Traversing error of the fuel injector/ perspex tube in the radial direction was estimated as 
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0.25 mm (maximum).

· Traversing errors in the x direction for various planes downstream was 
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1mm.

· The air supply to the twin fluid atomizer was controlled to ± 0.05 MPa, i.e. ±0.8% of the flow rate.

· The air supply to the airblast atomizer was controlled to ± 5x10-3 kg/s, i.e. ± 2.3% of the flow rate.

Airplacement results and discussion
The data presented in Fig. 6 are air-placment U-velocities for the three fuel injectors, which were all run at a ∆P/P of 4%. 

As shown in Fig. 6 Device_B is very different from Devices_A and C as no central recirculation region exists. The nozzling of the inner swirler passageway has reduced the swirl from the central swirler and caused the flow to “core”. 

It can also been seen that Device_B has a larger pilot recirculation region than the other devices; this will be conducive to blow-off performance due to a reduced dome velocity. Both Device_A and C have recirculating main regions and it would be expected that they would have similar residence times for the main flow. Device_B has no main recirculation region which is desirable for low NOx but if there is insufficient time for the fuel to be completely consumed it could result in low levels of combustion efficiency.
Devices_B and C have the same pilot geometry but different flow area splits between the pilot and the main, with Device_C having a smaller pilot effective area than Device_B. This could explain why Device_C has a smaller pilot region, another explanation could be due to Device_C having a central recirculation region, as this will also reduce the size of the pilot region as the main will impose itself over the pilot flow. 

Device_A with the largest pilot effective area has a similar pilot size to that of Device_C, despite the fact that the device has almost twice the effective area and a 40% pilot/main flow split
compared to a 26% split for Device_C. This suggests that for a device with a central main recirculation region, increasing the effective area of the pilot alone will not significantly increase the volume of the pilot flow field zone. A more effective way of increasing the pilot volume would be to reduce the size of the central recirculation region by changing the swirl number of the main flow.
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Figure 6: Airplacement results.
CFD Analysis results and discussion
The PDA air-placement data has been used to assess the capability of CFD to capture the flow field under atmospheric, isothermal flow conditions of the three fuel injector designs. The CFD code that has been used throughout these models has been CFX 5.5. Three different turbulence models were used in the analyses, the k-(, k-( (RNG) and the Reynolds stress model.
A 360( model (including the swirler vane passageways) of the devices were produced in CFX5.5, with a 4% pressure drop being applied across the injector.  A total pressure boundary was applied to the inlet of the swirler vanes and a static pressure boundary applied to the outlet. 
U-velocity data has been extracted from the same radial and axial locations as taken in the PDA experiments. 
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Figure 7: U-velocity profile, Device_A, comparison of PDA with CFD.

As shown in Fig. 7 for Device_A, qualitatively the U-velocity profiles have been captured by the CFD model. In the near region of the injector the CFD over predicts the width of the central recirculation region, whilst from 50mm downstream there is an under prediction in the width. The CFD does predict the end of the central recirculation region at around 80mm downstream and at 120 mm downstream the CFD U-velocity profile is similar to that of the PDA data.

The three different turbulence models used were       

the k-(, k-( (RNG) and the RSM. The RSM model        predicts the growth of the central recirculation region whilst the k-( and k-( (RNG) show the recirculation to decay from 10 mm onwards. All three models do predict the end of the recirculation around 80mm downstream. From 50 mm onwards the velocity 

profiles for the different turbulence models are very similar. As shown all three turbulence models return to isotropy more quickly than indicated by the PDA data.

The under prediction of the width of the central recirculation region for Device_A may be due to the possible existence of a precessing vortex core which would exaggerate the size of the central recirculation region. With the CFD models being run as a steady state simulation this would not be highlighted in the CFD, as it has been reported [4], [5] that the size of the central recirculation region is under predicted by CFD especially when using the k-ε turbulence model. 

Figure 8 compares the CFD data with PDA data for Device-B. It can be seen that CFD has successfully captured the U-velocity profile for the device. There is good approximation in the downstream regions. The CFD model does however under predict the size of the pilot recirculation region. All three turbulence models show similar profiles with no significant benefit to using a higher order turbulence model like the RSM, especially with computational time requirement being quite considerably extended when using this model. In general the turbulence models have more accurately predicted the flow structure produced by Device_B with a non-recirculating main region and a clockwise pilot, than for Device_A with a central recirculating main and anticlockwise pilot.

Figure 9 compares the U-velocity PDA data with the CFD results for Device_C. It can be seen that CFD does not produce good quantitative results for the velocity profile of the flow. With Device 4b the CFD over predicts the initial strength of the central recirculation region and under predicts the size. At 90 mm and 120 mm the CFD does capture the flow profile, especially when using the k-( (RNG) model which has good correlation with the PDA data from 70 mm downstream. The k-( (RNG) model also predicts the length of the recirculation region.
One possible explanation for the differences in the results is the direction of the recirculating main and pilot regions. From observation for Device_C, the pilot region is clockwise, as it attaches itself to the backplate, producing a clockwise pilot recirculation. It appears that CFD has difficulty in capturing the flow structure of a clockwise pilot and an anticlockwise main.
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Figure 8: U-velocity profile, Device_B, comparison of PDA with CFD.
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Figure 9: U-velocity profile, Device_C, comparison of PDA with CFD.

Conclusions
PDA data has been used to investigate the flow structure of three airblast atomizer designs and has highlighted the differences in the flow structure of the devices with regard to the size of the pilot and main regions.
Comparisons between CFD and PDA results have been presented for the three devices. Throughout the CFD analysis good modelling practices have been adhered to and numerous modelling iterations have been performed to produce a solution that meets these practices. In general CFD does capture the general flow structure of the devices but the work has highlighted that the code does have limitations that should be borne in mind when using the results both quantitatively and qualitatively in the design of fuel injectors. 
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