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Summary: Investigation of turbulent swirl flow occupies attention of many researchers as it has great significance on processes in nature, engineering applications, medicine and elsewhere. Here are presented experimental results of research of turbulent swirl flow generated on the axial fan pressure side. These results are obtained with Laser Doppler Anemometry (LDA), classical probes with precise micro-manometers and flow visualization with usage of Nd:Yag laser in circular pipe for Reynolds number 1.5·105. Flow integral characteristics obtained from LDA results have shown good agreement with ones calculated on the basis of classical probe measurements, except in the central region, where radial, the third velocity component, is present. Flow visualization reveals vortex dynamics.
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1. INTRODUCTION 

Turbulent swirl flow occurs in space, nature and industry, and it has been occupying researchers for years [1-7. Main researcher's aim is defining more complete picture about physical essence of extremely complex processes which occur in nonhomogeneous flow and definition of adequate turbulent transport models. The aim is modelling and solving system of equations which describe processes in pipe turbulent swirl flow. Basic transport equations and influence of the centrifugal force on turbulence statistical characteristics and turbulent exchange processes are tested. Joint theoretical and experimental researches lead to analysis of the process of non-local turbulence transport and non-gradient turbulent diffusion in turbulent swirl flow.
Turbulent swirl flow in technical systems can be generated in numerous ways, by guided vanes [2], swirl generators with various geometries [6], as well in various hydraulic machines pumps, turbines, fans [1-5], combustors, engines, separators and etc. Here are presented results of turbulent swirl flow investigation behind the axial fan with laser based experimental methods.
2. TEST RIG
Turbulent pipe swirl flow was studied in the test rig presented in Fig.1a where: 1- LDA-3 measuring section and flow visualization, 2-Nd:Yag laser for visualization, 3-classical probe measuring section and angle probe, 4-smoke generator probe position, 5-LDA-1 measuring section, 6-profiled free bell-mouth inlet, 7-axial fan (swirl generator), 8-DC motor. Axial fan, swirl generator with blade position βR=22º, is positioned at the pipe inlet, after the aerodynamically profiled free bell-mouth inlet for providing uniform flow at the fan inlet. Turbulent swirl flow is studied on fan’s pressure side. Pipe has inner diameter D=0.4m. It has two transparent sections, one, at the inlet, 1.5m long, and one at the outlet 1.38m long. Two plastic, nontransparent, pipe sections are 4m each long. Therefore, total length of the installation is L=27.2·D. Test rig configuration can be varied depending on the measurements needs. Fan rotation speed was regulated by a fully automated thyristor bridge with error up to ±0.5rpm, where fan shaft speed has been measured by photo cell. It was, for all measurements, n=1000rpm, which generated Re=1.5·105, calculated for the volumetric mean axial velocity. Axial fan is equipped with DC electric motor, with 5kW power.
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Fig. 1 a) Experimental facility; b) LDA measurements of circumferential velocity component; c) Determination of total and static pressure.
3. MEASUREMENTS AND ANALYSIS

3.1 LDA MEASUREMENTS
LDA measurements were performed along the vertical diameter in sections x=3.26·D, measuring section LDA-1, and x=26.1·D, measuring section LDA-3 (Fig. 1.) in points on 10mm distance each. Commercially available one-component laser anemometer, Dantec Flow Explorer Mini LDA with BSA F30 signal processor was used. It has measurement distance at 285mm, laser power 35mW, measurement volume d=0.1mm, l=1mm and maximum velocity 27m/s. It works in backscattered mode. Velocity is measured with uncertainty lower than 0.1%. 
LDA measurements of circumferential velocity component are presented in Fig.1b, where 1-laser, 2-computer controlled linear guide, 3-profiled bell-mouth inlet, 4-swirl generator, 5-seedings. Seeding, naturally sucked in the test rig by the axial fan, was obtained by fog generator Hurricane 1700, manufactured by Chauvet. Used liquid, HI TECH, by JBSYSTEMS, is water based. The main chemical constituent of this fluid is eucalyptus extract. This was the way to obtain enough seeding for needed sampling rate of more then 6 kHz. With this generator it was possible to obtain, in some positions, more than 15 kHz. Distribution of time averaged values of axial and circumferential velocity components are presented in Fig.2, where index denotes LDA measuring section.
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Fig. 2 Distribution of the time averaged a) axial (U), b) circumferential (W) and c) radial (V) velocity components along vertical diameter in sections LDA-1 and LDA-3.
Behind this axial fan is generated swirl flow with four distinguished zones. First, in central region is named “vortex core” where fluid rotates by the solid body law W=r·const. Zone situated between the swirl core and the sound flow region is called viscous zone, where is the big influence of inner viscosity caused by velocity gradients in radial direction and dominant turbulence intensity [2]. Next zone is sound flow region. Here fluids rotates by optional law W=f(r), while here is W=const/r, what was a design rule for this axial fan. In this zone axial velocity distribution is almost uniform, what is more evident in the downstream section LDA-3 (Fig. 2a). Boundary layer zone is the fourth one. It is evident that healthy region (Fig. 2a) is wider in the downstream cross-section. Volume flow rate and the averaged circulation over whole flow mass are calculated as follows: 
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where k=r/R is dimensionless radius. Values of volume flow rates calculated for measuring sections LDA-1 and LDA-3 are, respectively, Q1=0.796m3/s and Q3=0.7695m3/s. Relative difference is less than 3.33%. Averaged axial velocities  Um,1=6.33 m/s and  Um,3=6.12 m/s are calculated from volume flow rates.

The averaged circulations are Г1=3.67m2/s and Г3=3.31m2/s. Decrement of averaged circulation along the pipe proves swirl decay process [2,7].

From these velocity profiles additional integral values could be obtained like non-dimensional swirl parameter (Ω), introduced by Strscheletzky, as follows: Ω=Q/(RΓ). It has intensities Ω1=1.08 and Ω3=1.16, what also agrees with swirl decay processes. Various definitions of swirl parameters exist and they are of interest for characterization of swirl flow.

Radial velocity distribution (Fig. 2c) shows significant values in the core region and very small ones in other regions. Also, it has significant gradient. These distributions almost follow symmetrical distributions of axial velocities.

The level of turbulence is calculated for all three velocity components in both sections (Fig. 3). The highest intensity is in the core region. This is also related to the swirl transformation and decay process, as well as vortex core dynamics. The turbulence doesn’t go under 10% in the section LDA-1, and 5% in section LDA-3.
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Fig. 3 Turbulence intensity in sections a) LDA-1 and b) LDA-3.
Measurements were done within the acquisition time AT=10s, set as stop criteria. The total number of data collected at points along the vertical diameter ranged from very few up to 56694. The data validation during test was 90-100%. Sensitivity was between 1200-1400V. The 95% confidence limits for the Mean and RMS values are computed on line during acquisition. The equations between the uncertainty of the mean velocity, the RMS velocity, the turbulence intensity, and the user specified relative uncertainty ε, determine the required number of independent samples N. The uncertainty is ε=1.3% [8,9].
3.2 MEASUREMENTS WITH ORIGINALLY DESIGNED CLASSICAL PROBES

New, original designed, classical probes were previously developed and described in [3]. Measurements with these probes were performed in section x=21.4·D (Fig. 1a). Set up for determination of total and static pressure is presented in Fig. 1c: 1-combined Prandtl probe, 2-micromanometer; 3-data acquisition, 4-differential pressure transmitter (Δp=100Pa), 5-differential pressure transmitter (Δp=10hPa), 6-data logger, 7- temperature and relative humidity measurement. The flow is considered to be two-dimensional with neglecting radial velocity component. Measuring procedure with classical probes is, consisted of three steps. The time-averaged angle between the velocity vector and pipe axis x is measured by using the classical angle probe, which is more sensitive to the angle variation than in the case of multi-hole probes. Following this step, the head of the combined Prandtl probe is positioned in a determined angle, and the total pressure is measured in this way. Static pressure is measured by using the same probe but with attached sleeve to the probe head, which has a forepart, rounded on the top and completely closed. 

In Fig. 4a are presented total and static pressure distributions, while in Fig. 4b are presented axial and circumferential velocity components distribution, calculated on the basis of pressure distributions. Volumetric flow rate differs around 8% from value calculated on the basis of LDA measurements. Also, this circumferential velocity distribution resulted in average circulation smaller then in the downward section LDA-3, Г2=2.68m2/s, what is physically unacceptable. Comparison of circumferential velocity profiles obtained by LDA measurements shows difference in the core region. As radial velocity has significant values in this region, it means that assumption of quasi two-dimensional flow is unacceptable in core region even in sections on a finite distance from swirl generator. 
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Fig. 4 Measurements with classical probes: a) Total and static pressure distribution; b) Calculated axial and circumferential velocity components.
3.3 FLOW VISUALIZATION

Flow visualization was performed in section LDA-3, in the pipe cross section and in the meridian plane. For this reason was employed 15Hz dual Nd:Yag laser (New Wave Research, Solo PIV, max power: 30mJ/pulse, wavelength 532nm, Fig. 1), with mounted cylindrical lens f=25mm and one spherical lens f=500mm was.

Smoke generator (Elven, Precision Limited) probe with Pitot-tube geometry, was positioned upstream the measuring section in position x=17.1·D (Fig.1). Flow visualization was performed in pipe’s cross-section and in meridian section r-x plane for n=1000rpm (Fig. 5). Used camera was SONY, DSC-H3, 10X Optical Zoom, F/3.5-4.4, 8.1MP with 30 fps. 
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Fig. 5 Flow visualization in section LDA-3: a) cross-section and b) meridian plane.
4. CONCLUSION
Measurements in two separated sections have proved a model of swirl decay in swirl pipe, with average circulation decreasing. Relative difference in measuring volume flow rate was 3.33%, what is satisfying. Also, the averaged circulation measured in section 1, was smaller than in LDA-3 section. The circumferential velocity distribution, measured with classical probes differed from previous ones with LDA. Relative difference in volumetric flow rate was around 8%. Previous results [2] recognized problem of non-repeatability in central region with classical probe. Another fact enforced this conclusion. Distribution and values of radial velocity in central region proved concept of non-planar fluid flow in vortex core. 
Flow visualization qualitatively proved total and static pressure distribution in vortex core. Non-uniform seeding distribution is reported, but needs further investigation in this field. Optical methods, very useful for this study, reveal three dimensional flow character. More profound results are expected with three component LDA systems. It should be also mentioned that one should take care of precise traversing and clear optical access to the measuring point. It is of great significance for acquiring reliable results. 
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