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The aim of this research is to design a bi-plane active grid to enhance turbulent flow downstream of a lowswirl burner. The active grid is a variation of the original form devised by Makita in 1991. First, adequate ranges for experimental parameters are sought using non-reacting flow. While turbulent intensity is of major interest, homogeneity, isotropy, and integral scale near the nozzle exit are also analyzed by measuring mean and turbulent velocities. In addition, a fully developed inertial subrange is demonstrated by energy spectra analysis.

When premixed reacting flow is tested, a turbulent Karlovitz number higher than unity is achieved under various conditions. It indicates that the flame produced is in the thin reaction zone regime on the Peters' diagram.

The measurements are implemented using both hot-wire anemometry and particle image velocimetry.

Introduction

As regulation on NOx emissions from gas-turbines has become stricter, lean-premixed combustion has more importance nowadays. In one of the various attempts to investigate such flame, [START_REF] Cheng | Velocity and scalar characteristics of premixed turbulent flames stabilized by weak swirl[END_REF] developed a low-swirl burner (LSB) to inject small tangential secondary flow into main flow. [START_REF] Cheng | Development of a low swirl injector concept for gas turbines[END_REF] pointed that the LSB has several remarkable aspects; (1) low NOx-emission, (2) no recirculation zone, though it is not the case for all conditions, (3) free of large velocity gradient in axial and radial directions, (4) stable flame even with intense turbulence. Also, [START_REF] Kang | Decaying turbulence in an active-grid-generated flow and comparisons with large-eddy simulation[END_REF] it has a simple mechanical structure, and ( 6) is suitable for laser optical measurement of flame. [START_REF] Bedat | Experimental study of premixed flames in intense isotropic turbulence[END_REF] were successful to generate quite strong turbulent flame by applying a slot style turbulence generator, originally developed by [START_REF] Videto | A turbulent flow system for studying turbulent combustion processes[END_REF], to the LSB. In their work, the turbulent flame enters the thin reaction zones regime (Fig. 1) which has been considered as a common regime in practical combustion systems, but difficult to observe in laboratory environments.

In JAXA, several works on the lifted premixed flame sustained by a LSB similar to the Cheng's original burner have been conducted [START_REF] Tachibana | Study on turbulent premixed flames of a lowswirl burner[END_REF], Zimmer et al., 2004). Their burner used a perforated plate as a turbulence generator and the flames mm, which means turbulent Karlovitz number, Ka, is 0.753. In order to study turbulent flame in the thin reaction zones regime using the same burner, stronger turbulent intensity is required. [START_REF] Makita | Realization of a large-scale turbulence field in a small wind tunnel[END_REF] showed that a bi-plane active grid with randomly rotating flapping wings can induce much stronger turbulent flow than passive grids do.

Apart from high turbulent intensity, Makita succeeded in generating fully-developed, quasi-isotropic, and homogeneous turbulent flow in a wind tunnel using the active grid. Since then, several researchers like [START_REF] Mydlarski | On the onset of high-Reynolds-number grid-generated wind tunnel turbulence[END_REF] 

Development of an active grid adapted to the LSB

The developed active grid follows the design of [START_REF] Makita | Realization of a large-scale turbulence field in a small wind tunnel[END_REF]. Generally, other active grids contain about 10 by 10 rods to make a core area as broad as possible. However, the grid in this work consists of only three horizontal and three vertical rods due to a small scale of the system, as shown in Fig. 2.

The inner diameter of a nozzle is 53.0 mm, and a mesh size, M, is 13.25 mm. The diameter of the 9 rods is decided to be 4 mm to adapt a criterion for blockage ratio proposed by [START_REF] Mehta | Boundary layer two-dimensionality in wind tunnels[END_REF]. Because the LSB uses a circular nozzle, the grid also has to be adapted to circular cross-section.

As a result, all wings do not have an identical shape.

In the central part, 24 wings of the same shape are positioned to guarantee a core as large area as pos- Hence, the body of the active grid is designed as three parts like Fig. 3(right) so that an assembly of wingrod can be set up without difficulty. Each rod is connected to an electric motor through one coupling, and supported by two bearings at both ends of the body.

The bearings do not only function as mechanical supporters, but also provide sealing for the flow inside.

Table 1 shows the list of the components used for the driving motor system, and Fig. 4 
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Measurement methods

Hot-wire anemometer

A constant temperature hot-wire anemometer used in this experiment is of a one-dimensional, uni-directional type, or, namely, I-probe. The hot-wire probe is made of a tungsten filament with copper coating, 5 μm in diameter and 2 mm in length. Before every experiment, the hot-wire anemometer is calibrated using a pressure transducer and a Pitot tube in uniform flow of known flow rate. Assuming that velocity information from the Pitot tube is correct, the following King's Law [START_REF] King | On the convection of hear from small cylinders in a stream of fluid : Determination of convection constants of small platinum wires with applications to hot-wire anemometry[END_REF] provides a conversion equation between hot-wire voltage and velocity;

E 2 = A + B * V 0.45
, where A and B are constant coefficients, E is the voltage from the hot wire, and V is the velocity from the Pitot tube when proceeding with the calibration.

Measured voltage is recorded using a 24 bits A/D con- 

Particle Image Velocimetry (PIV) system

The measurement system for the PIV is composed of a Gemini-PIV Nd:YAG laser of New Wave Research With random speed option on, peak positions are multiples of 2 Hz or 3 Hz (Fig. 7). Not only for the conditions shown here, but for other random speed settings is found one of these two trends. Nevertheless, combinations of random rotating speed and constant short period conditions tend to give smaller low frequency peaks (see Fig. 7). When both rotating speed and period are decided randomly, low frequency peaks almost disappear (Fig. 8). Therefore, it is helpful to use this double random mode so as to avoid low frequency oscillations. Also, for comparison, a 'passive' mode is used, where all wings are fixed in the streamwise direction so that only rod frames face incoming air flow and the maximum flow area is allowed.

Mean and root-mean-square (rms) velocity

To measure flow properties on the double random mode, hot-wire and PIV measurements are carried out on an operating mode, w AG =1.0-2.5rps and p AG =200-1000 pulses, under the following conditions;

Q m =Q air =662NLM, S=1.14, L 1 =90mm, L 2 =200mm.
As shown in Fig. 9, velocities are strongly influenced by the swirl number. As the swirl number becomes larger, mean velocity decreases and rms veloc- 

Integral length

There are four different ways to calculate integral length from raw data.

(1) Direct integration of auto-correlation;

褄 1 = V F 0 τ0 v (t) v ( t +τ) v (t) 2 dτ
where V,τandτ 0 are the mean velocity, the time difference, and the elapsed time until auto-correlation becomes zero for the first time, respectively.

(2) Using a power spectrum peak position [START_REF] Mydlarski | On the onset of high-Reynolds-number grid-generated wind tunnel turbulence[END_REF];

See Appendix C.
(3) Using energy dissipation rate equation with an empirical coefficient [START_REF] Mydlarski | On the onset of high-Reynolds-number grid-generated wind tunnel turbulence[END_REF];

褄 3 = 0.9v' 3 /ε, ε= 15v F 0 ∞ κ 2 E vv (κ) dκ = 15v (2π) 2 V 2 F 0 ∞ f 2 E vv ( f ) df
where ε is the energy dissipation rate, E vv the power spectrum density,κthe wave number, and f the frequency.

(4) PIV analysis;

褄 piv ( y 0 ) = F 0 Δy v ( y 0 ) v ( y 0 + y ) v ( y 0 ) 2 dy
where Δy means the distance where auto-correlation becomes zero for the first time.

The integral scale measurements using PIV are largely dependent on the grid used. Too big interrogation windows tend to overestimate the actual integral due to smoothing effects. Using small interroga- the result from the method (1) seems unreasonable.

See Appendix C for explanation of why the yellow line is not available for large swirl flow rates.

Turbulent energy spectra

Inertial subrange, which is denoted by -5/3 slope in energy spectra plots, has developed over one order of the frequency domain (Fig. 13). This width is less than two orders as first expected. However, the physical limitation on the eddy size referred to above should be considered. In the similar way to Appendix C, the inner diameter of pipe can be converted to the equivalent value in the frequency domain, about 11 Hz.

Then, a frequency less than this does not have physical meaning in terms of eddies. So, there is small possibility for the inertial subrange to spread over two orders though one and half may be achievable.

Consistently, [START_REF] Bedat | Experimental study of premixed flames in intense isotropic turbulence[END_REF], whose burner was 50.8 mm in inner diameter, reported that their turbulent flame contained the inertial subrange no wider than one order. And development of the inertial subrange seems not to depend on any specific active grid condition much.

The active grid produces much stronger turbulent flow than the passive grid does (Fig. 14). Despite universal intensifying through all frequency ranges, low frequency energy level increases the most. This seems to be irrelevant to any specific active grid condition, but strongly depend on the existence of the active grid.

When swirl flow is applied, the low frequency energy becomes stronger. But, high frequency energy weakens a bit. Another difference of passive-grid-generated turbulent flow is, whether there is swirl flow or not, that it does not have distinct inertial subrange.

In Fig. 15, as flow rate doubles, the energy level curves make parallel shifts upward. With the swirl number kept constant, it is not like Fig. 16 where the low frequency energy increases more than the higher frequency one. Higher flow rate may not be an effective way to widen the inertial subrange. However, in order to understand the effect of turbulent Reynolds number, further PIV experiments with higher flow rate need to be carried out. Four cases of different pipe lengths are tested for each flow condition. And there is small, but clear difference of energy level, especially, at the high frequency end; with a shorter pipe or at shorter downstream distance, the energy level is higher. It can be an evidence of decaying.

Reacting flow

Combustion experiments using a methane/air mixture with 0.7 of equivalence ratio are carried out.

While the mixture flow rate is fixed at 662 NLM, the swirl number changes from 1.0 to 1.9 systematically.

For this range of swirl number, a blow-off seldom occurs. For those conditions, as the seeding is DEHS droplets, only fresh gases can be measured. The active grid is done using ω AG ranging from 1000 to 2500 Looking at a two-dimensional distribution of the progress variable shows, as seen in Fig. 17, that the flame has a slight curvature in the center for small values of c, whereas for higher values (higher than 0.50), its shape becomes flat.

Typical output for a nozzle length of 90mm is displayed in Fig. 18 for points along the central axis.

For an increase of swirl number, the progress variable distribution tends to move closer to the burner, which is in agreement with previous evaluations.

To Karlovitz number is provided by [START_REF] Peters | Turbulent Combustion[END_REF];

Ka = 褄 F 褄 1/2 v' s L 3/2
With the data measured at x=0 and y=5mm (always in fresh gases), Ka is higher than 1.0 for any tested swirl numbers so that it can be said the flames represent the thin reaction zones flame, as shown in Fig.

21.

But it should be said that the correlation curves from PIV analysis do not always converge to zero.

Hence, the integral length, as well as Ka, can have (2) Randomly decide switching period for the first axis. Then, adjust the second period so that two axes having different rotating speeds stop at the same time.

(3) Set the decided speed conditions to motors (4) Randomly decide rotating speed and direction. The principle of measurement of the integral length is the two-point correlation method.

l yy = F 0 ∞ f ( y ) dy f ( y ) = v' ( y 0 ) v' ( y 0 + y ) v' ( y 0 ) 2
Typically 500 images are used to obtain the integral length scales. Before presenting a summary of the results for the active grid, an important remark is done as far as the integral length scale is concerned.

As shown in Fig. 1, one can see that some conditions 

Sub-grid scale filtering effects

PIV presents filtered measurements of instantaneous velocity within a plane of the flow. The filter size depends directly on the size of the mesh upon which correlation is done. Having a coarse mesh will indeed smooth the data and PIV would not be able to get all the features of the turbulence. This sub-grid filter effect will affect the measurements of turbulence levels. As those are used in the computation of the integral length scales, it will also be strongly affected by the size of the window used. However, it is possible to try to evaluate the part missed and therefore applying correction on the actual measurements. To properly evaluate the sub-grid filtered information, the computation over several grid resolutions is required. Using multiple of 2 for the window sizes allows utilizing fast Fourier transform algorithms.

However, to also have the results on grids of 48◊48 or 24◊24, FFT algorithms cannot be used and therefore the processing time required is becoming a crucial issue.

The higher the spatial resolution, the more accurate the integral length scale measurement would be. A too rough spatial resolution will tend to overestimate the actual integral length scale. Therefore, the ratio between true and measured integral length scale should be less than unity. Increasing spatial resolution will tend to reduce the integral length scale measurement. On the other hand, turbulent fluctuations will tend to increase. The integral length scale is as- 
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 12 Pipe length after swirler [mm] L Pipe length between swirler and active grid [mm] l Integral length [mm] l F Laminar flame thickness [mm] M Active grid mesh size [mm] p AG Switching period [pulse, 1 pulse = 0.36 degree] Q m Flow rate of main mixture [NLM, Normal Liter per Minute] Q air Flow rate of main air [NLM] Q swl Flow rate of secondary air through swirl generator [NLM] S Swirl number [-] s L Laminar flame propagating velocity [m/s] V Mean velocity in streamwise direction [m/s] v' Turbulent velocity in streamwise direction [m/s] y Streamwise coordinate [mm] ε Energy dissipation rate [m 2 /s 3 ] κ Wave number [m -1 ] υ Dynamic viscosity [m 2 /s] ω AG Rotating speed of active grid axis [rps, Revolutions Per Second]were reported to appear in the regime of corrugated flamelets. For instance, Tachibana et al. (2004) generated a turbulent flame of l=9 mm, v'=0.534 m/s on the condition of φ=0.72, s L =0.207 m/s, and l F =0.298

  Poorte and Biesheuvel (2002), Kang et al. (2003), and Larssen and Devenport (2003) have favored active grids based on the Makita's design to investigate properties of strong turbulent flow. While this type of active grid is suitable for generating higher turbulent intensity, it also has been reported to produce larger integral scale than previous results. It makes the inertial subrange of the energy spectra wider. A -5/3 slope sustains over two orders of magnitude in wave number. From the point of view of the regime diagram, this tendency of large integral scale makes the thin reaction zones flame difficult to achieve because larger integral scale requires stronger turbulence intensity to get into the thin reaction zones regime (see figure 1). No research has been conducted to use the Makita-style active grid to study turbulent reacting flow. In this research, we aim to generate turbulent flow strong enough to achieve the thin reaction zones flame by implementing the Makita-style active grid to the present LSB system, keeping integral scale as small as possible. First, the influence of various active grid operation modes on turbulent flow properties is studied. Then, effective flow conditions are provided. Once these tests are done with cold flow, selected experimental parameters are used for reacting flow to find out flame regime information.
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 1 Fig. 1 Regime diagram for turbulent premixed combustion, Peters (2000)
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 23 Fig. 2 The active grid after assembly was completed

Fig. 5

 5 Fig.5 show the structure of the LSB composed of a circular nozzle, a swirl generator and an active grid. The active grid locates upstream of the swirl generator, and the distance between them is 100-450 mm (200 mm as a default). While many researchers have
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 45 Fig. 4 Schematic of the motor controlling system

  verter board, PXI-4472 of National Instrument Corporation, with the software named CAT-SYSTEM of CATEC Incorporated. All post-processing work is carried out by in-house MATLAB codes. All interesting properties except low frequency peaks may be understood with high frequency sampling. Hence, for one condition set, there need two measurements using high and low sampling frequencies. Low frequency data is measured with sampling rate of 256 Hz during 128 seconds, and high frequency one with 25.6 kHz during 20.48 seconds.

( 4 . Results and discussion 4 . 1 Fig. 6

 4416 Fig. 6 Relation between p AG and low-frequency peaks; (left) shorter periods (p AG =1000 and 1500), (right) longer periods (p AG =2000, 2500, 3000). The data are taken at the location, y=10mm on the center line.

  ity increases as measured by hot-wire anemometer and PIV. The PIV mean velocity is not much different from the hot-wire result for the whole range of the swirl number while turbulent fluctuation deviates increasingly at only the large swirl number range. As a result, relative turbulent intensity from the PIV measurements is also almost identical to one by hot-wire anemometer for a wide range of swirl number, both reaching about 50% at S=2.00. Velocity
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 78 Fig. 7 Effect of random rotating speed under constant short period condition. (left) ω AG =0.5-2.0, 0.5-2.5, 1.0-2.5, 1.0-1.5, 1.0-2.0, 1.0-2.5; (right) ω AG =1.5-2.0, 1.5-2.5, 2.0-2.5. The data are taken at the location, y=10mm on the center line.

Fig. 9 Fig. 10

 910 Fig. 9 Effect of swirl number (left) on mean and turbulent velocities, and (right) on relative turbulent intensity at y=10mm on the centerline.

Fig. 12

 12 Fig. 12 shows the integral lengths measured at y=10mm from the nozzle exit, and interpreted by the above four methods. The PIV result is assumed to be correct because it is direct interpretation from velocity vector field. Then, integral length can be estimated to be about 15 to 20 mm for any swirl number under S=1.90. It has a small increase at around S=1.00, but does not vary much in general. The large deviation from the PIV of the results obtained using time series measurements by the hot-wire anemometer may indicate failure of Taylor's hypothesis based on the assumption of insignificant turbulent intensity, which is not the case in our experiments especially in case of large swirl numbers. The size of the largest turbulent structure cannot exceed a system dimension, here the inner diameter of the main pipe, 53mm. Considering that integral length means the largest eddy size,
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 1112 Fig. 11 Velocity profiles along transverse directions at y=10mm on the centerline.

  Fig. 13 Whole-range energy spectrum for a typical experimental condition

FigFig. 19

 19 Fig. 16 Typical Mie scattering image

  different values with respect to analysis schemes. For the present calculation, no extrapolation is applied to the correlation curves. However, those changes would not influence the proper estimation of the turbulent combustion regime. To validate this assertion, two cases are computed for different PIV interrogation sizes and therefore spatial resolution, from 128◊128 down to 24◊24 pixel ◊ pixel (representing respectively 3.5 and 0.65 mm ◊ mm). Results are shown in Fig. 22. One can notice small changes in the exact position within this diagram as lower points for each series represent the coarser interrogation size measurements, whereas the highest point is for the finer grid. After some points, the grid shall not be refined as what comes out may be more noise than real information and therefore one should not rely on those measurements to educe the combustion diagram. One may conclude from the PIV experiments that the flames generated by the active grid experiments are laying in the thin reaction zones regime, which was the target of developing the active grid.
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 20151 Fig. 20 Comparison of velocity variation for reacting and cold flows; for unburnt area

Figure B. 2

 2 Figure B.2 Part of the block diagram of main user interface function
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 51 Fig. 5. The horizontal axis corresponds to the spatial distance between the points for which correlation coefficient is computed. The absolute values of the coefficients are plotted along the vertical axis. The example chosen corresponds to a swirl number of 1.90 and for a nozzle length of 90mm and 10mm above the exit of the burner. The curve does represent the actual measured correlation coefficient, whereas dots correspond to the exponential fit based upon the first points in space. One can notice that using 3 points leads certainly to a sharp decrease of the correlation coefficients and therefore will tend to underestimate the integral length scale. As reference, the inferred scales are given above each figure. One can hence see that exponential fit based on 3 points leads to an estimation of 3.06mm whereas 5 points gives 4.46mm. When looking at the exponential fitting curves, one may notice that fitting done with more than 6 points clearly overestimate the actual integral length scale (as shown in Fig. 5 for instance with 8 points). In this figure, the part for which enough statistics could be gathered (smooth profile) is clearly below the ex-
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 5234678 Fig. 5 Exponential fit with 8 points only

  

  

  

  

  

  

Table 1 Motor-related components

 1 

		Model	Number
	Motor	Tamagawa seiki, TS3682N4 stepping motor	6
	Bearing	NSK, MR84ZZ	12
	Coupling	Miki pulley, Heli-cal coupling 1441	6
	Motor driver	SIGMA KOKI, CSG 602R	3
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