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Abstract

The aim of this research is to design a bi-plane active grid to enhance turbulent flow downstream of a low-

swirl 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 turbu-

lent 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 vari-

ous 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.

1. Introduction

As regulation on NOx emissions from gas-turbines

has become stricter, lean-premixed combustion has

more importance nowadays. In one of the various at-

tempts to investigate such flame, Cheng (1995) de-

veloped a low-swirl burner (LSB) to inject small tan-

gential secondary flow into main flow. Cheng and

Fable (2001) pointed that the LSB has several re-

markable aspects; (1) low NOx-emission, (2) no recir-

culation zone, though it is not the case for all condi-

tions, (3) free of large velocity gradient in axial and

radial directions, (4) stable flame even with intense

turbulence. Also, (5) it has a simple mechanical struc-

ture, and (6) is suitable for laser optical measurement

of flame. Bedat and Cheng (1995) were successful to

generate quite strong turbulent flame by applying a

slot style turbulence generator, originally developed

by Videto and Santavicca (1991), 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 origi-

nal burner have been conducted (Tachibana et al.,

2004, Zimmer et al., 2004). Their burner used a per-

forated plate as a turbulence generator and the flames

Nomenclature

c Reynolds mean progress variable

E
vv

Power spectrum density in streamwise direc-

tion [m2/s]

f Frequency [s-1]

Ka Turbulent Karlovitz number [-]

L
1

Pipe length after swirler [mm]

L
2

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 Li-

ter per Minute]

Q
air

Flow rate of main air [NLM]

Q
swl

Flow rate of secondary air through swirl gen-

erator [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 [m2/s3]

κ Wave number [m-1]

υ Dynamic viscosity [m2/s]

ω
AG

Rotating speed of active grid axis [rps, Revolu-

tions Per Second]
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were reported to appear in the regime of corrugated

flamelets. For instance, Tachibana et al. (2004) gen-

erated 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

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, stron-

ger turbulent intensity is required.

Makita (1991) 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 suc-

ceeded in generating fully-developed, quasi-isotropic,

and homogeneous turbulent flow in a wind tunnel

using the active grid. Since then, several researchers

like Mydlarski and Warhaft (1996), 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 num-

ber. 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 re-

acting flow. In this research, we aim to generate tur-

bulent flow strong enough to achieve the thin reac-

tion zones flame by implementing the Makita-style

active grid to the present LSB system, keeping inte-

gral 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 react-

ing flow to find out flame regime information.

2. Development of an active grid

adapted to the LSB

The developed active grid follows the design of

Makita (1991). 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 Mehta and Hoffmann

(1987). 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-

Fig. 1 Regime diagram for turbulent premixed combustion, Peters (2000)
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sible. The remaining area is fully covered with ex-

actly fit wings rather than the central type (Fig. 3,

left). It is because, if the area near boundary is un-

blocked, resulting flow will likely become non-uni-

form. Detailed designs for whole components of the

active grid are presented in Appendix A.

All parts including six rods of 4 mm in diameter

and wings of 0.5 mm in thickness are made of stain-

less steel. As shown in Fig. 3(middle), wings are fixed

on 1 mm deep cuts on a circular rod by using 2 metal

pins for each wing. The scale and the material do not

allow the attachment work to be carried out in the

small space of the duct of diameter 53 mm easily.

Hence, the body of the active grid is designed as three

parts like Fig. 3(right) so that an assembly of wing-

rod can be set up without difficulty. Each rod is con-

nected 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 sup-

porters, 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 describes connec-

tions between them.

Rods can rotate independently to each other, con-

trolled by a LabVIEW programme installed on a

laptop PC. The basic structure of this programme is

provided by the motor producer, SIGMA KOKI

(http://www.sigma-koki.com/), and is modified for

multiple motor usage and easier control of necessary

operation parameters. Rotating speed, direction, and

direction switching period can be decided randomly

each period, for an example of a typical condition, in

the range of 1-2.5 revolutions per second (rps), clock-

wise or anticlockwise, and 0.165-1.000 seconds (or

200-1000 pulses in rotating angle, here 1 pulse means

0.36 degrees), respectively. Rotating speeds faster

than 2.5 rps are unavailable because some of the rods

show intermittent stops during operation under those

Fig. 2 The active grid after assembly was

completed

Fig. 3 (left) Array of wings (middle) Central rod and wings attached on it. Eight red arrows show

positions of stainless steel pins of φ=1.5 mm (right) Three parts of the body of the active grid

Table 1 Motor-related components

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

I/F converter SIGMA KOKI, IFI-22R 1
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conditions. It is considered to be due to the hardware

limit of the CSG 602R drivers. Switching periods

shorter than 0.165 seconds are also not available with

the present system because one loop for a set of six

commands in the computer program takes 0.165 sec-

onds to be carried out. However, it does not seem to

be a problem of CPU of a particular PC. When it is

not connected to the active grid, the PC used in the

experiments is capable of calculating much faster. So,

it must result from communication between the PC

and the converter / drivers or internal mechanism of

a converter / drivers. For comparison, various con-

stant modes where a rotating speed or a period is

fixed for all rods have also been tested. The result is

described in section 4.1.

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 genera-

tor, and the distance between them is 100-450 mm

(200 mm as a default). While many researchers have

measured flow properties at the distance up to

80M~100M, our facility has space limitation in the

streamwise direction because of a ventilating duct

and a flow supply system. As a result, up to about

35M may be available for measurements. The swirl

generator has four small orifices to inject secondary

air in tangential direction. The geometric swirl num-

ber S is defined as the ratio between the axial flux of

angular momentum divided by the axial flux of axial

momentum times the nozzle radius. It is expressed

by the following equation in the jet-type LSB (Johnson

and Cheng (2003)).

Here, n means the number of injection orifices in the

swirl generator, R
swl

 the diameter of injection holes,

R the diameter of the main passage, α the relative

angle. In this case, actual values of n, R
swl

 , R and α
are 4, 1 mm, 26.5 mm and 20 deg, respectively.

Fig. 4 Schematic of the motor controlling system

Fig. 5 Structure of the low-swirl burner; (left) picture of the burner, (middle) schematic of the burner,

(right) schematic of the cross section of the swirl generator.

S =
πR2Q2

swl
 cosα

nπR2
swl

 (Q
m
 + Q

swl
)2
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3. Measurement methods

3.1 Hot-wire anemometer

A constant temperature hot-wire anemometer used

in this experiment is of a one-dimensional, uni-direc-

tional 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 uni-

form flow of known flow rate. Assuming that velocity

information from the Pitot tube is correct, the follow-

ing King’s Law (King, 1914) provides a conversion

equation between hot-wire voltage and velocity;

E2 = A + B * V0.45

, 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-

verter board, PXI-4472 of National Instrument Cor-

poration, with the software named CAT-SYSTEM of

CATEC Incorporated. All post-processing work is car-

ried out by in-house MATLAB codes. All interesting

properties except low frequency peaks may be under-

stood 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 dur-

ing 128 seconds, and high frequency one with 25.6

kHz during 20.48 seconds.

3.2 Particle Image Velocimetry (PIV) system

The measurement system for the PIV is composed

of a Gemini-PIV Nd:YAG laser of New Wave Research

(15Hz at 120mJ/pulse) and a PowerView 4M CCD

camera of TSI (2048*2048 pixels with a dynamic

range of 12 bits). An interferential filter centered on

532nm is used to remove natural emission of flame

and therefore to improve signal to noise ratio. These

devices are synchronized by a synchroniser Model-

610034 of TSI incorporate. As for tracer particles,

DEHS liquid is atomized to droplets of order of 1μm

in a mean diameter by the Six-jet atomizer Model-

9306 of TSI incorporated, then injected into the main

flow. The field of view is for the most cases a rectan-

gular area of 129.6 mm by 112.8 mm, but some view

of bottom area is hindered by the nozzle exit. Another

size of 56.9 mm by 53.3 mm is also used for reacting

flow measurement. For each condition, 500 couples

of images are taken.

4. Results and discussion

4.1 Influence of active grid operating mode on

low-frequency oscillations

To see the effects of operating modes of the active

grid, hot-wire measurements are carried out on vari-

ous combinations of w
AG

 and, p
AG

 under the following

conditions; Q
m
= Q

air
=662NLM, S=1.14, L

1
=90mm,

L
2
=200mm. For a fixed rotating speed, a series of

peaks are seen at low frequency range of energy spec-

tra plots (Fig. 6). Poorte and Biesheuvel (2002) al-

ready pointed that these peaks would appear at mul-

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.
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tiples of twice the rotating frequency. In Fig. 6, rotat-

ing speed is fixed at 2.5 rps, and the first peak is lo-

cated at 5 Hz. But, there is slight dependency on

switching period. With shorter periods, positions are

not exactly multiples of 5 Hz. On the other hand, with

longer ones, peaks appear at exactly 5 Hz, 10 Hz, 15

Hz, and so on. Also, another series of peaks exists

only with the latter case. These distinct low frequency

peaks may result in flame oscillation or instability

when reacting flow is used. Hence, it is desirable to

remove them for it is aimed to apply the same condi-

tions to reacting flow.

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. Neverthe-

less, combinations of random rotating speed and con-

stant 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 help-

ful to use this double random mode so as to avoid low

frequency oscillations. Also, for comparison, a ‘pas-

sive’ mode is used, where all wings are fixed in the

streamwise direction so that only rod frames face in-

coming air flow and the maximum flow area is al-

lowed.

4.2 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 influ-

enced by the swirl number. As the swirl number be-

comes larger, mean velocity decreases and rms veloc-

ity increases as measured by hot-wire anemometer

and PIV. The PIV mean velocity is not much differ-

ent from the hot-wire result for the whole range of

the swirl number while turbulent fluctuation devi-

ates 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

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 loca-

tion, y=10mm on the center line.

Fig. 8 Results with random rotating speed and

random switching period.  The data are taken

at the location, y=10mm on the center line.
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properties change most drastically between S=0.75

to 1.25. In this range, anisotropy reaches a maximum

value, about 1.65 (Fig. 10). The core flow can be called

homogeneous only within 15mm from the centre. Both

mean and turbulent velocities gradually increase out-

wards (Fig. 11).

The exit dimension of the burner is represented by

the black rectangle at the bottom of the Fig. 11. One

can indeed notice that horizontal velocities are char-

acteristics of divergent flows and that they reach

value of zero at the center of the burner. The differ-

ences on the edges as seen in the mean streamwise

velocities are coming from slight differences in the

swirls. However, the present investigation focuses

mainly along the centerline of the jet and therefore

those differences are not important. It should be noted

that the central region presents a homogeneous flow.

The extension of this homogeneous flow is similar to

the one for which the actual mixture fraction is the

one issued from the premixed section without dilu-

tion effects of the air swirls (Zimmer and Tachibana,

2005).

4.3 Integral length

There are four different ways to calculate integral

length from raw data.

(1) Direct integration of auto-correlation;

褄1 = V
F0
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-corre-

lation becomes zero for the first time, respectively.

(2) Using a power spectrum peak position (Mydlarski

& Warhaft, 1996);

See Appendix C.

(3) Using energy dissipation rate equation with an

empirical coefficient (Mydlarski & Warhaft, 1996);

褄3 = 0.9v' 
3/ε,

ε= 15v F0
∞κ2 Evv (κ) dκ = 

15v (2π)2 

V 2
F0
∞ f 2 Evv ( f ) df

whereε is the energy dissipation rate, E
vv

 the

power spectrum density,κthe wave number, and

f the frequency.

(4) PIV analysis;

褄piv( y0 ) = 
F0
Δy v ( y0 ) v ( y0 + y )

v ( y0 )2
 dy

where Δy means the distance where auto-corre-

lation becomes zero for the first time.

The integral scale measurements using PIV are

largely dependent on the grid used. Too big interro-

gation windows tend to overestimate the actual inte-

gral due to smoothing effects. Using small interroga-

Fig. 9 Effect of swirl number (left) on mean and turbulent velocities, and (right) on relative turbu-

lent intensity at y=10mm on the centerline.

Fig. 10 Variation of anisotropy as S changes at

y=10mm on the centerline.
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tion window is not always possible to achieve good

signal to noise ratio (see Appendix D for detailed dis-

cussion).

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 veloc-

ity 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 se-

ries 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 turbu-

lent structure cannot exceed a system dimension, here

the inner diameter of the main pipe, 53mm. Consid-

ering that integral length means the largest eddy size,

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.

4.4 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 physi-

cal 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 equiva-

lent value in the frequency domain, about 11 Hz.

Then, a frequency less than this does not have physi-

cal 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, Bedat & Cheng (1995), 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 iner-

tial subrange seems not to depend on any specific

Fig. 11 Velocity profiles along transverse directions at y=10mm on the centerline.

Fig. 12 Comparison of integral lengths obtained

by various methods; Q
air

=662NLM,ω
AG

=1-2.5rps,

p
AG

=200-1000pulses
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active grid condition much.

The active grid produces much stronger turbulent

flow than the passive grid does (Fig. 14). Despite uni-

versal 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 weak-

ens a bit. Another difference of passive-grid-gener-

ated 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 effec-

tive 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.

4.5 Reacting flow

Combustion experiments using a methane/air mix-

ture 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 oc-

curs. For those conditions, as the seeding is DEHS

droplets, only fresh gases can be measured. The ac-

tive grid is done using ω
AG

 ranging from 1000 to 2500

and p
AG

 from 200 to 1000.

Important parameters from Mie scattering images

are not only the velocity but also the position of the

flame front. Due to the burning of the droplets, it is

possible to distinguish burnt and unburnt zones. The

assumption being here that vaporization of droplets

coincide with the flame front. Due to limited spatial

resolution of this method (relying on averaged inten-

Fig. 13 Whole-range energy spectrum for a typi-

cal experimental condition

Fig. 14 Difference between active/passive grids,

swirl/no swirl flow conditions

Fig. 15 Energy spectra for different flow rates

with the same swirl number, and for different

pipe lengths or distances downstream the ac-

tive grid
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sity over a region), the progress variable c is com-

puted on an interrogation size with spacing of 0.5mm.

A typical instantaneous image obtained during PIV

tests is displayed in Fig. 16. One can clearly notice

the boundary between fresh and burnt gases. Fresh

gases are the regions where the mean intensity is

higher than a threshold (in the present case the

threshold was set at 20% of the full scale of the CCD).

Determining for each image the windows considered

as fresh gases, it is possible to compute the PDF of

being in burnt state; therefore to provide a spatial

distribution of the progress variable c. A value of c

equals to unity means that burnt gases are always

present in this region.

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 dis-

played in Fig. 18 for points along the central axis.

For an increase of swirl number, the progress vari-

able distribution tends to move closer to the burner,

which is in agreement with previous evaluations.

To discuss the lift-off height of the flame, it is pos-

sible to use the height as for c=0.5 which is the most

probable position of the flame front. Typical varia-

tion is shown in Fig. 19 where one can notice that

similarly to passive grid cases (Tachibana and

Zimmer, 2005), a lower nozzle leads to a stabilization’s

point closer to the exit of the burner for an identical

initial swirl number.

Fig. 16 Typical Mie scattering image

Fig. 17 Two-dimensional distribution of

progress variable

Fig. 18 Mean progress variable for different

swirl (L=90mm)

Fig. 19 Variation of c=0.50 with swirl numbers
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Compared to the same operating conditions with

cold flow in Fig. 9, velocity changed less rapidly. The

data for reacting flow in Fig. 20 were of the unburned

area, taken 10mm above the exit of the burner along

the centerline.

In order to calculate turbulent Karlovitz number,

a laminar flame propagating velocity, s
L
, and a lami-

nar flame thickness, l
F
, are necessary. l

F
 is defined as

follow by Peters (2000);

褄F =
(λ/cp)0

(ρsL)u

whereλ is a thermal conductivity. Here, the sub-

script zero means the position where the concentra-

tion of hydrogen radical becomes its highest value. s
L

can be obtained using CHEMKIN II code with

PREMIX module, and GRI-MECH 3.0, assuming in-

let temperature and pressure as 298 K and 1 atm.

And, other thermodynamic properties are based on

CHEMKIN data. Then, l
F
 and S

L
 are 0.269 mm and

0.232 m/s, respectively. The definition of turbulent

Karlovitz number is provided by Peters (2000);

Ka =
褄F 

褄 

1/2

v'

sL

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 rep-

resent 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

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 tur-

bulent combustion regime. To validate this assertion,

two cases are computed for different PIV interroga-

tion 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 dia-

gram.

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.

Fig. 20 Comparison of velocity variation for re-

acting and cold flows; for unburnt area

Fig. 21 Premixed flame regime diagram, Peters

(2000); for y=5mm at centre

Fig. 22 Variation within the combustion dia-

gram as function of PIV interrogation size
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5. Summary

The Makita-style active grid was designed to

complement the present LSB to produce stronger tur-

bulence. Through the parametric experimentation,

adequate active grid and flow conditions were found.

The turbulent energy spectra in active grid cases show

higher energy density over the whole range and wider

inertial subrange than those of passive grid cases.

Even though the generated flow often contained large

low frequency peaks, possibly induced by the grid

movements, it was shown that these peaks can be

controlled by adjusting the grid options. For the swirl

number range used in the reacting flow experiments,

the turbulent fluctuation reached about 1.0 m/s while

it was successful to keep the integral length under

20 mm. Consequently, the resulting flames enter the

thin reaction zones regime.
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Appendix A : Detailed design of the active grid
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Appendix B : Integral part of the motor controlling LabVIEW programme

(1) Stop buttons for three drivers

(2) Constant speed mode option button:

If this is ON, the maximum speed setting is ap-

plied as a constant rotating speed.

If this is OFF, a rotating speed is decided ran-

domly in the specified range.

(3) Speed range setting box

The unit is pulse per second, where a pulse

means 0.36 degree.

(4) Direction switching period range setting box

The unit is pulses.

(5) Display of rotating speed, direction, and period of

all axes

(6) Display of rotating speed history of the axis num-

ber 1

It is for checking if random function works prop-

erly.

(7) Display of time that one stage of the whole com-

manding loop takes to be executed

Figure B.1  Front Panel of main user interface function
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(1) Compose and send ‘move’ commands to the driv-

ers.

(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.

Figure B.2  Part of the block diagram of main user interface function
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Mydlarski and Warhaft (1996) suggested that a peak

in energy spectra determined by multiplying the

power spectra density by wave number k provides a

very good estimate of the integral scale of the turbu-

lence. In this way, a peak frequency read from a fre-

quency versus frequency*power spectra density plot

can be converted to length scale by the following equa-

tion,

2πf = Vk = V/褄

where f, V, k are frequency, mean velocity, wave num-

ber or reciprocal of length scale. Estimated integral

lengths by this method are fairly constant, l=15 mm,

regardless of active grid options for swirl number 1.14,

while they are much deviated from the results ob-

tained by auto-correlation method (see below).

Appendix C : Estimation of integral length scale from energy spectra plot

(Left) Integral length for various AG conditions with S of 1.14, and (Right) Integral length for vari-

ous S when the active grid is on

However, this method is ineffective for higher swirl

numbers. It is because low frequency response be-

comes so large due to strong swirl flow that peaks

cannot be clearly seen on energy spectra.

Strong low frequency response may cover ‘real’ peaks
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General processing from PIV data to integral

length scale measurement

Using PIV allows to measure at different point the

integral length scales for the two components. Hence,

both streamwise and transverse integral can be ob-

tained. It seems obvious that the transverse integral

is bounded to the radius inside the burner. However,

as measurements are done 10mm above the exit, val-

ues may increase due to the opening of the jet.

The principle of measurement of the integral length

is the two-point correlation method.

lyy = F
0

∞

f  ( y ) dy

f ( y ) = 
v' ( y0 ) v' ( y0 + y ) 

v' ( y0 )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

(in this case without swirl) do not lead to bounded

values of the integral as the correlation coefficient

never becomes negative for the present field of view

chosen (115mm above the burner).

The problem becomes more drastic in reacting condi-

tions, as the particles do burn and therefore no mea-

surements are possible in burnt gases. It may be pos-

sible to recover the information by assuming an ex-

ponential decay for the correlation coefficient. Typi-

cal examples of such process are displayed in Fig. 2-

Fig. 5. The horizontal axis corresponds to the spatial

distance between the points for which correlation co-

efficient is computed. The absolute values of the co-

efficients are plotted along the vertical axis. The ex-

ample 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 corre-

lation coefficient, whereas dots correspond to the ex-

ponential 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 ex-

ponential 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-

Appendix D: Integral length scales measurements using Particle Image Velocimetry data

Fig. 1 Typical correlation for active grid
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ponentially fitted curve. It is possible to determine a

parametric study on the influence of the number of

points on the final results to see how sensitive the

computation is to the size of the domain used. A sum-

mary of three different swirl numbers for a length of

90mm is given in Fig. 6. One can see that no conver-

gence is reached as the integral length scale increases

monotically with an increase of the number of points

used for the exponential fitting procedure.

Sub-grid scale filtering effects

PIV presents filtered measurements of instantaneous

velocity within a plane of the flow. The filter size de-

pends 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 lev-

els. As those are used in the computation of the inte-

gral 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 ap-

plying correction on the actual measurements. To

properly evaluate the sub-grid filtered information,

the computation over several grid resolutions is re-

quired. Using multiple of 2 for the window sizes al-

lows 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 there-

fore the processing time required is becoming a cru-

cial 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 resolu-

tion will tend to reduce the integral length scale mea-

surement. On the other hand, turbulent fluctuations

will tend to increase. The integral length scale is as-

Fig. 5 Exponential fit with 8 points only

Fig. 2 Exponential fit with 3 points only

Fig. 3 Exponential fit with 4 points only

Fig. 4 Exponential fit with 5 points only
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Fig. 6 Evolution of integral length as function of exponential fit domain

Therefore for the cases that were not bounded, a fitting procedure with 5 points was used to determine the

actual integral length scale

Fig. 7 Ratio between turbulent velocities as function of spatial resolution

sumed to be correctly measured when using the small-

est interrogation cell. Therefore for each window size,

the ratio between the correlation window and the

integral length scale can be computed. Afterwards, it

is also possible to compute the ratio between the tur-

bulent velocity and a “true” turbulent velocity, as

measured with the lowest window size. A typical ex-

ample of the changes in actual values is depicted in

Fig. 7 for turbulent velocity measurements. One can

notice that the lowest ratio between integral length

and spatial resolution is of the order of 0.2. Little

changes were obtained when using the smallest in-

terrogation size and therefore one may estimate that

the convergence of the integral length scale in terms

of spatial resolution has been achieved.

Similar results may be obtained for the integral

length scale measurements as function of the spatial

resolution. This time the ratio between the true inte-

gral (measured with the highest spatial resolution)

and the integral as measured with a given spatial

resolution is plotted versus the ratio between the

spatial resolution and the smallest integral length

scale measured (see Fig. 8). One can also notice that

the ratio tends to unity for spatial resolution of 20%

of the integral length scale. Using smaller spatial

resolution tends to overestimate the integral length
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Fig. 8 Ratio between integral length scales as

function of spatial resolution

scale more drastically than what has been seen for

the turbulent velocities as current changes may be of

the order of 40%.
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