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Abstract

The present study seeks to examine the effects of co-flow, confinement and a shaping jet on the mixing and com-

bustion characteristics ofa precessingjet flow. In particular, scientific analysis is used to investigate the physical

mechanisms by which the control and optimisation of heat transfer and pollutant emissions from natural gas burn-

ers for rotary kilns can be achieved. To achieve these aims, a range of experimental techniques in reacting, non-

reacting, confined and unconfined conditions have been employed. The precessingjet, in conjunction with a shap-

ing jet, is shown to provide continuous control of mixing characteristics and corresponding combustion character-

istics. Hence tl.re optimum mixing characteristics for the maximum heat transfer and minimum emissions and the

conditions under which the precessing jetnozzle produces such mixing characteristics are determined. A scaling

procedure is also proposed for the precessing jet nozzle that, for the first time, provides a method to relate the

results of small-scale isothermal mixing experiments to operating rotary kilns.

Flow visualisation using a two colour planar laser-induced fluorescence technique in an unconfined, isothermal

environment is used to demonstrate that a central axial jet is the most effective form of shaping jet for controlling

tlre mixing from a precessing jet nozzle. The characteristics of the combined jet flow are shown, by a selni-quan-

titative image processing technique, to be controlled by the ratio of the central axial jet momentum to the combined

jet momentum, denoted bylç¡¡=Gç¡í(Gp¡+Gc¡ì. The flow visualisation results aìso demonstrate that, when the

momentum ratio is in the range 0<f cAJ<0.2. corresponding to low proportions of flow through the central axial

jet, the combined flow field visually appears to be "precessing jet dominated". For momentum ratios in the range

0.23<ICAJ <1, the flow appears visually to be dominated by the features of the central axial jet.

T¡e effect of a central axial jet on the characteristics of a precessing jet flame is assessed in an unconfined envi-

ronment by recording the visible flame luminescence photographically. The results demonstrate that a significant

change in the flame volume, length and width is achieved by varying the proportion of central axial jet to total flow

rate and hence the momentum ratio, lç47. These parameters were correlated with changes in the global residence

tirne, radiant fraction and NO, emissions based on scaling criteria from the literature. These correlations suggest

that, consistent with the flow visualisation results, fhe momentum ratio, lg¡7, controls the combustion character-

istics, which in turn change significantly in the precessing jet and central axial jet dominated flow regimes'

Confined combustion experiments are undertaken in a pilot-scale cement kiln simulator to quantify the heat flux

a¡d NO, emission characteristics as a function of the combined precessing jet and central axial jet flows and to

compare them with that of a conventional burner in a well controlled, confined facility. These experiments dem-

onstrate that the central axialjet provides good control over the heat flux profile, consistent with the experience in

industrial installations. Furthermore, the heat transfer from a precessing jet burner is shown to be enhanced relative

to a conventional burner ancl the NO, emissions reduced if the relationship between heat transfer, emissions and

process interaction is taken into account.
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To quantify the mixing characteristics of each of the above flows and so to provide ìnsight into the characteristics

of relatively ,.good" and "bad" mixing for the optimisation of combustion in rotary kilns, concentration

measuremelÌts are performed in a confined, isothermal environment. The effect of co-flow, confìnement and the

central axial jet on the mixing from a precessing jetnozzle are also assessed. The experiments are performed in a

water-tunnel using a quantitative planar laser-induced fluorescence technique to provide measurement of a

conserved scalar. The effect of the central axial jet is quantified with respect to its influence upon concentration

decay, concentration fluctuations, jet width and probability distribution functions. The effect of co-flow and

confinement are also quantified by measurement of the concentration decay, concentration fluctuations, jet width

and probability distribution functions. The data is used to develop equations relating the flow conditions and

geometry to the mean concentration on thejet axis and jet spread. These equations can be used to describe the entire

rnean concentration distribution in the far field of the precessing jet flow. Based on the modelling equations, a

scaling procedure is proposed that provides a method to scale the precessing jet flow, i.e. to relate isothermal

laboratory scale investigations to full scale plant. The scaling procedure is based on a hrst order assessment of the

separate effects of confinement, velocity ratio and mass flow ratio on the scalar mixing. The final scaling parameter

represents an additional correction to a modified form of the well known Thring-Newby scaling criterion which

distorts the mixture fraction ratio, i.e. the air-fuel ratio, in the model from that in the industrial scale' This correction

enables similarity of the jet mixing characteristics to be preserved while correcting for the geometric distortion of

the confinement ratio. The new scaling procedure is used to show that the isothermal concentration measurements

are representative of the mixing conditions within the pilot-scale combustion facility and hence that the scaling

procedure is appropriate for the precessing jet nozzle.

The optimum combustion characteristics of the precessing jer.nozzle, defined as the maximum heat transfer and

minimum NO, emissions, are shown to occur at the maximum momentum ratio that still, generates a flow

characterised as precessing jet dominated. The mixing characteristics associated with high radiation and low NO'

emissions are shown, by the quantitative mixing experiments, to be associated with the maximum mean

concentration and the wi¿est range of instantanteous concentrations measured on the jet axis of any flows produced

by t¡e combined precessing jet and central axial jet flows. This suggest that such mixing characteristics are desired

from any natural gas burner for the rnaximum heat transfer and minimum ernissions in a rotary kiln. The optimal

mixing characteristics for the maximum efficieny and lowest emissions from a gas-fired rotary kiln are hence

slrown to be generated by the precessing jet-central axial jet nozzle al a momentum ratio of 0.17< ICAJ <0'23'
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downstream of the nozzle tip. Pure PJ fluid is red, pure CAJ fluid is yellow. Mass flow

proportion isytç¡¡=307o, momentum ratio is lc¡'-}.29, conditions as per Table 3-1. Every

second fratne shown, t=l/1000s exposure time.' .

Video images of the 5mm diameter acljacent axial jet with the precessing jet. Pure PJ fluid is

red, pure AAJ fluid is yellow. Mass flow proportion ìs'q4¡¡l5%q momentum ratio is

1oo=0.07, conditions as per Table3-1. Every second tiame shown, t=l/1000s exposure

time. . .

Video images of the annular shaping jet witlr precessing jet. Pure PJ fluid is red, pure ASJ

fluid appears yellow-green in this sequence. Mass flow proportionisty6¡=4OVo, momentum

ratio is f¿s"¡=0.04, conditions as per Table 3-1. Every second frame shown, /=l/1000s

exposure time.. .

The concentration half-widths of combined precessing jet and central axial jet flows,

determined from local normalisation of every pixel to the maximum value in each row.

Images shown are fbr the 5mm, intermediate length CAJ insert. Refer to Table 3- I for the jet

conditions.

Variation in jet spread-angle for the cornbined precessing jet and central axial jet tlows with

CAJ proportion, Vcn¡ = rfr"or./(rl*¡ + rnç4¡) , for different CAJ exit diameters and Reynolds

number conditions. Àlso shown is the variation in spread-angle for the annular shaping jet..

Variation in jet spread-angle for the combined precessing jet and central axial jet flows with

momentum 1i¡tio, lç¡¡=Gcu(Gp¡+Gctr), for different CAJ exit diameters and Reynolds

number conditions. Also sþown is the variation in spread-angle for the annular shaping jet.

The trend line is basecl on a line of best fit through all data, excluding the data for tyror=1ggo7o

and data points greater than l0 degrees tïom the mean trend.

Instantaneous images of the visible flatne structure froln an unconfined PJ nozzle at different

proportions of central axial jet to total flow rate. The fuel is propane at a constant input of

Z)kW, t=lt250s camera exposure time,/8 aperture setting. Flow conditions: (a) yg¡y=O7o,

lctj=0; (b) y6,¡y=30%o, lç4¡=0.36; (c) tVcu=S\o/o, lç¡¡=0.57 and (d) YctL=100"/o,

lcü=l'
Time-averaged images of the visible flame from an unconfined PJ nozzle at different

proportions of central axial jet to total flow rate. The fuel is propane a[ a constant input of

20kV/, ¡=8s exposure time,fl22 aperture setting. Flow conditions: (a) y6¿7=OVo,lç¡¡=O; (þ)

tlrç¡¡=157o, lc¿.1=0.19; (c) y6¿7=30Vo, lror=9'36; (d) Vc¡.1=50Vo, lcAJ=0'57; (e)

Vc¡F75Vo,16'¡.¡=0.80 and (Ð tyç¡¡l0\7o,f c¡fl (aperture of fl19).

Time-averaged ilnage of the base of the flarne fiom an unconfined PJ nozzle 
^t VcAJ=ÙEo.

The fuel is propane at a constant input of 20kW, l=8s camera exposure fi]me,f/27 aperture

setting.

Cornparison of the constant value signal intensity contours defining the edge of the flame

from the time-averaged images of the base of the PJ nozzle flame at different y¿'¡7.

Momentum ratios are slrown in Table 4-l
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Figure 4-5.

Figure 4-6

Figure 4-7

Figure 4-8

Chapter 5

Figure 5-1.

Figure 5-2.

Figure 5-3

Figure 5-4.

Figure 5-5

Figure 5-6.

Figure 5-7

Figure 5-8

Figure 5-9

The variation in flame volume' normalised to the value at l¿'¿'¡=0' with momentum ratio at

constant total fuel flow rate. The "exact" method is based upon the area within the contour

defining the time-average flame edge and the "conical approximation" is based upon the

simplitied equation derived by Turns and Myhr (1991). See Table 4-l for jet conditions. The

dashed line indicates the transition from PJ to CAJ dominated flow regime.

The variation in signal intensity of the visible flame radiation, normalised to the value at

ICA=O, with momentum ratio at constant total fuel tlow rate. The integrated signal is based

on ih" ru1¡ of the measured pixel intensities within the flame volume. See Table 4-1 for jet

conditions. The dashed line indicates the transition from PJ to CAJ dominated flow regime. ,

The variation in flame length, normalised to the value at fc¡y=O, with momentum ratio at

constant total fuel flow rate. See Table 4-l forjet conditions. The dashed line indicates the

transition from PJ to CAJ dominated flow regime.

T¡e variation in maximum flame width, normalised to the value atl¿¡¡=0, and the ratio of

flame width to length with momentum ratio at constant total fuel t'low rate. See Table 4-l tbr

jet conditions.The dashed line indicates the transition from PJ to CAJ dominated flow regime.

Profifes of the radiative heat flux, Qr,,,¡, fro'n precessing jet flames with various proportions

of central axial jet to total flow rate, yça"¡. The arrow indicates the axial distance which the

peak in the heat flux profile is shifted by variation of axial jet proportion. Conditions: 2MW

fuel input, 84ffC pre-heat, see Table 5- I for momentum ratios, 16¿7.

profiles of tþe radiative heat flux, Qro¿, from precessing jet flames with various proportions

of central axial jet to total flow rate, {6¡¡ compared to a low recirculation flame (MCB-

CC0.6) and a typically good recirculation flame (MCB-CC2.7) from a multi-channel burner.

Conditions: 2MW fuel input, 640"C pre-lteat, see Table 5-l for momentum ratios, l¿'¡7. . . . .

profiles of the temperature at the inner surface of the kiln wall, Ç, for precessing jet flames

with various proportions of central axial jet to total flow rate, y6'¿y. Conditions: 2MW fuel

input, 840"C pre-heat, see Table 5-1 for momentum ratios, 16¿7..

profiles of the temperature at the inner surface of the kiln wall, Ç, for precessing jet flames

at vÍrrious proportions, {6,47, compared to a low recirculation flame (MCB-CC0.6) and a

typica¡y good recirculation flame (MCB-CC2.7) frorn a multi-channel burner. Conditions:

2MW fuel input, 640"C pre-heat, see Table 5-l for momentum ratios, fç47.

Concentration contours of carbon monoxide measured in the kiln simulator for the precessing

jet burner with y.or=25 7o (PJ-ty25-640 flame). Contours are in steps of 0.57o. See Table 5-

I for thejet conditions..

Concentration contours of NO, measured in the kiln silnulator for the precessing jet burner

wirh \'CAJ=25V' (PJ-t4r25-640 flame). Contours are in steps of 25ppm. See Table 5-l for the

jet conditions

Concentration contours of carbon monoxide measured in the kiln simulator for the multi-

clrannel burner with typically good recirculation (MCB-CC2.l flame). Contours are in steps

of O.5Vo. See Table 5-l for the jet conditions. . .

Concentration contours of NO, measured in the kiln simulator for the multi-channel burner

witlr typically good recirculation (MCB-CC2J fltme). Contours are in steps of 25ppm. See

Table 5-1 for the jet conditions.

Concentration contours of carbon monoxide measured in the kiln simulator for the multi-

clrannel burner with low recirculation (MCB-CC0.6 flame). Contours are in steps of 0.5Vo'

See Table 5- I for the jet conditions.. . .

Concentration contours of NO* measured in the kiln sitnulator tbr the multi-channel burner

with low recirculation (MCB-CC0.6 flarne). Contours are in steps of 25ppm' See Table 5- I

for the jet conditions.
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Figure 5- I l.

Figure 5- 12.

Figure 5-13.

Figure 5-14.

Figure 5-15.

Figure 5-16.

Chapter 6

Figure 6- l.

Figure 6-2.

Figure 6-3

Figure 6-4

Figure 6-5.

LDA measurements of the axial component of velocity lm from the inlet baffle pÌates with

only secondary air flowing and a coal flame from the Multi-Channel Burner (CEMFLAME3

condition 850-NG). In the no-flame condition a small amount of primary air was passed

through the MCB. The MCB was tested with the burner in two angular positions, to check the

contribution of the burner to any asymmetry. The burner housing was flush with the inlet

baffle plate.

LDA measurements of the tangential cornponent of velocity lln from the inlet baffle plates

wit¡ only seconclary air tlowing ancl a coal flame from the multi-channel hurner. Conditions

as for Figure 5-l l. .

Variation in NO" emissions with total heat flux throttgh the kiln walls for the precessing jet

(pJ) and multi-channel burner (MCB) configurations. To account for the effective increase in

tiln tength an¿ hence increased resiclence time of tlre combustion products in the kiln, a

correction lras been made to the measurecl NO, emissions fiom the flames where the PJ

burner is mounted flush with the inlet baffle plate, indicated by tlre symbol *. . . .

Variation in NO, emissions (normalised to tlre procluction rate) with heat input from a 300

ton/day gas-fired rotary cement kiln. The original burner produces a high velocityjet offuel

an¿ is compared to a precessing jet using the adjacent axial jet burner at various flow rate

proportions, V¡u, to provide flame shaping

Variation in NO, elnissions witlr procluction rate in a 750 ton/day gas-fired rotary celnellI

kiln. The turbulent jet diffision type burner incorporates rnultiple gas jets and is cotnpared to

a precessing jet burner with central axial jet for flame shaping. Averaged data points are faken

frLrn opprãiimately three months continuous operation of each burner. Secondary air

temperature is approximately 1000'c. Datâ courtesy of Lafarge (canada).

Variation in NO" emissions with input fuel energy at constant specific fuel consutnption in a

?50 ton/day gas-iìred rotary cement kiln. The constant specific tuel consumption selected for

each burnei ãorresponds to tþe most common operating condition of each burner. Operating

range for the turbulent diffusion jet burner = 5,350-5,500 MJ/ton, PJ burner = 5,400-5'550

MJ/ton.

Correction ¡nages usecl in the image processing of raw PLIF images tiom the PJ3902

experiments: (a) Absorption correction image, 4,7; (b) Intensity distribution, corrected for

absorption, I¡.¡xG¡/A¡¡. The colourmap usecl to represent each image is normalised to the

minimum and maiimum values to show the relative distribution of actual values.

The typical location of tlre regions used in the image processing procedure to calculate the

laser power (LP ref, Pr,), background concentration (BK ref, rR,,) and lOÙVo jet fluid tbr tlte

pipe jet (Jet Ref, C ,r¡). Tlte images are false-colour representations of raw PLIF images. . ' . .

Variation in the Batchelor scale, ),6, and Kolmogorov scale, )'¡, relative to the spatial

resolution of the camera, L, with axial distance for the principal jet types used in tlìe present

pLIF experiments. For the "worst case" calculation of the PJ nozzle, the jet is assumed to

expancl at the same rate as a simple jet issuing from the inlet orifice of the nozzle chamber.

Foi the "realistic" calculation a constânt spread half-angle of 40" is assumed tfom the PJ

nozzle exit.

False colour images of the spatial distribution of the instantaneous, mean and RMS of the jet

concentration, (, from the present pipe jet measurements' Conditions: Reynolds

number=28,200, co-t'low velocity Uu=0.06m/s, jet diameter d=9.45mm, water-tunnel cross-

section=500x500mm.

Inverse of tlre mean concentration on the jet centreline, (., for the present pipe jet

lneasurements compared with the results of other liquid (Sc-1000) and gaseous (Sc-l) phase

pipejet investigations. Refer to Figure 6-4 and Table 6-6 for thejet conditions.

The scaled mean centreline concentration, 1x(r, fbr the present pipe jet lneasurements

compared with the results of otlrer'liquid (Sc-1000) and gaseous (Sc-l) phase pipe jet

investigations. Refer to Figure 6-4 and Table 6-6 for the jet conditions..
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Figure 6-7

Figure 6-8

Figure 6-9.

Figure 6-10.

Figure 6- l l.

Figure 6-12.

Figure 6-13.

Figure 6-14.

Figure 6- 15.

Figure 6-16.

Figure 6-1 7.

Figure 6-18.

Figure 6-19,

Figure 6-20

Tlre concentration halt'-width, r1¡2ld,for tlre present pipe jet measurements compared with the

results oforher liquid (Sc-1000) and gaseous (Sc-l) phase pipejet investigations. Retèr to

Figure 6-4 and Table 6-6 for the jet conditions'.

Tlre intensity of jet concentration fluctuations along tlte nozzle centreline, \r^r-rlE", for the

present pipe jet measurements comparecl with the results of other liquid (Sc-1000) and

gaseous (Sc-1) phase pipe jet investigations. Refer to Figure6-4 and Table 6-6 for tlre jet

conditions.

Radial profiles of the mean jet concentration normalisecl to the value on the centreline,\l\r,

at different axial locations downstrearn of the jet exit fbr the present pipe jet lneasurements.

Refer to Figure 6-4 for thejet conditions'

Radial profile at x=40d of the mean jet concentration normalisecl to the centreline value, (/(.,
for the present pipe jet measurements comparecl with results in the far field of other liquid

(Sc-1000) and gaseous (Sc-l) phase pipe jet investigations. Ref'er to Figure 6-4 and

Table 6-6 for the jet conditions.

Radial profiles of the RMS of jet concentration fluctuations normalised to the value on the

centreline, Êr,J\r,rr-r, at different axial locations downstream of the jet exit for the present

pipe jet measurements. Retèr to Figure 6-4 tbr the jet conditions' . '

Raclial profile at x=50d of the RMS of jet concentration fluctuations normalised to the

centreline value, (,.,,,"/€r,r¡s-., fbr the present pipe jet measurements compared with results in

the far field of othei liquid (Sc-1000) and gaseous (Sc- I ) phase pipe jet investigations. Refer

to Figure 6-4 and Table 6-6 forjet conditions.. . .

Instantaneous images of the scalar concentration field of a precessing jet nozzle: (a) Newbold

(lgg7), Reynolds number=20,500, free jet in air; (b) Present experiments, dp¡3Smm PJ

nozzle, Reynolds numbee66,l00, Uu=Q.QS¡¡/s co-flow, D¿,,r/dp¡=12'9 confinement in

water. Axial and racllal distances are nonnalisecl to the diameter of the PJ nozzle inlet orifice

in both images.

Comparison of the inverse mean jet concentration on the jet axis, (r7, of a PJ nozzle fbr the

present technique and the Mie-scattering technique of Newbold (1997) and different simple

jet conditions. See Figure 6-13 and Table 6-6 for the jet conditions. Axial distance is

normaliseil to the cliatneter of the PJ nozzle inlet orifice, d,,, for the PJ nozzle jet flows. . ' . .

Cornparison of the jet concentration half-width, r¡plclu, of a PJ nozzle fbr the present

technique and the Mie-scattering technique of Newbold (1997) and different simple jet

conditions. See Figure 6- l3 and Table 6-6 for the jet conditions. Axial distance is normalised

to the diameter of the PJ nozzle inlet orifice, d,,r, for the PJ nozzle'

Comparison of the far tìeld radial profiles of mean jet concentration normalised to the value

on the jet axis, (/(¡r, of a PJ nozzle for the present technique and that of Newbold ( 1 997). See

Figure 6-13 for thejet conditions.

Comparison of the far tìeld radial profìles of RMS jet concentration fluctuation norlnalised

to the value on the jet axis, \r,,r-l\r,,^ -la, of a PJ nozzle for the presenf technique and that of

Newbold (1997). See Figure 6-13 for the jet conditions.. . .

Comparison of the concentration fluctuation intensity on the jet txis,\rnrr-¡,r/\.¡,¡of aPI nozzle

forthe present technique and that of Newbold (1997) and different simple jet conditions. See

Figure 6-13 and Table 6-6 for the jet conclitions. Axial distance is normalised to the diameter

of the PJ nozzle inlet orifice, d,,r, for the PJ nozzle jef flows'

False colour images of the spatial distribution of instantaneous, mean and RMS jet

concentration, (, from tl.re dp7=3$¡¡m PJ nozzle' Conditions: PJ flow only ('4rç¡t=07o)'

Reynolds number=66, I 00, D¿rr/dp¡=10.3, (a) U,lU 
"-p¡=0.035, 

and (b) U,,lU 
"-p¡=0.055. 

The

band at the bottoln of tlre images is tlre tape joining the two halves of the duct together.. . . .

False colour images of the spatial clistribution of instantaneous, mean and RMS jet

concentration. [, from the lp¡3Smm PJ nozzle. Conditions: PJ flow only ('4rç¡¡=0qo),

Reynolds number=66, 100, D¿u"/dp¡=10'3, (a) Uolu"-p¡=0'098' and (b) uolU"-p¡=0'196' The

band at the bottom of the images is the tape joining the two halves of the duct together.. . ' .
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Figure 6-21 Illustration of the effect of the ratio of co-flow velocity to jet velocity on the structure of flow

from a precessing jet nozzle: (a) at low velocity rutios, U,r/U"-pJ<0.055, the helix of flow

structures formed by the motion of the exiting jet collapse on top of each other close to the

nozzle exit and the large-scale structures detected by the PLIF teclrnique are observed to

merge; (b) athigh velocity rutios, UulUo-pJ>O.098, the helix of flow structures is stretched out

and hence does not collapse, the relative distance between large-scale structures is increased

and merging is reduced.

Fig1¡re 6-22. The effect of co-flow velocity ratio on the inverse mean jet concentration on the jet axis, (¡,
of the dp13Smm PJ nozzle. conditions: PJ flow only (tyç¡¡=ovo), Reynolds

number=66, I 00, D ¿,,r/ d p¡=I0.3. . .

Figure 6-23.

Figure 6-24.

Figure 6-25.

Figure 6-26.

Figure 6-27

Figure 6-28

The radial distribution of mean jet concentration, normalised to the mean concentration on

the jet axis, \l\¡o,at different axial distances downstream of the dpy=l8mm PJ nozzle exit.

Conditions: pi flow only (tyç¡¡=\Vo), Reynolds number = 66,100, D¿u"/dpt = l0'3,

UolUn-p¡=0.055. . . .

Tlre effect of co-flow velocity ratio on fhe concentration fluctuation intensity, \r*r-.¡ol\.¡u, on

the jet axis of the drr=3gmm PJ nozzle. Conditions: PJ flow only (y6'¿7=0%), Reynolds

number=66,1 00, D r¡u"/ d p¡=I0.3. . .

The effect of co-flow velocity ratio on the concentration half-widfh, r¡¡2ldp¡, of the

dpf3Smm PJ nozzle. Conditions: PJ flow only (ys¡y=oûlr), Reynolds numbee66,100,

D¿r"/dp¡10.3.. . . .

False colour images of the spatial distribution of instantaneous, mean and RMS jet

concentration, (, from the dpJ=38mrn PJ nozzle' Conditions: PJ flow only (tyç¡¡ÙVo)'

Reynolds number = 66,100, uulU"-p¡=0.055 (Uo = 0.06mis), (a) Dr¡,,rr/dp¡=7 '6 and

(b) D¿rr/dp¡=12.9.. .

The effect of confinement on the inverse mean jet concentration on the jet axis, f¡u, of the

dpL=38mm PJ nozzle. Conditions: PJ flow only (y6'¡y=07o), Reynolds number = 66,100'

U¡u"_p¡=O.055 (Ur=0.06m/s). Axial distance from the nozzleexit is normalised to the PJ

nozzle chamber diameter, dpl' . . .

The effect of confinement on the inverse mean jet concentration on the jet axis, (¡r, of the

tlpp3SmmPJ nozzle. Conditions: PJ flow only (\16'47=07o), Reynolds number = 66,100,

U ul[J 
"_p¡=0.Q55 

(U,r=0.QS6/s). Axial distance from the nozzle exit is normalised to the duct

diameter, Drturr..
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Figure 6-29. The effect of confinement on the concentration fluctuation intensity on the jet axis,

\nrr_,ìnl\io, of ilte dpr=3ïmm PJ nozzle. Conditions: PJ flow only (y6'¿7=0%), Reynolds

number=66,100,U ulU 
"-p¡=0.055 

(U¿.=0.06m/s). Axial distance is normalised to the PJ nozzle

chamber diameter, dpt.. . . t57

Figure 6-30 The effect of confinement on the concentration half'-width, r1¡2/dp¡, of the drr=33mm PJ

nozzle. Conditions: PJ flow only (yç¿7=0%), Reynolds number=66,100, UllU"-p¡=0'05J
(Ur=O.06m/s). Axial distance is normalised to the PJ nozzle chamber diameter, dpl. . . . . . .

The effect of contìnement on the concentration half-width, ,,y'dpt of the d"r=38mm PJ

nozzle. Conditions: PJ flow only (yc'¿r=O7o), Reynolds number=66,100' U'lU"-p¡=O'196

(Uu=0.2l6mts). Axial distance is normalised to the PJ nozzle chamber diameter, dpt. . . . . .

Figure 6-31

Figure 6-32. False colour images of the spatial distribution of instantaneous, mean and RMS jet

concentration, (, from the r/p7=l$6¡¡ PJ nozzle. Conditions: U¿=0.06m/s, D¿u"t/dp¡=10.3,

md/m0=18.4' (a) ty¿¡¡=157o, fc,47=0.05 and (b) tyr4¡=257o, lIAL=O.I7' The band at the

bottom of the images is the tape joining the two halves of the duct together.

Figure 6-33 False colour images of the spatial distribution of instantaneous, mean and RMS jet

concentration, Ç, from the r/p7=l$rnr¡ PJ nozzle. Conditions: Uo=0.06m1s, D¿urr/dp¡=70.3;

@) tiIcAJ=4\Eo,lç¡¡0.45, m¿/mo=l$.Á, and (b) tyç¡¡lÙj%o, f¿'¡"¡=1.0, m¿/m¡¡=122. The

band at the bottom of the images is the tape joining the two halves of the duct together.. . . .

Figure 6-34. The effect of CAJ proportion, Vc¡¡ on the mean jet concentration on the jet axis, (¡r, of the

dpF3Smm PI nozzle. Conditions: Ur=0.06m/s, Dr¡,,r/dp¡=10.3, mu/mo=13.4 except for

'4t ç4¡=l00Vo (CAJ only, m¿/nts=l)))'
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Figure 6-35.

Figure 6-36

Figure 6-37

Figure 6-38.

Figure 6-39

Figure 6-40.

The effect of CAJ proportion, VCAy, on the concentration fluctuation intensity,

tlre jet axis of lhe drr=38mm PJ nozzle' Conditions: Uu=0'06m/s, D

m¿t/m0=18.4 except for t{ç¡¡=l00%o (CAJ only, nd/m0=122).'

The effect of cAJ proportion, vc¿¡ on the concentration half-width, r1¡2/dp¡, of the

dpf3Smm PI nozzle. Conditions: Uu=0.06rn/s, D¿,,r/dp¡=10.3' mr/ms=18.4 except for

tlr ç¡ ¡=l00%o (CAJ only, m d/m0=122)'

The effect of jet type and CAJ proportion, Vc,4¡ on the probability distribution functions of
jet concentration on the jet axis, pdfl\).Conditions: (a) Pipe jet, Reynolds numbee28,200,

co-flow velocity uu=0.06m/s, no confinement; (b)-(e) dpF3SmmPJ nozzle,co-flow velocity

Uo=0.06m/s, D¿ur/dp¡=7}.3, mr/m618.4 except for r¡6'¡7=l00Vo (m¡/m6=l)Z)' ' ' '

The effect of co-flow velocity and confinement on the probability distribution functions of

the jet concentration on the jet axis, pdfl\), of fhe dt¡=3$mm PJ nozzle. Conditions: (a)-(b)

pJ only flow, Reynolds number66,100, Dduc/(lpFl0.3i (c)-(d) PJ flow only, Reynolds

number=66,1 00, U ulU 
"-p¡=0.055 

( U4=0'06m/s). .

Comparison of the probability distribution function of concentration on the jet axis

normalised to the local mean jet concentration in the far field of the pipe jet and r/p7=l$¡¡6

PJ nozzle (x/d,,¡,,"=50, x/dpyl2). Conditions: Re,,i,ro=28,200, Rept=$6,190, Uu=g'96*7t,

Dr¡,,,.,/d.p¡=12.9.. . . .

Comparison of the probability distribution function of local jet concentration on the jet axis

in the far field of the pipejet and PJ nozzle. Conditions as for Figure 6-39.. .

The effect of co-tlow velocity on the probability distribution function of concentration on the

jet axis normalised to the local mean jet concentration in the far field of the dp7=l$6¡¡ p¡

nozzle (x/dpyl2). Conditions: PJ flow only, Reynolds number=66,100, D¿r"¡/dpr=10.3.. . .

The effect of co-flow velocity on the probability distribution function of the local jet

concentration on thejet axis in the far field of tbe PJ nozzle. Conditions as for Figure 6-41'

The effect of confinement on the probability distribution function of concentration on tl.re jet

axis normalisecl to the local mean jet concentration in the far field of the /¡,y=38mm PJ nozzle

(x/r)p¡=12).Conclitions: PJ flow only, Reynoldsnumber=66,100,UolU"-p¡=0'055'

Er^r-.¡ul\.¡u, on

¿u"/dp¡=10.3,
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Figure 6-41

Figwe 6-42.

Figure 6-43

Figure 6-44. Tlte effect of confinement on the probability distribution function of local jet concentration

on tlre jet axis in the far field of the PJ nozzle. Conditions as for Figure 6-43. . .

Figure 6-45 The effect of CAJ proportion, VcA¡ on the probability distribution function of concentration

on the jet axis normalised to the local mean jet concentration in the far field of the dpy=J$6¡¡

PJ nozzle (x/etp¡=l2). Conditions: Dr¡,rrr/dp¡=10.3, Ur,=Q.Q$1'¡11s, mr,/m618.4 except for

tY ¿ ¡ ¡= 100 Vo (m u/m o= l))¡'
Tlre effect of CAJ proportion, Yc¡t, on the probability distribution function of jet

concentration on the jet axis in the far tìeld of the PJ nozzle. Conditions as tbr Figure 6-45 . .

principal regions and mixing conditions tbr the flow from a precessing jet nozzle in a

confi ned, co-flowin g environment.

Variation in the tär fielcl concentration decay constant, K1, with confinelnent for different

ratios ofco-flow velocity tojet exit velocity and constant precessingjet nozzle conditions: PJ

flow only (tltç¡¡=\Vo), Reynolds number=66,100'. . . .

Variation in the far fielcl concentration virtual otigin, xs,/Dr¡ur,, with the ratio of co-flow

velocity to jet exit velocity for different confinement and constant precessing jet nozzle

conditions: PJ flow only (y6¡7=0%)' Reynolds number=66' 100' ' ' ' '

Variation in the reciprocal of the far field jet spreading rate, K2, with the mass flux ratio of

co-flowing fluiil to jet fluid fbr different confinements and constant PJ nozzle conditions:

precessing jet flow only (yç¿7=07o), Reynolds number=66,1 00' ' ' ' '

Variation in the tàr field jet spreading rate virtual origin, xs,2ldp¡, with the mass flux ratio of
co-flowing fluid to jet fluid for different confinements and constant PJ nozzle conditions:

precessing jet flow only (tltç¡¡=07o), Reynolds number=66, 100' ' ' '

Figure 6-46.

Figure 6-47

Figure 6-48

Figure 6-49.

Figure 6-50

Figure 6-51
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Figure 6-52. Variation in the far field concentration decay constant, K1, normalised to the value at f¿'4y=0,

with the momentum ratio 1617 for different contìnemellts and constant mass flux ratio. The

data for D¿,rr¡/tlp¡=1.6 and Dr¡u"/dp¡=12.9 are corrected fbr the effects of confinement,

relative to D¿,r,./dp¡=|0.3, using Equation 6-26.The bold line indicates the line of best fìt to

the data (excluding D¿rr/clp¡=1.6), the dashed line indicates the transition from PJ to CAJ

dominated flow regime.

Figure 6-53 Variation in the far tìeld concentration decay virtual origin, xs,llD¿rtt, with the momentum

ratio 16¿ nts and The data for D¿urr/dp¡=1 '6

and Dr¡u" for the relative to D¿rr/dp¡=10'3

using Eq .2 the d value at lcy=}'The bold

lines indicate the line of best fit in the respective flow regime, the dashed line indicates the

transition from PJ to CAJ dominated flow regime.

Figure6-54. Variationinthefarfìeldjetspreadingrate,K2,withthemomentumratiofc'¿Tfordiff'erent
conhnements at constant mass flux ratio. The data fbr D¿u"/dp¡=7.6 and D¿,,rr/dp¡=12.9 arc

corrected for the effects of confinement' relative lo D'¡"'¡/dp¡=10'3 using Equation 6-28' For

f ¿¡¡<0.2the data is normalised to the value atlç¡¡=0. The bold line indicate the line of best

fit in the respective flow regime, the dashed line indicates the transition from PJ to CAJ

dominated flow regime.

Figure 6-55. Variation in the far fielcl jet spreading rate virtual ortgrn,xs,2/dp¡, with the lnomentum ratio

f6,¿7 for different confinement ratios at constant tnass flux ratio. The data t'or D¿,tr/dp¡1.6

aii D¿urr/dp¡=12.9 xe corrected for the etïects of confinement, relative to D¿u"t/dp¡=7}.3

using Equatio¡6-29.Forlça¡0.2 the data is normalised to the value at |CAJ=0. The bold

lines indicate the line of best fit in the respective flow regime, the dashed line indicates the

transition from PJ to CAJ dominated flow regime'

Tlre effect of co-flow velocity ratio on the mean 2To jet concentration contour of the

clp¡3ïmm PJ nozzle. Conditions: PJ flow only (ry6'4y=07o), Reynolds numbee66,100,

òrrr¡drr=t0.3. The approximate location of the break points for the two jet conditions that

touch the duct wall are also illustrated'

Tlre radial location of the "break" point of the 2Vo jet concentration contour normalised to the

duct half-width, r6rnuy'(Dr¡urfZ) withthe mass flux ratio ofjet fluid to co-flowing fluid. Break

points are shown for both the near laser side (right hand side of the images) and far laser side

(left hand side of the images).

Tlre conelation between the predicted axi al location of the2Vo jel concentration "break" point

an¿ t¡e measured location of the break point fiom experimental data. Perfect correlation is

indicated by tlre dashed line, 5x. '

Comparison of isothermal jet concentration measurements and CO concentration in

combustion experiments for PJ flow only (ry6'¡7=0%)' Isothermal conditions: Rept=$6'1gg'

390m duct: {JolUo-p¡=0.055 and Dr¡,,"/r)p¡=70.3, 490mm ducl: U,tlUn-p"¡=0'035 and

D¿,,r/dp¡12.9. Combustion conditions: 2MW fuel inpttt, D¿,,r/dpJ=13.5,640"C pre-heat:

tJulLlo_p¡=0.050, 840'C preJreat: U,l(lo-p¡=0.063. The corrected isothermal concentration

profileisbasedonavalueofK=0.Ssforthereferenceconcentrationratio,seeTable6-9...

Comparison of isothermal jet concentration measurements and CO concentration in

combustion experiments for the PJ nozzle with t{ç¡¡=25Vo' Isothermal duct and combustion

conditions as for Figure 6-59, but incorporating cAJ proportion and with u,lu"-p¡=Q.QJ) ¡¡
420"C pre-heat (for y6'47=0Vo). . '

Figure 6-56

Figure 6-57

Figure 6-58.

Figure 6-59.

Figure 6-60.

Appendix A

Concentration contours of carbon monoxide measured in the pilot-scale kiln for the

precessing jet bumer with flow only through the PJ nozzle (yrç¿¡=}Vo) at a secondary air pre-

lreat temperature of 640"C (PJ-y0-640 flame). Contours are in steps of 0.57o and the colour

map is identical to tlìat used for all the in-flame CO results. The dashed line indicates the

boundary of the in-flame measurement region.
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Figure A-2. Concentration contours of NO, measured in thepilot-scale kiln for the precessing jet burner

with flow only through the PJ nozzle (tvg¡¡=}Vo) at a secondary air pre-heat temperature of
640"C (PJ-y0-640 flame). Contours are in steps of 25ppm and the colour map is identical to

that used for all the in-flame NO, results at 640'C pre-heat. The dashed line indicates tlte

boundary of tl're in-flalne measurement region'

Concentration contours of carbon monoxide measured in the pilot-scale kiln for the

precessing jet burner with flow only through the PJ nozzle (Vct.f}%) at a secondary air pre-

heat temperature of 840'C (PJ-y0-840 flame). Contours are in steps of 0.5Vo and the colour

map is identical to that used for all the in-flame CO results. The dashed line indicates the

boundary of the in-flame measurement region'

Concentration contours of NO" measured in the pilot-scale kiln tbr the precessing jet burner

with flow only through the PJ nozzle (,!t ça¡=\vo) at a secondary air pre-heat temperature of

840.C (PJ-ry0-640 flame). Contours are in steps of 25pprn, but the colour map is changed due

to the higher NO, concentrations at 840'C pre-heat. The dashed line indicates the boundary

of the in-flame measurement region.

Concentration contours of carbon monoxide measured in the pilot-scale kiln for the

precessing jet burner with central axial jet (YC¡f25ok,lc¡,-}.25) at a secondary air pre-

heat temperature of 420"C (PJ-\1f25-420 flame). Contours are in steps of 0.57o and fhe colour

map is identical to that used for all the in-flalne CO results. The dashed line indicates the

boundary of the in-flame measurement region.

Concentration contours of NO" measured in the pilot-scale kiln fbr the precessing jet burner

with central axial jet (tyça¡=25%,lcu=0.25) at a secondary air pre-heat temperature of
420"C (PI-ty25-420 flame). Contours are in steps of 25ppm and the colour map is identical to

that used for all the in-flame NO" results at 640'C pre-beat. The dashed line indicates the

boundary of the in-flame measurelnent region'

Concentration contours of carbon monoxide measured in the pilot-scale kiln for the

precessing jet burner with central axial jet (Ycu=25o/o,lcu=0.25) at a secondary air pre-

lreat temperature of 840"C (PJ-V25-840 flame). Contours are in steps of 0.57o and the colour

map is identical to that used fbr all the in-tlame CO results. The dashed line indicates the

boundary of the in-flame measurement region.

Concentration contours of NO" measured in the pilot-scale kiln for the precessing jet burner

with central axial jet (\rs¡¡=ZíVo,lc¡F0.25) a[ a secondary air pre-heat temperature of
840'C (PJ-ry25-840 flarne). Contours are in steps of 25ppm, but the colour map is changed

¿ue to the higher NO" concentrations at 840"C pre-heat. The dashed line indicates the

boundary of the in-flame measurement region.

Figure A-3

Figure A-4.

Figure A-5.

Figure A-6.

Figure A-7
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Appendix C

Figure C- l. The effect of co-flow velocity ratio on the inverse mean jet concentration on the jet axis, (r7,

of the dp¡=38mm PJ nozzle. Conditions: PJ flow only (tlrsa¡=j%o), Reynolds

number=66, I 00, D,¡,,,./cl p¡=7.6. . . . .

Figure C-2. The eft'ect of co-flow velocity ratio on the concentfation fluctuation intensity, \r^r-.¡ol\.¡u, on

tlre jet axis of the drt=38mm PJ nozzle. Conditions: PJ flow only (y6'¡7=07o), Reynolds

number=66,100, Dr¡ur/dp¡='1 .6. . . .

The effect of co-flow velocity ratio on the concentration half-width, r.¡2ldp¡, oT the

dpf3Smm PJ nozzle. Conditions: PJ flow only (y6'¿.¡=0%), Reynolds numbee66,l00,
D¿,,"/dp¡=7.6

The eft'ect of co-flow velocity ratio on the inverse mean jet concentration on the jet axis, (¡u,

of tlre dp-3Smm PJ nozzle. Conditions: PJ flow only (tlrç¡¡=jVo), Reynolds

number=66,1 00, D r¡,,r/d p¡=12.9. . .

Tlre effect of co-flow velocity ratio oll the concentration t'luctuation intensity, \rurr-¡u/\¡o, on

the jet axis of the 38mm PJ nozzle. Conditions: PJ flow only (ty6.¡.¡=0%), Reynolds

number=66,1 00, D,¡,rr,ld p¡12.9. . .

Figure C-3.

Figure C-4
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Figure C-6. The effect of co-flow velocity ratio on the concentration half-width, r1¡2ldp¡, of the

dp¡=38mm PJ nozzle. Conditions: PJ flow only (ys¿7=0%), Reynolds numbee66,l00,

D¿u,./d.p¡=72.9.. . . .

The effect of co-flow velocity ratio on the inverse mean jet concentration on the jet axis, (,¿,

of the 28mm PJ nozzle' conditions: PJ flow only (ry6'¿7=07o)' Reynolds number62'400'

D¿u"/dp¡=10.4.. . . .

The effect of co-flow velocity ratio on the concentration fluctuation intensity, \r^r-¡ol\¡o, on

the jet axis of the 28mm PJ nozzle. conditions: PJ flow only (y6'¡7=07o), Reynolds

number=62,400, D r¡,r"/ cl p¡=10.4. . .

The effect of co-tlow velocity ratio on the concentration half'-widtlt, r ¡¡2ldp¡, of the 28mm PJ

nozzle. Conditions: PJ flow only (y6'¡7=07o), Reynolds number=62,4o0, Dr¡ur/dp¡=I0'4' ' '

Figure C-7

Figure C-8

Figure C-9

Figure C- 10. The effect of co-flow velocity ratio on the inverse mean jet concentration on the jet axts, \¡,
of the 28mm PJ nozzle. Conditions: PJ flow only (ry¿'¡7=0%), Reynolds numbee62,400,

D¿,,,.fdp¡73.9... '.
Figure C- I 1. The effect of co-flow velocity ratio on the concentration fluctuation intensity, \r^r.¡olE.¡o, on

the jet axis of the 28mm PJ nozzle. Conditions: PJ flow only (y6'¡7=0%), Reynolds

number=62,400, D r¡,,r/ d p¡13.9. . .

FigureC-12. Theeffectofco-flowvelocityratioontheconcentrationhalf-width,r¡¡2ldp¡,ofthe28mmPJ
nozzle. Conditions: PJ flow only (y¿¿7=0%), Reynolds number=62,400, D¿u"/dp¡=13'9' ' ' '

Figure C-13. The effect of confinernent on the inverse mean jet concentration on tlre jet axis, (¡o, of the

dp-3Smm PJ nozzle. Conditions: PJ flow only (y¿'a7=0%), Reynolds number = 66,100,

U olU r-p¡=O.035 (Uu=0.633rn/s). Axial distance from the nozzle exit is normalised to the duct

diameter, D¿urr' ,

Figure C-14. The effect of conlinement on the concentration fluctuation intensity on the jet axis,

\r^n¡o/\'u, of the drr=38mm PJ nozzle. Conditions: PJ flow only (y6'a7=0%), Reynolds

nurnb"r=66,100, U,,lU"-p¡=0.035 (Ur,=0.038m/s). Axial distance is normalised to the PJ

nozzle chamber diameter, dpl. . . .

FigureC-15. Theeffectof confinementontheconcentrationhalf-width, r1¡2/clp¡,of thedpT=38mmPJ

nozzle. Conditions: PJ flow only (y6'¡7=0%), Reynolds number=66,100, Uulu"-PJ=0'035

(U u=0.038m1s). Axial distance is normalised to the PJ nozzle chamber diameter, dpt . . . . . .

Figure C- I 6. The eft'ect of confinement on the inverse mean jet concentration on the jet axis, (,7, of the

dp-3SmmPJ nozzle. Conditions: PJ flow only (y¿'¡7=0%), Reynolds number = 66,100,

U ,,1(J 
"_p¡=0.098 

( U,,=Q. I Q$m/s). Axial distance from tlre nozzle exit is normalised to the duct

diameter, Drturr. .

Figure C-17. The effect of confinement on the concentration fluctuation intensity on the jet axis,

\r*r-¡nlE¡u, of the drr=38mm PJ nozzle. Conditions: PJ flow only (y6.47=0%), Reynolds

number=66,100, UulU"-p¡=0.098 (Ud=O.108m/s). Axial distance is normalised to the PJ

nozzle chamber diameter, dpl. . - .

Figure C-l8. The effèct of confinement on the concentration half'-width, r1¡2/dp¡, of the dp¡=3ïmm PJ

nozzle. Conditions: PJ flow only (y6¿7=0%), Reynolds number=66,100, UolU"'p¡=0'09$

(Uu=Q.108m/s). Axial distance is normalised to the PJ nozzle chamber diameter, dpt. . . . . . ,

Figure C- 19. The effect of confinement on the inverse rnean jet concentration on the jet axis, (¡r, of the

dp.¡=38lnm PJ nozzle. Conditions: PJ flow only (yc'¡y=O%), Reynolds number = 66,100,

IJ,,lU 
"_p¡=0.147 

(tJ,,=Q.lS2mls). Axial distance from the nozzle exit is normalised to the duct

diameter, D,lurr. .

Figure C-20. The eftect of confinement on the concentration tltrctuation intensity on tlre jet axis,

\r^r-¡ol\.¡o, of the dp¡=38mm PJ nozzle. Conditions: PJ flow only (y6'¡7=0%), Reynotds

number=66,100, {J,,lUu-p1--0.147 (Uu=0.162m1s). Axial distance is normalised to the PJ

nozzle chamber diameter, dpl. . ' .

Figure C-21. The effect of confinement on the concentration half-width, r1¡2/clp¡, of the dp¡=39rnm PJ

nozzle. Conditions: PJ flow only (ryç¡7=Ool'), Reynolds number=66,100, UulU"-p¡=o'l!'l
(Uu=0.162m1s). Axial clistance is normalised to the PJ nozzle chamber diameter, ,lpt . . . . .
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FigureC-22.

Figure C-23.

Figlure C-24.

Figure C-25.

Figure C-26.

Figwe C-27.

Figure C-28.

Figure C-29.

Figure C-30.

The effect of confinement on the inverse mean jet concentration on the jet axis, (r2, of the

dpJ=38mmPJ nozzle. Conditions: PJ flow only (y6'a7=0%), Reynolds number = 66,100,

U olIJ 
"_p¡=0.196 

(U tF}.2l6mls). Axial distance from the nozzle exit is normalised to the duct

diãmeter, D,turr.. "'233

The effect of confinement on the concentration fluctuation intensity on the jet axis,

\r^r_¡uaÇo, of the dp¡=38mm PJ nozzle. Conditions: PJ flow only (y6'¡7=0%), Reynolds

nu-6".=00,t00, UulIJ"-p¡=0.196 (Uu=0.216mls). Axial distance is normalised to the PJ

nozzlechamberdiameter, dpl.... """233
The effect of confinement on the concentration half-width, r 1¡2/d.p¡, of the d"r=33mm PJ

nozzle. Conditions: PJ flow only (y6'¿7=07o), Reynolds number=66,10o, UulUn-p¡=0'lÇ$

(lo=0.2l6mls). Axialdistanceisnormalised tothePJnozzlechamberdiameter, dpt. ..'.....234

The effect of CAJ proportion, VC¿y, on the mean jet concentration on the jet axis, É¡r, of the

38mm PJ nozzle. Conditjons: co-flow velocity U¿=0. 108m/s, confinement D¿u"r/dp¡=7.6,

massflux raliomrr/m6=18'4'.. ' "" " '235

The effect of CAJ proportion, VCA.¡, on the concentration fluctuation intensity, \r^r-.¡u\¡u, on

the jet axis of the r/"r=l$¡¡m PJ nozzle. Conditions: co-flow velocity Uu=0'108m/s,

conlrnement D¿rr/dp¡=T.6, mass flux tatio mrr/mo=18.4. " . " " " '236

The effect of CAJ proportion, Vc,4¡ on the concentration half-width, r1¡2/dp¡, of the

dp¡38mm PJ nozzle. conclitions: co-flow velocity ur=O.108m/s, confinement

óurr¿drr=l .e, mass flux tatio m¿/m618'4" ' ' ' ' '236

The effect of CAJ proportion, Vce¡ on the mean jet concentration on the jet axis, (,7, of tlre

3gmm pJ nozzle. Conditions: co-flow velocity Ua=0.038m/s, confinement D¿,,r/dp¡=10.9,

massflux ratiom¿/mo=18.4.... """237
The effect of CAJ proportion, VCA;, on the concentration fluctuation intensity, \rrr-.¡u/E¡u, on

the jet axis of the d"r=33¡¡m PJ nozzle. Conditions: co-flow velocity Uu=0'038m/s,

confinement D¿u"r/clp¡=10'9, mass flux ratio m¿/mg=l$/'' ' ' ' '237

The effect of CAJ proportion, Vc¿¡ on the concentration half'-widfh' r1¡2/dp¡' oÏ the

dp-3Smm PJ nozzle' conditions: co-tlow velocity uo=0'038m/s' confinemenf

ó¿u"¡rlrr=t0.9, mass flux ratio m¿/mo=l$'4" ' ' '238
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Notation

Abbreviations and Constants

Adjacent Annular Jet

Annular Shaping Jet

Central Axial Jet

Charge-Coupled Device

Emission Index of Nitrogen Oxides

Fluidic Precessing Jet

Multi-Channel Burner

Mechanical Precessing Jet

Neodium Yttrium Aluminium Garnet laser

Probability Distribution Function

Planar Laser-Induced Fluorescence

Root Mean Square

Signal to Noise Ratio

Stefan-B oltzm ann constant = 5. 67 x 1 0-8W I m2 .K4

AAJ

ASJ

CAJ

CCD

EINOJ

FPJ/PJ

MCB

MPJ

Nd:YAG

PDF/pdf

PLIF

RMS

SNR

o

Roman Symbols

4,.¡

b

b¡¡(r)

b¡¡(x)

b ¡í (')

b ¡í (*)

B¡.Ì

c,c

C¡i

crql

d

dc

dc¡t

dE

do,

dpt

d2

D

Correction for the spatial distribution of absorption of laser intensity

Absolute path length (m)

Position of pixel (ij) along the r-axis of a CCD camera image

Position of pixel (i.7) along the x-axis of a CCD camera image

Corrected position of pixel (ii) along the r-axis of a CCD camera image

Corrected position of pixel (ii) along the x-axis of a CCD camera image

Spatial distribution of the background noise of a CCD camera

Fluid concentration

Fluid concentration measured at pixel location (l,r)

Reference concentration representing 100% jet fluid

Jet exit diameter (m)

Centre-body diameter (m)

Central axial jet exit diameter (m)

Momentum or effective diameter of a jet (m)

PJ nozzle inlet orifice diameter (m)

PJ nozzle chamber diameter (m)

PI nozzle exit orifice diameter (m)

Molecul ar diffusion coefficient (m2ls)
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Drtuct

Dkitn

f
lp

F

G

Gcu

G¡.¡

Gpt

Gshuping

Go

Ii¡

Io

K1

K2

lc¡t
lr

1,.

Ic

L

L

Ltto^o

nx

lù

mu

m6

Pn

D
' mII

Prrro

PrqÍ

o

Qru,l

Qh,,

Qwall,ah,t

Qwuil.,emit

Q¡Iu^o

o,.
-.t

r

Diameter of a confining duct (m)

Diameter of a kiln (m)

Frequency (Hz)

Frequency of precessional motion (Hz)

Fluorescence intensity

Jet source momentum (N or kg.m/s2)

Momentum of the central axial jet at the jet exit (N or kg.m/s2)

Spatial distribution of the gain response of a CCD camera and optics

Momentum of the precessing jet calculated at the upstream orifice inlet to the nozzle chamber

(N or kg.m/s2)

Momentum of the shaping jet at the jet exit (N or kg.m/s2)

The excess momentum flux of a jet relative to the surrounding co-flow (N or kg.m/s2)

Spatial distribution of laser intensity

Incident laser intensity

Concentration decay constant

Spreading rate (slope) of the jet concentration half-widtll

Protrusion distance of the central axial jet exit from the face of the centre-body (m)

Local length scale in a flow (m)

Distance between the upstream face of the centre-body and the inlet orifice of the PJ nozzle cham-

ber (m)

Momentum radius of a jet in a co-flow (m)

Chamber length of tlre PJ nozzle (m)

Spatial resolution of a measurement probe or volume (m)

Flame length (m)

Craya-Curtet scalin g parameter

Mass flow rate (kg/s)

Mass flow rate of co-flow/secondary fluid (kg/s)

Mass flow rate of jet fluid (kg/s)

Instantaneous laser power in image n

Minimurn instantaneous laser power in a set of images

Maximum instantaneous laser power in a set of images

Calculated reference laser power for the correction of laser power fluctuations

Rate of energy transfer (W)

Total measured rate of radiant energy transfer (W)

Rate of total heat transfer through the kiln simulator walls (W)

Rate of radiant energy absorbed by the kiln simulator walls (W)

Rate of radiant energy transfer emitted by the kiln simulator walls (W)

Rate of radiant energy transfer directly emitted by the flame (W)

Energy input in the fuel (W)

Span-wise (radial) location in cylindrical co-ordinates (m)
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rccD

fhr¿ak

Size of the CCD array in pixels along the r-axis

Radial distance from the PJ nozzle axis at which thejet edge "breaks" due to the effects of confine-

ment (m)

Jet centreline concentration half-width (m)

Ocular distance of the optical system of a CCD camera

Average signal strength from the laser power reference cell

Average signal strength from thejet retèrence concentration cell

Spatial distribution of fluorescence intensity

Background dye concentration

Time (s)

Non-adiabatic flame temperature ('K)

Wall surface temperature (oK)

Becker scaling parameter

Fluid velocity (m/s)

Bulk mean fluid velocity (m/s)

Bulk mean velocity of co-flow/secondary air or water (m/s)

Estimated velocity of the precessing jet at the exit of the nozzle chamber (m/s)

Velocity of the precessing jet at the inlet orifice to thePJ nozzle chamber (m/s)

Flame volume (m3)

Axial width of the centre-body (m)

Maximum flame width (m)

Stream-wise (axial) location in cylindrical co-ordinates (m)

Axial distance from the PJ nozzle exit at which the jet edge "breaks" due to the effects of confine-

ment (m)

Size of the CCD array in pixels along the x-axis

Virtual origin based on the inverse concentration (m)

Virtual origin based on the jet concentration half-width (m)

r l/z

Jc

s2

S cref

si¡

R

t

Tf.

Tw

TIt

u

U

u4

U e-PJ

U,,,

v¡to^o

wc

?'"*"
xhre¿k

xccD

xO, I

xo,2

Greek Symbols

c)(,

Þ

x

Xr

^
e

€

T

o

f'F

Constant of proportionality in the equation relating the Kolmogorov and Batchelor lengtlr scales

Ratio of the laser power signal strength to thejet reference concentration signal strength

Non-dimensional axial distance on the jet axis, = (z-20,1)/d"

Flame radiant fraction

Difference

Extinction coefficient of a fluorescent dye

Emissivity

Non-dimensional radial distance from the jet axis, = r/ (z - zs,2)

Quantum efficiency of a fluorescent dye

Momentum ratio based similarity parameter for swirl and bluff-body nozzles
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Ratio of shaping jet momentum to the sum of the momentum of the precessing jet, calculated at the

upstream orifice inlet to the nozzle chamber, and shaping jet = Grt op¡ne/(GRr + G.r,nping)

Ratio of central axial jet momentum to the sum of the momentum of the precessing jet, calculated

ât the upstream orifice inlet to the nozzle chamber, and central axial jet = G"orl(Gr, + Gça¡)

Reference concentration ratio scaling parameter

Resolution length scale (m)

Batchelor length scale (m)

Kolmogorov length scale (m)

Experimental uncertaintY

Thring-Newby parameter

Fluid density (kg/rn3)

Standard deviation

Global flame time scale (s)

Batchelor time scale (s)

Laser pulse-fluorescenðe time scale (s)

Laser pulse repetition rate and camera frame rate (s)

Conserved scalar jet concentration

Conserved scalarjet concentration measured at pixel location (ij)

Mean jet concentration

Root mean square of jet concentration fluctuations

Mass proportion of tl.re total jet flow rate through the slraping jet = ñ"r,nping/(frRJ + ñrhnping)

Mass proportion of the total jet flow rate through the central axial jet = ñcAJ/(rfipJ + rnça¡)

Non-Dimensional Parameters

Reynolds nunb".= Y
Schmidt number = Ë

Froude numb", = *
Jcl

Strouhal number of jet excitation = E

Strouhal number of precession from the fluidic precessing jet nozzle, based on jet source momen-

tum = 
fo#dp¡2

J-c

Strouhal number of precession from the mechanical precessingjet = ff

Subscripts

|,thuping

lcu

K

¡,

)uh

7uk

Ir

e

p

o

xç

1t,

lpul,,"

x.¡iurt"

L
I
z
>tl

E
I
t
Srn.r

Vshuping,

Yc.¿t

Re

Sc

Fr

stn,

St¡r,t

5,,

a

e-PJ

f
q

Denotes quantity in the co-flow/secondary flow

Estimated quantity for the precessing jet

Flame

Denotes quantity at a given pixel (ii) of a CCD array
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m.tn

nxax

n

r

ref

rnxs

w

0

Minimum value

Maximum value

,'lt *aorua"aent, e.g. image number

radiation

Reference value

Root Mean Square of fluctuating component

Wall

Denotes quantity at the jet source

Denotes quantity in the ambient environment/far-field

Time mean value
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