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Abstract--Mass flux, mass fraction and concentration of kerosene droplets have been measured by a 
phase-Doppler instrument in a swirl-stabilized burner during inert and reacting flow. In the reacting flow, 
the flame was supported by natural gas added through the fuel stalk, while the kerosene was added to 
and atomized by the combusting air. The bulk mean velocity of the combustion air was 30.4 m/s, 
corresponding to a Reynolds number of 30,000, and the swirl numbers were 0.48 and 0.29, respectively, 
upstream and downstream of the kerosene injection. The equivalence ratios were 0.45 and 2. I 1 for the 
natural gas and the kerosene, respectively. The results show that the minimum swirl necessary for flame 
stability caused fuel to centrifuge from the region of combustion, so that only 8 kW of energy could be 
released out of the available 37.4 kW of the kerosene fuel. An important conclusion is that an optimum 
swirl number will exist with every atomization and burner arrangement of a liquid-fuelled flame and will 
be different from that associated with the corresponding gas-fuelled flame. The measurement techniques 
appropriate to regions where the flow instantaneously reverses are described and the existence of large 
droplets, which moved towards the injector inside the recirculation zone and supplied fuel to the base of 
the flame, are explained in terms of a "fountain effect" based on the mean drag between the gas phase 
and the droplets. Sources of uncertainties of the mass flux and concentration measurements with the phase 
Doppler instrument are considered in detail. 

Key Words: swirl-stabilized flame, inert flow, mass flux, mass fraction, concentration, size of liquid 
droplets, phase-Doppler velocimetry 

1. I N T R O D U C T I O N  

Some progress in the experimental investigation o f  liquid fuel spray flames has been made by the 
photographic  measurements  such as those o f  McCreath  & Chigier (1973), the laser-Doppler  
measurements  o f  Khalil & Whitelaw (1977), and the laser tomographic  technique o f  Yule et al. 

(1982) but, laser-based instruments able to measure size and velocity o f  droplets simultaneously 
offer many  advantages.  The phase-Doppler  technique, suggested by Durst  & Zar6 (1975), provides 
sizing information independent o f  the intensity o f  the laser beams and their at tenuation due to the 
turbidity o f  the flow (Hardalupas  et al. 1988), and this is impor tant  for accurate fuel flux 
measurements.  The technique has been used successfully in non-react ing liquid sprays, for example 
by Bachalo et al. (1986), Dodge  et al. (1988), Reitz (1988), Saffman et al. (1988) and Harda lupas  
et al. (1992), to measure droplet size and velocity as well as fuel flux and concentrat ion.  

Measurements  in inert and reacting flows within and downstream o f  burner arrangements  are 
fewer. Mao  et al. (1986), McDonel l  & Samuelsen (1989), Kawazoe  et al. (1990) and Harda lupas  
et al. (1994) used phase-Doppler  velocimetry to obtain droplet flux and concentrat ion measure- 
ments in non-swirling flows and Edwards  & Rudof f  (1990), Hardalupas  et al. (1990) and Presser 
et al. (1990) in swirling flames. However,  there is no emphasis in the literature on quantities related 
to the liquid fuel mass flux, fraction and concentrat ion,  which are associated with the ability o f  
the liquid fuel to react and release heat in the recirculation zone and are impor tant  for the stability 
and extinction o f  the flames. Al though droplet  size and velocity correlations can provide 
information on droplet dispersion, they cannot  indicate the amoun t  o f  fuel present at each location. 
The present work focuses on mass flux, mass fraction and concentra t ion measurements  o f  kerosene 
droplets in the burner  o f  Harda lupas  et al. (1990) for inert and reacting flow, with the min imum 
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swirl number required for flame stability. The emphasis is on the effect of droplet dispersion and 
spatial distribution on their ability to release vapour and ignite in the near burner region and, in 
this way, release heat to stabilize the flame. The probability of releasing the potential liquid fuel 
heat load in the flame is examined. A possible reason for reduced heat release is provided by Liu 
et al. (1989) who used refractive index matching of particles and liquid to show the extent to which 
swirl can centrifuge particles from the core region. 

An important aspect of this paper is the description of the methods used to measure liquid fuel 
mass flux, mass fraction and concentration and the analysis of problems associated with locations 
within the recirculation zone, where the flow instantaneously reverses, and the measurement 
techniques appropriate to this region. Possible sources of uncertainties are reviewed in detail, 
essential to the quantification of the uncertainties, which are not available in the literature. Existing 
liquid fuel flux and concentration measurements in different flow arrangements are reviewed and 
errors associated with these measurements are evaluated. This review allows the uncertainties 
associated with the current measurements to be quantified. 

The paper has been prepared in four sections. Section 2 describes the flow configuration and the 
phase-Doppler technique and methods used to measure liquid fuel mass flux, mass fraction and 
concentration. The sub-section concerned with the phase-Doppler velocimeter provides a descrip- 
tion of  the instrument with detail essential to the quantification of  measurement uncertainties, 
reviews previous flux and concentration measurements and their uncertainties and quantifies the 
uncertainties of  the current measurements. The three remaining sections present the results, related 
discussion and summarize important conclusions. 

2. FLOW C O N F I G U R A T I O N  AND M E A S U R E M E N T  T E C H N I Q U E  

The following two sub-sections describe the flow configuration and the phase-Doppler instru- 
ment used to measure droplet characteristics. Since the emphasis is on the two-phase flow results 
obtained by the phase-Doppler instrument, possible sources of  uncertainties are considered in detail 
in the third sub-section and the consequences for the present measurements in the last section. 

2.1. Flow Configuration 

The burner was identical to that of Hardalupas et al. (1990) and is shown in figure 1 with 
dimensions and details of the fuelling arrangement. In reacting flow, the flame was supported by 
natural gas added through the fuel stalk. The natural gas was exchanged by air of equal momentum 
flowrate in the inert flow. The kerosene was injected radially through the 0.33 mm dia holes at a 
bulk velocity of around 2 m/s and atomized through shear with the swirling combustion air. The 
swirl number of the combustion air, defined as (e.g. Wall 1987): 

2Go 
S w  = [1] 

GzD 

where Go = 21tp S~=0 WrUr dr, Gz = 21tp SrR=o UUr dr, R and D are, respectively, the radius and the 
diameter of the quarl inlet, W is the tangential velocity, U is the axial velocity and p is the air 
density, was 0.48 upstream and 0.29 downstream of the kerosene injection with the latter number 
estimated from the mean velocity characteristics of the 10/~m droplets. A gas-phase recirculation 
zone was established at the mouth of the quarl, which stabilized the flame. In the inert flow, the 
length of  the gas phase recirculation zone was about 30% less than that of the single phase due 
to the introduction of the liquid fuel. The difference is likely due to the reduction of the swirl 
number of  the air at the entrance to the quarl where liquid fuel is introduced, which arises from 
the loss of axial flux of  angular momentum, Go, from the air to the kerosene droplets. In the 
reacting flow, the recirculation zone was 20% longer than that of  the inert flow, because the smaller 
density of the gases in combustion reduced turbulence production and delayed the end of the 
recirculation zone. The flowrate of the combustion air was 315 dm3/min resulting in a bulk mean 
velocity of  30.4 m/s, corresponding to a Reynolds number of 30,000, based on the bulk velocity 
and the diameter of the air jet at the inlet of the quarl. The flowrates of the natural gas and the 
kerosene were 15 dm3/min and 0.91 x 10 -3 kg/s, the latter corresponding to a potential heat release 
of  37.4 kW, and the equivalence ratios were 0.45 and 2.11, respectively. It is expected from the 
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droplet velocity and size results of Hardalupas et al. (1990) that the potential liquid fuel heat load 
of 37.4 kW will not be fully released in the 8 kW gas flame and the amount of possible heat release 
in the recirculation zone is quantified here. 

2.2, Measurement  Technique 

The phase-Doppler technique derives the sizing information from the spatial frequency of the 
interference pattern scattered by a spherical particle crossing the probe volume of a laser-Doppler 
velocimeter. This is measured by two photodetectors in terms of the phase shift between the 
resulting Doppler shift, which is linearly related to particle diameter for certain collection angles 
of the receiving optics. The sizing information can be obtained without calibrating the instrument 
before each measurement, as for amplitude-based sizing techniques (e.g. Boerner et al. 1986; Kliafas 
et al. 1990; Yeoman et al. 1982), is independent of the intensity of the laser beams and their 
attenuation due to the turbidity of the flow and this is important for accurate fuel flux 
measurements. 

The phase-Doppler system used for this experiment is described by Hardalupas (1989) and was 
based on an Argon-ion laser, emitting light at 514.5 ktm and 600 mW, transmitting optics with 
rotating radial diffraction grating to introduce frequency shift, and collection of the scattered light 
by integrated receiving optics based on three photodetectors located 30 ~ off the axis of the 
transmitting optics. The beam intersection half-angle was 2.71 '7 , the size of the probe volume was 
1.71 × 0.081 × 0.081 mm and the fringe spacing was 5.44pm resulting in a frequency-to-velocity 
conversion factor of 0.18MHz/(m/s). The phase to diameter conversion factor was 
0.263/~m/degree which resulted in a maximum droplet diameter identified by the instrument of 
95 #m. The rest of the optical and signal processing arrangements were the same as those of 
Hardalupas et al. (1990). The system provided simultaneous measurement of velocity, size, 
interdata arrival time and residence time of each droplet crossing the probe volume of the 
velocimeter and provided information of the liquid fuel mass flux, mass fraction and concentration 
in the inert and the reacting flow, as explained in the following paragraphs. 

The phase-Doppler is a single particle counter and can measure directly the temporal size 
distribution. However, the effective area of the probe volume increases with particle size, because 
of the Gaussian irradiance distribution in the laser beams, and was calculated for each size class 
" i "  according to Saffman (1987) and taking into account the frequency shift, as described by 
Hardalupas & Taylor (1989). The mass flux of a particular size class, G'(di) (kg/m2/s) is here 
defined as that crossing an area defined by having unit normal perpendicular to the plane of the 
fringes of the velocimeter and was calculated from the measured temporal size distribution by 

pkn d~ "~ '  U±(di)j 
G '(d,) - 6T~ A l (d i )  "-' ]U, (d,)~[ [12] 

where Pk is the droplet density, T~ is the total sampling time, A ±(di) is the area of the probe volume 
for size class di with unit normal perpendicular to the plane of the fringes, Ui (di)j is the j th  sample 
of the velocity component normal to the fringes for a droplet with diameter d,. The fraction under 
the summation symbol has the value + 1 or - 1 and thus provides a positive or negative sign for 
each measurement, depending on the sign of the velocity component, so that in the recirculation 
zone, where negative droplet velocities frequently predominate, the sign of G '(di) can be negative. 
It should be noted carefully that the magnitude of the velocity attached to each measurement is 
immaterial to magnitude of the droplet flux. The net flux carried by all sizes in the distribution 
is 

k 

G = ~ G'(d~) [3] 
i - I  

where k is the number of bins in the size distribution. The integral of the radial profiles of net flux 
quantifies the liquid fuel flowrate passing through each axial station. The iso-flowrate lines, which 
are the equivalent of gaseous flow streamlines for the disperse phase, were drawn from the flux 
measurements by joining axial locations in the flow containing equal percentage of total fuel 
flowrate existing up to a radial distance r from the burner axis, F,, estimated by: 

fo F r = 2n G (r)r dr/F¢ [41 
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where r is the radial distance from the burner axis, G (r) is the local net liquid fuel flux and Ft is 
the bulk liquid flowrate, as measured by the flowmeter. The local average mass fraction f of the 
liquid fuel was determined from the mass flux measurements by: 

f = G/(G + PUair) [5] 

where G is the local mass flux of  the liquid kerosene and pUai r is the local mass flux of  the air. 
The velocity of  the air in the presence of the liquid droplets, U~ir, was approximated by that of  
droplets in the size range 5-10 pm and p is the density of  the air under normal atmospheric 
conditions. In the reacting flow, change in gas density due to the temperature of the flow was 
ignored as well as the influence of the kerosene vapour and the combustion products and this leads 
to overestimation of  the mass flux of the air by a small amount at the edge of the flame. The mass 
fraction of a compound in a mixture quantifies its mass transfer through an area of the flow 
(Spalding 1963) and can be either negative or positive and even larger than unity with the only 
limitation that the sum of  the mass fractions of  the components in the mixture should equal unity. 

The number density ( # / m  3) of the droplets was measured independently of the flux by the 
method suggested by Hardalupas & Taylor (1989), which is based on the residence time of particles 
in the measuring volume and the number density N i of size class " i "  is given by: 

Ni = (Z~,/T,)I/V, [6] 

where (7,z~/Ts) is the fraction of time that the droplets of size class " i "  are resident in the effective 
volume V~ of the probe volume of the velocimeter and Ts is the total sampling time. Any derivation 
of the number density of  the droplets based on the division of the flux in each size class of  the 
measured temporal size distribution by the mean velocity of each size class, as suggested by Saffman 
(1987) and Bachalo et al. (1988), exhibits discontinuity close to the free stagnation point in this 
flow resulting in erroneous measurements and should be avoided. The improved accuracy of the 
measurement of  number density using the residence time technique, [6], has been recently 
recognized and adopted by other workers (Zhu et al. 1993). The concentration (kg/m 3) of  the 
kerosene Yk was estimated by the total number density N(=ZN~)  of all the measured droplets: 

Yk = Nrr/60 ~0 Pk [7] 

where D30 is the volume mean diameter calculated by the spatial size distribution and Pk is the 
density of the kerosene. 

The measurements of  kerosene mass flux, mass fraction and concentration were based on size 
distributions comprising 20,000 samples at each point and resulted in statistical uncertainty of less 
than 2% in the cumulative size distribution (Tate 1982), which was added to the larger 
measurement uncertainties discussed below and summarized in table 1. 

2.3. Review of Sources of Uncertainties and Accuracy of Reported Flux Measurements 

(a) Attenuation of laser beams due to turbidity of  flow or optical windows 

Sizing with phase-Doppler velocimetry is not affected by the turbidity of  the flow (Hardalupas 
et al. 1988), because it is independent of the intensity of incident beams, in contrast to visibility 

Table 1. Sources of uncertainties in the flux and concentration measurement with a phase-Doppler velocimeter 

Influence on mass flux and 
Sources of uncertainties concentration measurements 
(a) Attenuation of laser beams due to turbidity of flow or optical windows 
(b) Hardware and software validation 
(c) Particle sizing related errors 

Multiple particles 
Signal-to-noise ratio 
Oscillations of response curve for small droplets 
Gaussian intensity profile of incident laser beams 
Droplet refractive index variation in reacting flows 

(d) Area of probe volume 

(e) Accuracy of the phase shift 

systematic reduction 
systematic reduction 

random 
random 
random 
mainly systematic reduction 
systematic increase 
systematic increase (for estimates based on 
direct measurement of the length of the 
Doppler burst) 
random 
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and amplitude-based techniques (Kliafas et al. 1990). However, the mass flux and concentration 
measurements can be systematically reduced by an inadequate dynamic range of the photodetectors 
and the requirement of a minimum number of zero crossings in the Doppler signal. These possible 
errors can be compensated by the on-line measurement of the area of the probe volume, which 
is reduced as the attenuation of the laser beams increases, but not eliminated particularly in dense 
sprays. The magnitude of the resulting uncertainty in flux depends on the size range of the droplets 
and the optical arrangement used and is expected to be less than 10%. 

(b) Hardware and software validation 

All phase-Doppler instruments include hardware and software validation logic to eliminate 
signals from droplets which could lead to erroneous measurements of droplet diameter or velocity. 
Since the validation logic does not reject signals in a particular range of droplet diameters, the 
rejection rate should lead to a systematic reduction of the liquid mass flux and concentration. This 
uncertainty depends on the droplet number density, the signal-to-noise ratio and the logic and can 
be as large as 20% in most of the cases, but becomes larger for measurements in dense sprays and 
with low signal-to-noise ratio. 

(c) Uncertainties stemming from errors in the measurement of droplet size 

Droplet sizing errors can reduce or increase the flux and concentration measurements as 
described below. 

Multiple particles. The phase-Doppler velocimeter operates properly with one droplet in the 
probe volume, but the probability of the presence of multiple droplets can be important in dense 
sprays and cause large rejection of signals with reduction of the measured flux (Edwards & Marx 
1991). For certain conditions of velocity and size, however, some of those signals can still be 
validated (Sankar et al. 1993), with consequent random error in the flux measurement. This source 
of uncertainty has negligible effect on measurements in dilute sprays. 

Signal-to-noise ratio (SNR). The accuracy of the phase measurement between two Doppler 
signals with a counter processor is reduced at low SNR signals (Ibrahim et al. 1991; Lading & 
Andersen 1990) resulting in random RMS errors of up to 2 degrees for SNR larger than 10 dB 
which doubles as the SNR is reduced to 0 dB. These uncertainties will be larger with small sizes, 
because of the associated small values of the phase shift. 

Oscillations of  response curve for small droplets. Oscillations remain on the response curve of the 
instrument for small droplets over a size range which varies with the optical geometry and the 
maximum possible droplet diameter measured by the instrument (Hardalupas & Taylor 1988; 
Sankar et al. 1991; Naqwi et al. 1991; Saffman et al. 1984). Random errors of the order of 50% 
may arise in the sizing of small droplets, but since they relate mainly to droplets smaller than 10 # m, 
which in most combustion applications carry a small amount of liquid, the effect on the flux and 
concentration measurements is negligible. 

Gaussian intensity profile of  incident laser beams. The Gaussian intensity profile of the incident 
beam reduces the relative contribution of refraction to the scattered light by the droplet and 
reflection can dominate for certain droplet trajectories with diameters of the order of the diameter 
of the probe volume and cause errors. Sankar & Bachalo (1991) found that about 25% of the 
possible droplet trajectories through the measuring volume can result in errors, which cannot be 
rejected by the validation logic and, for droplet diameters between 0.25 and 1 probe volume 
diameter, their size can be underestimated (Grehan et al. 1991) leading to a systematic reduction 
of the flux. In contrast, droplets larger than the diameter of the probe volume can be overestimated, 
but this error is eliminated by the sizing validation algorithm suggested by Hardalupas & Taylor 
(1994). The former underestimation of droplet diameter can be reduced by (i) using two receiving 
optical units placed symmetrically around the plane of the beams (Grehan et al. 1992), although 
alignment problems arise, (ii) appropriate optical geometry (Sankar et al. 1992), if this is an 
available option for the sizing range of the droplets measured and (iii) polarization filters which 
attenuate the unwanted parts of scattered light (Saffman 1986). None of these methods can 
eliminate the sizing errors and liquid flux and concentration may be underestimated. The resulting 
uncertainty in flux depends on the ratio of the droplet-to-probe volume diameter, and the 
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probability of droplets crossing the probe volume with specific trajectories and can be kept small 
if the probe volume is larger than the maximum droplet diameter in the flow. 

Droplet refractive index variation in reacting flows. The increase of droplet temperature in reacting 
flows leads to preferential evaporation of the lighter compounds of the liquid fuel and so decreases 
the refractive index. Since the sizing response curve is based on the refractive index at atmospheric 
conditions, overestimation of diameters, flux and concentration by up to 10% can occur with a 
forward-scatter collection angle of 30 ° (Pitcher et al. 1991) if the refractive index is reduced from 
1.4 to i.3, which is common for hydrocarbon fuels; the overestimation increases to around 100% 
for backscatter collection angles (Hardalupas & Liu 1993; Schneider & Hirleman 1994). 

(d) Area of  probe volume calculation 

Uncertainties in the area of the probe volume affect the flux and concentration measurements. 
Saffman (1987) calculated the area of the probe volume as a function of size from the length of 
the Doppler burst, determined by counting thenumber of zero crossings, and Hardalupas & Taylor 
(1989) included the effect of frequency shift which is required for measurements in regions of reverse 
flows. This method is limited to one-dimensional flows, and its application with a single velocity 
component system can lead to underestimation of the probe volume area by around 10% for 
droplet trajectories inclined at angles up to 60 ° to the direction normal to the fringes (Saffman 1987) 
and more than 100% for larger trajectory angles. In addition, the area of the probe volume is 
underestimated by up to 90% for signal-to-noise ratios (SNR) around 8 dB (Qiu & Sommerfeld 
1992). According to [2], the flux measurement can be overestimated due to the area of the probe 
volume underestimation and the resulting error can be reduced by a two velocity component 
instrument, but the accepted number of measurements and the flux are reduced due to the 
additional requirement of time coincidence between the Doppler signals for each component and 
in three dimensional flows the problem appears again. An alternative method for the area of the 
probe volume estimation based on the detection of the amplitude of the filtered Doppler signal, 
has been suggested by Qiu & Sommerfeld (1992) and appears to be independent of the droplet 
trajectory and velocity, but more evaluation is required. The resulting overestimation of the flux 
depends on the probability of the inclination of droplet trajectories through the probe volume. 

(e) Accuracy of  the phase shift 

The accuracy of the sizing measurements depends on the resolution of the electronic circuit which 
counts the time delay between the Doppler bursts. For a counter processor the resolution of the 
crystal limits the accuracy. For example, the present counter processor with resolution is _ 2 ns, 
defined by the 500 MHz crystal (Hardalupas 1989), resulted in +4 ° resolution of the phase 
measurement for a typical Doppler frequency of 6 MHz, which, after considering the sizing 
conversion factor of the instrument for the present optical arrangement, corresponds to _ 1.5 #m. 
This random effect is significant for droplets smaller than around 20 #m but is negligible for larger 
droplets. If the larger droplets carry most of the flux, the contribution to uncertainty of the flux 
measurement is expected to be negligible. It should be noted that FFT processors also introduce 
random errors because of their time resolution of the phase shift measurement, although they are 
more immune to errors due to signal-to-noise ratio. 

Table 1 suggests that different sources of uncertainties can reduce and increase the measured flux. 
For example, the sizing validation can reduce the measured flux due to rejection of signals from 
droplets which do not meet the required criteria, but erroneous estimates of the area of the probe 
volume could increase the measured flux, so even after two errors, the final flux measurement could 
appear misleadingly correct. However, an indication of the accuracy of the flux measurement is 
the comparison between the estimated liquid flowrate after integration of the radial profiles of flux, 
assuming axisymmetric flows, with the flowrate measured by a flowmeter. Table 2 summarizes some 
reported measurements of flux with a phase-Doppler instrument, which include comparison 
between liquid flowrate supplied and estimated by integration of the measured flux profiles and 
indicates errors in the liquid flowrate estimates up to ___ 20% in dilute regions of the flows. In dense 
sprays, maximum errors between -50  and + 100% can occur (e.g. Zhu et al. 1993; Hardalupas 
& Whitelaw 1993). The following conclusions can be drawn from table 2: 



240 Y HARDALUPAS et at. 

(i) The discrepancies are independent of the method of operation of the processor, which 
suggests that the accuracy of the phase shift measurement is adequate in regions of the 
flow where the signal to noise ratio is larger than 10 dB. 

(ii) The discrepancies are mainly systematic, usually reducing the estimated flowrate, with a 
small random component. This justifies the assumption that systematic effects do not vary 
significantly in each flow and, in this way, comparisons between liquid flowrates in inert 
and reacting flows are possible and, for example, the evaporated fuel in reacting flows 
can be quantified. 

(iii) The validation rate of the measurements is important and may contribute largely to the 
reduction of the measured flux. Correction of the flux measurements with the validation 
rate reduces the systematic effect and suggests uncertainties of the order of + 5% (e.g. 
Qiu & Sommerfeld 1992). This seems to be the main reason why Qiu & Sommerfeld (1992) 
have reported such low uncertainties in their measurements and, if the rest of the reported 
measurements of table 2 in dilute regions of the corresponding flow are also corrected with 
the validation rate, which is typically 80% of the attempted measurements, then the 
magnitude of the uncertainties in the corrected fluxes are similar to those reported by Qiu 
& Sommerfeld (1992). 

(iv) Although it is generally accepted that the details of the method of calculation of the area 
of the probe volume is important for the flux measurements (e.g. McDonell & Samuelsen 

Table 2. Comparison between liquid flowrate measured by flowmeters and estimated after integration of measured radial 
profiles of  flux by phase-Doppler velocimeter 

Uncertainties of  liquid 
Reference Flow configuration Phase-Doppler system flowrate measurement  

Dodge et al. (1987) fuel spray with 80 ° angle single-velocity component  + 200 to + 300% at distances 
from a pressure swirl with "zero crossing" between 20 and 60 mm from the 
atomizer (Parker Hannifin counter processor nozzle. Errors reduced to - 20% 
Co., P/N 3030946) by improving the quality of  the 

Dodge & Schwalb (1988) 

McDonell  & Samuelsen 
(1989) 

Qiu & Sommerfeld (1992) 

Zhu et al. (1993) 

Hardalupas  & Whitelaw 
(1993) 

Hardalupas et al. (1994) 

collection lenses and increasing 
the width of  the imaging aperture 

- 19% at a distance of  20 m m  
from the nozzle exit and smaller 
differences further downs t r eam 
No correction with the validation 
ratio 
- 3 6  to - 8 %  for distances 8D to 
16D from the nozzle exit without 
correction with the validation 
ratio 
+ 5% for distances between 15 
and 50 m m  from the nozzle. 
Correction with the ratio ~/'the 
validated to the total number ~/" 
measurements 
between + 100 and - 4 0 %  tot 
distances up to 50 m m  from 
nozzle exit. Between 50 and 
130 m m  errors _+ 10%. No 
correction with the validation 
ratio 
- 50 to - 30% for distances up 
to 50D. _+ 10% for distances 
100D from the nozzle exit and 
one case with + 30% error. No 
correction with the validation 
ratio 
- 50% for distances between 
0.2D and 1.2D from nozzle exit. 
No correction with the validation 
ratio 

This work 

fuel spray with 80 ° angle 
from a pressure swirl 
atomizer (Parker Hannifin 
Co., P/N 3030946) 

methanol-fuelled airblast 
atomizer with nozzle 
diameter D = 6.3 mm 

hollow cone liquid spray 
from pressure atomizer 

pressure swirl atomizer 
producing a hollow cone 
with 30 ° angle positioned 
in a swirling air stream 

coaxial airblast atomizers 
with liquid tube diameter 
D = 2.3 m m  with variable 
liquid and air flowrates. 
Solid cone spray with I0 ~ 
angle 
isothermal flow in a bluff 
body liquid fuel burner 
with air duct diameter 
D = 50.8 mm. Spray solid 
cone 30 ° angle 
isothermal flow in a swirl 
stabilized liquid fuel 
burner with air duct 
diameter D = 16 mm 

single-velocity component  
with "zero crossing" 
counter  processor 

two-velocity component  
with "zero crossing" 
counter processor 

single-velocity component  
with fast Fourier transform 
processor 

two-velocity component  
with discrete Fourier 
transform processor 

single-velocity component  
with zero crossings counter 
processor including "5/8" 
frequency validation 

single-velocity component  
with zero crossings counter 
processor including "5/8" 
frequency validation 

single-velocity component  
with zero crossings counter 
processor including "5/8" 
frequency validation 

- 3 5 %  for distances between 
2.5D and 5.2D from nozzle exit. 
No correction with the validation 
ratio 
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1989; Qiu & Sommerfeld 1992; Zhu et al. 1993), the experiments of table 2 indicate similar 
uncertainties from instruments using different methods for this estimate. So the con- 
clusion of Qiu and Sommerfeld (1992) that the improvement in their flux uncertainties 
is due to the improved method of measuring the area of the probe volume may be 
misleading, and it appears that their improved accuracy was due to the presentation of 
their results after correcting them with the validation rate. Further work is required to 
examine the effect of the area of the probe volume on the flux measurements. 

(v) In dense regions of sprays the uncertainty of flux measurements is large due to multiple 
particles in the probe volume, attenuation of the laser beams, low validation rate, 
signal-to-noise ratio and area of probe calculation. In such regions the contributions from 
different sources of uncertainties can become large with estimates of the liquid flowrate 
by integration of the flux profiles up to 100% larger than those measured in terms of the 
bulk flow of liquid (Zhu et al. 1993). 

(vi) The quality of the lenses of the receiving optics is very important to the accuracy of the 
flux measurements. If the image of the probe volume on the aperture of the receiving 
optics is not well defined, droplets passing outside the part of the probe volume defined 
by the width of the aperture can be measured and increase misleadingly the flux (e.g. 
Dodge et al. 1987; Bachalo et al. 1988). 

2.4. Uncertainties o f  the Present Measurements  

Examination of each source of uncertainties in the flux and concentration measurements for the 
present flow quantifies the uncertainty for this experiment. The effects of the attenuation of laser 
beams and sizing errors due to multiple particles and the signal-to-noise ratio were negligible 
because the spray was dilute downstream of the exit of the quarl diffuser. Also the effects of sizing 
errors due to oscillations of the calibration curve for small droplets and the accuracy of the phase 
shift measurement were negligible since droplet diameters smaller than 15 #m carried less than 5% 
of the total liquid flowrate. The main sources of uncertainty and their influence are evaluated as 
follows: 

(i) The validation rate was typically around 75% and varied +__ 5% for different parts of the 
flow. So the rejection rate was around 25% and systematically reduced the flux and 
concentration measurements. 

(ii) Sizing errors due to the Gaussian intensity distribution of the laser beams could occur, 
since the ratio of the maximum droplet diameter to the probe volume diameter was of 
the order of unity (95/81 ~ 1.2). However, according to Grehan et al. (1991) mainly 
droplet diameters around 0.25 times the probe volume diameter can be underestimated 
and these droplets have diameters around 25 #m in this flow, which contribute less than 
10% to the total flowrate, resulting in systematic decrease up to 5% of the mass flux and 
concentration measurements. 

(iii) Sizing errors due to refractive index variations between 1.45 and 1.3 in the reacting flow 
can cause maximum errors of 10%. However, the temperature of larger droplets can be 
lower than that of small droplets and so the refractive index of the large droplets would 
be closer to that at atmospheric conditions. So the sizing error would be larger for the 
small rather than the large droplets and the uncertainty on the flux and concentration 
measurements is lower than the refractive index variation suggests, if it was the same for 
all droplet sizes. A systematic increase of the mass flux and concentration up to 5% is 
expected in the reaction zone, while the effect is negligible at the boundary of the flame, 
where the temperature is low. 

(iv) Uncertainties in the area of the probe volume may cause a systematic increase of the flux 
and concentration measurements of the order of 5%, since most of the liquid droplets 
exist at the boundary of the recirculation where the inclination of droplet trajectories 
relative to the fringes of the probe volume is expected to be less than 30 ° . 

Thus the flux and concentration measurements may be lower by around 25 and 20% in the inert 
and the reacting flow respectively due mainly to the rejection rate of the instrument. The integration 
of the measured radial profiles of liquid flux in the inert flow resulted in liquid flowrates lower than 



242 Y. HARDALUPAS et al. 

the value measured by the flowmeter by around 35%, as shown in figure 10 after normalization 
by the fuel flowrate measured by the flowmeter, which supports the above error analysis, since in 
the inert flow a systematic reduction of 25% is expected and about  15% of the liquid fuel remained 
on the quarl diffuser due to wall wetting and could not be measured by the phase Doppler 
downstream of  the quarl exit. For the reacting case, the liquid fuel flowrate was lower than that 
of  the inert flow by around 20% due to droplet evaporation and the fuel vapour could contribute 
to heat release. The scatter of  the results in figure 10 is caused by premature termination of data 
acquisition at the outer edge of the flow, where the fuel flowrate was large, rather than the sources 
of  uncertainties discussed before and random errors are expected to be less than 10%. 

3. R E S U L T S  

The coordinate system used in the presentation of the results is shown in figure 2 together with 
the near field of  the burner and the five measurement stations downstream of  the quarl exit. The 
flame envelope is also shown and is an average of photographs of the fame ,  as will be explained 
later. Results are presented with axial mean velocities normalized with the area averaged air velocity 
in the annulus at the quarl inlet, U0 = 30.4 m/s, and distances with the quarl exit diameter, 
D = 38 mm. Measurements could not be obtained beyond r/D = +0.65 at the last measurement 
station at z/D = 1.22, because of an obstruction to the throw of the traverse. Mass fluxes, mass 
fractions and concentrations have been normalized by the liquid fuel mass flux averaged over the 
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Figure 2. Sketch of the near field of the burner showing the reference system of the spatial location, 
the velocity and the flux, the locations where measurements were taken and the flame envelope for the 

reacting flow. 
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where to = o9 

as the ratio 

area at the exit of the quarl, Go -- 0.802 kg/m 2 s, the stoichiometric mass fraction 645 x 10 -4 and 
the kerosene density 780 kg/m 3, respectively. Since the mass fraction is normalized by the 
stoichiometric value, values larger than 1 indicate a fuel-rich region. 

Results are presented for droplets in the size classes 5-10, 25-30 and 55--60~m and after 
integration over all the droplet sizes. These size classes will be referred in the text as 10, 30 and 
60/~m droplets and are representative of the droplet behaviour in the flow, since the 10 #m droplets 
follow closely the gas phase flow, the 30 #m droplets correspond to the most probable diameter 
in most regions and the 60/~m droplets represent the large droplets which carry most of the liquid 
flowrate. As will be shown, the vast majority of droplets existed at diameters less than 60/~m, 
although the total flux of liquid contained in smaller diameters was around half the local value 
at some locations. The emphasis, however, is on the region of flame stabilization, where the ability 
of the droplets to release heat is important and this depends on the extent to which droplets follow 
the flow, as characterized by the three size ranges. 

The droplet response to the gas phase flow was classified by Hardalupas et  al. (1990) according 
to the Stokes number, the ratio of the flow timescale to the droplet response time as follows. The 
ability of a droplet to respond to the gas phase flow is characterized by the response time, which 
is equal to the time required to accelerate to 66% of their terminal velocity: 

pL d 2  
+- - [8] 

18/~G 

where PL is the density of the liquid fuel, do is the initial droplet diameter and Pc is the dynamic 
viscosity of the gas. Values of the response time for the 10, 30 and 60/~m droplets are given in 
table 3, for kerosene droplets in air at atmospheric pressure and temperature. The fidelity with 
which a droplet is able to follow the mean and turbulent gas phase flow is quantified in terms of 
Stokes numbers, which are ratios of the flow timescale to the droplet response time. For example, 
the mean Stokes number 

tm 
Stm = - -  [9] 

with the mean flow timescale t m = D / U  o = 1.3 ms. If the gas phase is to be followed by the droplets 
the above parameters must be larger than unity. However, since the liquid fuel is injected radially 
in the annulus where it is atomized by the swirling air stream, the droplets acquire some of the 
angular momentum of the air and, therefore, enter the flow in the quarl diffuser with increased 
swirl velocity. The magnitude of the swirl velocity implies curved droplet streaklines, which can 
give rise to centrifuging estimated by the "centrifuge" Stokes number (Kriebel 1961; Dring & Suo 
1978): 

St0 = to [10] 
T 

-~ - - ( W / r )  -1, where co is approximated by the angular velocity of the air estimated 
of the swirling velocity component IV, typically equal to 0.2U0 at r = 0.25D 

Table 3. Scaling parameters for droplet evaporation and inertia characteristics 

t~/tcv t~/tev 
di zi" t,v:~ Stm§ Sttr ¶ St011 pos. vel . t t  neg. vel.:~ 
(gin) (ms) (ms) ( - - )  ( - - )  ( - - )  ( - - )  ( _ )  

10 0.25 0. I 5.2 7.2 5 18 54 
30 2.28 0.9 0.57 0.8 0.56 2 6 
60 8.64 3.6 0.15 0.2 0.14 0.5 1.5 

100 21.1 10 0.06 0.09 0.05 0.18 0.54 

tF rom [81. 
:~From [12] using 2cv = 10 -6 m2/s. 
§From [91 using t m = D / U  o = 1.3 ms. 
¶From [1 !] using ttr = Lr/Uo = 1.8 ms. 
tlFrom [10] using to= ( r / W ) - t =  (0 .25D/O.2Uo)- l=  1.4ms. 
t t F o r  
:~:~For 

droplets with velocity direction away from the burner Ire s = ttr = Lr /U  o . 
droplets which reverse their velocity direction t~s = 3/tr. 
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(Hardalupas et al. 1990), to the radial distance r. Since this work focuses on the near burner 
aerodynamics and the ability of the droplets to evaporate and contribute to flame stability, 
their ability to disperse in the recirculation zone is important and related to the transit time Stokes 
number: 

Sttr =--ttr 111] 
l" 

with the droplet transit time through the length L, of the mean recirculation zone, 
ttr = Lr/Uo = Lr/Uo = 53 mm/30.4 m/s = 1.8 ms where Ud =/--7o is a typical droplet velocity in the 
spray. 

Evaporation also influences the droplets in the hot environment of  the recirculation zone and 
the lifetime of an evaporating isolated hydrocarbon droplet (Kanury 1977) is: 

a0 
tev = v -  [12] 

A, ev 

with d o the initial droplet diameter and 2ev a parameter dependent on the surrounding gas properties, 
the fuel properties and the surrounding temperature. A simplification used for the purposes of this 
paper, justified by the high temperature of  the gas in the recirculation zone, is that )Lev = 10 ~ 6 m2/s 
for kerosene, as suggested by Kanury (1977) for a reacting droplet, and so the values of the 
evaporation times presented in table 3 are a minimum and will be used to evaluate fuel evaporation. 
Of course, evaporation times become longer in low temperature regions and in the dense droplet 
environment of the spray, where more complicated approaches are required (Chiu and Liu 1977; 
Bellan and Harstad 1987) to take into account the local oxygen and fuel vapour content and droplet 
number density. The droplet vapour released by the droplets in the near burner region is related 
to the ratio between droplet residence time, t .... in the recirculation zone and the evaporation time, 
tr¢~/t~, which varies with the droplet diameter (Hardalupas et al. 1994) and if this ratio is larger 
than 1 the droplet evaporates completely in the recirculation zone. 

The results are presented in three sections: fuel mass flux, mass fraction and concentration 
measurements for the inert and the reacting flow separately. In the first section the effect of the 
gaseous flow on the liquid fuel distribution is examined and the potential vapour release from different 
droplet sizes is discussed using the inert flow results and comparing with the reacting flow. The 
second and the third section presents the spatial distribution of the local liquid fuel mass fraction 
and the mass concentration, respectively. 

3.1. M a s s  Flux  

The axial and radial mass flux results are presented separately for the inert and reacting flows. 
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Figure 3. Net axial mass flux of  the liquid fuel in the inert flow: (a) spatial distribution from the quarl 
diffuser exit till z/D = 1.22 and (b) centreline profile. Normalization by Go, the liquid flux averaged over 

the area at the exit of  the quarl. 
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(a) Inert flow 

The mass flux was maximum at the edge of the jet, figure 3(a), while only a small amount of 
the fuel existed at the central part of the flow. Around 15% of the initial fuel flowrate reached the 
wall of the quarl diffuser before the exit and the amount was quantified by collecting the liquid 
fuel dripping downwards from the quarl over a long period. The asymmetry of the profiles was 
small and was traced to manufacturing tolerances in the injection holes. The centreline development 
is examined in figure 3(b) and the flux was large and positive close to the quarl exit and decreased 
sharply after z/D ~ 0.3, but remained always positive, indicating no recirculation zone. The results 
of figure 3 cannot indicate why most of the fuel exists close to the edge of the jet and if the droplets 
recirculate. These questions, together with the evaluation of the ability of the droplets to release 
vapour in the near burner region, will be answered in the rest of this section. 

The air flow streamlines were calculated from the integration of the mean axial velocity 
measurements of the 10 #m droplets and verify the existence of a recirculation zone which extended 
outside the quarl to z/D = 0.33 and to riD ~ -0 .3  in the plane of the quarl exit [figure 4(a)]. The 
flow expanded as it came out of the quarl and air was entrained. The iso-flowrate lines of the 30 #m 
droplets [figure 4(b)] indicate a narrower and shorter recirculation zone than that of the air with 
the entrained air pushing them towards the centre, as their net radial mass flux indicates, which 
is towards the centre for -0 .4<r /D <0.4  at z/D =0.3 [figure 5(b)]. The 60pm droplet 
iso-flowrate lines [figure 4(c)] close to the centreline show a small transfer of droplets towards the 
centre up to the end of the gas recirculation zone (z/D ,~ 0.3), which is supported by the small net 
radial mass flux of 60/~m droplets towards the centreline at z/D = 0.3 [figure 5(c)]. However, 60 #m 
droplet trajectories at distances r/D > 0.2 only diverged and they were not affected by the entrained 
air flow because centrifuging due to swirl dominated. The droplets acquired swirl either during the 
breakup of the liquid fuel jet by the swirling air stream or during their transit time inside the quarl. 
The shorter length of the recirculating region of the 30 pm droplets relative to that of the gas is 
unexpected, since Kriebel (1961) has shown that droplets cannot follow the streamline curvature 
of the gas and are centrifuged away resulting in a larger radius of droplet streamline curvature. 
In addition to the shorter length of the 30 #m droplets recirculating region, the radius of curvature 
of their separation iso-flowrate line was larger than that of the gas, because the recirculation zone 
of the droplets was narrower. Figure 5(a) shows that the net radial mass flux of the 10 #m droplets 
goes towards the centreline much earlier than that of the other droplets, showing that the effect 
of the mean radial drag force due to the gas going towards the centreline. The velocity results of 
Hardalupas et al. (1990) indicate that the tangential velocity had a maximum far from the 
centreline. Thus, the small centrifugal forces on the droplets close to the centreline, allow the mean 
radial drag force between the gas and the droplets to disperse them towards the centreline. As the 
droplet size and the radial distance from the centre increases, the centrifugal force increases, and 
the balance of the drag and the centrifugal forces occurs closer to the centreline for larger droplets, 
so the behaviour of the iso-fowrate lines of the 30 and 60 #m droplets is explained. The values 
of the centrifuge and mean Stokes numbers for different droplet sizes (table 3) confirm the large 
centrifuging and the partial response of the larger droplets to the gas phase fow. Downstream of 
the recirculation zone, the iso-flowrate lines of the 60 pm droplets diverged from the centreline, 
due to increased centrifugal effect by the swirl which was acquired from the gas during the droplet 
transit time through the length of the recirculation zone, as indicated by the transit Stokes number 
of table 3, and reduced mean radial drag force acting on the droplets downstream of the 
recirculation zone. The iso-flowrate lines, based on the radial variation of the integral of the liquid 
fuel fowrate carried by all droplets [figure 4(d)], do not indicate any recirculation. It should be 
emphasized that zero mass flux of droplets does not imply zero velocity so that the iso-flowrate 
lines of the droplets do not necessarily indicate the mean trajectory of the droplet motion and mean 
velocity vector may not be tangential to the iso-flowrate lines. 

So most of the fuel existed at the edge of the flow due to centrifuging by the swirl acquired during 
the breakup process of the liquid fuel jets or the transit time through the quarl and their inability 
to respond to the gas phase flow and be entrained towards the axis as smaller droplets do. It should 
be noted that the radial fuel injection arrangement of this burner injected the droplets away from 
the centreline in a region where the gas tangential velocity was maximum, which increased droplet 
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(b) 

1 . 0  

centrifuging, but this choice resulted in symmetrical flames which did not occur for axial injection 
(Milosavljevic et aL 1990). The centrifugal effect caused larger droplets to reach the wall of  the quarl 
diffuser. 

Two remaining questions have to be answered, which are related with the ability of  the droplets 
to reverse their velocity and the vapour that they can release in the near burner region. Since the 
hot region of the flame is the recirculation zone, the droplets which can contribute to the 
vapour release and the combustion are those existing close to the central part of the flow, 
- 0 . 4  < riD < 0.4. The centreline mean axial velocity for 10, 30 and 60 # m  droplets [figure 6(a)], 
confirmed the existence of a recirculation zone which extended to z/D ,~ 0.3 for the 10/~m droplets 
and thus for the gas phase. However, the recirculation zone was not evident in the net axial mass 
flux profiles of figure 3(a). Figure 6(b) shows that the net axial flux of the 10 and 30/~ m was negative 
close to the burner exit and increased downstream, as the axial velocities of  figure 6(a), indicating 
a stagnation point at z/D ~ 0.3 for the 10 #m droplets and at z/D ~ 0.17 for the 30/~m droplets. 
However, the 60 #m droplets had a large positive net axial flux at the exit of  the quarl diffuser, 
which increased up to around the end of the gas phase recirculating zone (z/D ~ 0.3) due to the 
entrainment of 60/zm droplets towards the centreline and then sharply decreased downstream of 
the recirculation zone due to the centrifugal effect. This is in contrast to the axial velocities of  the 
60 #m  droplets, which increased monotonically along the centreline to z/D = 1.22. This suggests 
that the 60 #m droplets with smaller axial velocity than the mean were more easily affected by the 
gas motion, because their transit time through the recirculation zone and the transit Stokes number 
increased and so did the chances to reverse their direction of movement or centrifuge from the 
centreline. The 60/~m droplets with axial velocity higher than the mean remained on the centreline 
for a longer distance and resulted in an increase of the mean axial velocity of the 60/~m droplets 
with the axial distance from the burner exit, although their net axial flux decreased. 

The positive and negative components of  the fuel mass flux carried by 10 or 30 #m droplets were 
of  the same order of  magnitude (figure 7), while the 60 #m droplets had smaller negative flux. This 
varies with the radial distance from the centreline (figure 8), and there was no negative flux of the 



248 Y. HARDALUPAS et al. 

o,o[ 
( a )  

0.15 

:~ 0.00 

• 0.1  F . / - -  . 

0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  1 . 2  1 . 4  

z / D  

0.0(O j [ ~ ~  O 10~m (b) 
/ ' ~  A 30~m 

i " ] == o ' ~ - y  . . . .  

-0.001 • , - , . , • , • , • , • 
0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  1 . 2  1 . 4  

z / D  

Figure 6. (a) Mean axial velocity of size classes of 10, 30 and 60/am droplets along the centretine and 
(b) net axial mass flux of size classes 10, 30 and 60/am along the centreline in the inert flow. Normalization 
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60#m droplets close to the gas phase separation streamline, while 10 and 30#m droplets still 
contributed to the fuel negative flux. It should be noted that the negative flux of the 60/Lm was 
comparable and sometimes larger than that of the smaller diameters, even though their mean axial 
velocity was positive everywhere. So the negative flux of the larger droplets at distances between 
-0/4 < r/D < 0.4 can contribute to vapour release more than estimates on the basis of their mean 
velocity indicate. 
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Figure 9. (a) Cumulative fuel mass flux as a function of droplet size according to the temporal and spatial 
size distribution and (b) contribution of the size classes to the positive and negative mass fluxes; units are 
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Figure 9(a) shows the cumulative flux as a function of  the size class based on the temporal and 
spatial size distributions, on the centreline at z/D = 0.04. It is evident that most of the fuel was 
carried by the large droplets, but it is not clear which distribution should be used to characterize 
the flow. Tate (1982) suggested that the spatial distribution is appropriate for combustion 
applications, because the fuel concentration is important for the air-to-fuel ratio. However, this 
does not mean that the liquid fuel available at one point is able to be burned even if there is enough 
air available. This might be true for droplets with a small evaporation time, but the evaporation 
time increases with droplet size and the residence time in the recirculation zone may become small 
relative to the evaporation time. Droplets which reverse their direction contribute to the negative 
flux and are likely to have a longer residence time in the recirculation zone and a greater chance 
of evaporating and burning. So it seems that the spatial size distribution is appropriate for 
combustion applications, where the evaporation time of  the droplets is smaller than their residence 
time. In cases where the amount of  vapour released in the recirculation zone depends on the ratio 
of the evaporation and the residence time, the temporal size distribution is more important, 
particularly for larger droplets. The temporal mass flux distribution for the negative and the 
positive direction as a function of  size is shown in figure 9(b) and indicates that the negative flux 
contribution of the large droplets was larger than that of  the smaller droplets and the former is 
likely to evaporate and burn in the reacting case, as will those droplets contributing to the positive 
flux, which have residence times in the recirculation zone longer than their evaporation time. The 
residence time of these droplets can be approximated to be three times the transit time of  the 
droplets through the recirculation zone, assuming that droplets with reverse velocity moved 
towards the injector and subsequently changed direction again and left the recirculation zone. The 
ratio tres/tev for different sizes in table 3 confirms that, for example, 60 #m droplets with negative 
velocity evaporated completely during their residence time in the recirculation zone, while 60 pm 
droplets with positive velocity did not. Since the recirculation zone extends between 
- 0 . 4  < r/D < 0.4, figure 8(d) indicates that the liquid fuel present in this region was around 20%, 
from which at least 80% could evaporate. So the inert flow results suggest that about 20% of the 
liquid fuel can contribute to combustion, which agrees with the comparison between the liquid 
flowrate present in the inert and the reacting flows (figure 10), which suggests that 20% of  the 
injected fuel became vapour and probably burned in the reacting flow. 

(b) Reacting flow 

The measurements of  liquid mass flux in the reacting flow extended only to riD ~ 0.25 (figure 
11), since no droplets existed in the central region. Integration of the profiles shows that about 20% 
of  the kerosene evaporated in the reacting flow, corresponding to a potential heat release of about 
8 kW in the recirculation zone. The gradient of the net axial mass flux distributions with the 
distance from the centre (figure 11) was larger than that of the inert flow [figure 3(a)] showing larger 
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evaporation close to the flame and small change at the edge of  the jet where the mass flux was 
approximately the same as for the inert flow. The centrifuging action of the swirling air caused 
much of  the fuel flowrate to be outside the flame envelope. 

Figure 2 indicates the yellow and the blue flame envelopes, measured from photographs of the 
flame, with the first defining the central region of  the flame where droplet combustion occurred 
and the latter corresponding to a flame of  gas and kerosene vapour where droplet combustion did 
not occur. The blue flame extended to z/D = 2.60, where its width was r/D = + 0.72 and the yellow 
flame to z/D = 1.00, beyond which burning of  single droplets was observed. The negative axial 
mass flux was negligibly small for all the size classes and this supports the earlier argument that 
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the droplets which reversed direction had a greater chance of evaporating completely and possibly 
being burned in the near burner region as their residence time increased. 

The net radial mass flux was also measured and is presented in figure 12 at z/D = 0.70 from the 
exit of the quarl. It is obvious that the net radial mass flux of the droplets towards the centreline 
in the reacting case started at larger radial distance from the centre than in the inert flow, suggesting 
more fuel entrained in the recirculation zone. This was probably due to preferential burning or 
evaporation of droplets moving from inside the recirculation zone towards the edge of the spray 
and crossing the flame envelope where the temperature was higher, rather than from outside the 
recirculation zone and towards the centreline. This resulted in detection of more droplets moving 
towards the centreline and explains the large net radial mass flux of liquid fuel towards the 
centreline. The iso-flowrate lines are not presented for the reacting flow, because the flowrate of 
the liquid fuel is not conserved. 

3.2. Mass Fraction 

The spatial distributions of the mean mass fraction of the liquid kerosene carried by all the 
droplet sizes and, separately, by the 10, 30 and 60 #m droplets downstream of the exit of the quarl 
of the burner are presented on the left and the right side of figure 13 for the reacting and the inert 
flow, respectively. The flow region corresponding to positive r/D is presented for both cases. 
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(a) Inert flow 

Fuel evaporation was negligible in the inert flow, so the results indicate the local fuel-to-air ratio, 
which could suggest the potential ability of fuel to release vapour and react in the flame. It is not 
surprising that the liquid fuel mass fraction was small and negative in the recirculation zone 
(Spalding 1963), where only a small amount of liquid fuel entered. Close to the air separation 
streamline, the mass fraction was positive and large as the mean air flux was near zero and indicated 
a fuel-rich region of the flow [figure 13(d)] suggesting a region where the reaction could be 
sustained. Despite the low swirl number, diameters above about 30/~m, which represented a large 
proportion of  the fuel volume flowrate, were centrifuged by the swirling air, so the mass fraction 
was large and positive at the edge of  the flow where another fuel-rich region existed. Downstream 
of the recirculation zone, the liquid fuel mass fraction was always positive with a minimum at the 
centre, indicating a fuel-lean mixture as the mass flux of the air increased due to entrainment. The 
variation of the mass fraction of the 60/~m droplets followed that of  the total liquid fuel. while 
that of the 30 and 10 #m droplets was small and positive inside the recirculation zone, since the 
net axial mass flux of the droplets there had the same sign as the air. At the edge of the jet, the 
mass fraction of the 30 and 10 #m droplets was reduced because they did not centrifuge and their 
mass flux was small. 

(b) Reacting flow 

The mass fraction was always positive and very small close to the centre, since most of the liquid 
fuel had evaporated. The values of the mass fraction at the edge of the jet were large due to the 
centrifuging of the fuel and similar to those of the inert flow showing that the liquid fuel, which 
was outside the flame envelope, was only slightly affected by the high temperature of the flame. 
However, the amount of liquid fuel was reduced due to droplet evaporation, since the edge of the 
flow was not a fuel-rich region as in the inert flow. The mass fractions of the 10 and 30 #m droplets 
were smaller than those of the inert flow even at the edge of  the jet, indicating that most of  the 
droplets evaporated, while the mass fraction of the 60 #m droplets, with their lower evaporation 
rates, was less affected. 

3.3. Fuel Concentration 

Number density indicates whether the droplets are burned as individual droplets or as a cloud 
and according to Chiu & Liu (1977), if the group combustion number, Gr: 

Gr = 3{1 + 0 . 2 7 6 , , ~ . , ~ } L e  N(d/2Rc) [13] 

is much larger than 0.15, the cloud burning dominates. Here Re, Sc and Le are the Reynolds, 
Schmidt and Lewis numbers, N is the total number of droplets in a cloud of radius R~ and d is 
the droplet diameter. Assuming that Re and Le numbers are 0 and 1, respectively, then for a cloud 
radius of  20 mm, a typical droplet density of 0.06 x 101° (m -3) and a typical droplet diameter of 
30/~m, [13] suggests cloud burning. The photographs also indicated cloud combustion in the region 
of  measurement but that, further downstream, single droplet combustion took over. Here the 
results are presented in the form of mass concentration instead of  droplet number density, because 
this quantity gives a better indication of the liquid fuel present in the flow. It should be noted that 
mass concentration is not a useful quantity for models based on Lagrangian tracking of particles 
(e.g. Gosman & Ioannides 1983), where mass flux is the appropriate quantity but it is important 
for Eulerian models based on second-order correlations (e.g. Shih & Lumley 1986). The spatial 
distributions of  mass concentration of the liquid fuel for the reacting and the inert case downstream 
of  the exit of the quarl diffuser are presented in figure 14 at the left- and right-hand side of the 
graphs, respectively, and are discussed separately below. 

(a) Inert flow 

The mass concentration was small in the recirculation zone and increased towards the edge of  
the jet and the centrifugal effect was again evident, since the liquid fuel mass concentration was 
large at the edge of the spray. Downstream of the recirculation zone, the smaller droplets were 
entrained towards the centreline, and the maximum concentration of 10 and 30 #m droplets was 
closer to the centreline while that of the 60 # m was close to the edge of the jet. So the 10 and 30/~ m 
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droplets may be expected to burn completely, since they existed closer to the recirculation zone 
where the temperature in the reacting flow was high. The mass concentration of  liquid fuel along 
the centreline decreased very rapidly close to the end of the gas recirculation zone, where the 
centrifugal effect was important.  The concentration of 10 # m  and 30/~m droplets remained near 
constant along the centreline and, thus, the decrease of  liquid concentration was caused by the 
centrifuging of  the large droplets due to swirl, which is confirmed by the decrease of  the 
concentration of  60 p m  droplets along the centreline. 

(b) Reacting flow 
The results confirm that the concentration of the liquid fuel was reduced everywhere due t o  

droplet evaporation• Outside the central region, where no droplets existed, i.e. r/D > -t-0.30, the 
concentration of  the 10 p m  droplets reduced by at least an order of  magnitude, while that of  the 
30 p m  droplets reduced by a factor of  1.5. The concentration of the 60 p m  droplets reduced slightly 
in the region outside the flame envelope due to evaporation• The release of  vapour  at the edge of  
the flow caused a blue flame that surrounded the central yellow flame• 

It  should be noted that the similarity between mass fraction and concentration distributions in 
the reacting flow (left-hand sides of  figures 13 and 14) was caused by the existence of droplets with 
mainly positive velocity in the flame, which resulted in non-zero values of  droplet mean axial 

1 . 4 0 0 -  

1.000- 

0.800- o 

~ o . ~ .  

0.,1100- 

0.200- 

reacting 

/ 

0.15 
0.2 

o.01~- ~ 
-1.1~ 

,n,~ (a) 

• . - - - ~  

-0.500 0 .01~  0 . ~  1.01~ 
r i D  

0.800- 
D 

N 0.600-  

0 .400-  

0 .200-  

0 .000-  

reacting 

-1 . ~  

inert (b)  

0.4 

-0.500 0.000 0.500 1.000 

r i D  

1 , 4 0 0 -  

1.200- 

1.000- 

0 .800-  a 

"~ o.6oo- 

0.400-  

0 .200-  

reacting 
f...w~ 

/ 

0.000- 
-1 .ooo 

Unort 

1 2 

4 

-0.500 o . ~ B  0.500 1.000 

r i D  

(c) 
1 . 4 0 0 -  

1.000- 

0.800- a 

N 0 . 6 0 0  -- 

0.400- 

0.200- 

0,000- 

reacting 

-1.000 

Inert (d)  

-0.500 0 .000  0 .500  1.1~ 
r i D  

Figure 14. Spatial distributions of the local average concentration of the liquid fuel from the exit of the 
quarl till z/D = 1.22; the left-hand side corresponds to the reacting flow and the right-hand side to the 
inert flow. (a) 10/zm; (b) 30/~m; (c) 60/zm; (d) for all the droplet sizes. Normalization by the liquid 

kerosene density 780 kg/m 3. The values are multiplied by 10 6. 



254 ¥, HARDALUPAS et  al. 

velocity. This justifies the assumption that the term c 'u '  is negligibly small in the tbllowing 
correlation between the time average fuel flux and concentration: 

G ( t )  = C U ( t )  = C ( t )  U ( t )  + c ' u "  [14] 

where the overbar denotes the time average of G (t), C ( t)  and U (t), which correspond to the 
instantaneous mass flux, mass concentration and droplet axial velocity, respectively. Thus, [14] can 
be simplified: 

G (t ) ,~ C (t ) U (t ) [15] 

which indicates a linear relationship between liquid mass flux and mass concentration. In the inert 
flow, a large fraction of droplets had negative velocities, which resulted in a droplet U ( t )  of around 
zero in certain regions of  the flow and c ' u '  plays a dominant role in [14], which cannot be simplified 
to [15] anymore (Hardalupas & Taylor 1989). So the relationship between mass flux and mass 
concentration is more complicated and the measured distributions are not similar. 

4. DISCUSSION 

It is evident from the results that most of the fuel flowrate was at the edge of the jet and a large 
fraction of  the injected fuel remained unburned at z / D  = 1.22. This stemmed from the method of 
atomization and the swirling component of the flow. The atomization method produced a large 
number of  large droplets, which carried most of the fuel flowrate (figure 9) and were injected 
radially in order to establish a symmetrical flame (Milosavljevic et al. 1990). Thus, the large droplets 
far from the centreline acquired the swirling component of  the combustion air during fuel jet 
breakup and their transition through the quarl diffuser and centrifuged to the edge of  the jet where 
they remained unburned. However, the swirl number of the burner was the minimum required to 
stabilize the flame and the centrifuging effect could not be avoided by changing the operating 
conditions. It is evident that the present method of atomization is less than perfect and that, with 
any atomization arrangement, an optimum swirl number will exist for wide flame stability and 
flammability limits and high combustion efficiency and will be different from that associated with 
a corresponding gas-fuelled flame. 

Despite the centrifugal effect, a small number of large droplets (>  30/~m) remained close to the 
centreline, did not have negative mean axial velocity, but contributed greatly to the negative fuel 
axial mass flux. Since these droplets are mainly responsible for the vapour release in the near burner 
region, they are important for the stability of the flame and an explanation for those negative fluxes 
is suggested below, since the observation is important for calculation models. 

The large droplets did not recirculate because their mass did not allow them to follow the 
streamline curvature of the air and the iso-flowrate lines of the 60/~m droplets (figure 4) show only 
a small net radial flux towards the centreline. However, some of the 60 ~tm droplets were entrained 
towards the centreline or arrived there due to the initial conditions of the atomization, and rose 
like a "fountain".  Our measurements and the transit Stokes number of  table 3 suggest that the 
faster droplets passed through the air recirculation zone with small change of velocity and the 
slower ones reversed direction due to the drag of the axial air velocity, which was negative for 
z / D  <<, 0.4. This behaviour of  the large droplets is also supported by the axial velocity pdfs of the 
air, 30 and 60 #m droplets along the centreline (figure 15). The velocity pdfs of the 30/~m droplets 
and the air were skewed towards the negative velocities and gradually became Gaussian and their 
mean velocity increased. Those of  the 60/~m droplets were skewed towards the positive velocities 
and the number of  droplets with negative velocities gradually decreased while those with positive 
velocities remained the same and maintain their velocity nearly unchanged. 

The mean drag between the droplets and the gas can account for the motion of the large droplets, 
which do not respond to the gas turbulence, if their initial conditions are known. In the 
recirculation zone region, the mean drag force in the radial direction dispersed the large droplets 
towards the centreline and the mean drag effect in the axial direction resulted in the negative flux. 
Our observations support the calculated particle trajectories along the centreline of a coal burner 
using Lagrangian particle tracking models (e.g. Smart et al. 1988; Godoy et al. 1989) and suggest 
that these models can be simplified by removing the interaction of large particles with the gas phase 
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turbulence. In the reacting flow, the evaporation time of the large droplets must also be considered 
since it becomes similar to their residence time. The negative flux of the large droplets may make 
an important contribution to the stability of the flame as it supplies fuel to the root of the flame. 
It should be noted that the mass flux is a conserved quantity which has been used here to show 
a potential heat release of 8 kW from the liquid fuel in the recirculation zone. Thus, the temporal 
distribution is more appropriate than the spatial distribution for comparison with results from 
prediction models based on the Lagrangian tracking of droplets. 

It would be nice to suggest an optimum droplet size for the geometry of this burner. A suggestion 
that the size of the droplets should be as low as possible, so that the droplets evaporate very quickly 
close to the nozzle exit, may appear attractive, but the heat absorbed by the droplets during their 
evaporation close to the burner reduces the flame speed and temperature (Richards and Lefebvre 
1989) and may extinguish the flame. So the appropriate choice should be a droplet diameter which 
can partially follow the gaseous flow and avoid the centrifuging effect due to swirl and evaporate 
completely inside the recirculation zone but in a gradual manner. The optimum droplet diameter 
then appears to be around 20-30 #m. 

5. CONCLUSIONS 

It is evident that swirl can be necessary for flame stability but may centrifuge fuel from the region 
of combustion so that an optimum value may exist for each configuration, and droplet size 
distribution of fuel. Large droplets represent much of the mass flux and can reach the lower part 
of the centre of the flame to enhance stability. An optimum droplet size for this burner 
configuration may be around 20-30/~m, because of low centrifuging due to swirl, droplet ability 
to partially respond to the gas phase flow and evaporation time comparable to the droplet residence 
time in the recirculation zone. The following more detailed conclusions may be extracted from the 
preceding sections: 
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(1) Mass flux, mass fraction and fuel concentration have been measured by a phase-Doppler 
velocimeter in an unconfined swirl-burner arrangement with inert and reacting flows. The 
presence of kerosene and natural gas was necessary since the flame extinguished when 
either was removed. The results were obtained with a volumetric ratio of air-to-gas of 21 
and atomized kerosene to increase the overall equivalence ratio from 0.45 to 2.53. The net 
mass flux of kerosene was measured by taking into account the sign of the droplet velocity 
and the fuel concentration from the residence time of the droplets inside the probe volume 
of  the velocimeter. The measured spatial distributions of droplet size quantified the liquid 
fuel available for combustion and temporal distributions were required to identify the 
larger sizes, with evaporation times comparable to their residence time. 

(2) The uncertainties of  flux and concentration measurements with a phase-Doppler instru- 
ment were reviewed and the main source of error was the rejection rate of the validation 
logic of the instrument, which resulted in systematic reduction of the measurements by 
around 25 and 20% for the inert and the reacting flow, respectively. Random errors are 
of the order of 10%. However, more work is required to examine the effect of uncertainties 
due to the area of the probe volume calculation and the sizing errors due to the Gaussian 
intensity distribution of the incident laser beams. 

(3) A large amount of  the total liquid fuel flowrate was centrifuged to the edge of the jet due 
to swirl which was the minimum required for flame stability. This reduced the potential 
heat release of the kerosene from 37.2 to 8 kW, since only 20% of the injected liquid fuel 
flowrate was vaporized in the recirculation zone. 

(4) Droplets larger than 50/~m contributed to the negative component of mass flux inside the 
recirculation zone, even though their average axial velocity was positive. The large droplets 
existed close to the centreline due to the initial conditions at the atomizer and their 
dispersion by the mean drag in the radial direction and reversed their direction due to the 
mean drag in the axial direction. This fountain effect explains the negative flux of large 
droplets which increases their residence time in the high temperature region of the 
recirculation zone and allows them to evaporate and contribute to the fuel vapour 
available for combustion in the near burner region. 

(5) The average mass fraction of the liquid fuel in the reacting flow was low, as it evaporated 
and no droplets were found in the central region. At the edge of  the jet, the mass 
concentration of  the 10 and 30/~m droplets was greatly reduced, relative to the inert flow, 
while that of the 60/am droplets was unchanged due to the preferential evaporation of  the 
smaller droplets. 

(6) The average mass fraction of the liquid fuel in the inert flow was very high around the 
recirculation zone and close to the edge of the spray to which a large amount of liquid 
fuel was centrifuged. The region downstream of the recirculation zone was fuel-lean as the 
air flux increased due to entrainment. The locations of the maximum fuel concentration 
of the 10, 30 and 60/~m droplets were increasingly displaced from the centreline, as the 
size increased due to the centrifugal effect. 
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