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Abstract: To evaluate the detailed combustion mechanism of droplet clusters, that is, group combustion behav-
ior, we investigated the OH chemiluminescence, CH band light emission, and Mie scattering from droplets il-
luminated by laser light sheet, and also measured the droplet diameters and velocities using a Cassegrain optics 
named MICRO (Multi-color Integrated Cassegrain Receiving Optics) and Phase Doppler Anemometer (PDA), 
respectively. Moreover, time-series planar images of droplet clusters were obtained simultaneously with these 
five quantities to observe the combustion process of droplet clusters. We examined the transition of the group 
combustion mode of droplet clusters as a function of the distance from the burner port using the modified 
group combustion number GC. We found that the combustion mode of some, but not all, clusters corresponds 
to the combustion mode defined by Chiu and coworkers. The reason for the disagreement is probably due to 
the fact that the group combustion number was only estimated with respect to the geometrical arrangement of 
the droplets in a cluster, and the shape of droplet cluster is based on the three-dimension. 

Keywords: premixed spray flame, group combustion, droplet cluster, light emission, simultaneous time-series 
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1)Introduction

  Spray combustion is utilized in a number of engineering 
applications, such as energy conversion and propulsion 
devices. It is, therefore, necessary to precisely predict the 
spray combustion behavior when designing and operat-
ing such equipment. However, because spray combustion 
is a complex phenomenon in which the dispersion of liq-
uid fuel droplets, their evaporation, and the chemical re-
action of the fuel vapor with the oxidizer occur inter-
actively and simultaneously the underlying physics gov-
erning these processes is not well understood.
  Because droplets of various diameters exist in a spray 
flame and their followability to the gaseous phase flow is 
different, an inhomogeneous droplet number density is 
consequently formed in the spray flow. Taking a simple 
example, if 1 mL of a liquid fuel is atomized into drop-
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lets of 20 µm, ca. 240 million droplets appear. Therefore, 
there exist enormous numbers of droplets in an actual 
spray flame [1]. Moreover, the spray droplets generated 
by atomization have a wide distribution of particle sizes, 
and the different droplet sizes further complicate the 
phenomenon.
  Therefore, a high-droplet-number density zone (droplet 
cluster) exists locally in spray flames, and the collective 
effect of droplets results in producing locally a fuel-rich 
zone. Inside the droplet cluster, because the oxygen con-
centration becomes low and the flame cannot penetrate 
into the droplet cluster, a group flame is formed around 
the droplet cluster in the diffusion combustion mode 
[2,3]. Not all of the droplet clusters formed in spray 
flames, however, show such a group combustion mode. 
The combustion mode is affected by the total droplet 
number, including those within a droplet cluster, and the 
distance between droplets, that is, by the difference in the 
droplet number density in a droplet cluster. Based on this 
model, Chiu and Liu [4] and Chiu and coworkers [5] the-
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Figure 1. Configuration of the premixed-spray burner.

oretically analyzed the combustion of a quasi-steady iso-
lated spherical droplet cluster of diameter DC in which 
monodisperse droplets of diameter d were arrayed at uni-
form intervals, and developed the pioneering concept of 
“droplet group combustion” and classified spray flames 
into four combustion modes: (a) external sheath combus-
tion, (b) external group combustion, (c) internal group 
combustion, and (d) single droplet combustion. They de-
fined the group combustion number, G, as the criterion 
determining the combustion mode that appears. Thus, the 
value G corresponded to the ratio of the gross droplet 
evaporation rate to the inward oxygen diffusion rate.
  To experimentally verify the behavior of droplet clus-
ters in actual spray flames, Akamatsu and coworkers 
[1,6-9] applied advanced laser-based diagnostics with 
high temporal and spatial resolutions to spray flames sta-
bilized in a turbulent jet. They simultaneously detected 
timeseries data of the light emission from a local point in 
the flame and the velocities and diameters of fuel drop-
lets, and succeeded in estimating the group combustion 
number for individual droplet clusters using the meas-
ured mean separation distance between the droplet cen-
ters; they the total number of droplets for each droplet 
cluster; they observed the group combustion in such 
flames and showed that the behavior of the droplet group 
combustion differs depending on the supplied conditions 
and characteristics of the liquid fuel spray [7,8].
  However, Akamatsu et al. estimated the group combus-
tion number by assuming a spherical droplet cluster, for 
which the diameter is estimated by the duration time of 
the droplet Mie scattering signal. Therefore, there is a 
large difference between the estimated droplet cluster di-
ameter and the actual droplet cluster diameter in the 

flame [10].
  To estimate the group combustion number of droplet 
clusters more precisely, we conclude that it is necessary 
to visualize the droplet clusters by using planar imaging. 
In the present study, we monitored simultaneously the 
time-series signals of the light emission in OH and CH 
bands, the Mie scattering from droplets using a 
Cassegrain optics named MICRO (Multi-color Integrated 
Cassegrain Receiving Optics) [11,12], the sizes and ve-
locities of droplets with a Phase Doppler Anemo- meter 
(PDA), and the cross-sectional image of droplet clusters 
using a high-speed camera. The purpose of this study 
was to apply the advanced optical diagnostic system to a 
premixed spray flame and to clarify the combustion 
mechanism of droplet clusters.

Experiment Apparatus and Method

Premixed Spray Burner
  The premixed-spray burner used in this study is illus-
trated schematically in Figure 1. The premixed-spray 
burner had a coaxial configuration consisting of a burner 
port (inner diameter: 52.7 mm) and an outermost annular 
port (inner diameter: 58.7 mm; outer diameter: 80.9 
mm). An air-blast atomizer was located 440 mm up-
stream from the burner port. Liquid fuel (kerosene) was 
injected by the atomizer into a premixing chamber and 
mixed with the combustion air supplied from the bottom 
of the burner, resulting in a premixed spray issued up-
ward from the burner port. An annular pilot burner of a 
hydrogen diffusion flame was placed around the inner 
burner port, to which hydrogen was supplied from a 
thin-slit (1.0 mm thickness). A coaxial air stream having 
the same bulk velocity as a main airflow was issued from 
the outermost annular port to suppress the streamline 
expansion. This configuration for the premixed-spray 
burner resulted in reducing slip velocities between the 
liquid and gaseous phases. 
  The nominal bulk velocity of the main airflow was 5.5 
m/s. The kerosene-to-air mass ratio was kept constant at 
0.045 kg/kg (the bulk equivalence ratio is ca. 0.75). The 
atomizing pressure was operated at 0.4 MPa. The origin 
for measurement was located at the center of the burner 
port; h and r denote the axial and radial distances from 
the origin, respectively.

Optical Measurement System
  In this study, to evaluate the detailed combustion mech-
anism of droplet clusters, that is, group combustion be-
havior, time-series planar images of droplet clusters were 
recorded using the laser tomography technique. Further- 
more, simultaneous time-series data of the OH chem-
iluminescence, the CH band light emission, and the Mie 
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Figure 2. Schematic diagram of the simultaneous measurement 
system.

scattering from droplets illuminated by laser light sheet 
using MICRO were recorded; the droplet diameters and 
velocities using PDA were applied to the premixed spray 
flame.
  Figure 2 shows a schematic diagram of the simulta-
neous measurement system. An Ar+ laser (Spectra- 
Physics, BeamLock 2080; wavelength: 488 nm) was 
used as a light source for laser tomography. The laser 
light sheet was formed using a series of lenses to illumi-
nate droplets in a vertical plane, including the central ax-
is of the flame above the burner port. The scattered light 
from the illuminated droplets passed through the optical 
band-pass interference filter and image intensifier (I.I), 
and was captured by a high speed CCD camera (Kodak, 
Ektapro HS Model 4540) with a frame rate of 13500 fps. 
The obtained image data was digitized into 8 bit (28 = 
256) gradation in 128 × 128 pixels (corresponding imag-
ing area: 30 × 30 mm). 
  Figure 3 shows the configurations of the MICRO opti-
cal system and the detection unit [12,13]. The MICRO 
was placed in the direction of ca. 45o from the laser sheet 
axis to collect light emissions from the flame and the Mie 
scattering from the illuminated droplets. An optical fiber 
was used to connect the MICRO optics system to a de-
tection unit. This receiving device, consisting of concave 
and convex mirrors, was characterized as exhibiting high 
spatial resolution and no chromatic aberration and mini-
mized spherical aberration. In preliminary experiments, it 
was confirmed that the spatial resolution of the MICRO 
optics was equivalent to that of a light-guide probe used 
by Akamatsu and coworkers [7,8], in which the field of 
view was physically restricted to a 2-mm diameter and a 
4-mm length.
  The light emissions and Mie scattering signals collected 
by the MICRO system were transmitted through the opti-
cal fiber, and detected and converted into current signal 
by independent photomultipliers (PMs) through dichroic 

(a) MICRO optical system

(b) Detection unit
Figure 3. Configuration of the MICRO system: (a) MICRO op-
tical system. (b) Detection unit.

mirrors (DMs) and optical interference filters (Fs) (FOH: 
peak wavelength = 306.6 nm; half bandwidth = 9.3 nm; 
FCH: peak wavelength = 431.1 nm; half bandwidth = 3.0 
nm; FMie: peak wavelength = 488.1 nm; half bandwidth = 
1.0 nm). Current signals from the photomultipliers were 
converted into voltage signals using an I/V converter, 
and digitized using an A/D converter (NEC Sanei, 
DL2300) with a sampling rate of 20 kHz.
  An Ar+ laser (Spectra-Physics, Stable 2017; wavelength 
= 514.5 nm) was used as the light source of the PDA. 
The parallel beam transmitted from the transmitter was 
focused and crossed at the measurement point by the 
front lens (focal length: 310 mm). The laser light, scat-
tered by particles passing through the measurement vol-
ume, was received by a receiver, and was converted to  
photoelectrons in the signal processor. The receiver was 
set at 70.3o against the forward scattering.
  TTL signals generated by two pulse delay generators 
(Stanford Research Systems, WC Model DG 535) were 
used for timing control of the A/D converter, the PDA, 
and the high-speed CCD camera. The imaging area cor-
responds to values of r ranging from -15 to 15 mm and 
reference heights of the imaging area hr of 100, 110, 120, 
130, 140, 150, and 160 mm, where the droplets were ob-
served frequently. Hence, hr indicates the center of a 
droplet cluster image, which corresponds to the measur-
ing points of the MICRO and PDA systems.
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Figure 4. Direct photographs of the premixed-spray flame.  
Exposure time: (a) 1/15 and (b) 1/1000 sec.

Results and Discussion

Visualization of the Spray Flame
  A long-exposure (1/15 s) photograph of the premixed 
spray flame is shown in Figure 4(a) with the burner port 
schema. On the other hand, Figure 4(b) shows a short-ex-
posure (1/1000 s) photograph of the same flame. The 
flame appearance is completely different from that in the 
long-exposure image shown in Figure 4(a) that exhibits 
smooth and continuous boundaries, just as seen by the 
human eye. It appears that the global flame at an instant 
consists of a number of fragments, probably formed by 
preferential flame propagation through easy-to-burn 
routes in a random way.
  To visualize the spray flame using the laser tomography 
technique, planar images were captured using a high- 
speed CCD camera. Figure 5 shows typical visualized 
spray images obtained in both non-combusting and com-
busting flows. The white region shows the spray region. 
Due to the limitation of the laser sheet height, the meas-
urements were conducted separately for the following 
three regions: h = 5∼75, 65∼135, and 125∼195 mm. 
In the non-combusting case shown in Figure 5(a), corre-
sponding to the non-combusting premixed spray, there 
was no distinct droplet cluster in the core region of the 
premixed-spray. In the combusting case shown in Figure 
5(b), on the other hand, the premixed spray disappeared 
rapidly in the radial direction, probably due to flame 
propagation through inflammable regions and uninflam-
mable regions, consisting of a dense spray remaining as 
droplet clusters at ca. h = 60 mm. Because droplet clus-
ters formed under these processes act as sources of fuel 
supply and burn in a diffusion combustion mode, their 

Figure 5. Visualized images of the premixed spray: (a) Non- 
combusting case. (b) Combusting cases.

shape does not change rapidly upon flowing downstream. 
Thus, to evaluate the combustion mechanism of droplet 
clusters, we targeted the downstream zone of the pre-
mixed spray flame.

Derivation of Group Combustion Number
  According to the theoretical analyses of Chiu and Liu 
[4] and Chiu and coworkers [5], the group combustion 
number, G, corresponds to the ratio of the gross droplet 
evaporation rate to the inward oxygen diffusion rate in a 
spherical droplet cluster of diameter DC, consisting of 
uniform droplets of diameter d arranged at equal inter-
vals:

  G = 1.5Le(1+0.276Sc1/3Re1/2)nT
2/3(d/L), (1)

where Le is the Lewis number, Sc is the Schmidt number, 
Re is the Reynolds number of a droplet in terms of the 
droplet diameter and slip velocity, nT is the total number 
of droplet included in the droplet cluster, d is the uniform 
diameter of a droplet, and L is the mean separation be-
tween droplets. They classified the droplet group com-
bustions corresponding to G values in the following four 
modes: (a) single droplet combustion mode (G < 10-2) in 
which all droplets in a droplet cluster burn with envelope 
flames, (b) internal group combustion mode (10-2 < G < 
1) in which the group flame appears inside the droplet 
(droplets inside the group flame only just evaporate and 
droplets outside the group flame burn with envelope 
flames), (c) external group combustion mode (1< G < 
102) in which the group flame encloses the whole droplet 
group, and (d) external sheath combustion mode (102 < 
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Figure 6. Droplet group combustion modes defined by Chiu 
and co- workers (Refs. 4 and 5).

G) in which the non-evaporation region (low temperature  
region) is found inside the evaporation region in the 
droplet group (see Figure 6). In addition, a non-dimen-
sional distance between droplets, S, is defined by

  S = (L/10d)/(1 + 0.276 Sc1/3 Re11/2) (2)

The group combustion number, G, can be expressed as 
follows in terms of the non-dimensional distance S and 
the total droplet number in the droplet cluster, nT.

  G = 0.15 Le⋅nT
2/3 / S (3)

  Here, given that the Lewis number is Le = 1, the equi-G 
line and each region of the group combustion mode can 

be plotted on an S-nT plane as shown in Figure 7(a).
  To estimate the group combustion number, G, of each 
droplet cluster from the experimental data, the uniform 
droplet diameter, d, used by Chiu and coworkers is re-
placed by the arithmetic mean diameter of droplets, d10, 
included within the droplet cluster. The droplet cluster 
diameter, DC, is estimated using the section area of the 
droplet cluster, S, and image processing; it is replaced by 
the diameter of an equivalent sphere, lc, having the same 
section area as that of the droplet cluster, S.

  lc =  (4)

  Given that the Reynolds number is Re = 0, because the 
slip velocity between the droplet and the gaseous phase 
in the premixed spray is very small, and assuming that 
the Lewis number is Le = 1, the group combustion num-
ber, Gc, estimated from the experimental data is defined 
from Eq. (3), as follows:

  Gc = 1.5nT
2/3⋅d10 / L (5)

  Here, the mean separation between droplets, L, is esti-
mated by using the PDA data, as follows:

L = 
 

  

   ⋅  , (6)

where Nc is the number of PDA data measured in each 
droplet cluster, ti is the arrival time of the i-th droplet, 
and Vi is the velocity of the i-th droplet. The total droplet 
number in the droplet cluster, nT, is obtained by suppos-
ing that the spherical droplet cluster with diameter lc is 
filled by droplets at equal intervals, L, as follows.

(a) Each region of droplet cluster (b) Group combustion number of each
Figure 7. Group combustion number of each droplet cluster plotted on the S-nT plane: (a) Each region of droplet cluster combustion. 
(b) Group combustion number of each droplet cluster. 
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Figure 8. Simultaneous time-series images in the downstream 
region (h = 95∼125 mm) with signals of the OH chem-
ilumines- cence, CH band light emission, Mie scattering, diam-
eter, and velocity from a local point (hr = 110 mm) of the pre-
mixed spray flame: (a) Gc = 1.28; (b) Gc = 0.422; (c) Gc = 
0.0677.

  nT = (π/6⋅l3
C) / L3 (7)

  From the above procedure, the group combustion num-
ber, GC, of a droplet cluster observed by the planar image 
is estimated and plotted on the S-nT plane of Figure 7(b). 
It is found that GC is included in the range predicted in 
the theoretical analysis of Chiu and coworkers [4,5] and 
that the dominant group combustion modes are the in-
ternal group combustion mode and the external group 
combustion mode. This tendency is in agreement with 
our previous results [7,8].

Combustion Characteristics of Droplet Clusters
  When the group combustion number, Gc, estimated ex-
perimentally for each droplet cluster is applied to the 
classification of the group combustion mode from the  
theoretical analysis of Chiu and coworkers, we can verify 
whether or not the value of the group combustion num-
ber would be in agreement with the group combustion 
mode actually observed. Figure 8 shows the OH chem-

iluminescence, CH-band light emission, Mie scattering 
of droplets, diameter, and velocity measured at a local 
point (hr = 110 mm), and simultaneous time-series 
cross-sectional images of the droplet cluster. The light 
emissions obtained by MICRO are normalized to the 
maximum value. The point indicated by the symbol “+” 
in the image is the measurement point of the MICRO and 
PDA systems. From the results of simultaneously moni-
tored time-series images and data, it can be verified 
which droplet cluster had passed the measuring point. It 
is found that the time-series images correspond well to 
the Mie scattering signals measured by MICRO.
  First of all, paying attention to droplet cluster (a), the 
group combustion number is 1.28, which corresponds to 
the external group combustion mode (1< G < 102) ac-
cording to the classification by Chiu and coworkers [4,5]. 
By observing the time-series data of MICRO, the OH 
chemiluminescence and CH-band light emission were in-
tense before and after the duration of the Mie scattering 
signal that corresponds to the droplet cluster. Because the 
light emission signals are weak inside the droplet cluster, 
it can be said that the combustion reaction zone exists 
surrounding the droplet cluster and the combustion re-
action hardly occurs inside the droplet cluster. The over-
all combustion mode of this droplet cluster can be judged 
to be the external group combustion mode. Therefore, it 
can be said that the group combustion number estimated 
experimentally for this droplet cluster agrees with the 
classification by Chiu and coworkers. However, on the 
edge of the droplet cluster, the Mie scattering signal of 
the droplet became weak and the light emission signals 
became strong. Although it can be said that the combus-
tion mode about the overall droplet cluster agrees with 
the classification of Chiu et al., the local combustion 
mode is different in one droplet cluster because of the  
non-uniformity of the spray characteristics in the droplet 
cluster and other conditions, for example, the temper-
ature, fuel vapor concentration, and oxygen concent- 
ration.
  For droplet cluster (b), GC is estimated to be 0.422, 
which corresponds to the internal group combustion 
mode (10-2 < G < 1) according to the classification by 
Chiu and coworkers. Although light emission signals 
were detected within the droplet cluster, the intensity of 
the light emission signals was weak in the center of the 
droplet cluster; we believe that the combustion mode is 
close to that of internal group combustion and that the 
group combustion mode of the droplet cluster is in agree-
ment with the classification by Chiu and coworkers. 
  For droplet cluster (c), Gc is estimated to be 0.0677, 
which corresponds to the internal group combustion 
mode (10-2 < G < 1) according to the classification by 
Chiu and coworkers. However, the time-series data of the 
light emission signals show a shape similar to that of the 
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(a) Result estimated from theoretical analysis of Chiu and coworkers. (b) Result estimated from experiment
Figure 9. Relationship between ROH and Gc for each droplet cluster: (a) Results estimated from the theoretical analysis of Chiu and 
coworkers; (b) results estimated experimentally.

Mie scattering signal of the droplet. In other words, the 
combustion reaction occurs in the overall droplet cluster, 
and this characteristic is considered to be that of the sin-
gle droplet combustion mode (G < 10-2). This finding is 
not in agreement with the classification by Chiu and 
coworkers. 
  As mentioned above, we found that there are cases in 
which the group combustion number estimated ex-
perimentally for droplet clusters agrees or disagrees with 
the classifications reported by Chiu and coworkers. To 
quantitatively verify the agreement and disagreement, the 
relationship between ROH and Gc for each droplet cluster 
was investigated. Here, ROH means the ratio of the de-
tection time of OH chemiluminescence within the pass-
ing time of the droplet cluster at the measurement point 
of the MICRO system. Figure 9(a) shows the results esti-
mated using the theory of Chiu and coworkers and 
Figure 9(b) shows plots of experimental data. From the 
results, we find no conspicuous correlation between Gc 
and ROH and that there are many droplet clusters for 
which the group combustion mode does not correspond 
to the classification reported by Chiu and coworkers.
  To determine one reason for the disagreement between 
Chiu’s theory and the actual group combustion mode, the 
spray characteristics and shape of the droplet cluster 
were considered. Although Chiu and coworkers per-
formed the theoretical analysis by assuming a spherical 
droplet cluster of diameter DC, which consists of uni-
form-diameter droplets of diameter d arranged at equal 
intervals, the droplet cluster observed in the actual spray 
flame is not spherical in shape and the internal spray 
characteristics are not uniform. Furthermore, the gas 
composition and temperature around the droplet cluster 
are not uniform. In spite of these situations, the group 

combustion number is estimated in this experiment only 
from the geometric arrangement of the droplets in the 
cluster, and not considering other factors such as the con-
vection effect, the temperature field, and the mass. For 
this reason, the disagreement between the theoretical 
analysis and actual group combustion mode arises. 
However, Chiu has recently defined the group combus-
tion number, G, as follows [14], 

  G = Cv⋅Gc = Cv⋅(k⋅Le⋅nT
2/3 / S) (8)

Here, k = 2/3. The geometrical group combustion num-
ber, GC, was revised from the conventional group com-
bustion number, G, as S = L / 10d, and CV is a gas-
ification correction factor, considering the convection ef-
fect about the evaporation of a droplet; it corresponds the 
ratio of the evaporation rate of the interactive droplet 
cluster in gaseous phase to the evaporation rate of the 
stationary independent droplet cluster. Thus, if CV and Le 
can be obtained experimentally, it is expected that agree-
ment will exist between the theory and the observed ac-
tual group combustion mode.

Conclusions

  To evaluate the combustion mechanism of each droplet 
cluster downstream of the premixed-spray flame, simul-
taneous time-series measurements were conducted by us-
ing an optical measurement system consisting of laser to-
mography, MICRO, and PDA. Furthermore, the group 
combustion number of the droplet cluster was estimated 
experimentally, and the combustion mechanism of the 
droplet cluster was examined by applying the theoretical 
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analysis of Chiu and coworkers.
  The spray images were visualized using a laser tomog-
raphy technique; no droplet clusters were observed in 
noncombusting case. In the combusting case, on the oth-
er hand, the spray flow issued from the burner port was 
gradually segmented into droplet clusters through prefer-
ential flame propagation; clusters were formed down-
stream at random.
  The planar images of droplet cluster and time-series da-
ta were quite consistent both temporally and spatially, 
and a correlation existed between the OH chemilumin- 
escence and the CH band light emission. It can be said 
that the simultaneous time-series measurement was con-
ducted successfully to observe the mechanism of droplet 
cluster combustion in detail.
  The group combustion number, GC, was estimated ex-
perimentally about all of the droplet clusters verified by 
planar images; it was classified into the internal group 
combustion mode and the external group combustion 
mode, according to the theoretical analysis of Chiu and 
coworkers. We found that only in some cases did the 
group combustion number estimated experimentally for 
the droplet cluster agree with the classification by Chiu 
and coworkers. The reason for the occasional disagree-
ment is considered to be due to the fact that the group 
combustion number was estimated only by considering 
the geometrical arrangement of droplets in a cluster, and 
that the actual phenomenon is three-dimensional where- 
as the measurement system was two-dimensional.
  The present study shows the detailed experimental re-
sults obtained from simultaneous time-series data using  
recently developed measurement techniques and the re-
duced distance between theory and experiment. It is very 
interesting that the experimental results and theoretical 
analysis is connecting effectively beyond more than 20 
years. Based on the new group combustion theory pro-
posed by Chiu, we are going to perform more-detailed 
experiments regarding droplet cluster combustion.
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