
15th Australasian Fluid Mechanics Conference 

The University of Sydney, Sydney, Australia 

13-17 December 2004 

 
The Influence of Mass Loading on Particle Distribution  

in the Near Field of a Co-Annular Jet 
        

 
C.H. Birzer

1,2
, P.A.M. Kalt

1
, G.J. Nathan

1
 and N.L. Smith

2 

1
School of Mechanical Engineering 

The University of Adelaide, SA, 5005 AUSTRALIA 
2
School of Chemical Engineering 

The University of Adelaide, SA, 5005 AUSTRALIA 
 
 

Abstract 

The effects of mass loading on the distribution of spherical 

particles in the near field of a co-annular jet have been 

investigated using planar laser light nephelometry. Particle 

concentrations were measured for nine different mass loading 

ratios ranging from φ = 0.19 to 1.88, in the first 15 nozzle 
diameters downstream. Results indicate that particle mass 

loading has a significant effect on the near field region. The 

length of the initial triangular core region of approximately 

uniform particle distributions varies by more than a factor of two, 

as does its shape. The mass loading ratio also influences the 

centreline particle concentration decay rates. The effects of mass 

loading on the signal attenuation are also assessed. 

 
Introduction  
Two-phase co-annular jets are widely used, for example to mix 

fuel and air in pulverised fuel combustion systems. The 

distribution of particles in the emerging jet stream plays a 

controlling influence on their subsequent combustion 

performance. However only limited data are available of particle 

distributions in such systems. Data for single phase co-annular 

jets exist [1], however the presence of particles can have a 

pronounced effect on the structure of the underlying gas flow 

field [2]. Furthering the understanding of the particle distribution 

will enable improvements into the combustion of co-annular 

pulverised fuel systems. 

 

The mass loading ratio, φ,  is defined as the ratio of solid phase 
mass flow rate to gas phase mass flow rate, 
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where subscripts p and f designate particle and fluid respectively. 

 

Di Giancinto et al. [3] investigated the effect of φ on velocity and 
pressure by a simulation of a pressure metering device. These 

results highlight the coupling between particles and fluid. Fan et 

al. [4, 5] used a Laser Diffraction Method (LDM) to measure 

particle concentration in the fully merged, self-similar region of 

co-annular jet flows, 10 to 30 nozzle diameters downstream. 

Their work comprised three different values of mass loadings for 

different velocities of the central jet (and therefore particles) and 

of particle diameters. They found that the fully merged zone for a 

two-phase turbulent co-axial jet exhibits self similarity in particle 

concentration and that the rate of particle dispersion is decreased 

with an increase in particle loading. Black et al. [6] used phase 

Doppler particle anemometry (PDPA) to measure the velocity of 

spherical and non-spherical particles emerging from co-axial and 

swirling flows. Their results pertain specifically to velocity. 

However, they highlighted that particle momentum in the region 

immediately downstream from the jet plays a significant role in 

velocity variations between gas, spherical and non-spherical 

particles.  

 

To the authors knowledge no published results exist which isolate 

the influences of solid particle mass loading and particle 

momentum on the particle distribution in the near field of a co-

annular jet. The near field has particular importance in the 

stabilisation of pulverised fuel flames.  

 

Previous measurements of particle concentration have been 

obtained from particle counting. Planar nephelometry (a method 

of measuring concentration based on scattered light) does not 

appear to have been used for measuring particle distributions in 

jet flows before, probably because they are subject to errors 

associated with attenuation of the incident and scattered light 

beams. Where they are viable, however, planar imaging 

techniques have the advantage of providing addition information 

of the instantaneous flow structures, such as regions of local 

and/or temporal preferential concentration. These issues can not 

be successfully identified from single point techniques. The 

effects of particle mass loading on attenuation is therefore of 

interest, but has also yet to be assessed. The current work 

provides preliminary data to determine the extent of attenuation 

for different mass loading ratios. 

 
Background  
Particles suspended in a flow will respond to, and cause 

disturbances in, the suspending flow. Analysis of the motion of 

particles in a fluid can be based on the inertia of a particle, using 

the Stokes number, [7], particle dispersion, using the turbulent 

Schmidt number [5] and the mass loading ratio [3]. 

  

The Stokes number is defined as the ratio of particle relaxation 

time, τp to fluidic time scale, τf [8] 
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Used to predict how individual particles respond to the localised 

fluid flow, the Stokes number neglects the influence of 

surrounding particle induced fluid perturbations. 

 

The turbulent Schmidt is defined as, 
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where υt is the effective turbulent kinematic viscosity of the gas 

and εP is the diffusivity of the particles due to turbulence. Fan et 

al. [5] determined that the influence of mass loading was 

minimal. They calculated that the turbulent Schmidt number 

varies only between 1.4 and 1.5 with changes in mass loading 

over the range of 0.5 to 1.5.  

 



 

To avoid the above complications, the present investigation into 

the effects of mass loading on particle dispersion is conducted 

with fixed values of Stokes number. Instantaneous planar 

concentration measurements of the particle distribution from the 

central jet of a co-annular nozzle were recorded for a range of 

mass loadings up to 17 diameters downstream. 

 

Equipment 
Experiments were conducted in a purpose built open loop wind 

tunnel with 650mm x 650mm square cross section as shown in 

figure 1. It is vertically down fired to avoid any bias due to 

gravity. A bell-mouth inlet and flow conditioning screens (not 

shown) were used to provide a co-flow with steady and uniform 

velocity of approximately 8m/s.  

 

Q-Cel™ hollow glass spheres with a particles diameters range 

from 25-45 microns with a density of approximately 700kg/m3 

were introduced into the central jet via a fluidised bed feeder. 

Mass loadings were determined by the change in mass of the 

feeder, as measured by a load cell and fulcrum and recorded on a 

computer. Calibration of the feeder was conducted before and 

after each experimental run. 

 

 
Figure 1. A schematic representation of the experimental layout. 

 

Controlling of the particle mass flow rate was achieved by 

varying the amount of fluidising air as measured by a Fisher & 

Porter FP ¼-10-SS flow meter. The resulting variation of total air 

flow through the central jet was measured to be ±0.5m/s, which 

equates to less than a 2% error. 

 

The nozzle and dimensions are shown in figure 2. The 

development length of the central and annular nozzles is in 

excess of 100 diameters to avoid bias and allow fully developed 

initial flow. Constant flow velocities of U1= 42m/s and U2=73m/s 

were obtained using FP ½-27-G-10/83 with GSVT 44 float and 

FP-1-27-G-10/83 with a GSVT 64 float. The fluid based 

momentum ratio (G1/G2) for the configuration is 0.115. The 

addition of particles results in a momentum ratio ranging from 

0.116 to 0.118. Tabulated data are given in table 1. 

 

A frequency doubled Nd:YAG laser, pulsed at 10Hz was used to 

produce a light sheet approximately 3mm thick through the 

central plane of the jet. Light scattering was recorded on a Kodak 

Megaplus Class 1 CCD, with exposure time of 6.487 msec and 

trigger by the laser flashlamp. Each experiment yielded 448 

images with 10 bit resolution.  

 

 

Technique  
Instantaneous planar concentration measurements were 

conducted using planar nephelometry. As the particles are much 

larger than the laser beam wavelength the Mie scattering theory, 

as outlined by Becker [9] may not apply. The CCD was aligned 

at 90 degrees to the incident beam to minimise image distortion. 

Variations in laser sheet intensity have been accounted for by 

using a mean image of the laser sheet profile, obtained by filling 

the tunnel with smoke (with the fan not operating). 

 

 

 
Figure 2. The nozzle design. 

 

Results and Discussion 
 
Centreline Distribution / Decay Rates 
Figure 3 presents a set of mean particle distribution images for a 

range of mass loading ratios. A colour map has been used for 

clarity.  

 

The higher momentum of the annular jet, relative to the central 

jet, results in a necking of the flow so that the region of 

maximum particle concentration is located not at the nozzle exit, 

but some distance downstream. Figure 4 plots the centreline 

particle concentration normalised to the maximum concentration 

for each mass loading ratio. There is a distinct difference between 

centreline particle decay rates for varying mass loading ratios. 

Fan et al.[5] showed that the higher mass loading cases had a 

reduction in jet spread, which complements a lower decay rate. 

The effect of mass loading on the axial location of the peak 

concentration is presented in figure 5. It can be seen that 

increasing the mass loading by an order of magnitude causes the 

location of the maximum concentration to move downstream by 

almost two nozzle diameters. Mean images shown in figure 3 

indicate that the overall shape of the potential core is also 

elongated by an increase in mass loading. The increase in mass 

loading ratio equates to an increase of less than 0.5% to the 

central jet momentum. Particle inertia may have an influence on 

near field structure, however the current data has isolated mass 

loading from individual particle inertia. 
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Figure 3. A set of images of the mean particle distributions for, 

from left to right, φ = 0.68, 1.30, 1.49, 1.88. Colour map used to 
highlight variation in particle concentration. 

 

It is expected that that the virtual origin of the jet also depends on 

the change in mass loading. However, the current data is limited 

to 15 nozzle diameters downstream so that reliable measurements 

of the virtual origin cannot be obtained. 
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Figure 4. Centreline concentration profiles for all mass loading 

ratios normalised to the maximum concentration. 

 

Radial Profiles 

Figure 6 shows a series of radial profiles for the φ = 1.30 case. 
The concentration has been normalised to the maximum radial 

concentration. Radial distances (R/Dcj) have been normalised by 

the axial distance from the nozzle, x/Dcj, in the absence of an 

accurate measurement of the location of the virtual origin. Here R 

is the radial distance from the centre of the jet, Dcj, is the inside 

diameter of the central jet and x is the axial distance downstream. 

 

Further downstream, the radial profiles collapse to be self similar. 

The current findings indicate that the location at which mean 

similarity begins is approximately 5 diameters from the nozzle. 

Previous findings [5] only detailed radial profiles between x/Dcj = 

10 to 30. 

 

At x/Dcj = 1 the radial concentration is expected to follow a top-

hat profile. The effect of attenuation to the incident beam can be 

clearly seen by the asymmetrical concentration with respect to 

the incident laser sheet as discussed in Errors 
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Figure 5. Location of the maximum centreline concentration peak 

for all mass loading ratios normalised to the exit concentration. 

Figure 6. Radial profiles for the case of φ = 1.30. 
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Figure 7. Radial profiles at x/Dcj = 5 for varying mass loading 

ratios. 

 

The radial profiles of the 9 mass loading ratios at x/Dcj = 5 are 

shown in figure 7. Concentration is normalised to the maximum 

concentration and the radial distance is normalised to the central 

jet inside diameter. The radial profiles of all mass loadings at 

x/Dcj = 10 and 15 also appear to collapse.  However, this does not 

necessarily contradict the finding of Fan et al. [5] that spreading 

rate decreases with mass loading. Since the location of the virtual 

origin also shifts with mass loading, the similarity of spread any 

given axial location cannot be considered in isolation.  

Max Min 

φ = 0.68 φ = 1.30 φ = 1.49 φ = 1.88 



 

Errors 
It is argued that the largest source of error is from attenuation of 

light which can be seen indirectly the near nozzle regions in 

figure 3. An increase in mass loading causes an increase in 

particle volume fraction and surface area, attenuating both the 

laser beam and the scattered signal.  

         

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1

Normalised Axial Distance, R/D
cj
, [-]

C
/C
m
a
x

φ = 0.19

φ = 0.68

φ = 0.76

φ = 0.84

φ = 1.30

φ = 1.36

φ = 1.49

φ = 1.67

φ = 1.88

 
Figure 8. Radial profiles at x/Dcj = 1 indicating the attenuation. 

 

Figure 8 presents radial profiles at x/Dcj = 1 for the 9 cases. In 

this region particle concentration is high and therefore any effects 

of attenuation are severe. Uniform particle concentration and no 

effects of attenuation would be represented by symmetry about 

the centreline. A reduction in normalised concentration can be 

seen from left to right of the graph, the direction the beam 

travels. The general tread is that lower mass loadings have a 

lower absolute rate of change of the normalised concentration. If 

the above mentioned effect was a result of biased particle 

concentration then the rate of change in normalised concentration 

of the different loading cases would be similar. Any major bias of 

particle concentration would also be prominent further 

downstream, where attenuation effects are reduced by particle 

dispersion. It can be seen in figure 6, that bias downstream is not 

significant. Furthermore, during the experimentation, no bias in 

particle concentration was seen visually. 

 
 

Flow Conditions 
  

Fan et al.[5] 
 

Current work 
 

Particle Diameter 
 

70 microns 
 

25 - 45 microns 
 

Particle Density 
 

1250 kg/m3 
 

700 kg/m3 
 

Stokes Number 
 
77 

 
37 

 
Central Jet 
Diameter 

 
40mm 

 
12mm 

 
Annular Jet 
Diameter 

 
68mm 

 
20mm 

 
Central Jet Velocity 

 
20 m/s 

 
42 m/s 

 
Central Jet 

Reynolds Number 

 
52,000 

 
28,000 

 
Annular Jet 
Velocity 

 
30 m/s 

 
73 m/s 

 
Annular Jet 

Reynolds Number 

 
134,000 

 
110,000 

Table 1. Particle and flow data of current work and that of Fan et 
al. [5]. 

Conclusions 
The effects of particle mass loading on particle concentration in 
co-annular jets have been assessed. Planar nephelometry was 
used to investigate mass loading ratios ranging from φ = 0.19 -
1.88 at fixed fluid velocities and particle Stokes numbers. Data of 
the first 15 nozzle diameters downstream have yielded the 
following observations: 
 
1) A necking region occurs downstream from the nozzle exit 
where the particle concentration increases significantly above the 
exit value. 
2) The length of the “potential core” region of uniform 
concentration increases by almost two diameters with an order of 
magnitude increase in mass loading. 
3) The mean rate of centreline particle concentration decreases 
with increase mass loading. 
4) The mean radial profiles are approximately self similar beyond 
x/D = 5 for each mass loading investigated. 
5) For the present particles, the effects of attenuation on 
measurement accuracy are diminished beyond x/Dcj = 2. 
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