






Figure 3.1: Burning air-atomized spray. Figure 3.2: Burning nitrogen-atomized 
spray. 

Figure 3.3: Burning argon-atomized spray Figure 3.4: Burning carbon-dioxide-
(mass controlled). atomized spray (mass controlled). 
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Figure 3.5: Burning argon-atomized spray Figure 3.6: Burning carbon dioxide-
(momentum controlled). atomized spray (momentum controlled). 
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Figure 3.7: Sauter mean droplet size [f..lm] in nonbuming sprays. (a) mass flow constant, Z = 
10 mm, (b) momentum flux constant, Z = 10 mm, (c) mass flux constant, Z = 50 mm, (d) 
momentum flux constant, Z = 50 mm. 
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Figure 3.8: Axial droplet velocity [mls] in nonburning sprays. (a) mass flow constant, Z = 10 
mm, (b) momentum flux constant, Z = 10 mm, (c) mass flux constant, Z = 50 mm, (d) 
momentum flux constant, Z = 50 mm. 
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Figure 3.9: Droplet number density [Droplets/cm3] in nonbuming sprays. (a) mass flow 
constant, Z = 10 mm, (b) momentum flux constant, Z = 10 mm, (c) mass flux constant, Z = 50 
mm, (d) momentum flux constant, Z = 50 mm. 
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Figure 3.10: Fuel volumetric flux [cm3/s] in nonbuming sprays. (a) mass flow constant, Z = 
10 mm, (b) momentum flux constant, Z = 10 mm, (c) mass flux constant, Z = 50 mm, (d) 
momentum flux constant, Z = 50 mm. 
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Figure 3.11: Sauter mean droplet size [11m] in burning sprays. (a) mass flow constant, Z = 
10 mm, (b) momentum flux constant, Z = 10 mm, (c) mass flux constant, Z = 50 mm, (d) 
momentum flux constant, Z = 50 mm. 

33 



Elevation: 10 mm 
Mass Flux Controlled Momentum Flux Controlled 

30 
~ a e. Air b e Air 

~ 25 • N2 • N2 
Ar 't' Ar 

>-
.. 

CO2 ...... <> CO2 
0 0(3 20 a 

(J.) 

> 15 
co 
~ 10 ...... 
(J.) 

a.. 5 a 
'-
0 

0 
0 4 8 12 16 0 4 8 12 16 

Radial Distance [mm] 

Elevation : 50 mm 
Mass Flux Controlled Momentum Flux Controlled 

15 
Air d Air 7ii' c e • -.... • N2 • N2 E ....... 12 .. Ar 't' Ar 

>- <> CO2 
0 CO2 ...... 

°0 
a 9 Q3 
> 
co 

6 ~ 
...... 
(J.) 

3 a.. 
a 
'-
C 

0 
0 10 20 30 0 10 20 30 

Radial Distance [mm] 

Figure 3.12: Axial droplet velocity [rn/s] in burning sprays. (a) mass flow constant, Z = 10 
mm, (b) momentum flux constant, Z = 10 mm, (c) mass flux constant, Z = 50 mm, (d) 
momentum flux constant, Z = 50 mm. 
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Figure 3.13: Droplet number density [Droplets/em3] in burning sprays. (a) mass flow 
constant, Z = 10 mm, (b) momentum flux constant, Z = 10 mm, (c) mass flux constant, Z = 50 
mm, (d) momentum flux constant, Z = 50 mm. 
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Figure 3.14: Fuel volumetric flux [cm3/s] in burning sprays. (a) mass flow constant, Z = 10 
mm, (b) momentum flux constant, Z = 10 mm, (c) mass flux constant, Z = 50 mm, (d) 
momentum flux constant, Z = 50 mm. 
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4.0 Discussion 

General features in the burning and nonburning sprays were anticipated given the 

atomizer used. Droplet size increased and axial velocity decreased with increasing 

radial distance. At low elevations, .droplet number density and fuel volumetric 

flow rate peaked at the spray boundary. At high elevations, these peaks occurred 

on the spray centerline. Changing the atomization gas flowrate from mass control 

to momentum control for the denser atomization gases (Ar and CO2) resulted in 

smaller, faster droplets with higher number densities. All of these results were 

. anticipated based on the results of previous research (Presser, et. al. 1988, Presser, 

et. al. 1989). 

The empirical correlation by Wigg (1964) correctly predicted that the droplets 

produced in the mass controlled cases would be larger when denser atomization 

gases were used. Differences between Ar, CO2 and N2 were greatest in the central 

core of the spray, where the atomizing gas had the most effect on droplet behavior. 

Ar and CO2 atomized droplets were larger than those atomized with air or N2 (see 

Fig 3.7.b,d, and 3.11.b,d). At greater radial positions, the differences became 

much smaller, demonstrating that the atomizing gas had little effect on the 

noncombusting droplets once they moved off the spray centerline. 

N2 possesses a density and specific heat similar to air, but lacks oxygen. 

Therefore, the droplets in the nonburning Nrassisted case have almost the same 

size (Fig. 3.7) and velocity (Fig 3.8) as the air-atomized droplets. In the burning 

case, the situation changed. Droplets formed by N2 assist were clearly much 

smaller (Fig. 3.11) and slower (Fig. 3.12) near the spray boundary, where the 

majority of the fuel was present (Fig. 3.14). Taken together with the number 

density data presented in Fig. 3.13, it can be seen that at z = 10 mm, the N2 

assisted sprays have a similar number density of smaller droplets than the 
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corresponding 3;ir-atomized flame, resulting in an overall lower fuel flux rate (Fig. 

3.l4). At z = 50 mm, the trend reverses, and N2 atomized droplets are smaller, 

and have a higher number density. Both N2 and air have nearly identical physical 

characteristics, leaving the presence of oxygen in the air as the only explanation for 

this behavior. The droplets in the air assisted case, in fact, evaporate and combust 

at very low elevations. This presents an overall larger droplet size in this region of 

the spray, as smaller droplets are vaporized and disappear, lowering the number 

density and raising the mean droplet diameter. Confirmation of this may be seen in 

the velocity data presented in Fig. 3.8, where the droplet velocities at z = 10 mm 

are clearly significantly higher than the N2 case, due to the effect of combustion on 

the droplets. N2 produces a higher density of droplets at z = 50 mm because not as 

many droplets have combusted, and their overall size is smaller because few of the 

droplets have vaporized. Number densities at z = 50 mm are highest at the spray 

centerline due to the solid cone nature of the spray. 

Both Ar and CO2 generally produced larger droplets everywhere in the spray, 

regardless of whether the flow rate of atomizer was held mass or momentum 

constant, with CO2 generally producing larger droplets than Ar. As in the case 

with N2, there is no O2 present in the atomizing gas to combust the droplets, and 

due to the higher densities and specific heats of CO2 and Ar, the droplets at greater 

axial distance are substantially larger than in the N2 case. Comparing the mass and 

momentum controlled cases, it is clear that the momentum controlled cases are 

significantly better atomized - droplet sizes are significantly smaller (Figs. 3.7 and 

3.11), and the number density of droplets is greater (Fig. 3.9 and 3.13). This effect 

is due to the greater energy imparted to the liquid fuel by the momentum 

controlled atomizing gas. 
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Some overall effects can be noted in comparing the burning and non burning data. 

Droplet velocities are naturally higher in the burning sprays, due to the large . 
relative velocity and lack of deceleration as a result of combustion (Gupta, in 

press). These differences become less significant at greater axial or radial 

distances, where the effect of combustion is not as great as the effect of the 

surrounding combustion gas on the droplet velocity. Nevertheless, significant 

differences between burning and nonburning cases remain. Droplet sizes in the 

lower central core of the spray are similar in both the combusting and nonburning 

sprays. As the droplets move upward and off-axis, the droplets become much 

smaller in the combusting cases, as they rapidly evaporate and burn. In the 

nonburning cases, the droplets evaporate more slowly, and the droplet sizes remain 

large in the absence of any combustion. The effect of oxygen on droplet 

evaporation and combustion can be clearly seen when comparing number densities 

in the nonburning (Fig. 3.9) and burning (Fig. 3.13) sprays, where droplet number 

densities at z = 50 rnm are reduced 50 to 75% in the burning case compared to the 

nonburning case, whereas the droplet number densities at z = 10 mm are similar in 

both cases. 
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5.0 Conclusions 

It has been shown that the substitution of air in an air-assist nozzle with other 

gases results in significant differences in droplet size, velocity, number density and 

fuel flux. Observations of the spray flames confirmed experimental findings, with 

larger, more luminous flames (for Ar and CO2) containing larger, slower droplets 

than the shorter, less luminous flame obtained with air. Droplet size in both mass 

and momentum controlled cases increased with denser atomizing gases. In 

general, the denser gases examined provided an overall larger droplet size and 

lower number density, and had a lower droplet velocity than the reference air 

assisted case. These differences can be consistently explained by the effect of O2 in 

the atomizing air, which by assisting in combustion reduced the droplet sizes and 

increased their velocity. In nonbuming sprays, the chemical role of O2 in the 

atomizing air is eliminated, and the droplet characteristics for air and N2 are 

similar. The results suggest that atomizing gases with lower densities or greater 

mole fractions of O2 may produce sprays with lower mean droplet sizes when 

utilized on a constant momentum flux basis. 

Although the volumetric flux of atomizing gas is less than 1 % of the total oxidizer 

flow, these results suggest that O2 present within the atomizing gas plays a 

significant role in droplet formation and combustion. Due to its availability in 

regions where droplets are forming, it may enhance mixing and partially premix 

with the fuel. 

Phase-Doppler interferometry has proven itself to be a superficially straightforward 

way of obtaining size and velocity information from the droplets in a spray. In 

practice, the system is sensitive to alignment, input laser power, and software 

settings. With practice, it can be very reliable - the data obtained here were taken 

over a two week period, yet data points taken different weeks still agreed within 
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5% after making changes to the facility, such as nozzle changes. Nevertheless, 

limits on the system's ability to resolve velocity distributions with significant 

positive and negative components made data collection in this swirling flow 

challenging. 

Experiments are underway to elucidate the role of O2 enrichment within the 

atomizing gas. This will be done through a combination of gas sampling and FTIR 

analysis, as well as temperature measurements throughout the spray. Mixtures of 

air enriched with oxygen (up to 40 mol %) will also be tested. 

Anticipated future work includes the use of Laser Induced Incandescence (LII) to 

determine soot volume fraction within the combusting sprays. LII operates under 

the principle of incinerating the soot particles so that they radiate as they bum. 

The light given off by the particles as they bum is captured by an ICCD camera 

and recorded. Through spectral analysis of this signal, the local soot volume 

fraction may be determined. Equipment needed for this experiment include a 

doubled Y AG laser operating at 534 nm, an ICCD camera, and various optical 

components to form the pulse laser energy into a sheet focused through the center 

of the fuel spray. 

Planar laser induced fluorescence (PLIF) will also be applied to the burning sprays 

to obtain quantitative measurement of intermediate species of interest. 

Specifically, it is anticipated that OH and NO will be measured in the combusting 

sprays, which could further elucidate the effect of oxygen within the atomization 

air on the combustion characteristics of the spray. 
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Appendix A: <;ommon Definitions and Notations 

A. 1. Common Averages 

The following definitions are given for the most frequently used mean and median 

diameters: 

Arithmetic Mean Diameter DlO 

Surface Mean Diameter D20 

Volume Mean Diameter 

Sauter Mean Diameter 

Mass Mean Diameter 

The average of the diameters of all the 

droplets in the spray sample. 

The diameter of a droplet whose surface 

area, if multiplied by the total number of 

droplets, will equal the surface area of 

the sample. 

The diameter of a droplet whose volume, 

if multiplied by the total number of 

droplets, will equal the total volume 

sample. 

The diameter of a droplet whose ratio of 

volume to surface area is equal to that of 

the complete spray sample. 

The diameter of a droplet whose ratio of 

the diameter power 4 to the diameter 

power 3 is equal to that of the complete 

spray sample. 

Of these diameter definitions, mass mean diameter is the largest, and arithmetic 

mean the smallest. Sauter Mean diameter will frequently be about 80% of the mass 

mean diameter. 
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U sing the notations Dk , D;, D; to indicate powers of the diameters in the kfh bin 

and N as the number of drops in the sample, these quantities are found from: 

a. Arithmetic Mean Diameter: (A. I) 

b. Surface Mean Diameter: (A.2) 

I 

c. Volume Mean Diameter: [ D!T D30 = ~N (A.3) 

LD~ 
d. Sauter Mean Diameter: D - k 

32 - LD~ 
(A.4) 

k 

LD: 
e. Mass Mean Diameter: D - k 

43 - LD~ 
(A.5) 

k 

f. Arithmetic Mean Velocities: L v k 

vrnean = k N (A.6) 

(were v can also be u) 

LX2- (LxY 
N g. Standard Deviation: a= CA.7) 

N-l 

h. Root mean square: 
L [(v'x; - X mean r] 

nns = ------------
N 

(A.8) 

(were x can be radial velocity, axial velocity or diameter of the droplets for g. and 

h.) 
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A.2 Swirl Number 

The swirl number was determined according to the method outlined by A. K. 

Gupta et al.(1984) and is determined from: 

(A.9) 

where 

tan a 
(j = -----=---------: 

(1- ~). [1 + tan a· tan(1t/z)] 
(A. 10) 

and z = 

T = 

B = 

RI= 

d = 

rh = 

2T 
'¥=-----

2 . 1t . RI . cos 0: 

number of vanes, 

vane thickness, 

vane height, 

distance from burner axis to vane, 

outer diameter of exit duct, 

inner diameter of exit duct. 

Example calculation: 

z = 12 

T = 0.125 

B = 2 

RI= 2.5 

d = 2 

rh = 0.75 

0: = 40° 

(A. I I) 
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qJ = 0.125 = 0.02078 
1t. 2.5 . cos 40° 

(A.I2) 

(j = tan 40° = 0.6996 (A.I3) 
(1- 0.02078)· [1 + tan 40° . tan(1t/12)] 

A.3 Equivalence Ratio 

The equivalence ratio is given as: 

where Il1t' = mass of the fuel, 

t11a = mass of the air. 

Example calculation: 

C H S 
0· =-+-+­

mm 12 4 32 [
kmOl 0] 
kg fuel 

A
, o min 
If· =-­

mm 0.21 [
kmOl Aif] 
kg fuel 

(A. IS) 

(A.16) 

(A.I7) 
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where: 

A· o min M Ir· =--. A' 
mIn 0.21 Il [

kg Air] 
kg fuel 

(A.18) 

Oroin = Oxygen minimum needed for the complete reaction of the 

fuel, 

Air min = Air minimum needed for the complete reaction of the fuel, 

C = mass fraction carbon in the fuel 

H = mass fraction hydrogen in the fuel 

S = mass fraction sulfur in the fuel 

MAir = molar mass of the air. 

° . = 0.8651 + 0.1392 + 0.00018 = 0.1068 [kInOl 0] 
mm 12 4 32 kg fuel 

(A.19) 

Airmin = 0.1068 .28.963 = 14.742 [kg Air] 
0.21 kg fuel 

(~) = (Airmin )-1 = 0.06783 
m a stoichiometric 

(
4.104) 

<p = 210 = 0.28782 
0.067833 

(A.20) 

(A.2l) 

(The numbers used in these calculations are based on a chemical analysis of the 

fuel by Penniman and Browne, Inc., Chemists-Engineers-Inspectors, 6252 Falls 

Road, Baltimore, MD 21209. Analysis results showed the fuel to contain the 

following: carbon = 86.51 %, hydrogen = 13.92%, nitrogen = 0.01 % and sulfur = 

0.0180/0 on a mass basis.) 
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A.4 Experime~tal Conditions 

For all experiments reported in this work, the following experimental conditions 

were: 

Fuel flow rate: 4.1 kg/h 

Atomization gas flow rate (mass flow controlled): 1.64 kglh 

Atomization gas flow rate (momentum flow controlled): 

Main combustion air flow rate: 161.4 m3/h 

Swirl vane angle/ Swirl number: 40° I 0.3 

7.86xlO-2 kg/m·h2 

(at the rotometer) 

A.5 Wigg Size Correlation for Internal Mixing Air-Assist Atomizers 

Given an air-assist atomizer and a single fuel (or liquid), the variation of mass 

mean droplet diameter with atomization gas flow rate and properties may be 

expressed as: 

(A.22) 

Where m indicates mass flow rate, P density, DR the relative velocity of the 

atomization gas and the fuel, which is taken here to just be a function of 

atomization gas velocity, since DA»UF• 

Assume two different atomization gases, 1 and 2, where: 

PI =2P2 (A.23) 

in order to maintain a constant mass flux of atomization gas (pU), the velocity of 

gas 1 would have to be half that of gas 2. Therefore: 
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(A.24) 

Since ml = m2, this expression can be simplified. Substituting the relationship in 

eq. A.23 into eq. A.24: 

MMDI (2P2)-o·3 2U
2 ---=- 0<: --:...--....:..-

MMD2 p-: 3 U2 

simplifying: 

MMDI 0<: 1.63 
MMD2 

(A.25) 

(A.26) 

Therefore, if the density of the atomization gas is doubled, the mass mean droplet 

size will increase by 63% according to this correlation. In tests with nitrogen and 

carbon dioxide, sauter mean size differences on the order of 50% were measured 

on the spray centerline, whereas carbon dioxide is 57% more dense than nitrogen. 

In the case where the momentum flux is maintained constant, pU2 is constant. For 

the same gases 1 and 2, we have the following: 

P1U1
2 

= P2U~ 

U = .J2u2 

I 2 

(
1 + ~m·' L) )0.5 

MMD P -0.3 U-1.0 
__ ....:....1 0<: e_1 _e_1 _ 

MMD2 ( 1 + ~: r p;"3 U;10 

(A.27) 

(A.28) 

taking the typical values used for flow rate in this study (4.1 kglh fuel, 1.64 kglh 

for air, assumed to be gas 1) and substituting: 
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(
1 4.1 kg / h )0.5 

MMD, oc + J2 ·1.64 kg I h • (2p 2 )-03 • ..fi 

MMD2 (1 + 4.1 kg / h )0.5 P -;>.3 
1.64 kg / h 

MMD) oc: 1.0211 
MMD2 

(A.29) 

(A.30) 

Therefore, if the momentum flux of the atomization gases are maintained constant, 

the mass mean droplet size will also remain nearly constant regardless of the 

atomization gas density. 

A.6 Spray Angle 

The spray angle is defined as the angle between the velocity vector of an individual 

droplet and the centerline. 

r Centerline 

Velocity Vector 
of a Droplet 

Combusti on Air Passage I 

Figure A.1: Definition of the spray angle 
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Appendix B - Principals of Phase-Doppler Interfereometry 

The following technical development of the principals of phase-Doppler interferometry is 

based on the development of Bachalo, et. al. (1984). Dr. Bachalo and his colleagues at 

Aerometrics did much of the. initial development on the principals and operation of this 

system in the early 1980's. 

The scattering of light by homogeneous dielectric spheres (in this case, droplets) larger 

than the light wavelength and with refractive indices sufficiently different than the 

surrounding medium may be approximated by Mie theory (van de Hulst, 1957). 

A beam of light scattered by diffraction through a droplet, may be approximated by the 

function: 

S ( e) _ 2[11 (a sine )] 
diff a, - a . 

aSlne 
(B.1) 

where J 1 is the Bessel function, a = ltd/A, and e is the scattering angle. This forward­

scattered light becomes more intense as a function of the droplet diameter squared, and 

has a smaller angular distribution as droplet size is reduced. For droplets of size with a > 

15, diffraction becomes insignificant at scattering angles greater than 10°. Diffraction can 

therefore be avoided by careful selection of light wavelength and proper placement of the 

recei ving optics. 

When a ray of light impinges on a transparent droplet, it reflects and/or refracts through it 

according to the laws of simple geometric optics (see Fig. B.1). According to Snell's law, 

the direction of the refracted ray is given by: 

cos'! = m cos'!' (B.2) 
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where l' and 1" are the angles between the surface tangent and the incident and refracted 

rays, respectively. The emerging rays are characterized by two parameters: the angle l' of 

the incident ray and the integer p of the interface from which it emerges - p = 0 for the 

first surface reflection, p = 1 for the first tran~mitted ray, and p = 2 for the ray emerging 

after one internal reflection. The angle between the incident and pth ray is given by: 

8 = 2(p1' , -1') 

Figure B.l: Geometrical diagram of light rays scattered by a sphere (Bachalo, 1984) 

In van de Hulst's notation, the scattered light is described in terms of two amplitude 

functions, Sl(a, m, 8) and S2(a, m, 8) for the perpendicular (to the scattering plane) and 

parallel incident polarizations, respectively. Since large spheres scatter most of the 

incident light in the forward direction, only the first two terms describing the rays 

emerging from the interfaces need to be considered. 

Glantschig and Chen (1981) obtained the expressions for the amplitude function 

describing the rays reflected from the first surface of the sphere: 
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. 9 ~ 2 2
9 

Sp)(a, m,9) = a Sin "2 ~ ~ m - COS "2 X..!. exp[j(1t + 2a sin ~)] 
. e e 2 2 2 

SI n + m 2 
- cos 2 

-
2 2 

(B.3) 

where j is the imaginary value l=-I, superscript (1) implies the p=O reflection, and 

subscripts 1 and 2 represent the perpendicular and parallel polarizations, respectively. The 

amplitude functions for the rays emerging from the second surface after refraction by the 

sphere are given by: 

[ 

e]2 1 + m2 
- 2mcos-

S{2)(a,me)=a 1- I-m2 2 x 

S(2)(a me) = a 1- 2 x 2 2 2 x 
[ [

(1 + m2 )cos~ - 2m]2] m2 
sin ~(mcos e -l)(m -cos~) 

2 ' e ( e)2 (m
2 

-l)coS"2 2sin9 1+m2 -2mcos"2 

(B.4) 

Summing the amplitude functions yields the total forward scattering: 

j = 1,2. (B.5) 
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The dimensionless intensities ij are: 

ij (a,m,9) = ISj(a,m,9 ~1 

With the exception of cases where the scattering occurs at grazing or near grazing 

incidence, these expressions provide accurate results, which have been shown to be 

accurate for water droplets down to 5Jlm. 

(B.6) 

For adequately sized droplets, the intensity of the scattered light may be used for size 

analysis. The square of the droplet diameter can be assumed to be proportional to the 

scattered light intensity: 

[scat(d, m,9) = C(m,S )d2 

where C(m,S) is a constant. 

(B.7) 

Light rays emerging from a spherical particle will have different path lengths depending on 

the angle of scatter and the size of the sphere. The intensities of the outgoing beams can 

therefore not be added directly. The beams (having all originated from the same coherent 

source) must have their complex amplitudes added, and the squared modulus then 

becomes the correct intensity. 

In order to compute these phases from ray optics, van de Hulst references the actual ray to 

a hypothetical ray scattered without a phase lag at the center of the sphere. Neglecting the 

phase shifts of 1t at the reflection and 1t/2 at the focal lines, a simple geometric analysis 

results in the following expression: 

11 = 2a(sin't - pmsin't') (B.8) 

for the phase shift with respect to the reference ray. It is of interest to note that this phase 

difference is directly proportional to a, suggesting a means of obtaining size information. 
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One approach for obtaining size information from the phase shift is to utilize a dual-beam 

scattering arrangement as used in I-D laser Doppler velocimetry (see Fig. B.2). Assuming 

linearly polarized light, the amplitude functions associated with scattering from beams one 

and two are: 

Sll (m,6, d) = .JT: exp(ja I) 

SI2(m,6,d) = ji; exp(ja 2) (B.9) 

where the double subscript indicates that only polarization 1 is considered and a = 11. 

When a spherical particle passes through the intersection of the beams, it will scatter light 

from each beam independently, i.e. as if the other beam were not present. Therefore, th~ 

scattered light intensity may be described as: 

exp( - jkr + jro It) 
E1(m,6,d) = Sll(m,9,d) . , 

Jkr 

exp( - jkr + jro 2 t) 
E2 (m,6, d) = S12(m,6, d) . , 

Jkr 
(B.lO) 

where k = 21t1'A is the wave number and ro is the angular frequency. The total scatter is 

obtained by summing the complex amplitudes from each beam and then determining the 

intensity, which is 

(B.Il) 

where a is the phase difference between the scattered fields. In this expression, the cross 

product term corresponds to the sinusoidal intensity variation of the fringe pattern, while 

the other terms are the pedestal components. 

Since the rays from beams 1 and 2 intersect at a small angle y « 1 0°), the scattering 

angles 6 1 and 92 are approximately equal for those pairs of rays that reach a common point 

in space and interfere. The amplitude functions S 1 and S2 are therefore also approximately 

equal, and the visibility of the fringe pattern is approximately unity. The spatial frequency 
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of the fringe pattern is detennined by the relative phase difference cr of the interfering light 
waves scattered from beams 1 and 2. Figure B.3 is a photograph of the scattered light 
interference pattern. 

MEASUREMENT VOLUME 

LASER 

BEAMSPLITTER 

DET1 

DET2 

Figure B.2: Schematic of optical system for I-D LDV and droplet sizing system. 

Figure B.3: Interference pattern produced by a droplet scattering laser light (Bachalo, et. 
al. 1984) 
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When a droplet moves through a pair of intersecting laser beams, the fringe pattern 

produced moves at the Doppler difference frequency, which is a function of the beam 

intersection angle, light wavelength, and velocity of the droplet. The spatial frequency of 

the fringe pattern is dependent on the angle of observation, droplet index of refraction, 

beam intersection angle, laser wavelength, and droplet diameter. Placement of a receiving 

optic to collect the scattered light will produce a Doppler burst signal, as shown in Fig. 

B.4. The lens functions in effect as a length scale, measuring the spatial frequency of the 

scattered fringe pattern. Integration of this pattern over the received aperture produces a 

Doppler burst signal which may be related to the droplet size. 

Given the fact that the interference fringe pattern produced by the scattered light is related 

linearly to the droplet size, the mathematical description of the interference pattern can be 

derived as a straightforward geometry exercise. Each point in space may be associated 

with ray angles 9 1 and 92, which defines the amplitude and phase of each ray reaching the 

point. With the complete theoretical description of the fringe pattern produced by the 

scattered light, the drop size may be obtained from accurate measurement of the spatial 

frequency of the interference fringe pattern. 

Figure B.4: Laser Doppler burst signal (Bachalo, et. al. 1984) 

The scheme used to measure the spatial frequency of the scattered fringe pattern requires 

the use of two or more detectors separated by a fixed distance. As a droplet passes 

through the intersecting beams, the fringe pattern appears to move past the receiver at the 

Doppler difference frequency. A Doppler burst similar to that shown in Fig. B.4. will be 

produced by each detector, but with a phase shift between them, as shown in Fig. B.5. 
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The signals in Fig. B.S have been high-pass filtered to remove the pedestal component 

shown in Fig. B.4. The phase shift is determined by measuring the time between the zero 

crossings of the signals from detectors 1 and 2 and dividing by the measured Doppler 

period: 

(B.12) 

where the measurements are averaged over all the cycles in the Doppler burst. 

Measurements of the phase shift are then related to the droplet size using the computed 

linear relationships shown in Fig. B.6. In this figure, the abscissa is the drop size made 

dimensionless with delta, which is the fringe spacing assumed to be formed at the 

intersection of the two laser beams and is a function of the light wavelength and the laser 

beam intersection angle. 

Figure B.S. High-pass filtered Doppler burst signals illustrating the phase shift between 
detectors (Bachalo, eta al. 1984). 

In Fig. B.6., the effect of changing optical parameters including the beam intersection 

angle, collection angle, droplet index of refraction, -laser wavelength and scattering 

component detected is simply to change the slopes of the linear response curves. 
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Figure B.6: Theoretical prediction of phase variation with dimensionless drop size. (a) 
relationship for three detectors and (b) comparisons with experiment (Bachalo, 1984). 

Three detectors are required to ensure that no ambiguities in measurement occur. When 

measuring a polydisperse spray without prior knowledge of the size distribution, phase 

shifts of greater than 3600 may occur. Without a third detector, such occurrences would 

be detected as being less than 3600
• The third detector provides a logical test to identify 

and eliminate such uncertainties. By properly setting the spacing between the detectors, a 

wide range of size sensitivity may be obtained as shown on curves <P1-2 and <P1-3. The two 

phase angles serve as a redundant measurement for verifying the data and extending the 

size range sensitivity at one optical setting by a factor of approximately 100. Since the 

droplets scatter light in proportion to their diameter squared, this would require a dynamic 

range of 105 or more in the detectors. However, detector gain may be easily reset to 

select optimum sensitivity for a given size class of droplet without any optical adjustments 
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or realignment. Figure B.6.b shows experimental verification of predicted instrument 

response, and was obtained using a monodisperse droplet generator. 

Since the system uses two intersecting beams.to produce a fringe pattern through which 

droplets pass, it can also be used as a velocimeter. In the present work, two pairs of 

intersecting beams were used, which made it possible to measure velocity in two 

directions. In addition, this provided an important check in the system. Droplet size was 

determined by each pair of beams, and cross-checked to ensure that identical sizes were 

determined by each phase delay. If the delays differed, it indicated that either an error had 

occurred, or the droplet was not spherical. In either case, the signal was rejected. Signals 

were also rejected if the detectors saturated due to excessive voltage on the PMTs, or if 

the droplet was not fully within the probe volume. 

Figures B.7. and B.8. show the results of some of the calibration tests from Bachalo, et. al. 

(1984). In Fig. B.7., a comparison between the POI measured drop size data and the 

manufacturer (Delavan) supplied drop-size distribution data is shown, and agrees with the 

manufacturer supplied data well. 
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Figure B.7: Comparison with drop size distributions measured by Delavan pressure 
atomizer 45 B 0.6 gph at 60 psig water. 
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Figure B.8 shows the effects of instrument setup on PDI measured droplet size. A PDI 

system's sensitivity to droplets can be affected by operator input parameters. In the case 

shown here, it can be seen that changes in the droplet size range measured by the system 

can shift the size distribution detected by the system. 
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Figure B.8: Comparison of drop size distributions measured at three size range 
selections. 

PDI systems are especially sensitive to the voltage settings on the detector PMTs. If these 

voltages are set too low, the PMTs will not be able to detect smaller droplets entering the 

control volume. The data collected will therefore be skewed towards the larger droplets. 

If the PMT voltages are set too high, larger droplets will saturate the PMTs, skewing the 

distributions towards smaller droplets. 

In a 1994 paper by Presser, et. aL (1994), this topic was explored in detail. A mixture of 

dodecanol and methanol was used in a pressure jet atomizer. Two PMT voltage settings 

were utilized - in one case, the voltage were set so as to obtain a data rate of 200 Hz. 

Data rate is defined as the rate at which validated particles enter the control volume and 

are recorded. To become validated, the signals from these particles must achieve a 

sufficiently clean signal within the user defined bounds for size and velocity. The other 
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voltage was set so as to achieve optimum data rate, which was generally observed to 

occur with the PMTs saturated 1 % of the time. This criterion is recommended by 

Aerometrics. In Fig. B.9., a strong effect on droplet size may be observed, where Sauter 

mean size drops from 58.3 to 46.3 J..Lm, and axial velocity decreases from 19.3 to 14.2 mls. 

This result was anticipated, since the voltages used in the low data rate case were lower 

than those used in the optimum gain case. In the 'B' portion of the Fig. B.9, the increased 

detection of smaller, slower particles is clearly shown. 
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Figure B.9: Distribution of droplet size and velocity for the (A) low data rate and (B) 
optimum gain operating conditions of the phase Doppler system at r = 15.2 mm and z = 

25.4 mm. 
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