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Abstract 

The work described focuses on characterization of fluorescence dye-doped polystyrene latex particles (PSLs) 

dispersed in air as a candidate for advanced flow diagnostic techniques for applications in wind tunnels. PSLs 

with mean diameter on the order of 1 μm were provided by collaborators at NASA Langley Research Center 

and measurements of simultaneous Mie scattering and laser induced fluorescence (LIF) signals were obtained 

with the goal of providing a capability for velocity and scalar flow measurements. Three organic fluorescent 

dyes, Rhodamine B (RhB), Dichlorofluorescein (DCF), and Kiton Red (KR), were doped into PSLs and 

studied in benchtop experiments. A major interest in the present research is the application of safe dyes, thus 

DCF and KR are of particular interest, while RhB is used as a benchmark. The study is broken up into two 

major elements: response of the particles to continuous wave (CW) excitation, and response to pulsed 

excitation. The former was examined for mean LIF imaging and single-point single-shot measurements, the 

latter for planar single-shot measurements. The LIF signal has several potential uses, though the primary 

interest herein is the reduction of flare from wind tunnel walls which occurs at the laser excitation wavelength 

and the use of the fluorescence signal for sensing temperature. It is demonstrated that the LIF signal under 

CW excitation may be used for velocimetry with the laser-Doppler velocimetry technique, thus effective in 

filtering out the laser flare in the vicinity of wind tunnel models or walls. A two-band LIF technique was also 

demonstrated for one of the DCF batches, indicating that the technique effectively removes interfering inputs 

such as particle diameter and dye concentration variation. Temperature measurement uncertainties are 

estimated based upon the variance measured for the two-band LIF intensity ratio and the achievable dye 

temperature sensitivity, indicating that particles developed to date may provide about ±12.5 °C precision. 

Pulsed excitation with an Nd:YAG laser at  about 200mJ/pulse at 532 nm yield no fluorescence above the 

detection threshold of the cameras used from the DCF batch examined. However, a batch doped with Kiton 

Red 620 was shown to provide sufficient intensity of LIF for single-shot planar measurements such as PIV 

via planar LIF. The KR batch also exhibited highly non-uniform yield of fluorescence signal on a particle-

to-particle basis—this despite a highly uniform Mie scattering signal. Given the uniform Mie signal and a 

relatively narrow Gaussian distribution of the particles size, a possible mechanism is mentioned for the LIF 

non-uniformity as lasing within individual particles due to whispering gallery mode resonance. 
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Nomenclature 

The nomenclature here reported refers to all Chapters of this work. The purpose of a 

dedicated nomenclature comes from the need to use symbols and abbreviations that could 

have been used in different contexts and with different meaning. Thus, for clearness and 

completeness, a list of symbols is here provided.    

Roman Symbols 

f=Focal length  

T,To=Static and reference/total temperature 

SNR1= Signal to noise ratio 

N= Number of counts for signal  

fs=Sampling rate frequency 

V(t)LIF=Fluorescence yield electric signal 

(time dependent) 

V(t)LDV =Mie electric signal (time dependent)

t=Time 

U,u=Velocity  

d=Fringe spacing, beam diameter at the 

focal point 

D=Diameter of the particle, beam diameter 

at the laser head 

Rf=Fluorescence yield ratio 

Kopt=Optical constant  

Kspec=Spectroscopic constant  

C=Dye molecular concentration 

If=Fluorescence light intensity  

I0=Incident light intensity 

C=molecular conecntration of molecules or 

correction factor 

Vc=Control volume 

Vo=Initial volume 

k=Thermal conductivity  

Bi= Biot number 

M=Mach number 

P=Pressure  

Re=Reynolds number 

Pr=Prandtl number  

Pe= Péclet number 

Kn=Knudsen number   

Nu=Nusselt number  

H=Heat capacity ratio 

K=Conductivity capacity ratio  

Q=Heat transfer flux 

L=Length 

S=Molecular speed ratio 

CD=Drag coefficient  

X= Repeated set point data sample 

𝑤𝑤0= Beam waist 

Greek Symbols 

λ=Laser wavelength, mean free path  

σ=Standard deviation 

ψ=LIF to Mie band signal ratio  

η=LIF bands signal ratio 

θ=Intersecting beams half angle  

β=Temperature sensitivity 

Φ= Fluorescence quantum yield (Perrin’s 

Law) 

μ=Dynamic viscosity  

ρ=Density 

δ=Boundary layer thickness 

ε=Dummy variable 

x 



τ=Relaxation time constant 

Abbreviations 

PIV=Particle image velocimetry  

PSL=Polystyrene latex spheres 

DCF=Dichlorofluorescein dye  

RhB=Rhodamine B dye 

LIF=Luminescence induced fluorescence 

PLIF=Planar LIF 

CW=Continuous wavelength 

Nd=Neodimium  

YAG= Yttrium aluminum garnet 

RMS=Root mean square 

SNR=Signal-to-noise-ratio 

IE=Infrared emission  

GRT=Global rainbow thermometry 

BBO= Basset-Boussinesq-Oseen equation 

HHSJ=Hot high speed jet 

CCD= Charge-Coupled Device  

Subscripts and Superscripts 

LIF=Signal from the induced fluorescence 

LDV=Signal from the Mie scattered light 

⊥=Perpendicular 

D=Doppler 

� � �=Fluctuation 

f=Flow  

p=Particle 

0=Total, initial  

*=Critical 

p=Particle 

f=Flow 

i,j=Particle indices 

rel=Relative 

w=Wall 

Physical Constant 

R=Gas constant; 8.314 [J/mol·K] 

σ=Stefan-Boltzmann constant; 5.67×10-8 

W/(m2·K4) 

kb= Boltzmann constant; 1.3806488 × 10-23 

[m2·kg· s-2 ·K-1] 

kair= Air thermal conductivity at 20ºC; 0.026 

·[W· m-1 K-1]

𝜌𝜌𝑝𝑝= PSL particle density; 1,004 [kg/m3]

𝑐𝑐𝑝𝑝,𝑝𝑝= PSL particle specific heat; 1,500

[kg/m3]

xi 
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Chapter 1 

Introduction 

A study has been conducted on the viability of using fluorescence dye-doped polystyrene latex micro-

particles (PSL) for flow diagnostics. The Virginia Tech team, responsible for flow characterization of 

particles, collaborated with researchers at NASA Langley Research Center who developed and supplied 

particles for the investigation. The primary subject of this thesis is the effort carried out by Virginia Tech 

on laboratory characterization and demonstration of point and imaging flow diagnostics using these doped 

particles dispersed in air flows. Three main dye families were selected by NASA for doping particles. 

Rhodamine B was chosen as benchmark for comparison with other batches, because of the strong 

fluorescence exhibited if illuminated by 532 nm light. The two environmentally friendly organic dyes 

under investigation were the dichlorofluorescein (DCF) and the kiton red-620 (KR-620). A major interest 

driving the study was the development of particles that posed no health risks due to long term exposure 

so that these particles may be used in large, open air wind tunnels.  

The focus of the project conducted at the Virginia Tech Vortical Flow and Diagnostics (VTFD) Lab 

consisted of the following objectives: 

• Detect and quantify both elastic Mie scattering and LIF fluorescence signals by illuminating the

seeded flow out of a small validation flow rig via continuous wave and pulsed laser excitation.

• Find the correlations between Mie and LIF exhibited by the particles

• Envision possible applicability for thermometry and velocimetry techniques for the particle

batches in use.

The goals were accomplished for most of the dye-doped particle batches provided. Key attributes required 

of the particles have been demonstrated, such as use of two-color LIF to remove interfering inputs and 

demonstration of planar pulsed imaging which is applicable for particle-image velocimetry (PIV) via PLIF 

measurements.  

1 
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In order to provide a full overview of the topic, a first section is focused on the decisional 

factors/characteristics for the employment of particles in large device testing, while a second section is 

dedicated to the laser diagnostic techniques of our interest, with particular emphasis on the two-color LIF 

(validated for one of the tested particle batches). In the former, the implementation of dye-doped particles 

for variable-property flow interrogation is emphasized. A broad literature review also illustrates what is 

the current state-of-art in the implementation of micro-particles for flow field non-intrusive investigation, 

informing the fundamental approach for the current study. 

Motivation behind the choice of PSLs particles

Measurements in large wind tunnels are usually performed either using sensors embedded in the structures 

or sensing the properties of the flow field directly. For the former one may mention pressure sensitive 

paints, shear stress gages and pressure taps. On the other hand, the implementation of PSL particles for 

sensing properties began in the 1980’s and now is commonly employed as a seed material in wind tunnel 

testing to measure the velocity via LDV and PIV techniques [23], [24]. The fruitful employment in 

velocimetry has posed the matter if additional capability in the determination of scalar properties of the 

flow was achievable. The ability to measure temperature simultaneously with velocity can provide a 

greater understanding of the flow physics phenomena. For example, the noise in hot jets is related to 

temperature fluctuations, in addition to the well-known Reynolds stress source terms. In addition to 

knowledge about the local flow enthalpy and local speed of sound, the local temperature can give 

information about density or pressure through the ideal gas law. Therefore, there is a strong desire to be 

able to make temperature measurements simultaneously with velocity. Among the drawbacks, the 

availability and the high cost have always been affecting the choice of suitable seeding. In light of this, 

liquid droplets (e.g. oil or fuels) were largely employed [23]. Polydisperse size distribution and intolerance 

to even mildly elevated temperatures limited the applications of these. On the other hand, the reliability 

of the PSL particles comes from  

• low density relative to other solid particle options (close to that of the water)

• capability to obtain and use significant volumes with narrow size distributions

• ability to characterize the particles prior to use in the wind tunnel

• limited amount of risks for facility, model, and personnel compared with other seed materials.

2 
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In terms of suitability for laser techniques, most of the efforts from the researchers were focused on the 

scattering particle characteristics enabling to accurately provide measurements of velocity via LDV [23]. 

In this regard, optimum LDV measurements could be achieved by controlling particle characteristics 

during the making process and to monitoring signals at the measurement point as feedback for those 

characteristics. In light of this, in addition to the previous factors listed above, among the most desirable 

characteristics for particles we find  

• sphericity

• uniform size and shape (i.e. monodisperse)

• suitable sizing for a given wind tunnel and laser system.

The measurement techniques which experimentalists employ the most nowadays include particle image 

velocimetry (PIV) and laser Doppler velocimetry (LDV) for velocity and laser induced fluorescence (LIF, 

PLIF) for both velocity and temperature, respectively. Over three decades a variety of seed materials have 

been investigated thus generating a large data base of information. Literature review regarding the 

employment of polystyrene latex microspheres (PSLs) in laser-based laser diagnostic reveals that most of 

the research conducted so far was focused on Doppler velocimetry and particle image velocimetry (PIV) 

because of the high index of refraction characterizing these particles. This enables efficient light scattering 

from their surface, thus obtaining a measurable Mie output signal. No reference has been found regarding 

possible applications in thermometry, however interesting experiments were conducted on pressure-

sensitive paint PSL particles coating by Kimura et al., 2006 [20]. The purpose to measure flow temperature 

by means of LIF technique leads to several issues/aspects which some researchers have already begun to 

address. The scatter direction and the particle temperature distribution are two relevant aspects subsumed 

under the general term “spatial distribution”. The direction of the scattered fluorescence from a particle is 

crucial in the optimization of collected light for the receiving system set up. Frackowiak and Tropea, 2008 

[5] covers the fluorescence model based on generalized Lorenz-Mie theory and ray-tracing method. They 

state that the scattered fluorescence direction cannot be uniquely defined as the fluence field varies with 
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droplet diameter, solvent and type of dye. The examined case of a 10 μm diameter water Rh 6-G dye-

doped particle (in agreement with experiments conducted by Domann and Hardalupas, 2001[13]) reveals 

that the fluorescent signal is stronger on the far side of the laser impact point. The same paper from 

Frackowiak and Tropea, 2008 [5] illustrates that the non-uniform distribution of the fluorescence can 

combine with a variable temperature in the particle cross sectional area leading to a biased estimation of 

the temperature of the flow. Regarding the estimation of scalar properties (i.e. thermometry) both 

luminescent paints and fluorescent dyes were investigated. Examples of liquid and solid doping of 

particles can be found in Sutton et al. 2008 [12]. Several drawbacks can be mentioned for both types of 

particle doping methods based on target applications in large facilities: fog-based seeding techniques can 

be excluded because of the large resulting particle diameters (>1 μm) and large particle size distributions. 

On the other hand, although combined thermometry-anemometry flow imaging employing phosphor 

particles have led to satisfactory results [14, 17], such particles, typically containing rare-earth elements 

such as Europium, prevent their use in large flow facilities because of health risks. High costs for such 

large-scale tests exclude the use of commercially available dye doped particles. 

Polystyrene latex micro-particles in laser based techniques 

Micro-particles are commonly used as a seed material to measure the velocity of a flow. Two common 

measurement techniques include particle image velocimetry (PIV) and laser Doppler velocimetry (LDV). 

In both techniques, a laser is used to scatter light off the particles seeded in the flow. In LDV, two (or 

more) lasers cross (Fig.1.1) to create a fringe pattern through which the particles flow [26]. As the particle 

flows from dark to bright fringes, its velocity can be determined from the frequency of scattered light. The 

seed particles required for LDV measurements must have both predictable laser scattering performance as 

well as consistent dynamic response to flow fluctuations. Seed materials have a relaxation time constant, 

τP, indicative of the delay in particle velocity change from fluid velocity. The τP depends on the particle’s 

drag coefficient which is influenced by shear force and skin friction changes [27]. Spherical particle 

response times in a fluid flow scale linearly to particle density, ρ, and as the square to the particle diameter, 

DParticle, the drag coefficient, relative Reynolds number, and dynamic viscosity, respectively. Seed particles 

are detected in the airflow as a result of Mie scattering incident laser light. Mie scattering is non-uniform 
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with regions of enhanced and minimized scattered light intensity dependent on the direction of laser 

incidence. The intensity of the scattered light depends on the differential cross-section of the particle, 

among other variables. Thus, increasing the particle size increases the scattered light intensity. 

Concomitant to the increase in signal strength, the particle relaxation constant also increases. In PIV, a 

camera is used to take pictures of an area of a flow field which is illuminated by a pulsed laser [27]. The 

position of the seed particles can then be traced in the images in order to determine the velocities of the 

particles between frames. A good seed material for PIV and LDV will have a small aerodynamic diameter 

and a high index of refraction. The aerodynamic diameter is an indicator of how well seed particles 

velocity matches that of the surrounding fluid. If the aerodynamic diameter is small, the particle’s velocity 

can be assumed to be equal to the velocity of the surrounding fluid. The choice of optimal diameter for 

seeding particles is actually a compromise between an adequate response of the particles to changes in the 

flow velocity, requiring smaller diameters, and a high signal-to-noise ratio of the scattered light signal 

(e.g. Mie), necessitating larger diameters. PSLs are usually good seed material because they have a high 

refractive index (~1.6). The techniques described above work well, but additional capability is desired for 

the measurement of scalar properties of the flow such as temperature and pressure. However, the ability 

to measure temperature simultaneously with velocity can provide a greater understanding of the flow 

physics. LIF (PLIF, 2-color LIF) provides the advantage that the fluorescent signal is at a longer 

wavelength than the input laser light. This is due to the Stokes’ shift, which holds that the electrons in the 

dye absorb photons from the input laser, but lose some energy due to vibrational relaxations. Then, the 

electrons emit a new photon at a lower energy and longer wavelength. This fact can be utilized to make 

the particles more distinguishable and make measurements closer to surfaces. When the particles are 

floating near a surface, the input laser light will reflect off the surface as well as the particles. This 

reflection can overwhelm the signal from the particles. Since the particles fluoresce at a different 

wavelength, the input laser can be filtered out with optics, leaving only the fluorescent signal. This allows 

measurements to be made much closer for flows over and near surfaces. The accuracy of particle based 

measurement systems depends on the ability of the scattering particle to faithfully track the local flow 

field. A complex relationship exists between the particle motion and the local flow field, dependent upon 

particle size, size distribution, shape, and density. It should be noted that detection of scattered light from 

particles in the flow is often complicated by factors such as the back scattered light from near wall regions. 
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In light of this, Polystyrene latex spheres seem to meet all the needed requirements for implementation in 

flow field investigation. In addition to their high performance as seeder, polystyrene microspheres are 

easily produced in large quantities in a short period of time. To achieve additional capabilities for the 

determination of scalar properties such as temperature, polystyrene latex microsphere particles (PSLs) 

have been doped with temperature dependent fluorescent dyes. Adding the fluorescent dye during the 

synthesis process, allows particles to be made with fluorescent properties. Namely, when the particles are 

illuminated with an input laser, they exhibit fluoresce light at different intensities based on temperature. 

This is called laser induced fluorescence (LIF) [25], and it allows for the simultaneous measurement of 

temperature and velocity. Specifically, dichlorofluorescein (DCF) and members of rhodamine (e.g. RhB) 

family were found to easily incorporate into the PSLs during the synthesis process. But, despite having 

desirable experimental characteristics, some of these dyes have been classified as potentially toxic and 

carcinogenic. One of the objectives of the research was indeed to assess the applicability of such doped 

particle batches to velocimetry and thermometry techniques. Among the potential applications of dye 

doped particles by using either PIV/LDV+LIF techniques, we can mention the noise hot jets reduction by 

the knowledge of the flow temperature field. Mainly, the noise in hot jets is linked to temperature 

fluctuations through the local speed of sound. In addition to knowledge about the local speed of sound, 

the local temperature can give information about density or pressure through the ideal gas law. 

Simultaneously, the scattered light from particles detected by cameras or photomultiplier ensures the 

determination of the velocity field. Therefore, there is a desire to be able to combine temperature 

measurements simultaneously with velocity for a comprehensive investigation of the flow field. 

The addition of a fluorescent dye during the synthesis of the making process, allows particles exhibit 

fluorescence when excited by a specific source light. When this happens, the particles fluoresce light at 

different intensities based on temperature, thus showing a needed sensitivity, for instance, for temperature 

measurements. This approach is called laser induced fluorescence (LIF), and it allows for the simultaneous 

measurement of temperature and velocity field [28]. LIF provides the advantage that the fluorescent signal 

is at a longer wavelength than the input laser light. This is due to the Stokes’ shift, which holds that the 

electrons in the dye absorb photons from the input laser, but lose some energy due to vibrational 
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relaxations. Then, the electrons emit a new photon at a lower energy and longer wavelength [28]. The 

particles emission spectrum results to be shifted compared to that of the absorption, thus the fluorescence 

in output is shown over a different wavelength range. For the mentioned purposes, the input laser can be 

filtered out with optics, and the fluorescent intensity can be properly used to determine scalar properties 

such as the temperature.  

Figure 1.1- Schematic of the intersection of two coherent laser beams forming interference fringes (left). Photograph of LDV laser 
beams in a test flow (right). Kevin Todd Lowe, “Design and application of a novel Laser-Doppler Velocimeter for turbulence 

structural measurements in turbulent boundary layers”, Ph.D. dissertation, 2006. Used under fair use, 2014. 

As anticipated above, in order to have the capability to implement the particles for simultaneous 

temperature and velocity estimation, the polystyrene latex microsphere particles (PSLs) for the current 

experimental work were doped with temperature dependent fluorescent dyes. In the next paragraphs the 

physical background of the LIF technique will be covered and analyzed under multiple aspects. 

1.1 Laser Induced Fluorescence 

Laser induced fluorescence (LIF) is a spetroscopic technique relying on a the excitation of a given 

fluorescent species by means of a determined wavelength laser source light. The response in a given 

wavelength range in output is the fluorescence emitted by the species. Usually, the fluorescence exhibits 

at a different wavelength range than that of the excitation. The implementation of a such method in fluid 

dynamics allows for the determination of the scalar properties such as the temperature and quantities such 

D 

d 

7 



P. Maisto 2014  

 

 
as the composition characterizing the flow field under investigation. The goal of the following chapter is 

to briefly introduce the reader to the fundamentals of the theory of the experimental method here described 

with a specific focus about the temperature field determination. In addition to the evolution of the 

technique, in this chapter the possible influence of additional effects (e.g. self-quenching, absorption) and 

the employment of alternative methods for flow temperature measurements are shortly addressed. In 

Dunand et al., 2001 [9] it can easily found the correlation of the output intensity of the fluorescence with 

the temperature as follows (neglecting Beer’s Law attenuation of the incident laser beam and re-absorption 

of the fluorescence effects [2]): 

𝐼𝐼𝑓𝑓 = 𝐶𝐶 ∙ 𝐼𝐼0 ∙ 𝐾𝐾𝑜𝑜𝑝𝑝𝑜𝑜 ∙ 𝐾𝐾𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠 ∙ 𝑉𝑉0 ∙ 𝑒𝑒𝛽𝛽 𝑇𝑇⁄    (1.1) 

Where Kopt is an optical constant, I0 the incident laser intensity, C the molecular concentration of 

fluorescent molecules and Vc represents the probe volume where the particles interact with the laser beam 

focused by means of the optics. Kspec and β are constants depending on physical properties of the 

fluorescent molecules and temperature.The estimation of Vc is non-trivial for some applications where the 

mass transfer needs to be taken into account (e.g. two-phase flows mixing). Generally, the uncertainties 

related to the standard deviation of the particle cross-section diameter can be the major source of error for 

such an estimation.  

1.2 Spatial distribution of the fluorescence 

When dealing with the scattered fluorescence from the particles passing through the excitation laser beam, 

two major aspects regarding the signal in output need to be addressed in order to estimate correctly the 

flow properties out of that. The former is the non-coherency of the scattered light originated by the 

excitation of the doped particles. This aspect is quite relevant and decisional for the optics set up designed 

to focus the beam at the desired probe volume. The strength of the LIF signal depends on the amount of 
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the light collimated as well as the properties depending on the intensity (e.g. flow temperature). 

Frackowiak and Tropea, 2008 [5] emphasize the variable nature of the directionality of the emitted 

fluorescence related to the nature of the doping dye and the particle (e.g. droplet) size. The authors 

emphasize that the fluorescence intensity is greater on the far side of the laser excitation direction. 

Secondly, the unbiased determination of the flow properties strictly depends on the difference in 

temperature found across the cross-sectional area of the particles. The non-uniform distribution of the 

emitted fluorescence could generate a misinterpretation of the flow temperature. If the particle has non 

uniform temperature distribution along the core-to-surface direction, and assuming that the gross  

fluorescence is mainly exhibited at the surface (as pointed out by the authors), then the estimated 

temperature cannot be representative for the whole particle (adapted to the local surrounding temperature) 

and the surrounding flow. As clearly pointed out in the introduction, the smaller is the aerodynamic 

diameter of the particles, the more accurate is the estimate of the velocity and the temperature because of 

the adaptability of the particle properties to those of the surrounding flow. The difference in between the 

core and the mean temperature can be easily quantified using the Biot number. This parameter correlates 

other factors representing the properties of both particles and surrounding flow such as the Nusselt number 

Nu and both thermal conductivities kf and kp , as shown in Eq. 1.2. 

 

 

𝐵𝐵𝐵𝐵 = 𝑁𝑁𝑁𝑁∙𝑘𝑘𝑓𝑓
2∙𝑘𝑘𝑝𝑝

   (1.2) 

 

 

1.3 Two-color LIF Technique  

 

The uncertainties of the fluorescent output intensity above mentioned in §1.1 and mainly regarding their 

particle-volume dependence as well as the incident laser light fluctuations affecting the measurements are 

later discussed in detail. The “ratiometric” technique also known as two-color laser induced fluorescence 

(LIF) is assumed to be a reliable method to overcome these uncertainties. The approach leverages on the 

different sensitivity to the temperature of a dye exhibited by the fluorescence emission spectrum at different 
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wavelength ranges as shown in Fig.1.2. Originally, authors such as Coppeta and Rogers [8] and 

Sakakikbara and Adrian [7] proposed the use of two different dyes with different temperature sensitivities 

at a given wavelength band. However, such a strategy showed additional difficulties in the implementation 

since the control of the dye-temperature-sensitivity strictly depended on the dye-concentration, so that a 

severe check of the concentration level over time was needed for unbiased measurements. The two-color 

LIF technique employing one dye overcomes this additional drawback. Besides the technique works well, 

some shrewdness needs to be addressed for the applicability of the method. The difference between the two 

temperature sensitivities related to the different spectrum regions has to be large enough to result into an 

accurate estimation of the scalar property. The color doping dye has to be selected based on the strength of 

the emission intensity exhibited under excitation to ensure valuable signal-to-noise-ratios (SNRs) and the 

medium involved in the experiments should exhibit relatively low absorption in the two selected regions 

of the emission spectrum. Because of the interest in the employment of the dichlorofluorescein (DCF) as 

environmental-friendly dye for large particle based device tests, two bands in the emission spectrum were 

considered upon the emission spectral behavior.  

• 539nm-559nm was selected as wavelength pass band.

• >559nm was selected as wavelength reflected band.
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Figure 1.2-Fluorescein 27+Kiton Red 620 mix emission spectrum varying with the sample temperature (right). Note the two color 
band selected for the “ratiometric” technique based on the sensitivity of the bands to the temperature. J. L. Wheeler, P. Tiemsin, P. 

Danehy, “Characterization of Temperature Sensitive Dye Treated Particles”, Research and Technology Directorate Advanced 
Sensing and Optical Measurement Branch, Aeronautics Research Mission Directorate, August 2010. Used under fair use, 2014. 

The intent of the ratiometric technique is to eliminate the dependence from the molecular concentration, 

the fluctuations of the incident laser, and the optical and spectroscopic constants. The intensities for the 

two bands can be expressed as follows (Eqs. 1.3), according to Eq. 1.1: 

𝐼𝐼𝑓𝑓1 = 𝐶𝐶 ∙ 𝐼𝐼0 ∙ 𝐾𝐾𝑜𝑜𝑝𝑝𝑜𝑜1 ∙ 𝐾𝐾𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠1 ∙ 𝑉𝑉0 ∙ 𝑒𝑒𝛽𝛽1 𝑇𝑇⁄       

(1.3) 

𝐼𝐼𝑓𝑓2 = 𝐶𝐶 ∙ 𝐼𝐼0 ∙ 𝐾𝐾𝑜𝑜𝑝𝑝𝑜𝑜2 ∙ 𝐾𝐾𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠2 ∙ 𝑉𝑉0 ∙ 𝑒𝑒𝛽𝛽2 𝑇𝑇⁄  

The ratio Rf is readily found as follows (Eq. 1.4): 

𝑅𝑅𝑓𝑓 = 𝐼𝐼𝑓𝑓1
𝐼𝐼𝑓𝑓2

∙ 𝐾𝐾𝑜𝑜𝑝𝑝𝑜𝑜1∙𝐾𝐾𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠1
𝐾𝐾𝑜𝑜𝑝𝑝𝑜𝑜2∙𝐾𝐾𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠2

∙ 𝑒𝑒(𝛽𝛽1−𝛽𝛽2)𝑇𝑇   (1.4)

Equation (1.4) can be readily solved for the temperature T based on a reference temperature Tref and a 

related calibration process. Equation (1.5) shows the explicit solution for the temperature T according to 

Eq. 1.4. 
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𝑇𝑇0

+ 1
𝛽𝛽1−𝛽𝛽2

∙ 𝑙𝑙𝑙𝑙 �𝑅𝑅𝑓𝑓
(𝑇𝑇)

𝑅𝑅𝑓𝑓(𝑇𝑇0)��
−1

   (1.5) 

Where T0 is assumed as reference temperature.The temperature sensitivity difference can be determined 

using (1.3). In detail, 𝛽𝛽1 − 𝛽𝛽2 is usually estimated at two different temperature levels within a narrow 

range where such a sensitivity does not change much. Such difference is also depending on the dye 

concentration besides the type of dye chosen. The major issue in the determination of the temperature field 

when employing dye doped particles is the temperature lag. Depending on the particle size, the 

temperature determination can be precise or biased. The reason can be found in the ability of the particles 

to adjust their temperature to the temperature of the local medium. If the excited particles are relatively 

small and they travel through an almost uniform temperature field, then the temperature measurement 

would be accurate. For the case where large size of the particles, high flow speed (i.e. shorter time to 

adjust the particles temperature) and large temperature gradients are combined someway, then the estimate 

of the flow temperature is inaccurate. A relatively accurate measurement of the mean temperature results 

from the integration of the detected fluorescent intensity, assuming steady flow conditions. 

 

1.3.1 DCF doped particles two color LIF characterization 

 

Several authors have described the use of two-color or two-band LIF techniques for temperature 

measurements using organic dyes, e.g. [9], [12]. The method is employed to remove interfering 

inputs from fluorescence measurements, such as absolute excitation flux and local variations in 

dye concentration. In order to achieve two-band LIF measurements, the fluorescence emission 

spectrum of the dye must exhibit temperature sensitivity which varies significantly with 

wavelength. As an example, consider the spectra measured for a dried sample of PSLs doped using 

dichlorofluorescein measured at several temperatures (Fig. 1.3 left). It is important to note that the 

absolute fluorescence yield for the sample changes significantly through the temperature range, 

which one may presume could be used for temperature measurements. However, the uncertainty 

in absolute levels in single-shot measurements reduces the effectiveness of a single-band 

technique. By normalizing the spectra by the peak intensity, the spectra collapse over significant 

wavelength regions while exhibiting monotonic variations in other regions (Fig. 1.3 right). This 
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fact is leveraged in a two-band technique using tunable filters to distinguish the spectral regions 

of varying sensitivity. An example of such an application is shown in Fig. 1.4 for the same spectra 

as in Fig. 1.3, exhibiting two-band ratiometric sensitivity to temperature [11]. 

 

 
Figure 1.3-Two-band LIF technique exhibited. Top: raw spectral data acquired for DCF-doped particles. Bottom: Results 

after normalizing by maximum intensity; Pass/rejected band ratio exhibits temperature sensitivity and immunity from 
other parameter variations. 

 
Figure 1.4- Example of two-band temperature characterization for dried clusters of particles. 

 

1.4 Absorption & Self-Quenching 

 

The absorption of the fluorescence light can be a drawback for the two colors technique tremendously 

impacting on the flow temperature determination through the intensity ratio Rf shown in Eq.1.4. According 

to the Beer-Lambert’s Law, the absorption depends on the optical path. Generally, the effects of a greater 

absorption are more evident on larger optical paths. The re-absorption influence on the ratio becomes 

severe when the absorption exhibited by the two dye-emission wavelength bands is quite different. In 

literature, a first characterization of such effects on temperature measurements employing RhB dissolved 
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in ethanol at a fixed concentration C=5·10-6 mol/l can be found in Lemoine et al. (1996) [10]. Using a 

similar concentration of the same dye (i.e. C=10-6 mol/l), Lavieille et al. (2001) [3] analyze the evolution 

of the fluorescence intensity as a function of the optical path C·x (with C molecular concentration of the 

absorbing species, and x the distance traveled through the medium) for water-RhB droplets and find the 

optimum for a diameter size of about 200 µm. The authors [3] found that the extinction coefficient of the 

pass band in the wavelength range 525-535 nm was eight time greater than the large pass band (>590 nm); 

this may cause re-absorption issues and changes in the intensity ratio for larger optical paths, but for the 

particle (droplet) size under investigation, the absorption was found to be smaller than 1%. 

The self-quenching is another phenomenon possibly affecting the fluorescence quantum yield of the dye 

in use for the particles. According to Lavieille et al. (2001) [3] and Arbeloa et al. (1989) [6], the self-

quenching has the main effect to reduce considerably the intensity of the fluorescence leveraging on 

particle size and dye-concentration. Equation (1.6), also known as Perrin’s Law, highlights the relation 

between the mentioned factors with the fluorescence quantum yield accounting for the self-quenching 

effects.  

Φ = Φ0 ∙ 𝑒𝑒
−𝐶𝐶

𝐶𝐶∗�    (1.6) 

 

As proved by Liavieille et al. (2001) [3], exceeding the critical concentration (C*) of Rhodamine B (RhB) 

as well varying the droplets size does not benefit the fluorescence intensity exhibited. In the current work, 

the self-quenching did not affect the results since we relied on the uniform size of the particles and a 

controlled concentration over the batches provided. Minimal effects could be accounted for possible 

agglomeration of seed particles and dispersed dye in free jet due to possible particle melting during the 

temperature sensitivity tests up to 200 Cº. The melting point for particles is of about 100 Cº.     

 

1.5 Other Thermometry techniques    

 

For completeness and to be consistent with the subject of this chapter, a brief overview of other techniques 

which generally are dealing with particles (mainly droplets) is presented in this paragraph. Among the 

techniques that can allow for temperature measurements the infrared emission (IE) can be cited [22]. 

This is of relatively easy implementation because of the use of an infrared spectrometer as detector, while, 
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on the other hand, it implies difficulties in the determination of the temperature because of the emissivity 

of the droplets. The global rainbow thermometry (GRT) allows for the temperature measurement of an 

ensemble of spray droplets. The basics of such technique leverages on the determination of the index of 

refraction based on the rainbow pattern generated inside the single droplet when excited by a laser source 

[21]. The temperature derivation from the inflection points of the Airy rainbow pattern appears to be 

independent of the type of spray dispersion. The assumption of a homogeneous droplet ensures the 

determination of the correlation between the refraction index and the temperature of the particle by means 

of the Lorentz-Mie theory. On the other hand, if such an assumption is not valid, the mentioned correlation 

cannot be found. 
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Chapter 2 

Methods and apparatus for tests 

2.1 Introduction 

This chapter provides a large overview of the methods and apparatus in use at Virginia Tech VTFD Lab 

for the accomplishments of the tests for both continuous and pulsed excitation modes. A first introductory 

section (§2.1) is dedicated to the work of investigation and preliminary characterization of the particles 

achieved at NASA Langley. In detail, a description of the particle making and sizing processes is reported 

for a comprehensive understanding of the connection between particle size, dye concentration and the 

results obtained implementing the PSL batches at VTFD Lab. Details regarding the flow rig for the 

validation of the batches, the optics, the detectors and the procedure and methods for post processing are 

also summarized, in order to figure out the approach to measurements and suitable diagnostic techniques. 

2.2 PSL doped-dye particle making process overview 

This paragraph gives a brief overview of the making process of the polystyrene latex spheres (PSL) and 

the characterization of the particle size distribution conducted by NASA Langley ASOMB branch. The 

section is designed to give in advance a general information of the correlation between the size distribution 

of the particles and the characteristics of trhe dyes with the resultsobtained during the experiments. 

2.2.1 Particle size characterization 
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The PSL particle size distribution was determined at NASA LaRC. For such a purpose, the particle size 

analyzer shown in Fig. 2.1 was used.  The analyzer is equipped with a sensor which operates via optical 

scattering and has a lower size detection limit of 500 nm [1].   

Figure 2.1-Particle size analyzer at NASA LaRC ASOMB branch. Tiemsin, P. I. & Wohl, C. J. (2012). Refined Synthesis 
and Characterization of Controlled Diameter, Narrow Size Distribution Microparticles for Aerospace Research 

Applications (NASA-TM-217591). Used under fair use, 2014. 

The PSL solution was properly diluted by adding one solution drop to 40 mL of deionized water. A 

dedicated software was also used to control the sensor and ensure the selection of less than 9000 particles 

per second. Figure 2.2 shows a x80 times magnification of the particles obtained by means of an electronic 

microscope.  The image represents a successful example of particle selection corroborated by the related 

processed Gaussian distribution with a mean and standard deviation (as shown in Fig. 2.2, left).   
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Figure 2.2-PSL Particle selection: selected particle Gaussian distribution (left), x80 times electronic microscope 
magnification (right). Tiemsin, P. I. & Wohl, C. J. (2012). Refined Synthesis and Characterization of Controlled 

Diameter, Narrow Size Distribution Microparticles for Aerospace Research Applications (NASA-TM-217591). Used 
under fair use, 2014. 

The dye doping process for the particles was qualitatively examined through the laser-induced 

fluorescence spectra emitted by the single dyes under investigation and collected by using a spectrometer. 

The excitation was generated at 473 nm from a diode laser or 532 nm from a Nd:YAG laser light (Fig. 

2.3). The spectrometer was also equipped with a notch filter to filter out the 532 nm laser light. The results 

were obtained averaging a set of 5 scans of 10 seconds each and the signal to noise ratio resulted (SNR) 

quite high. The uncertainty related to the PSL particles deposition pattern on the single slides limited the 

analysis to a qualitative comparison between spectra. 

Figure 2.3-LIF equipment set-up at NASA LaRC ASOMB. Note the slide of PSL particles illuminated by the excitation 
source and the notch filter set on post. Tiemsin, P. I. & Wohl, C. J. (2012). Refined Synthesis and Characterization of 

Controlled Diameter, Narrow Size Distribution Microparticles for Aerospace Research Applications (NASA-TM-217591). 
Used under fair use, 2014. 

The peak positions for the emission spectra from the particle solutions were determined scanning the 

wavelengths at a given excitation (i.e. 453 nm or 532 nm). 
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2.2.2 Particle dye doping  

 

This paragraph is intended to give an overview of the doping process in use at NASA LaRC and some of 

the dyes tested (e.g. DCF). The focus of the current section is better figure out the influence of such a 

procedure (i.e. doping) on particle sizing and the related effects on the fluorescence strength observed 

during the flow applications. A comprehensive overview of the successful batches tested at the VTFD Lab 

at Virginia Tech is here summarized in Table 2.1 and later covered again because of the results 

interpretation in Chapter 3. Table 2.1 mainly shows characteristics of the PSL doped particle batches in 

terms of mean diameter, size standard deviation and dye concentration. 

 
Table 2.1- Characterization of Rhodamine B and Dichlorofluorescein (DCF) doped-dye PSL particles. 

Particle/Dye Particle Diameter 
[μm] 

Particle Diameter 
σ[μm] Concentration (mol/L Styrene) 

Undoped 0.76 0.14 N/A 
RhB-Batch 57 1.09 0.41 0.004497819 
DCF on Al2O3 0.150 Unknown N/A 

DCF Batch MV18-PH9 0.64 0.11 0.009615 
DCF-Poly(styrene-co-

acrylate) 0.75 0.14 0.04042568 

DCF-Batch 58 0.77 0.15 0.00929 

 

Among the dyes examined, dichlorofluorescein (DCF) showed to be quite effective for the purpose of the 

research. This is inexpensive and environmentally friendly and it showed an excellent capability to 

properly incorporate into PSLs. This allowed PSLs to exhibit a relatively high fluorescence when excited 

by 532 nm laser source [1].  On the other hand, some difficulties were encountered during the 

characterization for the achievement of higher fluorescent intensities. These issues were partially due to 

inefficient incorporation of high dye concentrations. 

Several tests either regarding the concentration and the ionization of the PSLs solution were performed 

using DCF.  First, the concentration of the dye was varied while holding other conditions constant.  The 

results shown in Fig. 2.4 prove that the effects on doped particle size were negligible. In detail, the PSL 

mean diameter of the produced batches slightly varied with increasing dye content at low concentrations, 

but distinctly smaller particles were produced at higher concentrations (Fig. 2.4).   
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Figure 2.4- Effect of dye concentration on particle size. Tiemsin, P. I. & Wohl, C. J. (2012). Refined Synthesis and Characterization 
of Controlled Diameter, Narrow Size Distribution Microparticles for Aerospace Research Applications (NASA-TM-217591). Used 

under fair use, 2014. 
 

For completeness, it is also necessary note that the specific conditional changes that yielded successful 

versus unsuccessful high concentration batches were unclear.  The effect of dye concentration on 

fluorescence intensity is shown in Fig. 2.5.   

 

 
Figure 2.5- The effect of dye concentration on fluorescence when excited at 532 nm. Tiemsin, P. I. & Wohl, C. J. (2012). 
Refined Synthesis and Characterization of Controlled Diameter, Narrow Size Distribution Microparticles for Aerospace 

Research Applications (NASA-TM-217591). Used under fair use, 2014. 
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As expected, higher concentration yielded higher fluorescence in output, though the relationship was 

observed to be non-linear (Fig. 2.5).  Error was attributed to the fluorescence due to the use of LIF from a 

slide with uneven deposition. 

The effect on particle size and fluorescence based on the ionic strength of the solution was also 

investigated.  The previous work by Tiemsin and Wohl, 2012 [1] had shown that increasing ionic strength 

(obtained by varying the magnesium sulfate) increased particle size up to a limiting concentration.  A 

similar trend was found with dye doped particles, though difficulties in achieving successful incorporation 

at high dye concentration complicate the results.  No discernable trend was observed in the effect of ionic 

strength on fluorescence intensity. Finally, tests performed at VTFD Lab at Virginia Tech (later discussed 

in Chapter 3) confirmed the possible use of DCF doped PSLs in LDV measurements.  A distinct 

correlation was observed between the LIF and laser scatter channels in the frequency domain.  This 

correlation was not present consistently however, and intensities of the LIF signal varied considerably, 

indicating non-uniform doping in the particles. If uniform doping can be achieved, the use of the LIF 

signal for LDV would be possible where laser scatter is impaired, such as near reflective surface. 

 

 
Figure 2.6- The effect of ionic strength on particle size. Tiemsin, P. I. & Wohl, C. J. (2012). Refined Synthesis and 

Characterization of Controlled Diameter, Narrow Size Distribution Microparticles for Aerospace Research Applications 
(NASA-TM-217591). Used under fair use, 2014. 
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2.3 Experimental  set up for continuous excitation 

 

This section is intended to give a large description of the optics and the equipment used for the 

characterization of the PSL particle in use at different times. The paragraph is divided into two sub-

sections based upon the two major time slots in which the continuous laser light source was employed for 

the determination of the particle fluorescence strength and the Mie scattering. Upgrades regarding the flow 

rig in use at VTFD Lab for the validation of different particle batches provided by NASA LaRC are also 

reported in detail. Both sub-sections are needed for a comprehensive understanding of the results obtained 

at a different time. 

 

2.3.1  First test case set up 

 

The optical arrangement depicted in Fig.2.7 was designed for LDV-LIF tests at Virginia Tech 

Vortical Flows and Diagnostics Lab (VTFD); the Coherent CW Nd:YAG V18 laser nominally at 

532 nm wavelength was employed as excitation light source for the experiments. The set up 

included a (see Fig. 2.7) flow rig designed to provide a free flow jet at controlled temperature, 

pressure and velocity nominally at 20 m/s at nozzle exhaust. A converted cooler was employed as 

plenum capable of varying the total temperature and pressure of the shop air by means of an Omega 

Inc. vortex tube. Two gas lines from the shop air are used, one provides the air for mixing within 

the plenum and the other is needed to generate the PSL particle aerosol by means of a Laskin 

nozzle atomizer were designed. The particles were seeded into the flow at specific temperatures 

using this temperature controlled low-speed flow apparatus. Within the cooler, the aerosol 

generated by the nozzle and the dry, temperature controlled shop air mixed over an estimated time 

of 2 seconds. The particles were then removed from the environment by a dedicated air-intake 

system. A corrugated tube attached to a jet nozzle with a 13 mm nominal exit diameter was used 

to supply the jet flow at the exhaust. In order to reduce the possible swirl at the very exit, the nozzle 

was provided a flow conditioning honeycomb grid prior the contraction of the nozzle. A pressure 

port was placed within the cooler to monitor the total pressure of the seeded flow and a pitot tube 

was used to get the dynamic pressure (i.e. velocity), while a thermocouple was employed at the 
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exhaust of the jet nozzle to measure the temperature with an accuracy of about ±1°C. A 

comprehensive view of both Nd:YAG laser optics set up and the receiving probe is depicted in 

Fig.2.7. The collection system (Fig.2.8) consisted of an optical probe situated in proximity of the 

jet nozzle exit (Fig.2.7). The scattering angle was nominally at 90° (see Fig.2.7) side-scatter. The 

probe consists (Fig.3.2) of a 100 mm focal length, 50.8 mm diameter ThorLabs achromatic 

focusing lens, a 75 mm ThorLabs collimation lens, and a 200 μm core diameter, 0.45 numerical 

aperture multimode fiber connected to the receiving system. A free-space CW beam at 532 nm 

(Coherent Verdi V6, doubled diode pumped Nd:YVO4) was focused at the center of the jet before 

being redirected and dumped away from the collection optics. The fringe spacing estimated 

according to Eq. 2.1 was 9.31 μm, while the value for θ was estimated to be 1.64 deg. 

 

     
Figure 2.7 -Optical set up: 532 nm Nd:YAG laser light source optics set-up (left); a receiving probe set on top of rotational 

traverse assembly and a 9.31 μm fringe spacing probe volume is obtained at the nozzle exhaust (right). 

 
𝑑𝑑 = 𝜆𝜆

2 sin𝜃𝜃
          (2.1) 

 

The light detected by the receiving systems was directed through a fiber optics cable connected to 

a pair of photo detectors (i.e. photo multiplier tubes or PMT) as depicted in Fig.2.7. For the 532 

nm excitation light source, the optical signal from the fiber was split using a dichroic mirror 

(ThorLabs, DMLP567) used to separate fluorescence light (>567 nm) from Mie scattered light 

(532 nm) without a loss of fluorescent light. Optical filters (i.e. 533 nm notch filter) were then 

employed in the receiving block, in order to discriminate the Mie signal output from the LIF signal. 
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For the Verdi V6 set up, two 532 nm blocking filters were mounted in front of LIF PMT 

(Hamamatsu R9110) to confirm blocking Mie scattered light from very high power (6.5W). Each 

of the laser set up included a Hamamatsu R4124 photomultiplier tube (PMT) for the LDV output 

signal detection. For the Verdi laser source set up, the Mie signal line contained only a 532 nm 

interference filter, while the LIF signal line contained a 532 nm and an OD6 centered at 533 nm 

blocking filters. Each of the PMTs were terminated across a 500 Ohm impedance at the input of a 

pair of Sonoma Instruments model 315 low noise amplifiers which delivered 51 dB of gain. The 

two PMTs were supplied with independent high voltage power supplies. The Mie/LDV channel 

PMT was supplied over the range -275.5 to -375 V, while the LIF channel PMT was supplied with 

-580 V for all cases under investigation. Data from the amplified PMT signals were acquired using 

a PXIe-based National Instruments DAQ system, controlled using LabVIEW. The signals were 

sampled at 250 MSamples/s continuously for 10 s at 14 bits vertical resolution and binned at 16,384 

samples: all data were then stored to hard disk for offline post-processing. The post-processing 

processor used the LIF signal resulting from doped particles to identify the burst generated by a 

particle crossing the fringe pattern. For each burst detected on the LIF channel specific parameters 

(later used for statistics) such as the arrival time of the burst, the root-mean-square-based trigger 

metric for the burst, and the burst-integrated RMS values for the Particle-LIF and Mie signals were 

recorded [10]. 

Both doped and undoped particle batches for tests were prepared as follows: 2 mL of concentrated 

PSL mixture, 7 mL ethanol and 1 mL distilled water. This mixture was then properly treated in 

order to eliminate possible agglomeration by means of an ultrasonic cleaner and  poured 

immediately thereafter into the nebulizer reservoir. Separate nebulizers were used for the doped 

and undoped particle mixtures to avoid cross-contamination. 
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Figure 2.8- Collection probe and probe volume. f=100 mm achromatic focusing lens and f=75 mm collimation lens. The 
probe is set on top of an x-y translational and z-rotational traverse assembly. 

 

2.3.2  Second test case set up 
 

• Flow rig and particle batches 

 

The second test case set up relied upon the use of a different filter (i.e. tunable filter) to 

meet the need to collect information regarding two large bands for possible two colors LIF 

application for the Dichlorofluorescein batches. In particular, the needed upgrades 

regarding the flow rig were designed and applied in order to suit the temperature 

measurements to estimate the sensitivity of the LIF yield of the DCF and RhB doped PSLs 

batches provided by Advanced Materials & Processing Branch of NASA LaRC. The flow 

rig was equipped with AHF-12240 120/240 VAC electric heater by Omega Inc. with 

operating range of 200 CFM with temperatures up to 315°C. The outlet temperature was 

properly controlled varying the voltage supply by means of a Variac device. The range of 

temperature designed for this set of measurements was up to 200°C (the melting 

temperature is of about 100°C). The inlet round flange of the heater was, at different times, 

first mounted vertically on a L shape strut 90 cm tall, and then horizontally (Fig. 2.9) to 

easily monitoring the flow parameters at the plenum. The 10.2 cm inner diameter heater 

tube was reduced to 14.2 mm diameter at the outlet via an ad hoc nozzle contraction 

design, providing an area ratio greater than 7 to minimize the impact of heater element 

and instrumentation wakes (Fig. 2.10). The flow pressure and temperature were 

monitored by conventional instrumentation (a K-type thermocouple with an accuracy of 
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±1°C and a plenum pressure port connected to a digital manometer with 0.01 kPa 

resolution). The two LDV probe beams were oriented to measure purely the velocity 

component along the jet axis [2]. A medical nebulizer replaced the Laskin nozzle assembly 

used in previous experiments for mixing PSL solutions and air from the shop within the 

plenum. For conducting the particle experiments, particle batches were prepared as 

follows: 20 mL of concentrated PSL mixture, approximately 9 wt% solids, was diluted in 

10 mL distilled water. The ethanol was eliminated from the original mixture in use in the 

previous experiments because of the leaching effects observed by NASA ASOMB. This 

mixture was then sonicated in order to eliminate agglomeration using an ultrasonic cleaner. 

Upon removal from sonication, the mixture was poured immediately into the ultrasonic 

humidifier reservoir [2].As anticipated, the PSLs doped batches provided for this set of 

experiments were previously characterized. Fluorescence spectra were collected for 

samples of PSLs deposited onto a microscope slide and subsequently dried. This 

microscope slide was placed on a hot plate and the temperature was increased while 

exciting the sample using a low-power frequency-doubled Nd:YAG CW excitation source. 

A 532 nm blocking filter was used in front of a collection fiber optic connected to an Ocean 

Optics spectrometer. A thermocouple in close proximity to the illuminated region was used 

to observe the approximate PSL temperature. 
 

               

Figure 2.9- Test flow rig: Nozzle heater assembly in two different configurations. The blue hose (left) connected 
the heater inlet flange with the mixing plenum where the nebulizer was set. 
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 Figure 2.10- Nozzle design: technical drawing (left); custom nozzle (right). 

• Optics and receiving block

The receiving block was upgraded based on previous experience cumulated during last set 

of measurements. The collimator lens was replaced to optimize the collected light onto the 

pass-band (>559 nm) LIF photomultiplier (PMT) sensitive area (6mm x 8mm). The 

AC254-030-A-ML - Ø1", f=30 mm focal length lens by ThorLabs was set in a 2 inches 

long lens tube and to optimize the LIF PMT alignment , and we estimated the distance 

between the 200 μm fiber output and the lens within the lens tube. By the knowledge of the 

focal length (f=30 mm) and the physical distance between lens and photomultiplier 

sensitive area (S1=285.75 mm), we calculated the distance mentioned above as follows (Eq. 

2.2): 

𝑓𝑓 = 1
𝑆𝑆1

+  1
𝑆𝑆2

 →  𝑆𝑆2 = 3.37 𝑚𝑚𝑚𝑚       (2.2) 

A previous characterization of the TBP01-561/14 tunable filter by Semrock Inc. was 

performed to detect the fluorescent emission exhibited by dye-doped PSL particles. We 

found that in order to get the best separation of fluorescence onto the two LIF detectors, 

the Semrock filter had to be set at a 25 degree clockwise angle with respect of the normal 

laser incidence (i.e. 0 deg. angle), while the 533 nm blocking filter was turned 12 degree 
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counterclockwise angle to allow the Mie scattering signal detection.  Both tuning procedure 

were performed running particle batches and checking the burst signal on a Rigol digital 

oscilloscope.  The angles were set with +/- 0.5 deg. accuracy.  The characterization of the 

Semrock filter was performed using a HR2A0490 spectrometer setting 0, 10, 25, and 30 

deg. angle while illuminating a sample of pure DCF-batch 58. The 25 deg. angle set up is 

shown in Fig. 2.12, while both receiving block and the alignment of the Hamamatsu R4124 

PMT for the Mie signal are shown in Fig. 2.12.  

The schematic for the photodetection set up is illustrated in Fig. 2.13. Three photomultiplier 

tubes (PMT) were used to sense Mie (Hamamatsu R4124) and LIF (Hamamatsu R9110 x 

2) signals. To separate the fluorescence signal from the Mie signal at 532 nm, the optical

signal from the fiber was split using a 532 nm blocking filter (OD6 with 17 nm FHWM 

centered at 533nm). The 532 nm Mie scattering signal was back reflected and detected with 

the R4124 PMT. The transmitted signal was then further split using a tunable dichroic filter 

(Semrock Inc. model TBP01- 561) described above. At 25° angle of incidence, as chosen 

based upon the spectral behavior of the dichlorofluorescein (DCF), the pass-band of this 

filter was 539nm-559nm and the reflected signal consisted of all other detectable 

wavelengths except the band around 533 nm already filtered. The two R9110 PMTs were 

used to measure signals from these bands split by the filter [2]. 

Similarly to the first test case, each of the PMTs was terminated across 50 Ohm impedance 

at the input of Sonoma Instruments model 315 low noise amplifiers, which delivered 51 

dB of gain. Rather than simply terminating the PMTs with large impedance, these 

amplifiers were used in order to preserve the time-response of the signal for LDV 

measurements. The three PMTs were supplied with independent high voltage power 

supplies. The Mie/LDV channel PMT was supplied over the range -275.5 to -375 V, while 

the LIF PMTs were supplied with -550 to -650 V for all cases under investigation. The 

voltage was recorded for each measurement for intensity comparisons among the channels. 

Data from the amplified PMT signals were acquired using a PC-based digitizer controlled 

using LabVIEW. The signals were sampled at 250 MSamples/s and 14 bits vertical 
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resolution in triggered bins of 16,384 samples. All data were then stored to hard disk for 

offline post-processing. 

Figure 2.11- Characterization of the TBP01-561/14 tunable filter by Semrock Inc. at 25 deg. angle. 

Figure 2.12- Receiving block upgraded: view of the receiving system (left) and the alignment of the 
photomultiplier tube for the Mie signal detection (right). 

𝑈𝑈⊥ = 𝑓𝑓𝐷𝐷 ∙ 𝑑𝑑       (2.3) 

The post-processing relied upon the electronic trigger set in the experiment in order to 

detect the presence of a Mie or LIF signal burst arising from a single particle passing 

through the measurement volume. For each burst detected, several features of the signal 
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were recorded including the offset-corrected mean and root-mean-square burst voltages; 

the Doppler frequency in Eq. 2.3 (magnitude of the velocity component perpendicular to 

the fringe spacing pattern) was determined from both the Mie and LIF channels. 

Figure 2.13- Detector system schematic: Hamamatsu R9110 PMTs collect LIF signal that is transmitted (pass-
band = 539-558.8 nm FWHM at 25° angle of incidence and reflected wavelengths > 559 nm) by a tunable band-
pass filter. A Hamamatsu R4124 PMT collects Mie signal reflected by a 533 nm notch filter, which was set 12° 

counterclockwise with respect to the plane perpendicular to the laser beam; the tunable filter was set 25° 
clockwise. The fiber was 62.5 μm core diameter and 0.27 numerical aperture. 

2.4 Experimental set-up for particle fluorescence imaging 

For this set of measurements, both imaging and data acquisition processes were possible using the PIV 

equipment supplied to the Vortical Flow & Diagnostic (VTFD) Lab at Virginia Tech. The DAQ system 

employed for the data acquisition consisted of the software LaVision's DaVis, version 7.2. The camera 

used for the acquisition of the images (see Fig. 2.14) is an Imager Pro X 4M CCD camera with 

2048x2048 pixel resolution by LaVision. At a second time, a low noise,  2560x2160 pixels sensor size, 

f=50 mm macro lens,  sCMOS PCO.Edge camera was used as detector. Both detectors are here described 

(later). For each run, ten images were recorded and saved at 64K resolution for the post- processing 

(discussed later in detail).  
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• Preparation of the particle batches

The flow rig in use for these tests was the same in use for the experiments described in §2.2.2 

which we refer for further details. For the present set of measurements, the total pressure in the 

plenum section was estimated to be of about 0.0102 kPa gauge and kept constant during all the 

experiments, while the free jet velocity was of about 20 m/s. The DCF doped PSL particles mixture 

(Batch 60-NASA LaRC internal designation) was prepared ad hoc diluting the original mixture 

into distilled water, in order to have 50:50 water-PSL mixture proportion and prepared in an 

amount necessary to allow the optimal functionality of the nebulizer. For each doped PSL particle 

batch, 20 mL of prepared mixture was diluted into 20 mL of distilled water and then nebulized and 

mixed in the flow. The preparation of the single batches was the same for both sets of 

measurements employing different detectors. 

• Optics and detection system

The optics for the current experiments mainly consisted in: 

• CW 532 nm wavelength Verdi V18 laser.

• Imager ProX 4M CCD camera 2048X2048 pixel resolution by

LaVision.

• 538 nm wavelength 50 mm diameter cut on long-pass filter (cut-on

defined by the 50% transmission point) by Omega Optics (538AELP).

While the filter and the optical set up shown in Fig. 2.15 were the same, the latter set of 

measurements relayed on the use of the following camera for the detection of the 

fluorescence in the designed wavelength range: 

• f=50 mm focal length macro lens, low noise(1.1 electrons med), 2560

X 2160 pixels sensor size, aperture size f/#=22 sCMOS PCO.Edge.
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The arrangement for the optics in order to provide a ~20 μm beam diameter at the focal point 

is shown in Fig. 2.15. The diameter at the focal point was determined using Eq. 2.4, assuming 

the following data: 

• Beam diameter at the laser head exit 𝐷𝐷~2.25 𝑚𝑚𝑚𝑚 (±10%) [2]

• ø =50.8 mm achromatic lens focal length 𝑓𝑓 = 75 𝑚𝑚𝑚𝑚.

𝑑𝑑 =
4𝜆𝜆𝑓𝑓
𝜋𝜋𝐷𝐷

 (2.4) 

As one may note (Fig. 2.16), the beam diameter resulted unchanged until the achromatic lens. Setting 

the values mentioned above and assuming 𝜆𝜆 as the laser wavelength, the beam diameter at the focal 

point was estimated to be 22.59μm. By means of the knowledge of the f-number (i.e. f/#=f/D) for 

the achromatic lens, we can also estimate the diffraction-limited spot size as follows. 

𝑑𝑑 = 2.44
𝜆𝜆𝑓𝑓
𝐷𝐷

 (2.5) 

According to Eq. 2.5, the spot size shows to be larger than the one predicted by the Gaussian theory 

with a value of about 43.26 μm. This value is formally correct because the more restrictive of the 

two. The collection optics depicted in Fig. 2.14 mainly consisted of a ProX 4M CCD camera by 

LaVison with 2048x2048 pixel resolution. The fluorescence resulting from the excitation of the PSL 

particles was filtered ad hoc by a 538 nm cut on long- pass filter able to detect the signal of interest 

filtering out the frequency of the excitation light. The transmission curve characterizing the filter is 

also shown in Fig. 2.14 for completeness. In Fig. 2.15 the sCMOS PCO.Edge camera for the second 

set of measurements is shown. As for the previous set up, the camera was set two feet up above the 

probe volume (pointing downward). To drastically reduce the flares and the scattered light from the 

walls occurring at higher excitation power levels, blackout cardboard from ThorLabs were set all 

around the probe volume area to minimize the background noise possibly affecting the 

measurements.   
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Figure 2.14-Collection optics set up 1. Left: the black cardboard was added behind, in front of, and under the jet to 
minimize back reflections (noise) that could affect the data quality. Right: the transmission curve of the 538 nm cut on long 

pass filter. 

Figure 2.15- Collection optics set up 2. Left: f=50 mm focal length macro lens, low noise, 2560 x 2160 pixels sensor size 
sCMOS PCO.Edge pointing downward . Right: monochrome camera quantum efficiency chart [3]. 
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                                                                      Figure 2.16- Laser excitation optical set up. 
 
For the former set up we employed a 50:50 beam splitter to split the original beam from the laser 

head into two parallel beams passing through the achromatic lens and crossing at the nozzle exit 

section. Once we identified the focal point by means of the Airy diffraction pattern, then we set the 

jet nozzle exit as close as possible to it and the beam splitter cube was removed to use one laser beam 

only. The optics set-up was later updated in order to measure the incident laser power intensity using 

an optical meter Newport Model 1918-R as shown in Fig. 2.17. The limited range of the output 

power of the instrument (i.e. 2W) and the need to conduct the experiments at levels on the order of 

18W led us to decrease the intensity of the beam by means of a polarizing beam splitter and a half 

wave plate. 

 

The set up designed for the measurements of the actual laser power is shown in Fig. 2.17. Thus we 

proceeded with a calibration measurement at 0.5W, 1.5W and 2.75W (displayed on the laser power 

unit) respectively. We first changed the polarization of the beam after the focal point using the half 

wave plate with the intent to get the lowest intensity on the optical meter set after the polarizing 

splitter cube. The results obtained for this calibration measurement are summarized in Table 2.2. 
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Figure 2.17- Laser power meter optical set up. 

Table 2.2 - Results for the calibration of the laser power measured by the power meter. 

 
Power Displayed [W] 

 
Power at the focal point [W] Power after the polarizing B.S. 

[W] 

0.5 0.435 0.04312 

1.5 0.130 1.3165 

2.75 0.244 2.466 

 

As one may note from Table 2.2, the levels detected by the optical meter was of about 1/10th of the 

power level read at the focal point location ahead of the beam splitter. This fact gave us enough 

confidence in measuring higher power levels as planned with no risk for possible damage of the 

equipment. From the calibration experience, we expected a linear trend for the increasing excitation 

power, assuming possible non-linear effects due to the optics (i.e. misalignment of the light entering 

the B.S. cube) and related reasonable variations in the range of 0-5%. Therefore, the following rule 

(Eq. 2.6) was used to determine the actual laser power in the range 0.25W-18W with increasing steps 

of 0.25. 

 

𝑃𝑃𝑎𝑎𝑠𝑠𝑜𝑜𝑁𝑁𝑎𝑎𝑎𝑎 =
0.435

0.04312
∙  𝑃𝑃𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 𝑚𝑚𝑠𝑠𝑜𝑜𝑠𝑠𝑚𝑚      (2.6) 
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Where 𝑃𝑃𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 𝑚𝑚𝑠𝑠𝑜𝑜𝑠𝑠𝑚𝑚 is the value read after the polarizing beam splitter cube. The use of a rule for 

such a purpose instead of a direct measurement next to the focal point was dictated by the need to 

prevent the sensor of the optical meter from the damages occurring at high power. Figure 2.18 shows 

the curve fit related to the data obtained applying Eq. 2.6 and the power levels displayed on the 

power unit of the laser. Although the expected linearity was respected, we observed some kinks in 

the trend in the range 4.5-5W and 15-16W. These preliminary results, later discussed in Chapter 3, 

were under investigation along with the seed density and other possible factors varying with time 

and systematically affecting the measurements with similar kinks exhibited by the particle batches 

(Fig. 3.15). The solution to such a matter was found by approaching it with a randomized power 

sweep of the laser excitation source [4]. 

   Figure 2.18- Power displayed vs. Power measured. Note the wiggles in the range 4.5-5W and 15-17W. 

2.5 Pulsed excitation 

2.5.1 Experimental set-up for pulsed excitation of DCF and RhB 

Both pulsed excitation of the DCF PSL doped particle and the RhB (benchmark) were achieved by 

means of the experimental set up depicted in Fig. 2.19. The excitation light source was provided by 

36 



P. Maisto 2014      
 

 

 

 

 

 

a Quanta Ray GCR-130 Nd:YAG 532 nm pulsed laser at 10 Hz repetition rate, operating at 170-190 

mJ/pulse impulse peak (Fig. 2.19). The tests were conducted by using the single-pulse mode and the 

laser beam diameter was estimated to be 6.6675 mm (6 to 9 mm diameter size based on laser data 

sheet). The acquisition system leveraged on two different systems: the low-noise (11 electrons med), 

16 bits, 2560x2160 pixels, sCMOS PCO Edge camera set two feet above the probe volume, and a 

Nikon D90 camera for a second set of measurements. For the PCO Edge camera, the dynamic 

aperture for the images was at 2 sec. and 80 ms. For the Nikon, an exposure time of 76.9 ms (1/13 

ms) at ISO 6400 was set from dedicated software for camera remote control. Compatibly with the 

cumulated experience, for both detectors a minimum aperture was chosen for Mie scattering (i.e. 

f/#=22), while f/#=1.8 was for the fluorescence in the long pass band (>538 nm). This time, two 

approaches were used for seeding the flow: the piezo-humidifier was set either way inside and 

outside the mixing plenum, in order to generate two different flow conditions. The former based on 

the previous tests with the intent to collect the signals from dried particles, while the latter was used 

to crosscheck that the fluorescence was out of the particles and not from leached dye. As bench-top 

case for comparison, RhB batch 61 was used. The batches were diluted in a 50:50 distilled water 

solution and set in the disruptor for 20 minutes. For the detection of the fluorescence in the band 

greater than 538nm, the filter AELP538 by Omega filters (see Fig. 2.14, right) was mounted on top 

of each camera in use at a certain time, while no filter was set for the Mie scattered signal. The 

statistics used to quantify the intensities from the images leveraged on the mean of the mean intensity 

resulting from each image out of a set of 20 images. The noise subtraction procedure followed the 

one for the fluorescence intensity estimation: the offset intensity was out from a set of 20 black-

down images taken ad hoc (Eq. 2.7). 

𝑁𝑁𝑁𝑁𝐵𝐵𝑁𝑁𝑒𝑒 𝑚𝑚𝑒𝑒𝑚𝑚𝑙𝑙 𝐵𝐵𝑙𝑙𝑖𝑖𝑒𝑒𝑙𝑙𝑁𝑁𝐵𝐵𝑖𝑖𝑖𝑖 = �
�𝐼𝐼𝑜𝑜�
𝑙𝑙

𝑛𝑛=20

𝑜𝑜=1

      (2.7) 
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Figure 2.19-Pulsed excitation set up: Quanta Ray GCR-130 Nd:YAG 532 nm pulsed laser, 10 Hz repetition rate (left); Nikon 
D90 camera collecting Mie and fluorescent light from the probe volume. 

 
 

2.5.2 PIV-PLIF set up for Kiton Red 

 

For this set of measurements dedicated to the investigation of the Kiton red (KR) doped particles 

batch, the conventional PIV equipment in use at VTFD Lab at Virginia Tech has been employed. As 

depicted in Fig. 2.20, the optics mostly consisted into a 532 nm Nd:YAG double pulsed laser 

nominally operating at 200 mJ/pulse and the Pro X 4M CCD camera by LaVison, described above 

(see§ 2.3), 90º-angled with respect to incident laser light (Figs. 2.20, 2.22). The camera was equipped 

with a f=24 mm lens, while for the detection of the fluorescent light in the broad band, a 560 cut-on 

long pass filter (Fig. 2.21) was mounted on top. 

                  

Figure 2.20-PIV-PLIF laser and camera set-up: 532 nm Nd:YAG double pulsed laser(left); Pro X 4M CCD camera 2048x2048 pixel 
resolution by LaVison (right) .  

The set up terminated with an articulated arm where the ouptut laser light from the laser head was 

reflected by inner mirrors and directed towards a f=-10 mm cylindrincal lens. An achromat  

collimating lens  f=100 mm AC300-100-A by Thor Labs was set at about 2.54 cm (1 inch) away 

from the cylindrical lens needed to collimate the laser sheet for planar LIF generated. As usual, a 
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black down cardboard by ThorLabs was set right below the probe volume to minimize the back 

scattered reflection from the metal strut of the jet. Fig. 2.22 shows a comprehensive view of all 

optics in use for this set of measurements. 

 

         
Figure 2.21- 560 nm HLP Filter: transmission curve in red (left); customized 50 mm diameter filter by Omega optics (right).  

 

 
Figure 2.22- PIV-PLIF optics and flow rig jet.   
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Chapter 3 

Continuous excitation fluorescence 
 
 
 
3.1 Introduction 

 

This chapter illustrates findings obtained at Virginia Tech (Vortical Flows and Diagnostics Lab) during 

Phase I of the project by employing CW laser light excitation. The activity focused on simultaneous  Mie 

scattering (LDV) and laser induced fluorescence signal acquisition (LIF) resulting from laser-based 

characterization experiments employing seeding PSL doped particles in a low velocity free jet. The focus 

was to demonstrate the applicability of such particles to relevant basic problems in flow diagnostic, 

primarily emphasizing the capability to get valid laser Doppler velocimetry measurements consistent with 

measurable LIF signals, usable to estimate the velocity and temperature field at the same time from this 

signal channel only. In order to assess the particle suitability for such a purpose, we set some preliminary 

experiments as proof-of-concepts using the different PSL batches supplied. As mentioned, the comparison 

was based on results from the use of RhB and the DCF, respectively. In order to quantify the difference 

of the LIF signal fidelity between these two dye types, the narrowband signal-to-noise ratio (SNR) of the 

fluctuating LDV signal (the fluctuations are due to the particles crossing through the fringes) was 

conventionally used, thus excluding measurements resulting from sampling characteristics. The SNR 

estimated for both Mie and LIF signals also allowed us to determine the probability of usable velocimetry 

signals from LIF collected data channel. Thus, the use of the CW excitation has ensured the capability of 

the PSLs dye-doped particles to obtain valid LDV velocimetry via LIF at two different power set points: 

6.5W and 1W. In particular, the latter result was interpreted as the chance to drastically reduce the amount 

of light flares in the near surface regions to obtain usable velocimetry from the exhibited fluorescence 

yield. This was a first milestone in the particles implementation for flow diagnostics. The characterization 

of the emission spectra varying with temperature achieved at NASA LaRC allowed for the identification 

of two spectral bands of a DCF particle batch suitable for the two color LIF technique. This, corroborated 
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with the results obtained from the flow temperature sensitivity analysis up to 120ºC, has demonstrated the 

applicability of DCF batch 60 doped particles to be used for the thermometric technique, with an estimated 

single-shot measurements precision of ±12.5ºC over a flow temperature range of about 100 ºC. The flow-

imaging via camera detectors was employed to investigate the dye-doped particles response to a broader 

power sweep. Linearity in the fluorescence trend with power, along with particle diameter size dependency 

of the LIF and Mie were assumed as other major accomplishments for this campaign of tests. The former 

was considered the proof to guarantee higher SNRs at higher excitation, while the latter confirmed the 

need to accurately monitoring the particle size distribution, in order to control the Mie and LIF strengths 

in output.     

 
 

3.2  Continuous excitation and PMT detection results 

 
3.2.1  First test case results 

 

The bench-top experiments conducted at Virginia Tech Vortical Flows and Diagnostics (VTFD) 

Lab were designed as proof-of-concept studies for later applications of dye-doped particles in 

devices at meaningful flow conditions and scales. The current work has been articulated at 

different stages summarized as follows: 

 

• Preliminary signal tests for simultaneous velocimetry and thermometry. During this phase two 

different optical set-ups were designed and used to assess measurements of LIF-LDV signals from 

5 different doped PSL batches (RhB and DCF at different concentrations) for a cold seeded free 

jet (i.e. ~9 to 22°C). These tests were needed to characterize the correlation between the 

incorporation of the dyes such as the dye concentration or the dye and salts effects on particles size 

and distribution, and the intensity of fluorescence signal from laser induced excitation.  

 

• A second set of measurements was focused on the calibration of the laser induced fluorescence 

yield ratio and the determination of valid velocimetry from LIF output signals. Different batches 
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of DCF/RhB PSL particles were employed and various levels of incident laser power were used in 

order to test the response/sensitivity of the particles at different laser fluence stages keeping in 

mind the intent to demonstrate the possibility to employ such a technique in the near-wall region 

thereby avoiding the flare issues. The Verdi V18 laser set up was used with a power sweep from 

1 to 10 W.  

• A third set of measurements was designed employing different upgrades to the existing set up as

described in section 2 for single point measurements. The employment of the electric heater was 

thought to vary the temperature of the free jet over a wide range (20 to 200 °C) and test the 

sensitivity of  DCF/RhB batches used for previous sets of measurement (or: a previous set of 

measurements). For this set of measurements three PMTs (i.e. Mie channel and two LIF channels) 

were terminated across 500 Ohm impedance at the input of Sonoma Instruments model 315 low 

noise amplifiers which delivered 51 dB of gain as for the previous set up. Here, the two PMTs 

were supplied with independent high voltage power supplies over the range -275 to -325 V, while 

the pass-band LIF channel PMT was supplied with -625 V and -725 V for RhB and DCF doped 

particles, respectively. The rejected LIF band power supply was set at -580 V for all DCF batches, 

while at -450 V for all RhB cases investigated. 

For the preliminary tests, the Fluorescein 548 (MV8FL548) PSL particles were tested using the 

excitation laser at 488 nm (Innova C90) and a 10.7 MHz low pass band filter was set to screen and 

remove the environment light noise from the photomultiplier tube designed for LIF detection (i.e. 

Hamamatsu R9110). The set-up of the data acquisition system (DAQ) included 2 G samples in 

depth for the first three runs with no trigger on Mie channel then we opted for a depth of 16,384 

with 20% trigger level for all remaining runs. The sample frequency was 250 M samples/sec. The 

channel voltage range set for Mie scattering detection was +/- 1V, while the LIF channel was set 

at +/-0.1V. 

Such tests revealed a weak detected fluorescence from excitation because of the low laser power 

level (i.e. 228 mW and 185 mW) and a loss of signal of about 50% was recorded due to 50:50 

beam splitter set in the receiving system.   Further tests employing various concentrations of DCF 

42 



P. Maisto 2014      
 

 

 

 

 

 

dye were also performed (i.e. MV6-FL548, MV7-FL548, MV12-FL548). However, no relevant 

improvement in the LIF signal was found. On the other hand, tests executed with a 532 nm 

wavelength excitation laser light source showed a net gap between the fluorescence exhibited by 

RhB and DCF PSLs, respectively. RhB also exhibited a relevant dependency on the nozzle exit 

temperature in a very narrow range as did the one obtained by employing the vortex tube for cold 

particles when mixed in the plenum. In Fig. 3.1 this dependence is shown plotting the ratio of the 

LIF to Mie signal strength ratio. Such a strong trend for the LIF to Mie yield ratio over a 5°C range 

suggested the idea to implement such particles for future experiments on the determination of the 

flow static temperature. 

Regarding the use of dichlorofluorescein (MV8FL548) doped PSLs, measurements with 532 nm 

excitation wavelength revealed a good correlation between LDV and LIF bursts in the frequency 

domain.  On the other hand, we noted that the same correlation was not constant and consistent all 

over the cases. Both cases are reported in Fig. 3.2. As it is easy to see, the intensities of the LIF 

signal vary considerably; this has been explained as the possible effect of the non-uniform dye-

doping in the same particle batch. 

 

 
 
Figure 3.1- RhB dye doped particles temperature sensitivity excited at 532nm wavelength: ratio of the LIF to Mie signal 
strength yield ratio vs. nozzle exit temperature. Note the strong dependence of the signal ratio over the narrow flow 
temperature range at nozzle exit. 
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Figure 3.2- LIF-Mie signal bursts correlation over frequency domain for Dichlorofluorescein MV8FL548. The two cases 

shown (i.e. sufficient and no fluorescence) indicate a non-uniform dye-doping within the same particle batch. 
 

In addition, a similar trend was found for RhB batch. Fig. 3.3 shows four cases based on different 

LIF-Mie burst signal scales. On the top left the burst intensities from each channel are on the same 

order, while on the top right the burst signal from Mie channel is less strong than the correspondent 

fluorescent signal. On bottom, the Mie is greater than the related LIF burst (on the left), while no 

fluorescence is detected from the time series shown on the right. 
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Figure 3.3- LIF-LDV signal bursts over the frequency domain for RhB batch at 532 nm excitation wavelength. Note four 
different cases showing a possible non-uniform dye-doping within the polystyrene particles as for the DCF PSL particles. 

 

Despite this aspect related to the dye-doping process, we found that for most of the runs of RhB 

and DCF PSL particles, the post processing analysis revealed a good correlation between the 

frequencies of the two data channels, thus giving confidence on the possible use of this technique 

for simultaneous LDV and LIF measurements. Fig. 3.4 shows the correlation between the Mie 

versus LIF data point frequencies for RhB particles batch at 488 nm and at 532 nm excitation 

wavelength respectively. The correlation coefficients were estimated to properly quantify the 

goodness of the experiments. The estimated values were on the order of 94.95% for the Verdi V18 

laser light, while on the order of 77.33% for the Innova C90 light source. Significant results were 

also found for some of the DCF doped particles batches. Among dichlorofluorescein batches, 

DCF-MV8FL548 excited with 532 nm laser wavelength exhibited the best correlation coefficient 

of about 57% as confirmed by the correlation between the two frequency data sets shown in Fig. 

3.5. 
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Figure 3.4- LIF frequency vs. Mie frequency domain for RhB batch at 488 nm (left) and 532 nm (right) excitation 
wavelengths. The linear trend between the two frequency domains shows the strength of the relationship between the two 

sets of data point as confirmed by the correlation coefficients of 77.33% and 94.95%, respectively. 
 

 
 

Figure 3.5- LIF frequency vs. Mie frequency domain for DCF batch MV8FL548 excited at 532 nm laser wavelength. 
The correlation coefficient found for this case was of about 57%. 

 
A second set of measurements was assessed using the RhB and dichlorofluorescein (DCF) batches 

summarized in Table 2.1[2] (see § 2.1.2). Along with doped particles, the undoped and an aqueous 

solution of alumina (Al2O3) particles coated with absolute DCF were employed using a Laskin 

nozzle for the nebulization in the plenum. For these tests, a total pressure in the range 0.2-0.3kPa 

was recorded for the mixing plenum. The temperature at the nozzle exhaust was in the range of 

22-24±1°C (room temperature). The batches for the nebulization and mixing were prepared 

following the procedure described above.  
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A preliminary series of runs with undoped, RhB, and DCF-doped PSL particles were performed 

in order to give confidence regarding the set-up of the DAQ system. From the analysis of the time 

series resulting from these three batches, the undoped clearly showed the presence of centered 

bursts from Mie scattering, while no fluorescence signal was detected, as expected. From a 

qualitative comparison between the two doped batches, RhB exhibited stronger fluorescent signals 

if compared to those provided by signal bursts from DCF PSLs. This first approach to explain the 

behavior of the particles under investigation was then corroborated by further quantitative 

measurements. A bench-mark to better quantify the difference of the LIF signal fidelity was 

needed. Therefore, basing on the power of the fluctuating signal burst σ2
signal [11], the number of 

counts N and the total power of the noise σ2
noise (assuming no electronic filtering), the narrowband 

signal to noise ratio is given as follows (Eq. 3.1): 

 

𝑆𝑆𝑁𝑁𝑅𝑅1 = 10 ∙ 𝑙𝑙𝑁𝑁𝑙𝑙10 
𝑁𝑁∙𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

2

𝜎𝜎𝑠𝑠𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠
2        (3.1) 

 

Based on LDV triggered sampled 300 bursts and assuming SNR1=20dB as threshold for validating 

the frequency results from the fast Fourier transform (FFT), the SNR1 for both LIF and LDV was 

estimated according to Eq. 3.1 and identify the valid signal for velocimetry from  

 
Figure 3.6- Visualization of valid velocimetry measurements from LIF data for RhB (Batch 57) and DCF PSL doped 

particles excited at 6.5 and 1.0 W laser power. The region in grey identifies the good correlation between Mie and LIF 
signal usable for velocimetry. Red circles represent signal from RhB (Batch 57) excited with 6.5 W, while black crosses 

are for DCF doped particles. Green squares show the capability of the RhB doped particles to generate such usable 
signals at lower power level (1.0 W). 
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LIF channel data. The experimental results shown in Fig. 3.6 [2] were from tests taken at 6.5W 

and 1.0W laser power and 532 nm excitation wavelength. 

Estimates of such signals led to the following conclusions summarized in Table 3.1: 
 
 
                                     Table 3.1-Valid velocimetry signals from both Mie and LIF channels.  

Particle/Dye 
Valid velocimerty signal from LIF 

channel (%) 

RhB-Batch 57 excited with 6.5W 95.5% 

DCF excited with 6.5W 32.2% 

RhB-Batch 57 excited with 1.0W 95.3% 

 
 

Although further tests were needed for a full validation of the results, the preliminary experiments 

with 1.0W excitation power revealed the possibility of implementation of such a technique in the 

near-wall regions. The analysis of signal strength for the completion of the comparison between 

RhB and DCF doped PSLs excited with 6.5W is also summarized in Table 3.2 [2]: 
 

        Table 3.2- Mean of LIF to Mie ratios and % signal fluctuation for Rhodamine B and DCF dyes with 6.5 W excitation. 

Particle/Dye 
Mean LIF-LDV mean Ratio 

[a.u.] at 6.5 W  
Mean LIF-LDV RMS Ratio [a.u.] 

at 6.5 W  
 Average Fluctuation (%) at 

6.5 W 

RhB-Batch 57 5 ·10-4 5.3 ·10-4 44.21 

DCF on Al2O3  3 ·10-5 4.7 ·10-5 38.77 

DCF Batch MV18-PH9 2.3 ·10-5 4.4 ·10-5 20.43 

DCF- Poly(styrene-co-acrylate) 2.3 ·10-6 4 ·10-6 25.66 

DCF-Batch 58 2.7 ·10-6 7 ·10-6 15.08 

 
 

For the determination of tabulated values statistics tools were employed. 𝜓𝜓 generally identifies the 

mean signal ratio within a single burst computed via the burst time-series as [2]:  

 

𝜓𝜓 = ∫ 𝑉𝑉(𝑜𝑜)𝐿𝐿𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑜𝑜

∫ 𝑉𝑉(𝑜𝑜)𝐿𝐿𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑜𝑜

= 𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿������

𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿�������       (3.2) 
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This parameter gives the ratio of the fluorescence yield to the Mie yield once photomultiplier gain 

is accounted for. Both RMS signal and mean electric signal for Mie and LIF were considered in 

this analysis. For completeness, we remind (the reader) that the short time RMS of a signal s can 

be defined as follows [11], [13]: 

 

𝑅𝑅𝑅𝑅𝑆𝑆𝑇𝑇 = 1
𝑇𝑇 ∫ 𝑁𝑁(𝑖𝑖)2𝑇𝑇

0  𝑑𝑑𝑖𝑖 ≈ 1
𝑁𝑁
∑ 𝑁𝑁(𝑖𝑖𝑜𝑜)2𝑁𝑁
𝑜𝑜=1      (3.3) 

 

where T is the duration of the signal being averaged and N=T·fs ; where fs is the sampling rate 

frequency.  

Results reported in Table 3.2 show that the ratio of the mean burst intensity for the LIF to the Mie 

signals were on the order of 10-4 for Rhodamine B, while within the range of 10-5 to 10-6 for DCF 

doped particles at 6.5 W excitation power laser. The difference about the order of magnitude 

between the two different batches is noticeable and the possible applications in large devices with 

zero risk for environment contamination and safety are attractive [2]. The full characterization for 

this set of measurements was achieved analyzing the fluctuations 𝜓𝜓�of the mean signal ratio 𝜓𝜓  

defined as follows: 

 

𝜓𝜓� = 𝜎𝜎(𝜓𝜓)
𝜓𝜓�

       (3.4) 

 

Such a parameter was fundamental to better interpret the fluorescence yield of the particles as it is 

related to the sizing of the particles in terms of diameter and diameter standard deviation (σ), both 

depending on the dye-incorporation process. As summarized in Table 2.1 (See § 2.1.2, Chapter 2), 

different doped particles have different sizes and standard deviations. As observed during the first 

set of measurements, the fluctuating LIF signals were possibly due to a non-uniform doping within 

the particles, and thus to a different cross-section diameter and size distribution.  

This set was concluded through a series of measurements with excitation power sweep up to10W 

incident power. The response from the two batches of DCF particles (i.e. alumina DCF coated 

particles and DCF-Batch 58 dye doped PSLs) were different. The alumina in house coated particles 
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exhibited an expected linear increasing fluorescence trend with increasing excitation power (Fig. 

3.7), but a relatively large scatter of the data points.  

 

 
Figure 3.7- DCF Alumina coated particles batch power sensitivity: (triangle) Mean of the LIF root mean square signal 

(RMS); (circle) Mean of the LIF mean signal. 
 

Such a trend (Fig 3.7) can be easily attributed to the irregular distribution of the DCF dye over the 

alumina particles. Indeed, the in-house procedure was not accurate enough to ensure a residual 

reduced error.  

 

3.2.2  Second test case results 

 

This section is arranged based on the main goals achieved along the second phase of the tests 

employing the CW excitation laser and the set up described in § 2.2.2. The following results are 

dealing with the interpretation and characterization of the response from the DCF doped particles 

batch selected for this time (i.e. DCF Batch 58 and 60), using the RhB Batch 57 for comparison. In 

detail, the paragraph covers the following: 

 

a. Relationship between Mie and LIF signals and two-band LIF applications for DCF Batch 

60. Here, a temperature sensitivity analysis and a comparison study with the previous DCF 

batches were properly developed.   
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b. Single-shot temperature uncertainties  
 

a. Relationship between Mie and LIF signals, two-band LIF 

 

PSL particles doped with RhB and DCF dyes were employed to accomplish this second half 

set of tests. The set up for optics and flow rig in use for this series of experiments is the one 

reported in § 2.2.2. The batches provided by NASA ASOMB branch are briefly characterized 

in Table 3.3; here the diameter statistics in terms of mean value and standard deviation are 

given. Note that Batches 58 and 60 (NASA internal designation) are characterized by a 

different level of pH due to the addition of a specific buffer (NaHCO3) in batch 60. The 

experiments were conducted at an excitation set point of 4W or 6.5W. Further, the need to 

investigate the saturation effects which occurred during previous tests with DCF Batch 58, 

the excitation range was extended from 1 to 10 W. At the nozzle exhaust, slightly 

different pressure and temperature values were recorded, while the plenum gage 

pressure was quite stable at about 0.04 kPa [2]. 

 
         Table 3.3- Particle characteristics for batches tested in the flow apparatus. 

 
Particle/Dye 

Mean Particle 
Diameter [μm] 

Standard Deviation of 
Particle Diameters σ[μm] 

 
Concentration (mmol/L Styrene) 

RhB-(Designation: Batch 57) 1.09 0.41 4.50 

DCF-(Designation: Batch 58) 0.77 0.15 9.29 

DCF+NaHCO3 (Designation: 
Batch 60) 

 
1.231 

 
1.103 

 
1.15 

 

The analysis of the data collected from this set started with observing that the LIF to Mie 

intensity ratio (Eq. 3.2) varied among the different batches in use.  Assuming (𝜓𝜓) as parameter 

for the investigation, we first corroborated and substantiated the knowledge of the experimental 

data with the theory about the nature of both LIF and Mie signals and eventually we interpreted 

the results. In other words, from the literature [16], we first found that while the Mie scattering 

is proportional to the cross-sectional area of the particle (𝐷𝐷𝑃𝑃𝑎𝑎𝑚𝑚𝑜𝑜𝑜𝑜𝑠𝑠𝑎𝑎𝑠𝑠2 ), the LIF strength scales 

proportionally to the particle volume (𝐷𝐷𝑃𝑃𝑎𝑎𝑚𝑚𝑜𝑜𝑜𝑜𝑠𝑠𝑎𝑎𝑠𝑠3 ). Now, both geometry of the particle (i.e. 

diameter) and signals were affected by variations (here defined fluctuations, Eq. 3.4) because 

51  



P. Maisto 2014  

of the influence exerted each other, so that an adequate way to read the results was representing 

the fluctuations of 𝜓𝜓 (see Eq. 3.4) versus those of the 𝐷𝐷𝑃𝑃𝑎𝑎𝑚𝑚𝑜𝑜𝑜𝑜𝑠𝑠𝑎𝑎𝑠𝑠(defined in a similar fashion). 

Both type of fluctuations are based on the standard deviation (σ) and the ensemble mean of 

each parameter (i.e. 𝜓𝜓  and 𝐷𝐷𝑃𝑃𝑎𝑎𝑚𝑚𝑜𝑜𝑜𝑜𝑠𝑠𝑎𝑎𝑠𝑠) and arranged in the fashion previously shown in Eq. 3.4. 

The dependence of the ratio 𝜓𝜓 on particle diameter would also indicate that the distribution of 

𝜓𝜓 should behave similarly to the distribution in diameter. Therefore, it is expected from the 

dimensional analysis that 𝜓𝜓� ∝ 𝜎𝜎(𝐷𝐷𝑃𝑃𝑎𝑎𝑚𝑚𝑜𝑜𝑜𝑜𝑠𝑠𝑎𝑎𝑠𝑠) 𝐷𝐷𝑃𝑃𝑎𝑎𝑚𝑚𝑜𝑜𝑃𝑃𝑠𝑠𝑎𝑎𝑠𝑠�����������⁄  and indeed, results from several batches 

characterized (including some employed during test case one, see Table 3.2) exhibit a strong 

correlation between diameter and 𝜓𝜓 statistics. This correlation is depicted in Fig. 3.8. The largest 

fluctuations for the LIF to Mie ratio were observed for the DCF batch 60 with a value of 𝜓𝜓� ~of 

about 82%; from data in Table 3.3, the value of 𝜎𝜎(𝐷𝐷𝑃𝑃𝑎𝑎𝑚𝑚𝑜𝑜𝑜𝑜𝑠𝑠𝑎𝑎𝑠𝑠) 𝐷𝐷𝑃𝑃𝑎𝑎𝑚𝑚𝑜𝑜𝑃𝑃𝑠𝑠𝑎𝑎𝑠𝑠�����������⁄   in the same batch is 

approximately 89%. 

Figure 3.8- Relationship between the standard deviation in particle diameter (horizontal axis) and the standard 
deviation from single particle LIF-to-Mie fluorescence intensity measurements (vertical axis). RhB Batch 57 doped 

PSLs were tested both in distilled water solution and in water-ethanol solution. DCF batches MV18-ph9 and 
Poly(styrene-co-acrylate) were in the 20-25% fluctuation range, while the lowest fluctuation value was found for 

Batch58 at 15%. 
The preliminary results obtained from the previous analysis emphasized a limited correlation 

between the LIF and Mie signals; this assertion is further supported by results shown in Figs. 

3.9 and 3.10. The former shows the joint probability density relating the three channels of our 

interest (Mie, LIF rejected and pass band). In Fig. 3.9 left, as easily can be seen from the data 

spread of the contour, the Mie intensity is almost uncorrelated with the LIF intensity. On the 
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other hand, the two LIF channels correlate each other in a linear fashion. Figure 3.10 

quantitatively confirmed this weak correlation between fluorescence and Mie scattering signals 

by varying the flow temperature. The sensitivity analysis conducted over 20 to 120ºC flow 

temperature revealed an average correlation of about 60%. In light of this, we can firmly state 

that single shot measurements of fluorescence- dependent scalar flow quantities such as 

temperature would not be possible using the 𝜓𝜓 parameter due to the strong particle diameter 

dependence of its value [2]. As anticipated in Chapter 1 and 2, the two-band LIF technique 

would be the suitable solution that meets the need to eliminate uncertainties from single-shot 

measurements by means of the ratio of the two LIF channels. It is also necessary to point out 

that the uncertainties would be not diameter dependent only, but also due to incident laser 

excitation intensity and dye non-uniformity. Several evidences are also supporting the previous 

assertion (Figs. 3.9, 3.10, 3.11): 

 

• DCF batch 60 normalized pass (539nm-559nm) and rejected (>559nm) band LIF 

intensity show strong correlation in the joint probability map (Fig. 3.9 right) for single-

shot measurements. 

• The analysis for the correlation coefficients conducted for flow temperatures up to 100 

°C (PSL particles glass transition temperature) shows values of about 95%.   

• Referring to Figs. 3.11 and 3.12,  the ratio of the normalized pass to rejection band LIF 

intensity (Eq. 3.5) is distributed narrowly compared with all intensity measurement sets 

(i.e. Mie, pass or rejection band LIF)[2]. This is also quite evident over a large range of 

temperature (Fig. 3.12), where batch 60 exhibits a better response compared to the other 

two batches. 
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Figure 3.9- Joint probability maps of single-shot measurements for DCF batch 60. Left: joint LIF rejection band and 
Mie intensity. Right: joint LIF pass and rejection bands. 

 

 
Figure 3.10- Correlation coefficients for single-shot burst intensity integration for the LIF rejection band/Mie band 

(squares) and pass/rejection LIF bands (circles) for DCF Batch 60. 
 

𝜂𝜂 = ∫ 𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿,𝑅𝑅𝑠𝑠𝑅𝑅𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑜𝑜

∫ 𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿,𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑜𝑜

= 𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿,𝑅𝑅𝑠𝑠𝑅𝑅𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠𝑅𝑅������������������

𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿,𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠������������        (3.5) 

 

Statistics comparisons among the batches tested indicate that DCF batch 60 would perform 

strongest for two-band measurements (Figs. 3.12 and 3.13) [2]. The fluctuations for all the 

channels of interest (i.e. LIF pass, rejection and ratio bands) in Fig. 3.12, along with the 

correlation coefficients of the two LIF bands pose two important considerations/assertions 

 

• The statistics based on the LIF band ratio (Fig. 3.12) show a narrow variance if 

compared to the individual LIF intensities (i.e. rejected and pass band). 

• The DCF batch 60 performs better compared to DCF batch 58 and RhB batch 57 (Fig. 

3.13). 
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Although limited, the variance for the LIF band ratio exhibited in both Fig. 3.12 and Fig. 3.13 

poses also the matter of the likely cause for this uncertainty.  For the experimental setup, based 

on continuous monitoring of the flow parameters, we exclude large flow temperature variations, 

thus attributing the variance in 𝜂𝜂 to the uncertainty due to the noise-limited single-shot intensity 

estimation during the measurements.  

Figure 3.11- DCF batch 60: histograms for LIF pass (…), reflected (-.-), two-band LIF ratio η (solid) and Mie (--) 
single-shot intensity measurements.

As reported previously [17], particles doped with RhB exhibit very weak fluorescence in the 

chosen pass-band range (539nm-559nm), leading to low signal-to-noise ratio (SNR) for the 

pass-band and increased variance in the LIF ratio. Likewise, DCF batch 58 (red symbols in Fig. 

3.12) exhibited generally weak fluorescence both pass and rejection bands, leading to low SNR 

for both LIF signals and an increased variance in the LIF ratio. The DCF batch 60 particles 

(green symbols in Fig. 3.12) exhibited nearly equal signal on the pass and rejection bands, and 

the SNR for both was very good. The pass-rejection band correlation coefficients are graphed 

versus temperature in Fig. 3.13. They directly reflect the trends just discussed throughout the 

temperature range examined-uncorrelated content led to increased standard deviations in the 

values of 𝜂𝜂. 
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Figure 3.12- Normalized fluctuations of the LIF signals (Pass, Reflected and Band Ratio) for RhB and DCF doped 
particles. Left: RhB batch 57. Right: red symbols for DCF batch 58, green symbols for DCF batch 60. 

 

 
Figure 3.13- Correlation coefficients for LIF pass-rejection band signals versus flow temperature for RhB batch 57, 

DCF batch 58 and DCF batch 60. The best correlation was found to be 0.977 for the DCF batch 60 around 50°C. 
 

b. Single-shot temperature uncertainties 
 

The key result from Fig. 3.12, single-shot standard deviations on the order of 10% of the mean 

LIF pass/rejection band ratio were measured for DCF batch 60, will be considered further for 

estimating the performance of these particles for temperature measurements. 
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Given the temperature-dependent fluorescence yield of the DCF-doped particles shown in Figs. 

1.3, 1.4 (see Chapter 1), one may formulate a simple model relating 𝜂𝜂 and temperature: 

𝜂𝜂 = 𝐴𝐴 ∙ 𝑇𝑇𝑛𝑛       (3.6) 

where 𝐴𝐴 and 𝑙𝑙 are calibration constants for the dye-doped particles. Given measurements of 𝜂𝜂, 

the temperature may be determined by solution of Eq. 3.6 or a look-up of calibration data. The 

uncertainty in using Eq. 3.6 for a temperature measurement is 

 (𝛿𝛿𝑇𝑇)2 = ± ��𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕
𝛿𝛿𝜂𝜂�

2
+ �𝜕𝜕𝑇𝑇

𝜕𝜕𝜕𝜕
𝛿𝛿𝐴𝐴�

2
+ �𝜕𝜕𝑇𝑇

𝜕𝜕𝑛𝑛
𝛿𝛿𝑙𝑙�

2
�       (3.7)

which will reduce to 

(𝛿𝛿𝑇𝑇)2 ≈ ± �𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕
𝛿𝛿𝜂𝜂�

2
      (3.8)

when assessing single-shot uncertainty and assuming that 𝐴𝐴 and 𝑙𝑙 are invariant throughout a 

given particle batch. 

Table 3.4 was constructed for a range of realistic temperature sensitivities (𝛿𝛿𝑇𝑇 𝛿𝛿𝜂𝜂⁄ ) and two-

band ratio uncertainties (δ𝜂𝜂). The case of 𝛿𝛿𝑇𝑇 𝛿𝛿𝜂𝜂⁄  =125°C is approximated from the slope in 

Fig. 1.4, Chapter 1. If δ𝜂𝜂 = 0.1 (10%), then the anticipated temperature precision is ±12.5 °C. 

With higher signal-to-noise ratios, it may be possible to reduce δη by a factor of 2 or 4, yielding 

single-digit temperature precisions. Alternatively, for the same δη demonstrated herein, a 

steeper slope of the 𝜂𝜂(𝑇𝑇) curve of say 66 °C would achieve single-digit precision. As efforts 

progress, it is expected that improvements in both parameters are feasible, with the prospect of 

sub-degree precision. 

57 



P. Maisto 2014      
 

 

 

 

 

 

Table 3.4-Single-shot measurement temperature uncertainties (𝜹𝜹𝜹𝜹, in °C, unshaded boxes) computed from equation 3.8 
for representative sensitivity and normalized signal variance values. 

Particle/Dye ∂T/∂η=66ºC ∂T/∂η=66ºC ∂T/∂η=33ºC ∂T/∂η=15ºC ∂T/∂η=7ºC 

0.025 3.1 1.7 0.8 0.4 0.2 

0.05 6.3 3.3 1.7 0.8 0.4 

0.1 12.5 6.6 3.3 1.5 0.7 

0.2 25.0 13.2 6.6 3.0 1.4 

 
 

               3.3 Results for particle fluorescence imaging 

The main goal of this study was to investigate the possible saturation of the fluorescence emitted 

by doped particles in the presence of a large excitation power range. As pointed out in the 

introduction, the major interest was the determination of the response for the DCF batch 60. 

Herein, responses were measured of Rhodamine B (RhB), DCF batch 58 and 60 doped particles 

in the presence of power sweep up to 18W. For such a purpose, the optical set-up discussed was 

employed to detect longer wavelengths of the fluorescence spectrum (538 nm long-pass 

customized band filter, see §2.4) and filter out the excitation laser light (wavelength). For the first 

set of measurements, ten images at an exposure time of one second were taken for each case using 

the CCD camera angled downward to collect light at 90o side-scatter-perpendicular to the plane 

containing the probing volume. Each image was processed by first cropping the area of interest 

(Fig. 3.14, green box) where the particles in the near-exit of the jet were excited by the laser beam 

(Fig. 3.14). The LaVision software images in RGB format were later converted in the MATLAB 

post-processing to grayscale intensity values. The average of the ten output signals was then 

estimated for each case and correlated with the relating input signal. Figure 3.15 shows the power 

sensitivity of the batches under investigation. 
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Figure 3.14- CCD camera image taken at 12 W laser excitation power and 1 second exposure time (64K resolution image). 

Note the fluorescence emitted by the particles passing through the laser beam. The cropped area was assumed for the 
estimation of the output signal filtering out the residual noise background from the image. 

 
Figure 3.15- First set of measurements: RhB Batch 57 and DCF Batches 58 and 60 doped particles LIF power sensitivity. 
The results were obtained by employing an Imager ProX 4M CCD camera. Note the linear trends exhibited by the doped 
particles over the power range examined. The undoped particles signal was estimated as reference case for background 

noise. 

A check for the efficiency of the notch filter for blocking the excitation wavelength was needed and 

eventually accomplished by using un-doped particles. The results indicate that the filter was effective 

for removing the excitation wavelength signals because no signal from the un-doped particles was 

detected. A major aspect also investigated and emphasized by comparing Fig. 2.18 with both Figs. 

3.15 and 3.17 was the cause of the wiggles found at some set points. From the trend exhibited by 

RhB batch 57 in Fig. 3.15, it seemed that the kinks were strictly related to the wiggles found on the 

power sweep shown in Fig.2.18 (e.g.  4.5-5W and 15-17W set point ranges) and to be the likely 

cause of the wiggles noticed in the fluorescent output. Similarly, the analysis conducted for the 

second set of measurements was designed based on the highest excitation power (18 W) investigated 

as bench-top case for the lower levels. The main goal was to define under which conditions in terms 

of aperture of the camera and exposure time allowed for a high number of counts (i.e. fluorescence 

intensity) with no saturation of the camera sensor. Such a guideline was applied to all batches and 

all of three showed that 40 ms was the exposure time able to maximize the output with no saturation. 
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The minimum aperture of the camera (f/#=22) was then set for these measurements. Figure 3.16 

shows the case at 18W for the RhB. The maximum number of counts for this case was 59597 over 

a limit number of 65,535 which represents the number of counts for the saturation for the PCO Edge 

camera. 

 

Figure 3.16- Cropped probe volume from the image taken at 18 W laser excitation power and 40 ms exposure time. The 
number of counts of 59597 was estimated maximizing the intensity of each of the single 10 images and then taking the 

maximum of those. 

The mean of the mean for the counts resulting from each image was estimated and the mean of the 

set of the ten values was used for statistics. The fluorescence response in output is plotted versus the 

excitation power in Fig. 3.17.  

 
Figure 3.17- Second set of measurements: RhB Batch 57, DCF Batches 58 and 60 doped particles LIF power sensitivity. The 

results were obtained by employing a sCMOS PCO Edge camera. Note the linear trends exhibited by the doped particles 
over the power range examined. 

60  



P. Maisto 2014      
 

 

 

 

 

 

After the second set of measurements, we promptly realized that other factors besides the laser power 

were varying with time and possibly causing multiple effects. The seed density and the seed dye 

concentration in the prepared mixture were identified as the likely cause of the mentioned wiggles 

and other effects such as the different slopes exhibited by the same batch at different time (e.g. DCF 

in Figs. 3.15, 3.17). In practice, it was impossible to distinguish what exactly was the cause of these 

systematic errors in the output, since the independent variable (power) was confounded with time 

and other influencing factors varying with time [4]. A third set of measurements was then designed 

in order to drastically reduce the uncertainty due to the systematic errors. The approach relied on a 

randomized excitation power sweep as reported in Danehy et al., 2002 [4]. First, this different 

experimental method enables to convert the systematic error about the fluorescence intensity output 

into an additional component of random error much more controllable (e.g. acquiring more random 

data enables to perform a higher precision of the experiment).  Secondly, the replication of a 

measurement at an arbitrary excitation power set point during the randomized power sweep allows 

to distinguish what is the pure random error occurring in the measurements, once correctly 

investigated the relationship between the variance in the data set and the independent variable 

(power) changes. Thus, we followed the arbitrary power sweep sequence 

(4,13,10,6,16,2,14,10,7,11,3,15,10,1,12,5,17,10,9,10,8), assuming as power repeated set point 10W, 

taken five times. The data were also taken concurrently for each single batch to save time, thus not 

obtaining real independent data sets for a given batch of particles. All the batches were also tested 

over the same day, thus avoiding data partitioning into blocks differentiated by time to analyze 

possible variations day-by-day [4]. The repeatability exhibited by RhB Batch 57 and DCF Batch 60 

in Fig. 3.18 is an anticipation of what is later shown in Fig. 3.19 for all the batches under 

investigation. The linear trend expected over the designed excitation power range seems to be 

confirmed, the anomalies due to the systematic errors were considerably attenuated, and no 

suspected saturation at high excitation levels (17-18W) was found this time for RhB Batch 57 (see 

Figs. 3.15, 3.17 for reference). Figure 3.19 shows the fluorescent response for all the batches. The 

excitation energy flux range (mJ/cm2) was estimated based on the particle transition time estimated 

to be on the order of 20 μs and the Gaussian spot beam diameter at focal point on the order of ~20 

μm (22.59 μm). 
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Figure 3.18-RhB Batch 57 and DCF Batch 60 doped particles repeatability: note the linear trend over the excitation power 
range and the considerable effect of the randomization on the systematic error confirmed by the lack of kinks in the linear 

graphs. 

                

Figure 3.19-Third set of measurement: RhB Batch 57 and DCF Batches 58 and 60 doped particles excitation power (on left) 
and energy flux (on right) sensitivity. The effects of the randomization are evident for all the tested batches. Note as the 

fluorescence strength exhibited by the different dyes matches the previous findings: the RhB exhibits the strongest response 
in output, while the DCF Batch 60 performs better than the Batch 58. 

To better illustrate the time variations at the origin of the systematic error on the measurements, we 

estimated the residuals  (𝑅𝑅) (Eq. 3.9) at each set point of the randomized power sweep. Figure 3.20 

shows how much the randomization method has influenced the gradual reduction of the uncertainty 
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on the measured data set along the experiment. In Eq. 3.9, 𝑖𝑖 and 𝑖𝑖� represent the measured datum 

and the related value estimated by the fitting model at a given power set point.  

𝑅𝑅 = 𝑖𝑖 − 𝑖𝑖�      (3.9) 
 

 

Figure 3.20-Residuals analysis for the RhB Batch 57 data set. 

The residuals appear randomly scattered around zero fitting line indicating that the linear model 

describes the data set well. As shown in Fig. 3.20, the residuals do not also exhibit a systematical 

positive or negative trend. This last aspect confirms a good quality of the data obtained from the 

randomization because of a small systematic error. As mentioned above, the replication allowed for 

the estimation of a pure random error that can be estimated by means of the repeated data set at 10W. 

In this regard, assuming the standard deviation and the mean of the measured outputs from the 

repeated set point for each batch of PSL particles, we estimated the random error (%) using Eq. 3.10. 

The results obtained are summarized in Table 3.5. 𝑋𝑋 is the repeated data sample at 10W excitation 

power. The correlation coefficient between excitation input and fluorescent output signal was 

estimated for each case of these randomized sets of measurements. Table 3.6 summarizes the results 

obtained for each batch of particles. Very high correlation content was found between input and 

output for each batch of particles and for both set of measurements. 
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𝜓𝜓� =
𝜎𝜎(𝑋𝑋)
𝑋𝑋�

      (3.10) 

 

 
 

Table 3.5 - Pure random error for RhB Batch 57 and DCF Batch 58 and 60. 
RhB Batch 57 DCF Batch 58 DCF Batch 60 

3.4701% 2.816% 2.3742% 

 
 
 
 
 

Table 3.6 - Correlation Coefficients for RhB, DCF batch 58 and 60 doped particles. 
 

RhB Batch 57 
 

DCF Batch 58 DCF Batch 60 

 
0.9989 

 
0.9917 0.9981 

 

Assuming the case for the un-doped particles as reference for the background noise generated in the 

experiments, its influence was estimated using the definition of the signal-to-noise ratio (SNRdB) 

given as 

𝑆𝑆𝑁𝑁𝑅𝑅𝑑𝑑𝑑𝑑 = 20 ∙  𝑙𝑙𝑁𝑁𝑙𝑙10 �
𝜎𝜎𝑑𝑑𝑠𝑠𝑎𝑎𝑚𝑚−𝐹𝐹𝑎𝑎𝑁𝑁𝑜𝑜𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠𝑠𝑠

𝜎𝜎𝑛𝑛𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠
�     (3.11) 

 

Where 𝜎𝜎𝑑𝑑𝑠𝑠𝑎𝑎𝑚𝑚−𝐹𝐹𝑎𝑎𝑁𝑁𝑜𝑜𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠𝑠𝑠and 𝜎𝜎𝑛𝑛𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠 represent the mean power intensity from the fluorescent beam 

and the background noise of the image. Figure 3.21 shows the trend of such a parameter at increasing 

excitation power levels for the all cases. The SNR band for the three cases ranges from 30 up to 60 

dB. A threshold of about 20dB [1] was assumed here for the representation of the fluorescent signal. 
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Figure 3.21-Signal-to Noise ratio (SNR) for the RhB and DCF doped particles. Here a threshold of 20 dB was assumed for 

the fluorescent signal. 
 

Some more notes should be spent regarding possible laser heating of the particles. The interest for 

this subject is arisen by the need to verify the results obtained for the power sweep previously 

investigated, and to eventually determine the limits of validation imposed by the laser heating. The 

variation of particle temperature is a dynamic process based on mass and energy conservation. An 

approximate expression for the temperature increase of spherical particles above the ambient air 

temperature resulting from radiant energy absorption, is given by Chan, 1975 [19] quoted by Cai et 

al., 2008 [20] in Eq. 3.12. 𝑄𝑄𝑎𝑎𝑎𝑎𝑠𝑠𝑜𝑜𝑚𝑚𝑎𝑎𝑠𝑠𝑑𝑑  is the absorption efficiency factor and can be calculated from 

the Mie scattering theory [21]. The Eq. 3.12 is obtained assuming that the power absorbed by the 

particle must equal the power leaving the surface by conduction plus the rate of change of the heat 

content of the particle.  

∆𝑇𝑇 =  
𝐼𝐼 ∙ 𝑄𝑄𝑎𝑎𝑎𝑎𝑠𝑠𝑜𝑜𝑚𝑚𝑎𝑎𝑠𝑠𝑑𝑑 �

𝐷𝐷𝑝𝑝
2 �

2

4 ∙ 𝑘𝑘𝑎𝑎𝑜𝑜𝑚𝑚
  (3.12) 

 

In Fig. 3.22, the 𝑄𝑄𝑎𝑎𝑎𝑎𝑠𝑠𝑜𝑜𝑚𝑚𝑎𝑎𝑠𝑠𝑑𝑑 is plotted versus the particle diameter 𝐷𝐷𝑝𝑝 in μm, taking into account the 

refractive indices of the air and the PSL of about 1 and 1.6, respectively [22]. For the thermal 

conductivity of the air  𝑘𝑘𝑎𝑎𝑜𝑜𝑚𝑚 , the value assumed is of 0.026 W/m/K. 
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         Figure 3.22-Absorption efficiency coefficient versus PSL particle diameter. 

 

For the particle diameter of 1 μm, the absorption efficiency coefficient is 0.28 (Fig. 3.22). Plug this value, 

along with the diameter of the particle, and the incident laser power per unit area (e.g. 18W over 20 μm 

diameter focused laser spot) into Eq. 3.12, and  the temperature change in the particle due to the laser 

heating is of about 3.85% above the ambient air temperature. Given the negligible value estimated by Eq. 

3.12, we can disregard possible melting effects of the particles. Also, in order to obtain ∆𝑇𝑇 from the 

conservation of energy, we have tacitly assumed that the temperature of the particle is uniform throughout 

its volume and have equated the particle temperature to the temperature of the air at the surface of the 

particle [19]. This assumption is due to a small particle thermal diffusion time, on the order of 10-9 sec for 

particles with a 1 μm radius [19]. The previous assertion, along with the value estimated for the 

temperature change at the highest test excitation (18 W), disregards the melting effects possibly occurring 

on the exposed surface of the particles. Further, the possible agglomerations of particles due to particle 

collision/interactions are excluded as well. If the laser heating does not affect the integrity of the particles, 

possible limitations of the techniques come from the heating up of the flow. This assertion is based on a 

study about the thermal lag of the particles. For the current case, the velocity lag of the particles is very 

small because of the small relative Reynolds number (see the Appendix for reference). In light of this, the 

heat transfer from or to the particles can be expressed as follows: 

66  



P. Maisto 2014      
 

 

 

 

 

 

�̇�𝑄 = ℎ �𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑝𝑝�𝐷𝐷𝑝𝑝2 =
𝑁𝑁𝑁𝑁 ∙ 𝑘𝑘𝑓𝑓
𝐷𝐷𝑝𝑝

�𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑝𝑝�𝐷𝐷𝑝𝑝2  (3.13) 

The change in temperature difference is determined by heat transfer to it: 

𝑑𝑑�𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑝𝑝�
𝑑𝑑𝑖𝑖

=
−6 ∙ 𝑁𝑁𝑁𝑁 ∙ 𝑘𝑘𝑓𝑓
𝑐𝑐𝑝𝑝,𝑝𝑝 ∙ 𝜌𝜌𝑝𝑝 ∙ 𝐷𝐷𝑝𝑝2

�𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑝𝑝� (3.14) 

Assuming a Nusselt of 2 for the particle, we readily solve the O.D.E for the thermal lag 𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑝𝑝 as follows: 

�𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑝𝑝� = 𝑒𝑒−2.6295∙105𝑜𝑜  (3.15) 

Thus, a time constant of 3.8 𝜇𝜇𝑁𝑁 is estimated. The Eq. 3.15 is reported in fig. 3.23. 

 

         Figure 3.23-Thermal lag for a 1μm diameter PSL particle. 
 

Two main considerations can be drawn from this study: 

• The temperature lag is about 0.5% at 20µs from the inlet of the heater (Fig. 3.23) 

• The nozzle diameter is 14.2 mm, and the mean velocity of the flow was estimated to be of about 

20 m/s, thus the time scale for the phenomenon was estimated to be of about 0.71 ms. 

Given the previous observations, we can conclude that the temperature of the particles, within the 

limits of the approximations made, is representative of the temperature of the flow. Although this is 
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beneficial for the uncertainties of the single shot measurements, on the other hand, it can be a relevant 

issue because of the melting point of the particles estimated to be 100ºC. Indeed, the chances to push 

the applicability beyond such a temperature are limited because of the immediate accommodation of 

the particle temperature with the one of the surrounding medium. 
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Chapter 4 

Pulsed excitation  
 
 
 
4.1 Introduction  

 

Imaging applied techniques enable the characterization of flow-field phenomena, limited employment of 

equipment for the setup of the experiments, and most of the times with the advantage of improved 

measurement efficiency. In detail, imaging applications designed for the dye-doped particles in use at 

Virginia Tech Vortical Flow & Diagnostic (VTFD) Lab are of interest for fluorescence-based PIV, scalar 

concentration and flow temperature imaging. The first approach to pulsed excitation was attempted a few 

months before the tests reported in this chapter. A double-pulsed 200 mJ/pulse, frequency doubled 

Nd:YAG laser was employed for time resolved imaging over an exposure time on the order of 

nanoseconds; no fluorescence was actually observed for the DCF batch 60 under investigation. Such an 

unexpected result was then further investigated using a CW 532 nm Verdi V18 laser and exposing the 

sensor to the equivalent amount of laser energy based on a single pulse. The particles exhibited 

fluorescence. A later campaign of tests was then designed, in order to draw conclusions regarding the 

dichotomy previously observed. As emphasized, given the promising results regarding the two-color LIF 

technique, our interest focused on the DCF doped-particles batch 60. The chapter mostly covers the 

findings about this batch and the recent Kiton Red (KR) doped batch, cumulated during a measurement 

campaign that spanned over one month and in which two different imaging detectors and lasers were used. 

Two sub-sets of measurements were performed illuminating the seeded flow by a 6 mm diameter laser 

beam and a 66 mm wide laser sheet. DCF batch 60 was compared to the RhB particle batch 61(NASA 

internal designation) used as bench-mark for comparison. While the response of the latter was indicative 

of the effectiveness of the particle sizing by showing a linear trend between Mie and LIF signal output, 

the batch 60 did not exhibit any fluorescence implementing the flow rig for the particle validation. A 

different approach by placing the nebulizer out of the flow rig cycle was also attempted. The difference 
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mainly consisted into the use of a batch non-mixed with air form the shop. Thus, while a continuous and 

abundant particles flow straight out of the nebulizer was supplied in proximity of the laser beam, the 

particles deprived of the excess of styrene because of the air mixing were illuminated right out of the 

nozzle exhaust. The former exhibited detectable fluorescence because of the higher frequency of the 

excitation events (i.e. larger particles transit) occurring, while the single particle intensity using the rig 

was too low to capture via the detection threshold of the camera. The experiments conducted employing 

the Kiton Red 620 gave uniform Mie scattering based on the Gaussian distribution of the batch particle 

size. On the other hand, the LIF exhibited illuminating the batch trough a laser sheet focused at the probe 

volume resulted into a non-uniform distribution of the signal out the particles. The complex of phenomena 

for the explanation of such a behavior is still under investigation. The whispering gallery mode was 

proposed as the likely cause for non-uniformity effects. Further experiments are needed in order to confirm 

suitability of this particles batch for PIV via PLIF. 

4.2 Results for pulsed excitation of DCF and RhB doped PSLs 

4.2.1 RhB batch 61 

The pulsed excitation of the RhB batch 61 was performed using the equipment and the procedure 

described in § 2.4 for the Nikon D90 as detector. The tests were performed with a similar dynamic 

range used for the DCF batch 60 employing the PCO Edge camera (i.e. 1/13 sec.). No specific 

characterization about this batch was provided. As for the previous cases, the tests were designed to 

assess the quantification of the fluorescence exhibited by the particles over an energy excitation range 

up to 190 mJ/ pulse. The sequence of the excitation set points was randomized as described in Danehy 

et al., 2002 [4]. This was needed to drastically reduce the uncertainties due to the systematic errors 

about seeding and excitation laser source fluctuations. In light of this, the 190 mJ/pulse energy level 

was acquired five times among the other set points. 

The pulsed excitation of the batch microsphere (~1μm diameter) was performed using the laser Q-

switch excitation mode. The noise subtracted intensity was determined based on statistics illustrated 

in § 4.3. The interaction between the dried batch particles out of the nozzle exhaust and the laser beam 
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was barely visible: at minimum aperture a number of counts of about 500 were recorded. The signal 

progressively increased with larger aperture, thus the fluorescence output reached a number of about 

12,000 counts at aperture of 5.6 as shown in Fig. 4.1. Clearly, as expected, at the maximum aperture 

of 1.8 the number of recorded counts reached the average amount of 53,000.  

 
Figure 4.1-RhB batch 61 fluorescence intensity vs. camera aperture at 190 mJ/ pulse. 

 

As expected, the trend for the fluorescent light gathered by the camera showed to be non-linear. Tests 

without the 538 AELP long pass filter were earlier performed with minimum aperture (i.e. f/#=22) to 

avoid the saturation of the detector and to assess Mie scattering intensity measurements for the 

comparison with the fluorescent signal. Figure 4.2 summarizes the results obtained for this batch. On 

top of the figure the linear correlation between the Mie and the fluorescent light signal. The Mie 

strength showed to be ~550 stronger than the LIF intensity, by correcting for the camera aperture. In 

addition, the linear trend confirms the effectiveness of the sizing of this particle batch since the LIF to 

Mie ratio is proportional to the particle diameter which turns to be the slope of the data set. On the 

bottom of Fig. 4.2, a sequence of noise subtracted images over the excitation energy sweep under 

investigation. 
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Figure 4.2-Top: RhB Batch 61 LIF vs. Mie over the energy sweep ranging from 20 mJ/ pulse up to 190 mJ/ pulse. Bottom: LIF 

energy sweep images (from left to right: 190, 150, 60, 20 mJ/pulse). 

 

4.2.2 DCF Batch 60 
 
The tests for the dichlorofluorescein batch 60 were conducted with a similar approach to that adopted 

for the RhB batch 61 and at second time (i.e. 5 months later) with the respect to the previous CW tests 

conducted on the same batch. A run to acquire 100 images over an exposure time of 80 ms with the 

intent to detect the exhibited fluorescence was assessed either by placing the nebulizer inside or outside 

of the plenum. The detection system relied on the sCMOS PCO Edge camera earlier described in § 

2.3, 2.4. Table 4.1 and Fig. 4.3 respectively summarize the input and the output for the set of 

measurements obtained by exciting the particle cloud directly out of the ultrasonic nebulizer. For these 

results, the flow apparatus was not used, and the aerosol measured is assumed to be ‘wet’, consisting 

of both solid PLSs and liquid droplets of the suspension fluid. As to be described further and supported 

with findings, it is believed that the suspension fluid contains considerably more dye than is contained 

within the PSLs for the Batch 60 case. 
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Table 4.1-DCF Batch 60 Energy Sweep. 

Energy/pulse [mJ/pulse] 

190 170 140 190 110 80 190 50 190 20 10 190 5 

Intensity [counts] 

8709.2 7709.5 5470.6 8712.4 4793.2 3527.9 8707.5 2884.4 8704.7 1283.1 727.0 8707.4 67.6 
 

 

Figure 4.3-DCF Batch 60 doped PSLs pulsed excitation at 80 ms: logarithm scale (left); linear scale (right). 

Mie scattering exhibited by nebulized particles was recorded: the estimated intensity based on statistics 

was of about 61,000 counts, quite close to the saturation of the camera sensor. This was probably due to 

an abundant amount of seed at the probe volume not common for the applications employing the flow rig. 

The expected linearity in the trend of the LIF signal at increasing energy levels was respected (Fig. 4.3) 

approaching the measurements by means of the randomized method (see Table 4.1). The systematic error 

was also estimated to be on the order of 3% based on the five runs at 190 mJ/ pulse (Eq. 3.10), as 

summarized in Table 4.1. The images acquired at each level were properly processed subtracting the dark 
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offset mean intensity based on the averaging of 100 dark images. The plots refer to the range of fluence 

(mJ/cm2) based on the measured collimated laser beam diameter of 6.6675 mm. Figure 4.4 shows the most 

interesting and unexpected result for this case: the Mie scattered light from the particles dispersed in the 

air illuminated dried drops of particles in the area around the flow apparatus, which in turn exhibited 

detectable fluorescence (Fig. 4.4). This emphasized the capability of the batch to exhibit fluorescence even 

if not directly excited by a laser source. 

Figure 4.4- Residual DCF batch 60 in form of drops on residual batch in form of drops on the blackout cardboard (left) and 
on nozzle surface (right) illuminated by Mie back scattered light. 

On the other hand, the employment of the bench top flow rig did not give any result in terms of detected 

fluorescence from particles. Such an assertion resulted from a set of measurement based on 100 images 

that were properly processed by superimposing each image and estimating the mean of the resulting 

superimposed image (Fig. 4.5, left). As one may note, no fluorescence at the probe volume was detected. 

The comparison between the effects obtained either employing the validation flow rig (Fig. 4.5, left) or 

just using the nebulizer out of the rig (Fig. 4.5, right) is self-explanatory. The explanation comes from the 

single particle intensity which may be too low to capture via the detection threshold of the camera, if 

particles are mixed with air thus being deprived of the exceeding water and styrene in the original batch 

mixture. On the other hand, the implementation of the nebulizer out of the flow rig should supply higher 

particle + styrene flow density to be excited at the probe volume. Regarding the excess of styrene, we 

have supposed that the unreacted styrene could act as a liquid enabling the fluorescence to increase but 
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we were more inclined to associate the increased fluorescence with the presence of water. This would 

explain the residual fluorescence reported in Fig. 4.2 as result of the implementation of the nebulizer out 

of the rig. If confirmed, this implies that the doped particles are not able to exhibit themselves fluorescence 

if properly excited.      

 

Figure 4.5-DCF batch 60 pulsed excitation: no fluorescence detected employing the validation flow rig (left); fluorescent particles 
detected by placing the nebulizer outside of the mixing plenum (i.e. no flow rig).  

 

4.3 Qualitative results from Kiton red JMK-48-53-1 batch 
 

The analysis for the qualification of this environmentally friendly batch for laser diagnostic 

techniques (internal designation JMK-48-53-1) has been carried out qualitatively only. Future 

experiments with improved PSLs doped particles will help in the quantification of the preliminary 

results here presented. The preliniminary characterization of the paticles sizing and doping 

accomplished at NASA LaRC suggested Kiton Red 620 as a potential dye for flow diagnostic 

because of the following: 

 

• Spectral properties 

• Temperature response 

• Low health risks  
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Besides initial difficulties into achieving good incorporation of Kiton Red 620 into the PSLs, the 

batch JK-48-53-1, along with others in preparation for future tests, employed the poly(DADMAC) 

chemical compound. Although it is not on our purpose going through the details, a note has to be 

spent on this. Such a compund electrically interacts with Kiton red doped into the cavity of the 

particles such that the dye remains into the particle without leaching effects. This helped in the 

interpretation of the results, since we did not obsreve any form of leaching as instead possibly 

happened for some of the previous phenomena occurred for DCF batch 60. In addition, for this batch, 

the size distribution analysis was provided as shown in Fig.4.7. As it easy to see, such a  Gaussian 

distribution also contributed into a phenomenological understanding of the results out of the 

experiments. The narrow variance of the particle diameter size suggested an expected  uniformity 

from either Mie and LIF yields. 

 
             Figure 4.6- Kiton red batch JK-48-53-1 doped particles size distribution.  

The particle batch was prepared, as usual, by diluting it into a 50:50 distilled water-batch mixture 

and poured into the disruptor for about half hour. In order to be more effective in the deletion of 

particle clusters (otherwise altering the results) by means of the induced vibrations, we poured the 

prepared mixture directly into the small vessel of the disruptor. The camera was focused on the probe 

volume using a benchmark run of Mie scattering detection by setting the aperture at f/#22 (minimum) 

and adjusting the focus of the 24 mm lens. Once obtained the desired focus, the aperture was set at 

f/#2.8 (maximum) to detect fluorescence. Figure 4.7 shows the imaging determined by seeding the 

flow running at about 20 m/s and operating with double pulsed mode laser. The comparison between 

the two images emphasized some aspects which were  expected and highlighted some new others 
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which need here some more explanation. Although a quantitative analysis of the intensities has not 

been done yet, it is quite evident as the output intensity resulting from the scattered light from the 

particles’ surface is higher than that from the LIF. In addition, as from Fig. 4.7, the uniform 

distribution in the particle size characterized by NASA ASOMB (LaRC) was further corroborated 

by the Mie images (Fig. 4.7, top).  Indeed, the intensity of the scattered light is quite uniform 

along the flow path and structures (Helmoltz vortices) and this can only suggest uniform size of the 

particles, since Mie scales with the squared particle diameter. 

 

 

 
          Figure 4.7-Kiton red batch JK-48-53-1: Mie intensity (top) and PLIF intensity (bottom) imaging.   

The analysis of the LIF images, here shown in Fig. 4.7, bottom and zoomed in for our convenience, 

seems to tell a different story of the phenomena occuring during the experiments. Supposed that 

the distribution is uniform as confirmed by the Mie imaging results, it is unclear the reason why 

particles exhibit a non uniform distribution of the LIF yield. We can disregard the hypothesis of 

clusters of particles due to either the Mie analysis already done and either the fact that 

measurements were taken at the same time and with same prepared batch used for Mie. A possible 

explanation for the broad range of fluorescence emissions could be explained by the presence of 
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the whispering gallery mode (WGM) phenomenon [6],[7],[8],[9]. Above a certain laser pump 

threshold, the resonance due to the WGM of the spherical particles being used could cause the 

particle to lase. Such a particle will appear much brighter than others due to the non-linear 

amplification. This needs further investigation, but if confirmed, the use of similar doped PSLs 

batches will ensure simultaneous measurements of flow velocity and temperature from the PLIF 

signals. One more question which arises from this explanation is actually why we did not observe 

a similar behavior from DCF and RhB batches excitation. Even if further investigation and 

characterization are needed at this point, it is possible that the excited state lifetime for DCF and 

rhodamine B was too short.  On the other hand, with a longer excited state lifetime, such as may 

be the case for Kiton Red, there is an increased opportunity for lasing. The distribution of the dye 

in the particles could also play a fundamental role in the lasing too. For most of the DCF and the 

Rhodamine B tested batches, the working hypothesis is that the dye was evenly distributed:   this 

assumption seems reasonable because the dyes were charge neutral. In other words, there is no 

possible local concentration of the dye within the spheres due to net charge, so that the particles 

showed uniform LIF signals from the excitation. Kiton Red though, with a next anionic charge, 

the dye could be locally concentrated. According to the characterization of NASA, the trend for 

the concentration would be towards the surface of the particle. This may possibly support the 

whispering gallery mode observations, and in particular, explain the fact that some of the particles 

would be brighter than others: the incident laser light would be more effective for those particles 

having higher concentration of the dye close to the surface, where the fluorescence exhibits first. 

This could be also the likely cause of the larger appearance of the particles lasing from the surface. 
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Chapter 5 

 

Discussion & Conclusions 
 

 

Results were obtained from the characterization of polystyrene latex (PSL) particles doped with different 

dyes. The particle batches here investigated were Rhodamine B (RhB), Dichlorofluorescein (DCF), and 

Kiton Red (KR) dye based. These batches differed by size distribution, but shared the same nominal mean 

diameter of ~1μm. One goal of the current research was the implementation of environmentally friendly 

dyes (i.e. DCF, KR) in place of the RhB because of health concerns when used in wind tunnels. In light 

of this, the RhB doped batches supplied by NASA Langley were used as bench-marks for comparison. 

For this campaign of experiments, the major interest was arouse by DCF batch 60 (dichlorofluorescein + 

NaHCO3) for potential applications in thermometry techniques. Experiments employing both continuous 

wavelength (CW) and pulsed excitation (single and double) were accomplished by means of both 

photomultiplier tubes (PMT) or cameras of different type (e.g. CCD) as detectors. Tests conducted 

employing CW 532 nm excitation laser light and an LDV optical set up allowed to potentially obtain valid 

velocimetry using LIF output strength because of the consistency of the two signals exhibited at the same 

frequency. Good correlation between LIF and Mie signals were found for RhB with correlation coefficient 

of about 94.95%, while DCF exhibited a decent value of correlation estimated at 57%. The SNR based 

analysis for the LIF and LDV energy revealed a validation region where 95.3% of the valid LDV via LIF 

was from RhB excited with 6.5W, while about 95% was from the same batch excited at 1W [2]. In light 

of this, the backscattered flares from a near wall region would be drastically reduced for possible 

applications. One of the primary goals of this research was also to find out the correlation between the two 

signals: this achievement was accomplished by relating the errors (fluctuations) of the LIF to Mie ratio 

with the fluctuations affecting the sizing process of the particles. It was demonstrated that to a larger 

standard deviation in particle size (i.e. diameter) corresponds greater fluctuations of the fluorescence yield. 
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The LIF yield as a ratio of Mie scattering showed a strong correlation with particle diameter variance (and 

fluctuation), as predicted from the proportionality with the particle diameter size (and distribution) for LIF 

and Mie scattering. This assertion was substantiated by the results regarding the two DCF batches 

investigated (i.e. 58 and 60), where the minimum fluctuation in LIF intensity was of about 15% for batch 

58 at a variance of 0.15μm, while the highest was of about 80% for batch 60 at a variance of 1.103μm. A 

second set of measurement followed this first characterization.  

 

The study conducted for the two-band LIF characterization indicates that DCF batch 60, a formulation 

with increased pH, exhibits high correlation coefficients (>0.95) over large temperature ranges, 

demonstrating the feasibility of using two-band LIF given a dye with sufficient temperature sensitivity. 

Finally, an estimation of expected uncertainties for the technique indicates that the current developments 

may produce temperature precision to ±12.5 °C [3], while it is feasible that on-going efforts to improve 

dye temperature sensitivity and measurement signal-to-noise ratio may result in sub-degree precision. 

Although, this estimated value is large, the temperature range accounted for the sensitivity analysis is of 

about 100ºC. Dunand et al., 2012 [1] shows precisions on the order of ±1°C, based on single shot 

measurements at room temperature (25°C) only. 

 

A further step in the characterization was taken, consisting of an investigation of fluorescence imaging 

over larger excitation power ranges up to 18W with continuous excitation. We measured via imaging the 

RhB batch 57 and DCF batches 58 and 60 fluorescence when excited by a CW 532 nm laser light over a 

wide range of power up to 18W (5.7 104 W/mm2 laser power flux). The results in terms of fluorescent 

strength, as compared with a previous setup utilizing photomultipliers, were consistent among the three 

batches: RhB exhibited the strongest levels in output, while the DCF Batch 60 particles exhibited higher 

intensity than the DCF batch 58. The randomization of the power sweep approached and the repeated 

measurements at a certain set point contributed to cancel out the kinks previously found for the previous 

sets of measurements, thus showing as such a method is effective in eliminating the systematic error 

induced by time effects. The residual plot shown in Fig. 3.20 (Chapter 3) is the proof how quantitatively 

the systematic error can be reduced along with the measurements employing this technique. Qualitatively, 
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all the batches exhibited linear increasing trend with increasing excitation. This allows to rely on higher 

SNR and eventually to extrapolate responses at higher power set points.  

 

Pulsed excitation imaging was also examined with the intention to demonstrate the viability of a single-

shot, planar application for the particles. While the benchmark RhB batch 61 response was indicative of 

the effectiveness of the particle sizing (Mie and LIF signals linearly correlated), the batch 60 did not 

exhibit any fluorescence implementing the flow rig for the particle validation. Tests conducted for the 

same optical set-up, but using dispersed particles in air in place of the particles deprived of the styrene 

contained in the original batch because of the air mixing, showed a decent amount of fluorescence linearly 

correlated to the increasing excitation steps. This dichotomy in the results is due to the fact that single 

particle intensity may be too low to be captured via the detection threshold of the camera in use. This 

makes the DCF batch 60 unsuitable for particle imaging velocimetry (PIV) from PLIF or pulsed single-

shot measurements. According to the results cumulated so far, the doped batch 60 particles seem to be 

mostly suitable for thermometry (two colors LIF) techniques. The last campaign of measurements has 

been focusing on the use of the Kiton Red JK-48-53-1 doped particles. The validation for this batch relied 

on the use of the small flow rig and the PIV equipment (e.g. double pulse excitation laser, CCD camera). 

The optics designed for this set of experiments ensured a 66 mm wide laser sheet collimated at the probe 

volume. Qualitative measurements of Mie scattered light and induced fluorescence yield from the doped 

particles were assessed. The Mie yield in output was qualitative consistent with the high quality in particle 

sizing variance in the particle diameter distribution reported by NASA. On the other hand, the PLIF 

(Planar -LIF) yield exhibited a non-uniform distribution of the intensity particle-by-particle. This has been 

suspected to be the effect of the whispering gallery mode phenomenon. Above a certain laser pump 

threshold, the resonance or (eigen-)modes of the wave field inside the cavity of the sphere could cause the 

particle to lase. The non-linear amplification of such a phenomenon inside the micro-spheres should be 

the likely cause of an intensified fluorescence out of some of the particle compared to the others. 

 

In conclusion, we validated the use of the environmentally friendly DCF-PSL doped batches for a two-

color LIF technique, with the possibility of extending this technique for temperature measurments, given 

sufficient sensitivity of the fluorescence with tempearture. The precision capability estimated for single 
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shot temperature measurements was of about ±12.5ºC over a flow temperature range of about 120 ºC for 

the best achieved florescence/temperature senstivity obtained by NASA. The suitability for LDV via LIF 

measurements for moderate CW power excitation (i.e. 6.5 W) was demonstrated, but no application for 

PIV via PLIF measurements was confirmed because of the weak fluorescence in the DCF batches tested 

when illuminated by 200 mJ/pulse pulsed excitation. The KR doped batch is still under ivestigation, but 

potential application for PIV via PLIF in the free jets and near surface regions would be possible according 

to last results. 
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Appendix A 

Particle thermodynamic model and characterization 

A.1 Introduction 

The particle thermodynamic model is a fundamental tool for the interpretation of the results obtained in 

the experimental fluid mechanic by means of laser-optic approach. In addition, the choice of suitable 

particles in terms of size and material is closely related to the parameters involved in the analytical 

description of the flow field such as the Reynolds number. The subject presented in this chapter is quite 

large and several literature works of relevant interest can be found. Since the thermometry and velocimetry 

cover most of the interest of the particle characterization study here presented, the heat transfer and the 

drag analytical model are investigated. As we proceed, such analysis shows to be closely related to the 

velocity of the particles relative to the surrounding fluid. High speed regimes allow to convection to 

dominate the thermodynamic model, while, on the other hand, the conduction is determinant in the low 

speed regimes. Such a breaking down process for the original thermodynamic model is necessary for the 

interpretation of the physical phenomena occurring and the correct determination of the temperature flow 

field. Melling [1] presents a wide and comprehensive overview of the particle dynamics, while the recent 

works of Tedeschi et al. [2] and Ragni et al. [3] are centered on applications for compressible phenomena 

such as shock wave for the flow field discontinuity properties investigation. The chapter ends with an 

overview of the polystyrene latex spheres batches employed for this work and provided by the ASOMB 

branch of the NASA Langley Research center. 

A.2 The BBO’s equation for small particle motion in unsteady flow 

As mentioned in the introduction above, both velocity and the influence that the velocity regime has on 

the heat transfer phenomena need to be properly addressed with analytical tools. With the assumption of 

a regular sphere for the particle model, the unsteady motion of a particle at low Reynolds number can be 
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analyzed by means of the BBO’s (Basset-Boussinesq-Oseen) equation (for symbols, see nomenclature of 

the Chapter for reference) 

𝜌𝜌𝑝𝑝
𝐷𝐷𝑝𝑝3

6
∙ 𝑑𝑑𝑁𝑁𝑝𝑝
𝑑𝑑𝑜𝑜

= −3𝜇𝜇𝑓𝑓𝐷𝐷𝑝𝑝 ∙ �𝑁𝑁𝑝𝑝 − 𝑁𝑁𝑓𝑓� + 𝜌𝜌𝑓𝑓
𝐷𝐷𝑝𝑝3

6
∙ 𝑑𝑑𝑁𝑁𝑓𝑓
𝑑𝑑𝑜𝑜

− 𝜌𝜌𝑝𝑝
𝐷𝐷𝑝𝑝3

12
∙ 𝑑𝑑�𝑁𝑁𝑝𝑝−𝑁𝑁𝑓𝑓�

𝑑𝑑𝑜𝑜
− 3

2
𝐷𝐷𝑝𝑝2�𝜋𝜋𝜌𝜌𝑓𝑓𝜇𝜇𝑓𝑓�

1
2 ∙ ∫

𝑑𝑑�𝑁𝑁𝑝𝑝−𝑁𝑁𝑓𝑓�
𝑑𝑑𝑑𝑑

𝑜𝑜
𝑜𝑜0

∙

𝑑𝑑𝑑𝑑

(𝑜𝑜−𝑑𝑑)
1
2

 (1) 

This is Newton's second law, with in the left-hand side the rate of change of linear momentum, and on the 

right-hand side the forces acting on the particle. The terms on the right-hand side can be summarized as 

follows: 

• −3𝜇𝜇𝑓𝑓𝐷𝐷𝑝𝑝 ∙ �𝑁𝑁𝑝𝑝 − 𝑁𝑁𝑓𝑓� represents the Stokes’ drag force

• 𝜌𝜌𝑓𝑓
𝐷𝐷𝑝𝑝3

6
∇𝑝𝑝 represents the pressure gradient 

• −𝜌𝜌𝑝𝑝
𝐷𝐷𝑝𝑝3

12
∙ 𝑑𝑑�𝑁𝑁𝑝𝑝−𝑁𝑁𝑓𝑓�

𝑑𝑑𝑜𝑜
 represents the inertia of the particle with respect to the fluid motion (i.e. added 

mass)

• −3
2
𝐷𝐷𝑝𝑝2�𝜋𝜋𝜌𝜌𝑓𝑓𝜇𝜇𝑓𝑓�

1
2 ∙ ∫

𝑑𝑑�𝑁𝑁𝑝𝑝−𝑁𝑁𝑓𝑓�
𝑑𝑑𝑑𝑑

𝑜𝑜
𝑜𝑜0

∙ 𝑑𝑑𝑑𝑑

(𝑜𝑜−𝑑𝑑)
1
2
  represents the Basset’s force 

Assuming negligible the lift of the particle and the buoyancy forces, the Eq. 1 can be reduced as follows: 

𝑑𝑑𝑁𝑁𝑝𝑝
𝑑𝑑𝑜𝑜

= −3
4
𝜇𝜇∙𝐶𝐶𝐿𝐿∙𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠
𝜌𝜌𝑝𝑝𝐷𝐷𝑝𝑝2

∙ �𝑁𝑁𝑝𝑝 − 𝑁𝑁𝑓𝑓�  (2) 

In Eq. 2 two important parameters for the particle thermodynamic model appear and need to be further 

described. While the drag coefficient deserves a dedicated section later discussed, the relative Reynolds 

number 𝑅𝑅𝑒𝑒𝑚𝑚𝑠𝑠𝑎𝑎 can be briefly discussed here. Such parameter is based on the surrounding fluid density 

𝜌𝜌𝑓𝑓 and the particle speed relative to the fluid motion velocity �𝑁𝑁𝑝𝑝 − 𝑁𝑁𝑓𝑓�. Usually, the characteristic length 

assumed for 𝑅𝑅𝑒𝑒𝑚𝑚𝑠𝑠𝑎𝑎is the particle diameter 𝐷𝐷𝑝𝑝, but in literature can be also found expressions whereas the 

boundary layer thickness 𝛿𝛿 is employed when 𝑅𝑅𝑒𝑒𝑚𝑚𝑠𝑠𝑎𝑎is greater than one [2]. The boundary layer evolution 

(e.g. laminar-turbulent transition, separation) effects on the particle surface are fundamental for an 

effective analysis of motion along with the effects exerted by the pressure, the skin friction and the normal 
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shear forces [4]. All of these and the combination of their effects are frequently known as drag forces. 

According to Bailey [4], the transition from laminar to turbulent flow regime occurring on the particle 

surface at about 105 dramatically decreases the drag intensity in the particle motion. 

A.3 Drag coefficient modeling overview 

As anticipated in §1, because of the different flow regimes that can be characterized based on the Reynolds 

number, the literature proposes several drag coefficient expressions. This paragraph has mainly the intent 

to briefly summarize the equations of interest. Before proceeding, some parameters such as the relative 

Mach number (𝑅𝑅𝑚𝑚𝑠𝑠𝑎𝑎) and the Knudsen number (𝐾𝐾𝑛𝑛) have to be properly introduced as needed tools for the 

interpretation of the particle-flow motion regime. As known, the Mach number is a useful parameter to 

investigate the compressibility effects on particles motion. Equation 3 represents the relative Mach number 

𝑅𝑅𝑚𝑚𝑠𝑠𝑎𝑎 based on the difference between the particle and the surrounding fluid motion velocity. Both 𝑅𝑅𝑝𝑝 and 

𝑅𝑅𝑓𝑓 also assume the same speed of sound. 

𝑅𝑅𝑚𝑚𝑠𝑠𝑎𝑎 = 𝑅𝑅𝑝𝑝 −𝑅𝑅𝑓𝑓    (3) 

Along with the relative Mach number, the Knudsen number gives us further information about the 

approach for the solution of fluid dynamic problems. In order to determine whether statistical mechanics 

or the continuum mechanics formulation of fluid dynamics should be used, the Knudsen number has to be 

estimated: If 𝐾𝐾𝑛𝑛 is near or greater than one, the mean free path (𝜆𝜆) of a molecule is comparable to a length 

scale of the problem (𝐿𝐿), and the continuum assumption of fluid mechanics is no longer a good 

approximation. In this case statistical methods must be used. Equation 5 shows the correlation between 

the mean free path of a molecule (Eq. 4) and the characteristic length scale for the definition of the 

Knudsen number. 

𝜆𝜆 = 𝜇𝜇𝑓𝑓
𝜌𝜌𝑓𝑓
� 𝜋𝜋
2𝑅𝑅𝑇𝑇

 (4) 
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𝐾𝐾𝑛𝑛 = 𝜆𝜆
𝐿𝐿
      (5) 

 

Based on experimental evidence reported in literature [4],[5], the Knudsen number also offers the chance 

to characterize the flow regime into four broad categories: 

• Continuum Flow for 0 < 𝐾𝐾𝑛𝑛 ≤ 10−3 

• Slip Flow for 10−3 < 𝐾𝐾𝑛𝑛 ≤ 0.25 

• Transition Flow for 0.25 < 𝐾𝐾𝑛𝑛 < 10 

• Free Molecule Flow for 𝐾𝐾𝑛𝑛 ≥ 10 

 

Based on these regimes, then the equations for the drag coefficient can be properly identified and used for 

a correct analysis of the motion. For very low relative Reynolds numbers (𝑅𝑅𝑒𝑒𝑚𝑚𝑠𝑠𝑎𝑎 ≈ 0.1), the coefficient 

can be modeled assuming the Stokes’ law for viscous resistance or linear drag. For such a scenario, the 

reduced equation of motion (Eq. 2) is mainly dependent on fluid viscosity 𝜇𝜇𝑓𝑓, particle density 𝜌𝜌𝑝𝑝 and 

particle diameter 𝐷𝐷𝑝𝑝. The drag coefficient expression is reported below (Eq. 6) 

 

𝐶𝐶𝐷𝐷 = 24
𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠

      (6) 

 

For a larger 𝑅𝑅𝑒𝑒𝑚𝑚𝑠𝑠𝑎𝑎range which also includes the previous, Eq. 7 illustrates the semi-empirical expression 

relating the drag coefficient with the relative Reynolds number [2].   

 

𝐶𝐶𝐷𝐷 = 24
𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠

∙ (1 + 0.15 ∙ 𝑅𝑅𝑒𝑒𝑚𝑚𝑠𝑠𝑎𝑎)0.687      (7) 

 

As it is easy to see, the equation above, valid in the range 1 ≤ 𝑅𝑅𝑒𝑒𝑚𝑚𝑠𝑠𝑎𝑎 ≤ 800, reduces to Eq. 6 for very low 

relative Reynolds numbers. The literature also provides interesting approaches for the slip flow regime, 

where Eq. 6 is corrected by a factor (C) based on the Knudsen number. Cunningham 1910 [9]generalizes 

the expression for the slip factor as a function of Knudsen number 
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𝐶𝐶 = (1 +  𝐴𝐴 ⋅  𝐾𝐾𝑛𝑛)      (8) 

 

A positive parameter A is also included to maintain the fluid velocity in the high Knudsen number regime. 

Kim et al.[8] states that using the original Cunningham correction factor, the application of the Stokes’ 

law can be extended to the particle sizes comparable to or less than the mean free path of the gas molecules 

[8] (e.g. PSL spheres). Cunningham and Millikan [10] validate a linear correlation of the parameter A with 

the mean free path for a Knudsen number less than 0.3. Knudsen and Weber [11] extend  the 

Cunningham’s formulation to larger Knudsen numbers, giving an expression of the slip factor A as 

exponential function of the 𝐾𝐾𝑛𝑛. 

A comprehensive formula taking into account all of the subsonic regimes is finally given in literature by 

Henderson [12]. Such an expression represents a valid equation for both compressible and incompressible 

flows applications. 

 

𝐶𝐶𝐷𝐷 = 24 �𝑅𝑅𝑒𝑒𝑚𝑚𝑠𝑠𝑎𝑎 + 𝑆𝑆 �4.33 +
�365−1.53𝑇𝑇𝑤𝑤𝑇𝑇 �

�1+0.353𝑇𝑇𝑤𝑤𝑇𝑇 �
∙ 𝑒𝑒−0.247

𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠
𝑆𝑆 ��

−1

+ 𝑒𝑒
−0.5

𝑀𝑀𝑏𝑏𝑠𝑠𝑠𝑠
�𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 ∙ �4.5+0.38�0.03𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠+0.48�𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠�

1+0.03𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠+0.48�𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠
+

0.1𝑅𝑅𝑚𝑚𝑠𝑠𝑎𝑎
2 + 0.2𝑅𝑅𝑚𝑚𝑠𝑠𝑎𝑎

8 � + 0.6𝑆𝑆 �1 − 𝑒𝑒
−0.5𝑀𝑀𝑏𝑏𝑠𝑠𝑠𝑠

𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠�  (9) 

 

Where the molecular speed ratio S is given as follows: 

 

 𝑆𝑆 =  �𝑘𝑘
2

 𝑅𝑅𝑚𝑚𝑠𝑠𝑎𝑎   (10) 

 

According to Henderson, the equation proposed for the drag (Eq. 9) covers different subsonic regimes 

here briefly discussed and properly referenced for a further depth study.   

 

• The Subsonic continuum flow regime where the Eq. 9 reduces to the Stokes-Oseen’s equation (Eq. 

11) based on a relative Reynolds number sufficiently high to ensure the continuity of the flow but 

not that high to allow for inertial and compressibility effects. In particular, these are represented 
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by the bracket of the second term of Eq. 9. 

𝐶𝐶𝐷𝐷 = 24
𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠

+ 4.5    (11) 

• The Subsonic free molecular flow regime where Eq. 9 simplifies to the equations reported by

Langevin and Epstein papers (quoted by Henderson) for relative Reynolds number close to zero.

The 0.6S term of Eq. 9, upon addition to the equations mentioned in the paper, represents the

compressibility effects within the limit of this regime reported in Stalder and Zurick’s paper

(quoted by Henderson).

• The Subsonic slip and transition flow incompressible regime. Here Millikin quoted by Henderson,

proposes a version of the Eq. 9 with three constants each one with a specific purpose. One constant

is to give the molecular flow equation in this region. One is for to match the modified slip flow

equation reported in Millikan [10]. The third constant is to have good agreement with the

experimental data presented in the same paper [10], where the relative Reynolds numbers vary in

the all slip-transition regime.

• The Subsonic slip and transition flow compressible regime. The second and third exponential

factors of Eq. 9 are in good agreement with the experimental data provided by Bailey and Hiatt

paper [12].

A.3.1 Supersonic Drag Coefficient-Test cases 

A  general overview of how the models for particle drag coefficient previously illustrated can work 

for supersonic flows is here presented for completeness. The purpose of this paragraph is actually 

give a comprehensive literatutre review of the results for particles steady state drag models for 

supersonic applications.The interest for this literature review is actually arouse by a possible future 

investigation of the physical phenomena occurring in the shear layers and the core (e.g. diamond 
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structures generated by shock expansion and compression) of the jet produced the Hot High Speed 

Jet facility (HHSJ) at Virginia Tech (Fig.1). For now, according to the preliminary results obtained 

for some of the environmental friendly batches of particles (e.g. kiton red and DCF batch 60 doped 

PSLs) investigated in this study, measurements of temperature (2 color-LIF) and velocity (PIV) 

could be designed and possibly accomplished. Future tests need to be designed around the most 

promising dye-doped particle batches validated with this work. In light of this, it is also necessary 

extend the knowledge to the experience maturated in supersonic flows-particle applications 

reported in literature.  

Figure A.1-Virginia Tech Hot High Speed Jet (HHSJ) facility (left). A schematic of the VT-HHSJ is shown on the 
right. Used under fair use, 2014 

Quoting Ecker, 2012 [6], the models for the steady state drag coefficients presented in § 2 are 

employed for the characterization of particle seeded flows in supersonic wind tunnel facilities. Table 

1 summarizes some of the parameters reported by Tedeschi et al., 1999 [2], Chesnakas [24] and 

Sabroske [25] and referred to the flow immediately after the shock. It is important to mention the 

accurate analysis conducted by the authors by employing the Sutherland’s law for the viscosity change 

and the repeated comparison with previous test cases to obtain consistent results out of different runs 

at same flow conditions. The one dimensional drag calculations were also found to be suitable for 

complex numerical implementations. The following summarizes the experience of the authors 

mentioned above: 

• Sabroske [25] estimated the relaxation time constant according to Eq. (12) for polystyrene

latex particles and encountered difficulties in the determination of the shock wave position

because of the large scattered data acquired. Arbitrarily, such a position was located at a point
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where the velocity drops down rapidly (Fig. 2). 

𝜏𝜏𝑝𝑝 = 4
3
∙ 𝜌𝜌𝑝𝑝𝐷𝐷𝑝𝑝2

𝜇𝜇𝐶𝐶𝐿𝐿𝑅𝑅𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠
    (12) 

      Table A.1-Test cases for supersonic seeded flows. T. Ecker, K.T. Lowe, R. Simpson, “Novel Laser Doppler 
Acceleration Measurements of Particle Lag Through a Shock Wave”, 50th AIAA Aerospace Science Meeting , 

AIAA 2012-0694, 09-12 January 2012, Nashville, TN. Used under fair use, 2014. 

Reference D [μm] 𝑹𝑹𝑹𝑹𝒑𝒑 𝑴𝑴𝒑𝒑 𝑲𝑲𝑲𝑲 
Flow 

Regime 
M 𝜹𝜹 [deg.] 

Sabroske[25] 0.8 10 0.216 0.032 
Subsonic 

Slip 
2.00 10 

Tedeschi [2] 0.523 0.27 0.162 0.89 
Subsonic 

Transition 
2.30 8 

Chesnakas[24] 

0.6 3.25 0.1955 0.089 
Subsonic 

Slip 
2.46 10 

1.5 8.13 0.1955 0.036 
Subsonic 

Slip 
2.46 10 

• Chesnakas [24] tested PSL particles in the VT transonic cascade wind-tunnel. The reliability

of the results obtained from the implementation of the polystyrene particles in place of the

alumina or titanium oxide particles is because of the control of the size. While, the latters are

affected by phenomena of agglomeration during the seeding process, the PSL particles show

a uniform diameter size if the fluid medium in which they are dispersed (e.g. water or

water/ethanol) is fully evaporated. This consideration also assumes a low standard deviation

about the particle size. The knowledge of the flow conditions before and after the shock allows

the implementation of the proper drag coefficient equations and the estimation of the

relaxation time constant according to Eq. 12.

• Tedeschi et al. [2] tested the subsonic transition flow conditions to validate his own model.
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The overview here provided emphasizes the difficulty encountered in an accurate determination of the 

shock wave position in the flow. Such an assertion is also supported by the large standard deviation of 

the data points shown in Fig. 2.This broad data scattering ensures that many models still sufficiently 

describe the problem in slip flows. On the other hand, the Stokes model does not work for both 

transition flow (Figure 2d) and slip flow problems because of a relative Reynolds number greater than 

one. Summarizing, both Henderson and Tedeschi models showed to be suitable for small particles slip 

flows, but from Fig. 2b is evident that generally most of the models do not work for the characterization 

of large diameter particle size. 

(a) (b) 

(c) (d) 

Figure A.2-Particle position estimate through an oblique shock wave. The results shown are based on different drag 
equations according to the flow regime and particle size: (a) Subsonic slip flow for 0.6μm particle diameter; (b) 
Subsonic slip flow for 1.5μm particle diameter; (c) Subsonic slip flow for 0.8μm particle diameter; (d) Subsonic 

transition flow for 0.523 μm particle diameter. T. Ecker, K.T. Lowe, R. Simpson, “Novel Laser Doppler Acceleration 
Measurements of Particle Lag Through a Shock Wave”, 50th AIAA Aerospace Science Meeting , AIAA 2012-0694, 

09-12 January 2012, Nashville, TN. Used under fair use, 2014 
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A.4 Heat transfer model for small flow rig and future supersonic facility applications 

The following paragraph is dedicated to a brief overview of the mechanisms which regulate the heat 

transfer in the current and future applications of interest.  No real model has been estimated, but the broad 

literature reference here provided allows to go into a deep study of the subject.  

Solving the heat transfer problem immediately yields an answer to the question of temperature lag. It is 

therefore the topmost problem, which is based on the solution of its sub-problems. In order to properly 

model particle-flow heat transfer, two assumptions are needed: particles are assumed to be perfect spheres 

and the sphere undergoes an instantaneous temperature change of ∆T. Generally, the more inert particles 

take much longer for adjustment of their temperature. The temperature change should be therefore 

modeled as an instantaneous step change. Generally the problem involves both convective and conductive 

heat transfer. To take into account the effects of both mechanisms on the solution the Péclet number Pe is 

introduced. Such a parameter is fundamental to investigate transport phenomena in fluid dynamic 

problems. It generally represents the ratio between the rate of advection of a flow property and the rate of 

diffusion of the same property. For the heat transport problem, some more notes are needed. First, the term 

advection is technically more appropriate than convection. The latter indeed covers the sum of the 

transport phenomena regarding both diffusion and the heat transport due to the air particle bulk motion 

known as advection. Secondly, specifically for heat transport, the dimensionless parameter Pe is 

equivalent to the product of the Reynolds number and the Prandtl number as shown in Eq. 13. 

𝑃𝑃𝑒𝑒 = 𝜕𝜕𝑑𝑑𝐴𝐴𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝐴𝐴𝑠𝑠 𝑇𝑇𝑚𝑚𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑜𝑜𝑚𝑚𝑜𝑜
𝐷𝐷𝑜𝑜𝑓𝑓𝑓𝑓𝑁𝑁𝑠𝑠𝑜𝑜𝐴𝐴𝑠𝑠 𝑇𝑇𝑚𝑚𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑜𝑜𝑚𝑚𝑜𝑜

= 𝑅𝑅𝑒𝑒 ∙ 𝑃𝑃𝑃𝑃   (13) 

Generally, while for high compressible applications (i.e. shock-particle interaction), the approach and the 

solution are quite difficult [6], the implementation of a low speed flow rig for the particle characterization 

allows for an easier analysis. Note that the Péclet number changes based on the velocity change. Hence, 

neglecting large velocity changes for the current applications at low speed, a steady ratio of convective 
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and conductive heat transfer can be reasonably assumed and the conduction can be assumed as dominant 

over the phenomenon. Therefore a constant Péclet number can be assumed. 

It is interesting therefore to quickly review the mechanisms which regulate the heat transfer for the small 

rig application. As previously discussed in detail in Chapter 2, first the particles are properly nebulized by 

means of a medical humidifier and mixed with air in a plenum, so a negligible relative velocity and 

temperature is assumed. Because of the pressure lag between the plenum and the exhaust (Bernoulli’s 

effect for an ideal gas), the flow moves along the heater pipe where a controlled temperature is set. Here, 

the particles encounter an instantaneous temperature change at their surface supposed to be at uniform 

temperature. As anticipated, the conduction mostly governs the heat transfer because of the very small 

relative Reynolds number between fluid and particle (see Péclet, Eq. 13) and the time scale (i.e. particle 

residence time in the heater) which is very limited to allow molecular diffusion to have significant effects. 

 In addition to this, the section below is thought in order to envision the heat transfer mechanisms 

regulating the future applications in a supersonic environment. Generally the problem at hand is not an 

easy one to solve. As expected, it involves both convective and conductive heat transfer.  As opposed to 

the case of the small flow rig, as the velocity difference changes consistently, the Péclet number does so 

as well. Hence, an unsteady ratio of convective and conductive heat transfer has to be faced. 

Another factor adding to complexity is the conjugate problem. This states that the thermal resistance of 

both, sphere and fluid, are to be taken into account as a coupled problem. Hence, the relationship between 

the thermal conductivities (resistance reciprocal) plays an important role on the effects due to the conjugate 

problem: when the ratio of the volumetric heat capacities or equivalently the thermal conductivities is 

close to one, the two phases influence each other. The complexity of the solution imposes a specific 

research for an easy way to solve the problem. The literature [7] offers the chance to simplify the solution 

under the assumption of a gaseous problem modeled by assuming a uniform temperature for the particle 

(solid phase). The ratio of volumetric heat capacities H and the ratio of thermal conductivities K determine 

whether a problem can reasonably be modeled as gaseous problem. Oliver et al. [7] present a thermal 

behavior similarity between solid particles and water droplets suspended in air based on similarity with 

volumetric heat capacities H ratio and thermal conductivities ratio K below summarized in Table 2. 

Although we do not have precise values of heat capacity and thermal conductivity from the 

characterization of the doped particles, based on the polystyrene thermal properties (slightly different from 
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those of the doped particles), we can disregard the similarity model as possible way for the solution as 

shown in Table 2. 

Table A.2-Water to air and PSL to air heat capacity and thermal conductivity ratios. 

Heat capacity ratio (H);  𝑯𝑯 =
𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝑲𝑲𝒔𝒔𝑹𝑹∙𝒔𝒔𝒑𝒑𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝑲𝑲𝒔𝒔𝑹𝑹

𝝆𝝆𝒔𝒔𝒂𝒂𝒂𝒂∙𝒔𝒔𝒑𝒑𝒔𝒔𝒂𝒂𝒂𝒂
 Thermal conductivity ratio (K); 𝑲𝑲 = 𝒌𝒌𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝑲𝑲𝒔𝒔𝑹𝑹

𝒌𝒌𝒔𝒔𝒂𝒂𝒂𝒂
 

Hwater to air ≈ 4000 Kwater to air ≈ 20 

HPSL to air ≈ 1098.23 KPSL to air ≈ 1.25 

The heat transfer problem is also unsteady in both temperature difference and relative fluid-particle 

velocity. While the unsteadiness in temperature is the core of the examined problem, the changing relative 

velocity could add significant complexity without increasing accuracy. Therefore, a quasi-stationary step 

model could be assumed: at every step of the examination, the correct relative velocity is considered but 

it is assumed constant. 

Figure A.3- Nusselt number over time and stages of heat transfer (schematic).

In order to figure out the governing heat transfer modes across a shock, we refer to Fig. 3. Throughout the 

particle’s process of temperature adjustment, three modes of heat transfer can be distinguished. It is to be 

noted that duration and significance of the three stages depend on physical properties and initial 

conditions. There is no clear cut between stages and no discontinuity in Nusselt number over relative 

velocity. Right after the shock, the temperature all around the sphere surface is assumed uniform (stage 1, 
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Fig.3). The shock temperature at the surface of the particle is the effect of crossing the shock structure; 

because of this a discontinuity is found at this location. The immediate effect of such a discontinuity is 

then a high Nusselt number which decreases once the temperature field starts to adjust with the 

surrounding temperature. Heat transfer is dominated by conduction. Assuming a quasi-stationary 

temperature field for stage 2 (Fig.3), we find that the heat transfer is governed by forced convection due 

to the sphere’s relative velocity. The effectiveness of the forced convection progressively decreases along 

with the decreasing Nusselt. On the other hand, when the relative velocity starts to be negligible, the 

natural convection can be reasonably assumed as dominating the whole process (stage 3, Fig.3). As one 

may note, the trend for the Nusselt number is asymptotically decreasing in time until reaching a steady 

value.  

A.5  Heat transfer mechanisms -literature review 

This paragraph has the intent to briefly cover some of the basics heat transfer mechanisms by a large 

literature review of interest for the current applications (i.e. small flow rig and future supersonic 

applications) and non. Varying conditions of the flow might be influent and significant in obtaining results. 

A.5.1 Conduction 

Conduction between particles involves various mechanisms (Yagi and Kunii 1957 [15]; Cheng et 

al. 1999 [16]), which mainly include (i) particle-fluid-particle conduction heat transfer; and (ii) 

particle-particle conduction heat transfer (which does not apply for small flow rig case). The model 

details for those two mechanisms are described as follows. 

Particle-fluid-particle heat transfer has been examined by various investigators (Delvosalle and 

Vanderschuren (1985) [18]; Cheng et al. (1999) [16]). The model proposed by Cheng et al. (1999) 

[16] is used here below (Eq. 14). According to this model, the heat transfer flux between spheres i 

and j is written as 
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𝑄𝑄𝑜𝑜,𝑗𝑗 = �𝑇𝑇𝑗𝑗 − 𝑇𝑇𝑜𝑜� ∙ ∫
2𝜋𝜋∙𝑚𝑚𝑑𝑑𝑚𝑚

�√𝑅𝑅2−𝑚𝑚2−𝑚𝑚(𝑅𝑅+𝐻𝐻)/𝑚𝑚𝑠𝑠𝑅𝑅�∙�
1
𝑘𝑘𝑠𝑠𝑝𝑝

+ 1
𝑘𝑘𝑝𝑝𝑅𝑅

�+2�(𝑅𝑅+𝐻𝐻)−√𝑅𝑅2−𝑚𝑚2�/𝑘𝑘𝑓𝑓

𝑚𝑚𝑠𝑠𝑓𝑓
𝑚𝑚𝑠𝑠𝑅𝑅

 (14) 

where kpi and kpj are the thermal conductivities of particles i and j, respectively. For the details of 

parameters of H, R, rsf and rij, see the reference of Zhou et al. (2009) [17]. The heat flux between 

two particles is ignored when the distance of 2H is greater than particle radius R. Conduction heat 

transfer always occurs through the contacted area between particles or between particles and wall. 

Generally, such conduction heat transfer due to elastic deformation includes two mechanisms: 

conduction due to particle-particle static contact and conduction due to particle-particle collision, 

which occurs in a moving flow. For conduction due to particle-particle static contact, the equation 

proposed by Batchelor and O’Brien (1977) [19] and modified by Cheng et al. (1999) [16] is 

adopted. Thus, the heat flux Qi,j through the contact area between particles i and j can be calculated 

according to the equation below (Eq. 15): 

𝑄𝑄𝑜𝑜,𝑗𝑗 = 4𝑚𝑚𝑠𝑠�𝑇𝑇𝑅𝑅−𝑇𝑇𝑠𝑠�

� 1
𝑘𝑘𝑝𝑝𝑠𝑠

− 1
𝑘𝑘𝑝𝑝𝑅𝑅

�
 (15) 

For the details of parameters of 𝑃𝑃𝑠𝑠, see the reference of Batchelor and O’Brien (1977) [19].Particle-

particle heat transfer due to collision is normally determined by the model proposed by Sun and 

Chen (1988) [20]. Recently, Zhou et al. (2008) [21] provided a modified equation as follows (Eq. 

16): 

𝑄𝑄𝑜𝑜,𝑗𝑗 = 𝑐𝑐′ 𝜋𝜋𝑚𝑚𝑠𝑠2𝑇𝑇𝑠𝑠
−1/2�𝑇𝑇𝑅𝑅−𝑇𝑇𝑠𝑠�

�𝜌𝜌𝑝𝑝𝑠𝑠𝑠𝑠𝑝𝑝𝑠𝑠 𝑘𝑘𝑝𝑝𝑠𝑠�
−1/2

+�𝜌𝜌𝑝𝑝𝑅𝑅𝑠𝑠𝑝𝑝𝑅𝑅 𝑘𝑘𝑝𝑝𝑅𝑅�
−1/2  (16) 

where rc and tc are particle-particle contact radius and contact duration, respectively. For particle-

wall static or collision contact, a wall can be treated as a particle with an infinite diameter and 

mass. Its properties are assumed to be the same as particles. It should be noted that the two 

mechanisms represented by Eqs. 15 and 16 must be distinguished for a proper estimate (Zhou et 
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al. (2009)). For moving flows, two parameters are set: particle-particle collision time tc, and 

particle-particle contact duration time td. For two colliding particles, if tc ≥ td, only collisional heat 

transfer applies. If tc < td, two particles will keep in touch after collision. In such a case, collision 

heat transfer applies first during the time of tc, and then static heat transfer during the time of (td − 

tc). 

A.5.2 Radiation 

A particle is usually surrounded by other particles and fluid. In a specified enclosed cell (i.e. control 

volume), an environmental temperature is assumed to represent the enclosed surface temperature 

around such a particle. Abundant literature can be found in Zhou et al. (2004) [22], Zhou et al. 

(2009) [17]. In order to estimate the heat flux due to radiation using a local environmental 

temperature, Zhou et al. propose the following (Eq. 17): 

𝑄𝑄𝑜𝑜,𝑚𝑚𝑎𝑎𝑑𝑑𝑜𝑜𝑎𝑎𝑜𝑜𝑜𝑜𝐴𝐴𝑠𝑠 = 𝐴𝐴𝑜𝑜𝜎𝜎𝜀𝜀𝑝𝑝𝑜𝑜�𝑇𝑇𝑜𝑜,𝑎𝑎𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎4 − 𝑇𝑇𝑜𝑜4�   (17) 

Where σ is the Stefan-Boltzmann constant, equal to 5.67×10-8 W/(m2⋅K4), and εpi is the sphere 

emissivity. Gas radiation is not considered due to low gas emissivity. The parameter Ti, local is the 

temperature of particles and fluid averaged by volume fraction in an enclosed spherical domain Ω 

(see for reference Zhou et al., 2009 [17]). 

𝑇𝑇𝑜𝑜,𝑎𝑎𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 = 𝑇𝑇𝑓𝑓,Ω𝜀𝜀𝑓𝑓 + �1 − 𝜀𝜀𝑓𝑓�
1
𝑘𝑘Ω

∑ 𝑇𝑇𝑗𝑗
𝑘𝑘Ω
𝑗𝑗=1
𝑗𝑗≠𝑜𝑜

 (18) 

where Tf,Ω and kΩ are respectively the fluid temperature and the number of particles located in the 

domain Ω with its radius of 1.5Dp. To be fully enclosed, a larger radius can be used. 

A.5.3 Rarefaction effects 
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The Knudsen number usually works to determine the limits between the different flow regimes. 

Equation 19 illustrates the correlation with flow properties in order to draw some physical 

considerations. Note the dependence on the thermodynamic temperature and the total pressure of 

the flow. 

𝐾𝐾𝑛𝑛 = 𝜆𝜆
𝐿𝐿

= 𝑘𝑘𝑏𝑏𝑇𝑇
√2𝜋𝜋𝐷𝐷𝑝𝑝2𝑃𝑃0𝐿𝐿

 (19) 

Generally, the continuum flow assumption is considered valid for small Knudsen numbers such as 

0.01[2]. As it is easy to be seen from Eq. 19, the Knudsen number is varying according to several 

parameters that can determine the regime of the flow. The mechanisms of heat transfer described 

for a continuum flow also vary along with regime. The literature recently offers a comprehensive 

overview of such phenomena occurring for slightly and highly diluted gas flows [23]. 

For the formers, the heat transfer arises because of a higher velocity in proximity of the wall. On 

the other hand, for the highly diluted flows, the heat transfer tends to decrease because of a large 

gap in temperature at the surface of the particle. The nature of the temperature gap finds an 

explanation in the limited time allowed to the air molecules to adjust their temperature with the 

single particle at the collision. Martin and Boyd [23] also show how the temperature gap 

characterizing the slip flow regime works as resistance for the heat transfer.  
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