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要旨 

 

ナトリウム冷却高速増殖炉における蒸気発生器伝熱管破損事故は、ナトリウム-水反応に

伴い周囲伝熱管への副次的損傷拡大の可能性があるため、安全評価上重要である。その伝

熱流動現象の解明には、混相流における流動様式や界面面積などの知見が重要である。本

研究では、微小噴流場における濃度場，速度場等の同時計測手法を開発し、化学反応が混

合過程に与える影響を評価することを目的とし、東京大学との共同研究を平成 13 年度より

３ヶ年にわたって実施した。研究では模擬物質として酢酸水とアンモニア水を用いている。 

本共同研究より得られた主な成果を以下に示す。 

 

・化学反応による噴流挙動の変化について LIF を用いた調査を実施し、反応により噴流の

混合が抑制されることを定量的に示した(H13 年度)。 

・噴流挙動を詳細に評価するために、高速度ビデオカメラと高速パルスレーザを組み合わ

せた、ダイナミックPIV手法を開発した。また開発した手法を用いて化学反応流を評価し、

界面積の時系列挙動などを明らかにした。さらに複雑体系内へダイナミックPIVを適用し、

管群内噴流の挙動を明らかにした(H14 年度)。 

・ダイナミック PIV を高精度化するために画像解析アルゴリズムを開発した。また開発し

たアルゴリズムを用いて科学反応噴流を評価し、時空間スペクトルなどによって乱流エネ

ルギーやレイノルズ応力等、流れの特性を評価した(H15 年度)。 
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Abstract 

     Tube rupture accidents in steam generators of sodium-cooled fast breeder reactors are 

important for safety because the rupture may propagates to neighboring tubes due to sodium-water 

reaction. In order to clarify the thermal-hydraulic phenomena in the accidents, the flow pattern and 

the interface in multi-phase flow must be investigated. The JNC cooperative research scheme on the 

nuclear fuel cycle with the University of Tokyo has been carried to develop a simultaneous 

measurement system of concentration and velocity profiles and to evaluate influence of chemical 

reaction on mixing phenomena. In the experiments, aqueous liquor of acetic acid and ammonium 

hydroxide are selected as a simulant fluid instead of liquid sodium and water vapor. 

     The following conclusions are obtained in this research. 

・Laser Induced Fluorescence (LIF) technique was adopted to measure reacting zone and pH 

distribution in chemically reacting liquid round free jet. As a result, it was found that the chemical 

reaction, which took place at the interface between the jet and outer flow, suppressed the mixing 

phenomenon. (in 2001 research). 

・Dynamic Particle Image Velocimetry (PIV) method was developed to measure instantaneous 

velocity profile with high temporal resolution.  In the Dynamic PIV, a high-speed video camera 

coupled with a high-speed laser pulse generator was implemented.  A time-line trend of interfacial 

area in the free jet was investigated with the Dynamic PIV.  This technique was also applied to a 

complicated geometry (in 2002 research) 

・A new algorithms for image analysis was developed to evaluated the Dynamic PIV data in detail. 

The characteristics of the mixing phenomenon with reacting jet such as the turbulent kinetic energy 

and the Reynolds stress were estimated in a spatial and temporal spectrum (in 2003 research). 
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A Einstein coefficient for spontaneous emission 

B Einstein coefficient for absorption 

b1/2 Half bandwidth 

C Cross Correlation function 

Ce Group of constants specific to the experimental setup 

Cp Specific heat at constant pressure 

D Diameter of nozzle (Characteristic length) 

DAB Diffusion coefficient of solute A in solvent B 

f Intensity field of image  

fvortex Vortex generating frequency  

Fvj Population fraction for the pumped state 

MB Molecular weight of solvent B 

Ns Number density of the absorbing species 

PA, PB Parachors related to surface tension 

Q Sum rate of all other transfer processes 

t Temporal index 

Tb Normal boiling temperature 

U Ensemble averaged streamwise velocity 

u,v Instantaneous velocity 

Uc Galilean convection velocity 

uc Galilean-decomposed velocity fluctuation 

u' Reynolds-decomposed velocity fluctuation 

u" LES-decomposed velocity fluctuation  

ū  LES-decomposed large-scale field 

V Measurement volume 

VA, VB Molar volume at its normal boiling temperature 

x,y Pixel image coordinate 

 

【Greek Symbols】 

ξ Conserved scalar 

ηb Viscosity of solvent B 

λ Laser light wave length 

μ Dynamic viscosity 

ρ Density 

σA,σB Surface tensions 
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τRe Reynolds stress 

φ Association factor of solvent B, dimensionless 

χi Mole fractions  

 

【Dimensionless Parameters】 

St Strouhal Number 

Re Reynolds number 

Da Damköhler number  

 

【Abbreviations】 

CCD Charged Coupled Device 

CMOSS Complimentary Metallic Oxide Semiconductor 

MRCCM Multidimensional Recursive Cross Correlation Multiplication 

MRCCS Multidimensional Recursive Cross Correlation Summation 

PITV Particle Image Tracking Velocimetry 

NRCC Normal Recursive Cross Correlation 

NCC Normal Cross Correlation 
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CHAPTER 1 
 

1. INTRODUCTION 

 

Chapter 1 presents general introduction to the application, background and objective 

of this research. Section 1.1 provides information about background research. In section 

1.2, a summary of research contents is presented. 

 

1.1 GENERAL BACKGROUND  

 

The Fluid mechanical turbulence accompanied with chemical reaction is one of the 

most challenging fields of engineering science. In order to understand the reacting flow 

phenomena precisely, the relationship between chemical reaction and turbulent should 

be evaluated. When chemical reactions occur in turbulent flow as is the case in many 

devices involving chemically reacting jet flow, the challenge takes on a new dimension; 

the broad field of fluid mechanical turbulence is joined with another area of fluid 

mechanics, thermochemistry, which relates to the coupling between fluid dynamics, 

thermodynamics, and chemistry. Although there are specific processes, such as 

molecular diffusion and turbulent diffusion, in which clarification can be achieved 

through use of a Lagrangian viewpoint (Tennekes and Lumley, 1972), complexities that 

arise in attempting to tie the coordinate system to fluid parcels in turbulent flows of 

general types usually lead to the adoption of the Eulerian viewpoint. Following this 

study convention considers the behavior with time of the various quantities 

characterizing the flow at a fixed spatial region of specific fluid phenomena. These 
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quantities are the components of velocity and the state variables, temperature, density, 

and concentrations of chemical species. Each of these quantities is considered to have 

associated with it an ensemble average of mean value, which may vary in space and 

time and a fluctuation, which always depends on space and time and which typically 

varies much more rapidly than the mean. These result quite complex problems 

involving the interaction of turbulent motions with the chemical and thermodynamic 

behavior associated with mixing phenomena. One major objective of this research to 

provide background material that is needed to solve the essentials of these complexities 

and interactions and to confirm recent experimental approaches that have been 

developed in the field.  

Turbulent reacting flows have attracted increased interest in recent fifty years. The 

requirements of turbulent control by increased or decreased mixing efficiency and 

decreased pollutant emissions from a variety of devices, from power plants to jet 

engines, and the design of new devices have led to the need for improved methods of 

prediction and calculation for turbulent flows accompanied with chemical reactions. 

This increase in interest has led to a series of specialized meetings, workshops, 

publications, etc. However, the field of turbulent reacting flows is in such a state of flux 

that it is difficult for a research worker, familiar to some extent with the essential 

background ingredients, fluid mechanics, turbulence, and thermo-chemistry, to gain 

perspective on our understanding of turbulent mixing and on our current capabilities to 

predict the structure of turbulent reacting flows.  

In many of these problems, the reactants enter the field of interest in two streams or 

feeds of distinct but constant chemical form. In these cases the assumption of equal 

diffusivities for all species leads to the result that the state of mixing is uniquely 
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determined by one conserved scalar variable and this leads to a great simplification of 

the analysis and of the conceptual description of the flow. For the two-feed system in 

the limit of fast chemistry the first of these problems is largely obviated by the fact that 

the molecular species are instantaneously related to the conserved scalar and the 

statistics of all thermodynamic variables are obtainable from sufficient knowledge of 

the statistics of that scalar.  

In many problems of practical interest the chemical reacting rate are fast so that the 

reaction is completed as soon as the reactants are mixed. The classical approach to the 

solution of these problems is to describe the mixing by obtaining the solution for a 

conserved scalar. The fast chemistry assumption implies that the instantaneous 

molecular species concentrations and temperature are functions only of the conserved 

scalar concentration at that instant. The functions are nonlinear, however, and the 

control problem becomes that of linking the means and higher moments of the species 

and temperature to those of the conserved scalar. This is usually accomplished by 

considering the complete probability density function (PDF) of the conserved scalar. 

Figure 1.1 shows a simple mixing flow with its mixing pattern described and studied 

about three decade ago in terms of a conserved scalar ξ on co-flowing jet flow (Libby 

and Williams, 1980). Such mixing patterns are measured experimentally by tagging one 

of the flows with an inert species or with refractory particles and obtaining the species 

or particle concentration using laser Raman or Mie scattering, respectively. Nowadays 

these researches for turbulent reacting flow are quite extended from scalar to vector by 

flow visualization techniques such as Particle Image Velocimetry (PIV) (Adrian, 1991) 

and Laser Induced Fluorescent (LIF) (Bechtel et al., 1984).  
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There are many kinds of flow visualization techniques for which task is to make the 

process of transport phenomena visible. Transport phenomena deal with transfer of 

physical properties such as momentum, energy, mass, and electricity, can be 

investigated both by experiment and by theory. Experimental flow study can be 

performed in the forms of flow measurement and flow visualization, while the 

theoretical approach includes analysis and computation. Flow visualization is superior 

to flow measurement in that the physical phenomena in the entire flow field are 

retrieved. However, because the information obtained is qualitative, the technique has 

been inherently penalized. The advance of computing machines has led flow 

visualization into a new era of quantifying the flow information, and thus, the fatal 

shortcoming of the conventional method has been overcome. 

Specially, the LIF and PIV can visualize whole field of interest section also can 

measure whole field transport phenomena at a time. These two techniques are non-

intrusive measurement techniques using light source and capturing systems for flow 

visualization. Since the visualization systems such as laser system and camera system 

are developed quickly, one major objective of this research is to develop algorithm to 

analysis the transient flow phenomena by using Dynamic visualization system. In this 

instruction, the principles of both of LIF and PIV measuring techniques are presented. 

 

Laser Induced Fluorescence 

Laser induced fluorescence is a well-established, sensitive technique for detecting 

population densities of atoms and molecules in specific quantum states. Although LIF 

was used initially in studies of spectroscopy and chemical analysis, it is now also 

recognized as a powerful fluid mechanics diagnostic with the potential for monitoring 
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flow field parameters such as mixture mole fractions, density, temperature, velocity and 

pressure.   

The principles of LIF are well known and need not be repeated here. In brief, a laser 

source is turned to excite a specific electronic absorption transition in the species of 

interest. Following the absorption process, collisional redistribution in the electronically 

excited state may occur prior to either collisional quenching or radiative de-excitation of 

the molecule back to a lower electronic state. The fluorescence, which occurs over a 

range of wavelengths, is usually collected at right angles and filtered spectrally at the 

photodetector. For given species, the variables in the LIF process are the transition 

pumped, the detection spectral band pass, the spectral intensity of the laser, and, in 

citation within the absorption line profile. Laser induced fluorescence may be thought of 

as spatially resolved absorption, with the intersection of the illumination and collection 

beam paths controlling the spatial resolution of the measurement. In the case of sheet 

beam illumination and detection with an array detector, the sheet thickness and the area 

of a pixel image control the size of the measurement volume at each image.  

The governing equation for the LIF signal S, based on a simple two-level model 

with weak-unsaturated-excitation, for a single detector pixel (Lucht, 1986), is 

QA
ATBFEVNCS vjse +

= )(                                                  (1.1) 

Where, Ce is a group of constants specific to the experimental setup, E is the laser 

energy per pulse per unit area per unit frequency, V is the measurement volume for the 

dtector element, Ns is the number density of the absorbing species, Fvj is the population 

fraction for the pumped state, B is the Einstein coefficient for absorption, and A is the 

appropriated – for the transitions monitored – Einstein coefficient for spontaneous 
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emission. The parameter Q represents the sum rate of all other transfer processes, which 

eliminate emission into the detection band width. In the most common case, with 

removal from the upper electronic state, Q(χi, P, T) is simply the electronic quench rate, 

which in general depends on temperature, composition through the mole fractions χi, 

and pressure.  

 

Particle Image Velocimetry 

The experimental setup of a PIV system typically consists of several sub systems. In 

most applications tracer particles have to be added to the flow. These particles have to 

be illuminated in a plane of the flow at least twice within a short time interval. The light 

scattered by the particles has to be recorded either on a single frame or on a sequence of 

frames. The displacement of the particle images between the light pulses has to be 

determined through evaluation of the PIV recordings. In order to be able to handle the 

great amount of data, which can be collected employing the PIV technique, 

sophisticated post-processing is required. 

A plane light sheet within the flow is illuminated twice by means of a laser – the 

time delay between pulses depending on the mean flow velocity and the magnification 

at imaging. It is assumed that the tracer particles move with local flow velocity between 

the two illuminations. The light scattered by the tracer particles is recorded via a high 

quality lens either on a single photographical negative or on two separate frames on a 

special cross correlation CCD sensor. After development the photographical PIV 

recording is digitized by means of a scanner. The output of the CCD sensor is stored in 

real time in the memory of a computer directly.  
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In order to evaluate the digital PIV, recorded image is divided in small sub-areas 

called “interrogation areas”. The local displacement vector for the images of the tracer 

particles of the first and second illumination are determined for each interrogation area 

by means of statistical methods – auto correlation and cross correlation. It is assumed 

that all particles within one interrogation area have moved homogeneously between the 

two illuminations. The projection of the vector of the local flow velocity into the plane 

of the light sheet is calculated taking into account the time delay between the two 

illuminations and the magnification at imaging.  

In this dissertation, these normal visualization techniques are improved to Dynamic 

visualization techniques. The Dynamic visualization systems are explained in chapter 3 

in detail providing comparison between normal visualization systems and developed 

Dynamic visualization systems. 
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1.2  SUMMARY OF PRESENT STUDY  

 

Present researches to investigate the mechanism of mixing suppression phenomena 

by chemical reaction, are summarized. In order to reach main objective, the physical 

properties and characteristics of the flow should be evaluated precisely e.g., diffusion 

coefficient of the reacted chemical species, heat flux during the reaction, velocity fields 

of the flows, pH distribution of the flows, interface length between two flows and so 

forth.  

Chapter 2 presents the identification of mixing suppression phenomena by chemical 

reaction on chemically reacting liquid round free jet, providing comparison between 

reacting case and non-reacting case by means of the LIF visualization technique. The 

content were described about molecular diffusion of the selected chemical reaction case 

with amount of heat flux during the reaction. The transition point of jet flows were 

evaluated by means of Reynolds number variation and temperature variation 

experiments. In addition, through the specific jet width and the interface length 

evaluation by using temporal information for reacting and non-reacting case, the 

identification of mixing suppression phenomena has been discussed.   

Of course, these identification obtained by conventional visualization systems will 

be helpful for followed researches, but these are not enough to reveal the mechanism of 

the mixing suppression phenomena by chemical reaction precisely. The hardware 

systems and analyzing algorithms for the Dynamic visualization systems have been 

developed to evaluate the mixing suppression phenomena precisely.  

In chapter 3, developed Dynamic PIV systems are well explained not only hardware 

system but also analyzing algorithms. The characteristics of developed Dynamic 
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hardware system consist of a Nd:YAG laser and a CMOS (Complimentary Metallic 

Oxide Semiconductor) camera are well discussed providing comparison with standard 

visualization systems. In addition, developed PIV algorithms are evaluated by Standard 

images. In the results included the uncertainty analysis data and ability of developed 

Dynamic PIV algorithms, providing comparison between conventional recursive cross 

correlation (Vogt et al., 1996, Hu et al., 2000) method and traditional cross correlation 

method.  

Chapter 4 presents Dynamic PIV experiment as an application of the developed 

Dynamic PIV systems. In addition, the mixing suppression phenomena by chemical 

reaction on chemically reacting liquid round free jet have been evaluated by means of 

developed Dynamic PIV systems. The evaluations are fluctuating velocity fields, which 

were found by Reynolds decomposition, Turbulent Kinetic Energy profiles, Reynolds 

shear stress profiles and power spectra and so forth.  

Chapter 5 presents the summary and conclusion of this research involving some of 

comment for future works. 

 

 

 

 

 

 

 

 

 



JNC TY9400 2004-011 

－ 10 － 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Mixing Patterns in a Typical Turbulent Reacting Flow with 
         Non-premixed Reactants Entering with Feeds Ambient and Jet. 

(a) Instantaneous distribution for a conserved scalar ξ 

(b) Average distribution for a conserved scalar ξ  

(c) Contours of RMS fluctuation of conserved scalar ξ 

Ambient 
 
Jet 
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CHAPTER 2 
 

2. CHEMICALLY REACTING LIQUID ROUND FREE JET 

A chemically reacting liquid round free jet was studied by visualization technique to 

investigate the mixing suppression phenomena by chemical reaction. In order to make 

the chemically reacting liquid round free jet, the Acetic Acid (CH3COOH) and 

Ammonium Hydroxide solution (NH4OH) were selected. The Laser Induced 

Fluorescence (LIF) technique was adopted to evaluate the mixing suppression of the jet 

into liquid streams. The jet profiles were quantitatively evaluated for both the upstream 

region near the transition point and the downstream region far away from the transition 

point, and comparisons were conducted between the reacting and the non-reacting jet 

cases. In the downstream region, the jet profiles for the two cases were found to be 

quite different. It was concluded that the occurrence of a chemical reaction affects the 

momentum diffusion of the jet in the downstream region, which results in these 

differences.  

 

2.1  INSTRUCTION  

 

Chemical reactions frequently occur in fluid engineering. Because the generation of 

chemically reacting jets can causes explosions in reactors, it is important to investigate 

the characteristics of these reacting jets in order to safely design industrial reactors. In 

sodium-cooled nuclear reactors, for example, sodium-water reactions inside the steam 

generator are one of the primary causes of accidents. A number of studies have reported 
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on the characteristics of mixing enhancement in fluid flow. Breidenthal (1981) 

discovered that the amount of the chemical product was independent of the Reynolds 

number and at most only weakly dependent on the Schmidt number. Koochesfahani et 

al., (1986) measured the passive scalar by using the probability density functions at the 

transition stage of the mixing layer. Bennani et al. (1985) and Nagata et al. (2000) 

reported on the reaction of two chemicals inside the grid turbulence. They proposed a 

type of dimensionless parameter called the Damköhler number (Da). 

     Conversely, Sasaki (2000) reported on the mixing suppression in a turbulent shear 

flow caused by a chemical reaction. He measured the pH distribution on the chemically 

reacting jet flow, which ranged from 4.0 to 5.5, using the Dual Emission LIF technique. 

The authors (Okamoto et al., 2000, Hong et al., 2001) reported that the chemical 

reaction affected the liquid round jet’s mixing suppression. The results from the LIF 

images showed that the liquid round free jet’s diffusion of momentum was suppressed 

when a chemical reaction was present, when compared with a non-reaction jet. 

     Since chemical reactions only occur on the very thin interface layers, they can be 

expected to be substantial on a large interface area of the downstream region. In this 

study, laser induced fluorescence (LIF) has been utilized to investigate the influences of 

a chemical reaction far downstream from the transition point. The diffusion of the liquid 

round free jet was visualized. 
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2.2  THEORETICAL APPROACHES 

 

2.2.1 Molecular diffusion of Acetic Acid and Ammonium Hydroxide 
 

The extensive use of the term “diffusion” is based on an intuitive feel for the 

concept; i.e., diffusion refers to the net transport of material within a single phase in the 

absence of mixing by mechanical means of by convection. The momentum diffusion of 

the chemically reacting liquid round free jet can be classified to molecular diffusion and 

turbulent diffusion. In micro scale viewpoint, the diffusion is predominant molecular 

diffusion. Since molecules in liquids are densely packed and strongly affected by force 

fields of neighboring molecules. Values of diffusion coefficient DAB for liquids are 

much smaller than for low-pressure gases. That does not mean that diffusion rates are 

necessarily low, since concentration gradients can be large. Liquid state theories for 

calculating diffusion coefficients are quite idealized, and none is satisfactory in 

providing relations for DAB calculating. For a binary mixture of solute A in solvent B, 

the diffusion coefficient DAB of A diffusing in an infinitely dilute solution of A in B 

implies that each A molecule is in an environment of essentially pure B. Here, two 

famous estimation methods for DAB are introduced. 

 

Wilke-Chang(1949) estimation method 

     The Wilke-Chang technique is, in essence, an empirical modification of the Stokes-

Einstein relation as expressed by Eq. 2.1. 

6.0

2/18 )(104.7

AB

B
AB V

TMD
η

φ−×=      (2.1) 
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Where ABD (cm2/s) is the mutual diffusion coefficient of solute A at very low 

concentration in solvent B,  

          BM   = molecular weight of solvent B, molg /  

          T      = temperature, K 

    Bη    = viscosity of solvent B, cP 

          AV    = molar volume of solute A at its normal boiling temperature, molcm /3  

          φ      = association factor of solvent B, dimensionless 

 

    Wilke and Chang recommend that φ be chosen as 2.6 if the solvent is water, 1.9 if it 

is methanol, 1.5 if it is ethanol, and 1.0 if it is unassociated. However, the value of 

association factor for our Acetic Acid is not known. 

   Therefore, Eq. (2.1) can not be used to decide the ABD  for Acetic Acid and 

Ammonium Hydroxide case. 

 

Tyn and Calus(1975) method    

BA
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Where, BV  is the molar volume of the solvent at the normal boiling temperature, AP  and 

BP  are parachors for the solute and solvent and the other terms are defined under Eq. 

(2.1). 

    The parachor is related to the liquid surface tension as 

4/1σVP =       (2.3) 

where σ is the surface tension and V is the molar volume. 
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    Combining Eq. (2.2) and (2.3) produces the following equation. 
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    The definitions of the terms are the same as before except. Note also that the very low 

exponent on this ratio of surface tensions. Since most organic liquids at bT (normal 

boiling temperature) have similar surface tensions, one might choose to approximate 

this ratio as equal to unity. Then Eq. (2.4) goes to 

  
BA

B
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η433.0

267.0
81093.8 −×=         (2.5) 

 

Calculating diffusion coefficient 

     The necessary properties of Ammonium Hydroxide and Acetic Acid are summarized 

in Table. 2.1 and 2.2. Substituting values in Table 2.1 and 2.2 into Eq. (2.5), diffusion 

coefficient is 

                      scmD ActicAciddroxideAmmoniumhy /10370.1 25
/

−×=      

scmD ActicAcidetateAmmoniumAc /10219.1 25
/

−×=                                      (2.6) 

From these diffusion coefficient values, it can be considered that the momentum 

diffusion will be reduced after the reaction.  Even though these diffusion coefficient 

different values are very small, it can affect the momentum diffusion on chemically 

reacting flow in micro scale viewpoint. By the way, in macro scale viewpoint, the 

momentum diffusion is predominated by turbulent diffusion but not the molecular 

diffusion.  

  

2.2.2 Heat Flux on Reaction of Acetic Acid and Ammonium Hydroxide 
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     The selected chemical reaction of Acetic Acid and Ammonium Hydroxide is 

“Neutralization reaction” and “Exothermic reaction”. Neutralization reaction always 

generate the same heating value, 13.8 Kcal.  

 
kcalOHCOONHCHOHNHCOOHCH 8.1324343 ++→+                    (2.7) 

Eq. (2.7) shows the equation for the reaction between the Ammonium Hydroxide and 

the Acetic Acid.  

        As a calculation of the generating heat amount, it was assumed that jet interface 

thickness it ‘t’ and jet interface area is ‘A’.  

                                                                                                            

                                          
l

mol
Cp

valueheatingT ×��
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�

⋅
≈∆

ρ
                                             (2.8) 

 

     From the mathematical arrangement, correlation function Eq. (2.8) was obtained. 

The temperature increases is proportional to heating value, and mole concentration. The 

ρ  and Cp are density and specific heat at constant pressure of jet liquid respectively. 

For the neutralization reaction, heating value is constant to 13.8 Kcal. So, T∆  is 

depending on mol concentration. For present experimental condition, mol concentration 

is just 0.1 mol/l. Therefore, the resulted temperature increase is calculated an order of 

10-6 degree.  
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2.3  EXPERIMENTS 

 

The Laser Induced Fluorescent technique (LIF) is one of the most useful 

visualization methods to reveal of the fluid phenomena. This technique was used to 

investigate the mixing suppression phenomena of a round free jet into an ambient fluid, 

when a chemical reaction was occurring. Figure 2.1 shows the schematic of the 

experimental setup. The test section having a 100 mm x 100 mm cross section, was 

made from an acrylic resin. A stainless steel nozzle, with a 23 cm length and a 2 mm 

inner diameter D, was horizontally installed at the center of the test section. In the 

presented experiment condition, the hydrodynamic entry length is less than 10 cm. So, 

the velocity profiles at the nozzle exit are fully developed. The flow rates of both the 

ambient flow and the jet flow were controlled by their respective control valves. An 

electric heater was used to maintain the temperature of the fluid, and feedback signals of 

a digital thermometer were used to control the temperature with accuracy of the order of 

0.1 ºC. Rhodamine B was selected as the LIF dye, and it was solved into the jet fluid 

only. Its concentration was set to 0.85 mg/L. This fluorescent dye absorbs a specific 532 

nm wavelength from a Nd:YAG laser. And the fluorescent dye emits specific 580 nm 

wavelength fluorescent light (orange color). Only above 560 nm wavelength fluorescent 

intensity through the long pass filter was detected by CCD camera. The 1mm laser light 

sheet illuminated a two-dimensional vertical plane in the center of the jet flows, the 

CCD camera, synchronized with the laser illumination by the pulse generator, captured 

the illuminated area. The image was captured by the CCD camera with 1024 × 1024 

pixels of resolution at 10 fps. In order to detect only the fluorescent light and filter out 

unnecessary laser scattering light from the LIF image, a high pass optical filter was 
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installed on the front of the CCD camera. 

The combination of the ambient fluid and the jet fluid types are shown in Table 2.3. 

Here, ‘R’ refers to a reaction case, and the ‘N’ denotes a non-reaction case. Ammonium 

Hydroxide and Acetic Acid chemically reacted in the test section for cases R1 to R4. 

Case N4, water jet into water flow, was used as the reference. To clarify the effects of 

the jet solutions, an Acetic Acid jet and an Ammonium Hydroxide jet were separately 

injected into water. In case N1, two different chemicals were mixed in the jet tank 

before injection. The concentration of the jet fluid in the reacting cases was varied 

between 0.01 mol/L and 0.5 mol/L. For all the experiments the ambient fluid velocity 

was set to Va = 5 mm/s in order to make the shear jet flow. 

     In order to evaluate the effects of the chemical reaction on the mixing characteristics 

of the jet quantitatively, LIF images were analyzed for each experiment. 
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2.4  RESULTS AND DISCUSSIONS 

 

2.4.1 Transition Point 
 
     Figure 2.2 shows the images for the Ammonium Hydroxide jet into Acetic Acid case 

(R3). Figure 2.3 depicts the temporal images for the water jet into water case, N4, for 

three different Reynolds numbers µ/Re Du= : (a) 600, (b) 700, and (c) 800. The length 

of the visualized area was a distance of 10D to 28D away from the nozzle exit. Because 

the fluorescent dye was dissolved only in the jet fluid, the white high intensity area 

denotes the jet fluid and the black low intensity area depicts the ambient fluid. 

Rhodamine B fluorescence intensity is known to be not pH dependent over pH ranges 6 

(Sasaki 2000, Coppeta et al., 1998). The fluids flow from the left to the right, as 

indicated by the horizontal arrow. 

     The interface between the jet flow and the ambient flow in the upstream region does 

not show vortices (stable). However, the interface of downstream jet region begins to 

show vortices (unstable) as the jet flows down from upstream. It can be seen that the 

starting points of the unstable condition for both the reaction and non-reaction cases 

move to upstream as the Reynolds number increases. For example, the starting point of 

the unstable region in Figure 2.2 (a) is 18D away from the nozzle exit. In Figures 2.2 (b) 

and 2.3 (c), however, the transition points move to left by 3D and 6D, respectively, 

when compared to Figure 2.2 (a). In these figures, the Reynolds numbers increase from 

600 to 800. Similarly, the transition points in the non-reaction case in Figure 2.3 

advance farther upstream when the Reynolds number is increased. From the above 

instantaneous temporal images, one important observation related to the transition is 
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that the fluctuation of jet flows appeared as a sinusoidal form and very variable. 

Therefore, it is necessary to decide the transition points from the temporal averaged 

images.  

     In this experiment, 300 sequential instantaneous images were averaged before 

plotting the transition point. Figure 2.4 shows the schematic view of transition point 

definition. Using this temporal averaged image, it could be easily plotted that the 

transition point moves from stable to unstable condition. Figure 2.5 shows the 

relationship between the Reynolds number and the normalized transition points (x/D). 

The Reynolds numbers ranged from 400 to 1000 for both the R3 reaction case and the 

N4 non-reaction case. The Reynolds numbers were altered by changing the jet velocity. 

The fluid temperature was kept at 20 ºC. In the figure, the x-axis denotes the Reynolds 

number of the jet, and the y-axis indicates the distance, normalized by the nozzle inner 

diameter, between the transition point and nozzle exit. From the calibration images, the 

representative length D was determined to be equal to 53 pixels. The transition point at 

each Reynolds number was evaluated 10 times from 10 different temporal averaged 

images. The deviation of the transition point values in each time was within ± 1D. The 

red line in Figure 2.6 denotes the case of the Ammonium Hydroxide jet into the Acetic 

Acid, and the blue colored line represents the water jet into water case. The transition 

points for both cases moved to upstream, from about 22D to 7D as the Reynolds 

number of the jet was increased from 400 to 1000. Even though transition points for 

both cases continued to move to upstream with an increase in the Reynolds number, the 

difference in the transition points for the two cases at the same Reynolds number was 

very small. This difference between the two cases is within the deviation ranges, which 

means that the chemical reaction does not considerably affect the location of the 
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transition points in the flows. 

     It is well known that the Reynolds number is a function of the dynamic viscosity. An 

additional experiment was conducted by varying the temperature of the liquids. The 

relationship between the transition point (x/D) and the temperature, for both the R3 

reaction case and the N4 non-reaction case, are shown in Figure 2.6. The Reynolds 

number was held constant at 700 and the temperature was varied between 15 ºC and 25 

ºC. The transition points for both cases moved downstream from approximately 8D to 

15D as temperature was increased from 15 ºC to 25 ºC. This characteristic indicates that 

the shear force on the jet-ambient flow interface decreased as the temperature increased. 

From the figure, it appears that the transition point of the reaction case is shifted to 

slightly downstream, when compared with the non-reaction case. However, as in the 

Reynolds number variation experiment, the differences between the two results are 

within the deviation ranges. When the Reynolds number is relatively small, the large 

velocity gradient increases the growth rate of the Kelvin-Helmholtz instability. 

Therefore, as the Reynolds number is increased, the transition point advances upstream. 

 

2.4.2  Jet Width and Interface Length on Downstream Region  
 

     As described in the previous section, the transition point was approximately the same 

for both the reacting and non-reacting cases. After the transition point, however, the 

amount of jet diffusion was different for the two cases when using a half-width 

evaluation (Hong et al., 2001). Because of this characteristic, the test area for the 

downstream region was selected far away from the transition point in order to 

investigate the mixing phenomena more precisely. 
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     Figure 2.7 shows the temporal instantaneous images for the downstream jet flow for 

all of the experimental cases. For the experiments, the temperature was maintained at 14 

ºC and the Reynolds number set to 500. The nozzle exit was located at a distance of 

37D upstream from the left-hand side of the test area. The length of the visualized area 

was 37D to 51D away from the nozzle exit. The vortex caused by the Kelvin-

Hhelmholtz instability is clearly visible in the reacting cases. In non-reacting cases, 

however, the vortices had already become to the complex turbulent flow.  

     It can be seen from Figure 2.8 that the interface area between the jet flow and 

ambient flow is very different between the reacting and non-reacting cases. Even though 

these experimental images are two-dimensional, it is apparent that the reacting case 

interface area is very narrow, but the non-reacting case interface area is very wide, 

relative to each other. Since the actual jet flows are in three-dimensions, the total 

difference of the interface areas may be significantly larger. This characteristic indicates 

that the momentum diffusion for the reacting case was suppressed more than for non-

reacting case. 

     These instantaneous images provide temporal information of the jet flow. The 

suppressed momentum diffusion phenomenon was evaluated by using the specific jet 

width definition on these temporal images. The entire image intensity field is subtracted 

by the proper threshold values in order to eliminate background noise. Figure 2.9 shows 

the definition method for jet width. The highest and lowest vertical jet location was 

determined, and the distance between these two points in the vertical direction was 

defined as the jet width for this study. Using this specific jet width method, the temporal 

instantaneous images analysis were processed.  
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     Figure 2.10 and 2.11 shows the histograms of the normalized jet width (w/D) values 

obtained from the 300 temporal instantaneous images for each experimental case. The 

threshold intensity value was set to 50, the x-axis was normalized by the jet width (w/D), 

and the y-axis was normalized by the number of images. Even though the Ammonium 

Hydroxide concentration was varied in the different reacting cases, it had a small  effect 

on the normalized jet width. This indicates that even a very small amount of 

Ammonium Hydroxide affects the amount of mixing suppression for the chemically 

reacting jet. There are, however, some differences in the results for the different non-

reacting cases. While over 90% of the normalized jet width values for the reacting cases 

is less than 4, the jet width values for the non-reacting cases are widely distributed. The 

histogram of the Ammonium Hydroxide and Acetic Acid jet into water flow case was 

similar to that of the water jet into water flow case. The fact that the distribution of 

diffused jet widths is considerably different between the reacting and non-reacting cases 

indicates that the chemical reaction strongly affects the momentum diffusion of the 

chemically reacting jet in the downstream region far away from the transition point. 

     In order to confirm the reliability of the results, the experiment was repeated 10 

times for the water jet into water flow case under the same experimental conditions. In 

order to obtain the average jet width value, 300 temporal instantaneous images were 

used. The normalized average minimum jet width value and the maximum jet width 

value were found to be 7.68D and 10.18D as shown in table 2.4, respectively. Since the 

standard deviation of this experiment was ± 0.80D and the jet width values of the 

reacting and non-reacting cases were quite different, it was concluded that this jet width 

definition, which uses temporal instantaneous images, is accurate enough to evaluate the 

jet mixing suppression of the jet by the chemical reaction.  
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     From Figures 2.2, 2.3, 2.6, and 2.7, it can be seen that the difference in the jet widths 

between the reacting cases and the non-reacting cases in the downstream region is much 

larger than in the upstream region. In order to measure the interface length of the jet 

flows, two specific image processing techniques are applied to 4096 temporal 

instantaneous images both of reacting and non-reacting jet cases. Figure 2.12 shows the 

interface plotting methods. Figures 2.12(a), (b) and (c) are the original image from 

Dynamic LIF experiment. Binarized images were obtained from the original image by 

given threshold intensity value. And then, interface images were obtained by gradient 

method from binarized images respectively. The detail of the Dynamic systems will be 

explained in chapter 3. In brief, the high speed, high power laser and high resolution, 

high speed CMOS camera was used for Dynamic LIF experiment. From the above 

process, the jet interface was plotted as shown in figure 2.13. Of course, this interface 

length is not the exactly same with physical one but it has visualized conceptual 

interface between jet flows and ambient flows. The straight line with circle denote the 

water jet into water flow case and dotted line with triangle shape denote the Ammonium 

Hydroxide (0.1 mol/L) jet into Acetic Acid (0.1 mol/L) flows. It can be easily identified 

the interface of non-reaction case is much longer, compared with reacting case. The 

difference is about twice. Since the liquid round free jet in the downstream region has 

grown to turbulent flow considerably, it has a wider interface with the ambient fluid, in 

case of non-reacting. However, in case of reacting, the effect of the chemical reaction 

such as narrow jet widths and small interface lengths is quantitatively obtained in the 

downstream region. Consequently, the large effect of the chemical reaction is 

considered to magnify the difference of the jet widths and interface lengths in the 

downstream region. 
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2.4.3 Momentum Diffusion  
 

     Figure 2.14 shows the sequential images at times t0 and t0 + 100 ms. From the 

calibration, it was calculated that the 2 mm nozzle diameter corresponds to 68 pixels in 

the images. In the reacting case, a vortex which was identified at time t0 grew a little bit 

large as it moved to downstream. The arrows on the figure identifies the vortex at t0 and 

an additional 100 ms after. In non-reacting case, however, the jet at t0 + 100 ms has 

become quite different because the flow has already become to complex turbulent flow. 

As seen in Figure 2.14 (a), vortex shapes can be distinguished and followed through the 

sequential images, as indicated by the arrow. The velocity of a moving axial vortex can 

be calculated by comparing sequential temporal images. At the nozzle exit, the jet 

velocity for the two cases was set to 292 mm/s. However, after traveling 39D 

downstream, the velocity of moving vortex in the Ammonium Hydroxide jet into the 

Acetic Acid case and the water jet into the water case was calculated to be 88 mm/s and 

45 mm/s, respectively. Even though the positions were not exactly coincident, the 

velocity of the moving vortex for the reacting case was about two times faster than the 

one for the non-reacting case.  

     In this stage, of course, the visualized area was far from the nozzle exit. But Strouhal 

number (St= fvortexD/u) can be calculated approximately by using generated vortex 

frequency at present visualized area. The vortex generating frequency (fvortex) is about 

8.25 and calculated St number is about 0.2. It will be discussed about the frequency in 

chapter 3 with temporal power spectra of the chemically reacting liquid round free jet.    

     In Figure 2.14 (a), the Ammonium Hydroxide jet into the Acetic Acid flow case, the 

diffusion of the jet is suppressed and the axial velocity is as faster as the amount of 
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suppressed diffusion. On the other hand, in the water jet into water case shown in Figure 

2.14 (b), the axial velocity slows down as the momentum is diffused. 

     From the results of these experiments, a chemical reaction was identified to have an 

apparent influence on the characteristics of a liquid round jet.  
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2.5  CONCULUSIONS 

 

An experimental study was conducted on a chemically reacting liquid round free jet 

in order to investigate the influence of a chemical reaction on the characteristics of the 

jet. LIF images were used to provide qualitatively and quantitatively comparisons 

between reacting and non-reacting jet cases.  

The profile of the upstream region (10D to 28D) near the transition point did not 

have any distinguishable differences between the two cases. That is identified by 

transition point evaluation as Reynolds number and temperature variation experiment. 

In the downstream region (37D to 51D) far away from the transition point, however, 

the jet profiles for the reacting and non-reacting cases were quite different. The reason 

is that since the jet interface in the downstream region is wider than in the upstream 

region, the influence of the chemical reaction becomes lager in the downstream region. 

This facts are identified by specific jet width evaluation and interface length evaluation 

from comparison between reacting and non-reacting case.  

The momentum diffusion which was represented by velocity of the moving vortices 

for the reacting case was faster than for the non-reacting case due to the mixing 

suppression by chemical reaction.  

The results showed that, although the differences in the jet profiles in the upstream 

region were small, the momentum diffusion of the jet in the downstream region was 

clearly suppressed by the chemical reaction. Since the chemical reaction occurs at the 

jet interface, a future quantitative and precise investigation should be extended to 

interface region of the jet in order to establish the root causes of these results.  
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Fig. 2.1 Experimental Setup 
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(a)  Reynolds Number = 600 

 
 
 
 
 
 
 
 
 
 
 
 
 

(b)  Reynolds Number = 700 
 
 
 
 
 
 
 
 
 
 
 
 

(c)  Reynolds Number = 800 
 
 
 
 
 

10D                                              Flow direction                                                   28D 

     Fig. 2.2 Temporal Images of the Reaction Cases for Upstream Region        
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(a)  Reynolds Number = 600 

 
 
 
 
 
 
 
 
 
 
 
 
 

(b)  Reynolds Number = 700 
 
 
 
 
 
 
 
 
 
 
 
 

(c)  Reynolds Number = 800 
 
 
 
 
 

10D                                              Flow direction                                                   28D 

     Fig. 2.3 Temporal Images of the Non-reaction Cases for Upstream Region        
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                         Transition point  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 2.4 Temporal Averaged Image for Plot the Transition Point 
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Fig. 2.5 Relationship between Normalized Transition Point and Reynolds Number 
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Fig. 2.6 Relationship between Normalized Transition Point and Temperature  
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Fig. 2.7 Temporal Instantaneous Images of Reacting Case for Re = 500 
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Fig. 2.8 Temporal Instantaneous Images of Non-reacting Case for Re = 500 
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Fig. 2.9 Jet Width Definition Method for Temporal Image  
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Fig. 2.10 Histogram of Jet Width (w/D) of Temporal Images for Reacting Cases 
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Fig. 2.11 Histogram of Jet Width (w/D) of Temporal Images for Non-reacting Cases 
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(a) Original image obtained by Dynamic LIF experiment 
 

 
 

(b) Binarized image from original image 
 

 
 

(c) Interface image obtained by Gradient method from Binarized image 
 
 

Fig. 2.12 Interface Plotting Method on Jet Profiles 
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Fig. 2.13 Interface Length for both of Reacting and Non-reacting Case 
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          (a) Reacting case                                          (b) Non-reacting case 

   
 
 
 

Fig. 2.14 Sequential Image for the Calculation of the Vortex Moving Velocity 
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Purity Min. 99.7 % 

Miscibility with water To pass test 

Freezing point Min. 15.5 ºC 

Water Max. 0.3 % 

Non-volatile matter Max. 0.001 % 

Chloride (Cl) Max. 1 ppm 

Sulfate (SO4) Max. 1 ppm 

Copper (Cu) Max. 0.5 ppm 

Lead (Pb) Max. 0.5 ppm 

Iron (Fe) Max. 0.5 ppm 

Acetic anhydride Max. 0.1 % 

Substances reducing dichromate (as 0) Max. 0.005 % 

FW 60.05 

Normal boiling Temperature (K) 239.8 

Molar volume ( molcm /3 ) 25.0 

Viscosity (cP) 1.29 

 

 

Table 2.1 Certificate of Analysis for CH3COOH (Kanto chemical company, Japan) 
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Concentration (NH3) 28.0~30.0 % 

Residue on ignition Max. 0.005 % 

Chloride (Cl) Max. 4 ppm 

Sulfate (SO4) Max. 0.001 % 

Lead (Pb) Max. 4 ppm 

Iron (Fe) Max. 2 ppm 

Carbonate (CO3) Max. 0.003 % 

Substances reducing permanganate  (as 0) Max. 0.005 % 

FW 17.03 

Normal boiling Temperature (K) 391.1 

Molar volume ( molcm /3 ) 64.1 

Viscosity (cP) 1.37668 

 

 

Table 2.2 Certificate of Analysis for NH3 (Kanto chemical company, Japan)  
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CASE AMBIENT FLUID JET FLUID 

R1 Acetic Acid (0.1 mol/L) Ammonium Hydroxide (0.01mol/L) 

R2 Acetic Acid (0.1 mol/L) Ammonium Hydroxide (0.05mol/L) 

R3 Acetic Acid (0.1 mol/L) Ammonium Hydroxide (0.1mol/L) 

R4 Acetic Acid (0.1 mol/L) Ammonium Hydroxide (0.5mol/L) 

N1 Water Acetic Acid (0.1mol/L) and 
Ammonium Hydroxide (0.1mol/L) 

N2 Water Acetic Acid (0.1mol/L) 

N3 Water Ammonium Hydroxide (0.1mol/L) 

N4 Water Water 

 

 

Table 2.3 Experimental Cases 
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NO. OF 
EXPERIMENT AVERAGE NORMALIZED JET WIDTH 

1 8.48 D 

2 8.06 D 

3 9.07 D 

4 7.68 D 

5 9.79 D 

6 7.75 D 

7 8.49 D 

8 10.18 D 

9 8.95 D 

10 9.41 D 

STANDARD 
DEVIATION 0.80 D 

 

 

Table 2.4 Reproducibility of Experiment 
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CHAPTER 3 
 

3. DEVELOPMENT OF DYNAMIC PIV TECHNIQUES 

 
As introduced in chapter 1, there is a remarkably developing optical diagnostic 

literature for fluid phenomena as which called “Flow Visualization”. In the flow 

visualization literature, there are so many visualization techniques which task is to make 

the process of transport phenomena visible. Specially, the Particle Image Velocimetry 

(PIV) technique (Adrian, 1988) is a non-intrusive velocity measurement technique using 

light source and image capturing systems. PIV technique is classified into large two part 

by particle density on the image. Adrian (1991) suggested the low image density to be 

Particle Tracking Velocimetry (PTV) and high image density to be PIV. Since applying 

the particle tracking method to all particles in interrogation area, Keane et al., (1995) 

and Adrian (1995) classified this method to be PTV. One of very useful method of PTV 

was developed by Nishino et al., (1989) which was called Four-time step PTV. 

 Tracer particle images in the flow are used as raw data for the PIV analysis and the 

direction and displacement of the particle movements are directly related to the flow 

velocity. There are so many kinds of velocity calculation methods for PIV analysis. PIV 

analysis algorithms needs to keep pace with visualization system developing such as 

Laser systems and Camera systems. In this chapter, developed Dynamic PIV systems 

which consists of the high speed camera and high speed pulse laser system involving 

the velocity analyzing algorithms are presented. It will be compared and evaluated with 

standard PIV systems by applying to Standard image information supplied by 

Visualization Society of Japan.  
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3.1  INSTRUCTION  

 

Particle Image Velocimetry (PIV) is an optical diagnostic method that non-

intrusively measures the full-field flow velocity vectors. In order to construct the PIV 

systems, the hardware and software systems should be precisely considered to get the 

high accuracy of results. Many commercialized PIV systems are consisted with laser as 

a light source and CCD camera as an image acquisition tool involving computational 

unit for calculating process. These commercialized standard PIV systems support the 

two-dimensional PIV and three-dimensional stereoscopic PIV analyzing tools. In these 

standard PIV systems, high resolution CCD camera and Double pulse Nd:YAG laser are 

used. The image resolution is at least 1024 × 1024 pixels. Sometimes, 2K × 2K pixel 

CCD camera is available. Since the limitation of read out time of CCD camera and laser 

repetition rate, these PIV systems can visualize the flow field about 10 to 30Hz only. 

However, these hardware systems are developing quickly, during author writing this 

paper.  

While the velocity calculation method of standard PIV systems depend on the 

traditional Cross Correlation method. In order to improve the spatial resolution, many 

high resolution PIV algorithms had been proposed, including recursive PIV (Hart, 2000), 

gradient PIV (Keane and Adrian, 1995, Sugii et al., 2000) and so on. The interrogation 

area is now about 16 × 16 up to 4 × 4 pixel, resulting in about 100,000 vectors in one 

image. Although the spatial resolution had been improved sufficiently, the temporal 

resolution remains about 30 Hz. Therefore, when applying current PIV system to 

transient flow such as turbulent reacting flow, only the statistical analysis is available. 
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In this dissertation, the developed Dynamic PIV system will be presented. New 

Dynamic PIV algorithms are developed in order to evaluate the transient velocity 

profiles using Dynamic PIV experimental data set. Section 3.2 presents the developed 

Dynamic PIV systems such as Camera and Laser providing comparison with traditional 

PIV systems. Section 3.3 explained the developed Dynamic PIV algorithms such as 

Particle Image Tracking Velocimetry and Multidimensional Recursive Cross Correlation 

methods. Section 3.4 presents evaluation of the developed Dynamic PIV system by 

using Standard image information.  
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3.2  DEVELOPMENT HARDWARE SYSTEMS FOR DYNAMIC PIV  

 

3.2.1 Laser System for Dynamic PIV 
 

Generally, laser as a light source for PIV experiments are widely used. The high 

collimating characteristics of laser make it natural that most PIV systems implement a 

laser to illuminate the seed particles in the flow. Depending on the laser material and the 

ray-mechanism, lasers can be divided in to two groups.  One is a pulsed laser group and 

the other is a continuous wave (CW) laser group.  For example, Nd:YAG (λ = 532 nm 

emission under frequency doubled mode) and Copper Vapor laser (510.6 and 578.2 nm) 

belong to the first group.  On the other hand, Helium-neon (633 nm) and Argon-ion 

laser (514 and 488 nm) belong to the second group.  Generally, the pulsed laser is more 

demanded for PIV because it delivers an extremely high power short pulse that freezes 

the particle movement. Pulsed light illumination can also be achieved with a continuous 

laser using a mechanical or an electrical chopper.  A pulsed laser usually has a limited 

repetition rate depending on the laser characteristics.   

In order to apply the PIV system to transient flow, the pulse repetition rate is 

important because the pulse delay (∆t) between consecutive pulses should be short 

enough to keep the seed particle images in the interrogation area during the pulse delay.  

The most popular pulsed laser for PIV measurement is Nd:YAG lasers with two 

resonators because of its high pulse power, easy handling, high amplification, and good 

thermal properties. In analyzing an unsteady flow or a transient flow phenomena, the 

flow experiment should be conducted in the successive time domain, i.e., requires a 

continuous sampling at a sufficiently fast rate to properly record the data fluctuation.  
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The high power pulse laser for the welding can be used for the high speed 

illumination. The Coherent Corona is the Nd:YAG laser (λ = 532 nm), which repetition 

rate can be up to 25 kHz. Peak power is 75 W, i.e. 7.5 mJ/pulse at 10 kHz. Peak pulse 

energy is 14mJ/pulse at 2 kHz. Table 3.1 shows the specifications of laser developed 

through the present study. Figure 3.1 shows the typical performance curve of Corona 

laser. Figure 3.2 shows the Corona laser system interconnect diagram. Corona is a high 

power diode-pumped, acousto-optic Q-Switched Nd:YAG laser, that uses lithium 

triborate (LBO) crystal  as an intra-cavity frequency doubler. The Nd:YAG gain 

medium is pumped a bank of high power diodes contained within a mechanical 

structure surrounding the Nd:YAG (POT assembly). The 1064 nm light generated 

within the cavity is frequency doubled to 532 nm. The output coupling for the laser 

resonator is through the frequency-converted light. This Corona laser system is 

controlled by an optional external computer not illustrated in the figure, running a 

Coherent or Customer supplier Graphical User Interface (GUI). The triggering 

mechanism must properly accommodate different characteristics of different lasers and 

cameras. This Corona laser system is available three of trigger mode such as External, 

Internal and External Gated. 

Using this Corona laser system, the transient turbulent reacting liquid jet flow well 

visualized for Dynamic PIV measurement. 

 

3.2.2 Laser System for Dynamic PIV 
 

Camera system is one of the most important key devices for PIV measurement to 

capture the visualized area by light source. Here, it is demanded to define the Dynamic 

PIV. “Dynamic PIV” means the higher temporal resolution PIV system for analyzing 
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the dynamical information on the flow field (Etoh et al., 2002). They developed 

1,000,000 fps high speed Charged Coupled Device (CCD) camera with 312 × 260 

image resolutions. The camera resolves the 1 MHz dynamics. The digital CCD 

technology has a limitation in the data transferring time.  The limitation strictly restricts 

the feasibility of CCD camera for PIV.  

For the Complimentary Metallic Oxide Semiconductor (CMOS) camera, several 

high speed camera had been commercialized. For example, Photron FASTCAM_MAX 

can capture the 1024 × 1024 pixel images with 2000 fps. The image resolution is 

equivalent to the current standard PIV. With keeping the image resolution, the temporal 

resolution is improved to about 70 times faster. The quantization of the intensity level is 

monochrome 10bit (1024) per pixel. Therefore, the sensitivity is better than the normal 

CCD cameras. 

Usually the high speed camera sacrifices the image resolution and number of images 

to achieve the high frame rate. However, the CMOS camera can capture enough 

resolution and enough images for PIV analysis. This is the big advantage for the present 

CMOS cameras. The CMOS camera can reduce the frame rate. Therefore, it can be 

applicable to the normal PIV system. The author believes that the CMOS camera will be 

the standard camera system for PIV. Table 3.2 summarizes the specifications of the 

CMOS camera system, which is developed in this study.  

With combining the 2 kHz CMOS camera and Corona pulse laser, particle images 

can be clearly captured in every 0.5 ms (2 kHz). When the frequency of the flows (e.g., 

St = 0.2) is less than 1 kHz, the unstationary flow information can be obtained at 2 kHz. 

Therefore, high spatial resolution and temporal resolution velocity vector can be 

measured using developed Dynamic visualization systems. 
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3.3  DEVELOPMENT ALGORITHMS FOR DYNAMIC PIV 

 

3.3.1 Particle Image Tracking Velocimetry 
 

The main objective of the PIV evaluation is to determine the displacement of 

particle images.  When the flow image contains a sufficient number of particle images, 

methods of PIV can be applied on the interrogation area (Correlation area), which are 

the small grid spot in the image plane (Figure 3.3). Eq. 3.1 shows the well known cross 

correlation function. 

   � ++= + ),(),(),( 1 qypxfyxfqpC ttt                                           (3.1) 

Where, C is the cross correlation function, superscript t is the temporal index, x and y 

are coordinates in the interrogation window, f is the intensity field of image. Also p and 

q are determined from the particle displacement. In this stage, Vogt et al., (1996) and Hu 

et al., (2000) proposed the Recursive Cross Correlation (RCC) method. The recursive 

operation start with a large interrogation window size and then search same area size as 

Normal Cross Correlation (NCC) method. By using the results of former iteration step 

as the approximate offset values in the next iteration step, the interrogation window size 

and search distance is reduced to half of former iteration step. The NCC method always 

used 64 × 64 pixel or 32 × 32 interrogation windows, but the RCC method can reduce 

the final interrogation window up to 4 × 4 pixel size. In developed Dynamic PIV 

algorithms, all of cross correlation method are applied with RCC method.  

In PIV method, it suffers greatly from the inability to resolve strong rotational flows 

such as exist in flows with high shear. Because of this significantly limits the use of PIV, 

often particle tracking method (PTV) is utilized to measure image displacements 
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(Prasad et al., 1992, Okamoto et al., 1995, Doh et al., 2000). Figure 3.4 shows the 

principle design of most useful PTV method called Four-Time Step PVT (Nishino et al., 

1989). The particle tracking methods are based on the tracking of individual particles 

with the time sequence, and vectors are obtained at random points in space. Since most 

of the particles tracking algorithms rely on the assumption that nearest neighboring 

images belong to the same particles, this is not valid in the case of the high particle 

image density. Therefore, the particle tracking methods are normally limited to 

relatively low particle image density. Hence, it always provides poor spatial resolution. 

Keane et al., (1995) proposed the combined PIV and PTV that attempt to overcome 

of disadvantages by merging the benefits of both. Their method combines correlation 

analysis of the group of particles in a spot with sub-interrogation-spot particle tracking 

in the two sequential images. In order to improve the accuracy of PIV measurement, a 

similar work was proposed by Hart (2002). His technique was based on assembling a 

multidimensional correlation table from individual pixel comparisons with two 

sequential images. Of course, their ideas were quite good. However, these former 

studies could not be applied to temporal domain as a multi-dimension because of their 

PIV system was normal system. 

In this moment, through the developed Dynamic visualization systems, it can be 

captured the high temporal resolution images. Therefore, it can be applied temporal 

information to get the velocity vectors. For example, three or more temporal images 

would be used to calculate the one velocity vector. The principle of developed unique 

Particle Image Tracking Velocimetry (PITV) method, hybrid of PIV and PTV is shown 

in Figure 3.5. Figure 3.6 shows the process of PITV method. In this method, used four 
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sequential images for calculate one vector instead of using two images. At first, 

preparation of sequential four images obtained by Dynamic visualization experiment. 

And then, the correlation areas of each image are calculated by recursive cross 

correlation functions for every sequential two images such as C12, C23 and C34 

respectively. In the correlation process, several correlation peak locations are identified 

from each correlation step as candidates in order to image tracking. Using selected 

higher correlation peak locations, the same process with the Four-Time Step PTV is 

applied instead of individual particles. If selected higher correlation peak points are N 

then the tracking route should be N 3. Finally, as shown in Figure 3.6 the destination 

function during the tracking process is ))31(22( LLLMIN +− .  

In order to determine correlation peak location precisely, a peak-detection scheme is 

added to the correlation process.  The particle displacement is limited to an integer 

value as is the pixel resolution. However, the real image displacement will be always in 

the sub-pixel resolution and an interpolation method can detect the peak in a sub-pixel 

location.  Several peak-detection methods have been developed including a centroid 

estimator (Alexander and Ng, 1991), and a Gaussian peak fit (Willert and Gharib, 1991). 

The present PIV measurements adopted the Gaussian peak detection algorithm for 

calculate the particle displacement to sub-pixel resolution. The Gaussian peak detection 

approximates a Gaussian shape for the displacement-correlation peak bases. The 

Gaussian peak fit estimator is defined as: 
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Where, C(a,b) is the highest correlation value at the pixel grid position (x,y), and C(a-1,b), 

C(a+1,b) C(a,b-1), and C(a,b+1) are the correlation values surrounding the pixel grid position 

(a,b). The original displacement position on the center of the pixel grid, which has the 

highest correlation value, has moved to a position with an increase in the sub-pixel 

resolution, which is calculated from the estimators Eq. 3.2. 

The uncertainty of developed PITV technique will be discussed in section 3.4. 

 

3.3.2 Multidimensional Recursive Cross Correlation 
 

There are many applications with cross correlation technique for improve the 

accuracy of the velocity vector using sequential two PIV images. Keane and Adrian 

(1993) proposed to use a window offset equal to the in-plain displacement to optimize 

the detectability of the displacement-correlation peak with respect to the random 

correlation peak. Westerweel (1997) investigated in particular the noise reduction effect 

as a result of using a (discrete) window offset in the (digital) evaluation of PIV 

recordings. Scaranon and Riethmuller (1999) described iterative multigrid approach in 

PIV image processing with discrete window offset. There are many studies for not only 

improve accuracy of PIV measurement but also reduce calculating time. Meinhart et al., 

(1993) proposed Advanced cross correlation techniques are incorporated into the 

algorithm, which take advantage of the high-speed capabilities and improve the quality 
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of the measurements. They applied the i860 Intel processor. The calculate speed was 

100 vectors s-1. Hart, (1998) proposed the sparse array image correlation method by 

which image compression. His system was processed as 300 vectors s-1 by using 

Pentium 166 MHz and 16 Mbytes of memory. Roth et al., (2001) proposed five 

techniques for increasing the speed and accuracy of PIV interrogation. They 

reconstructed the vectors as 370 vectors s-1 by using 450MHz Pentium II processor.  

Since these former researches were carried out with standard PIV system, they could not 

considered the temporal resolution in the correlation process. However, in present study 

temporal directional averaging taken into account in the developed Dynamic PIV 

algorithms.    

In this dissertation, with developed PITV algorithm, the Multidimensional 

Recursive Cross Correlation Multiplication (MRCCM) are proposed in order to obtain 

the high accuracy of the velocity vector and reduce the calculation time. Figure 3.7 

shows the principle design of MRCC method. The correlation function for the three 

sequential images is defined as Eq. 3.3.    

�� ++×−−= +− ),(),(),(),(),( 11 qypxfyxfyxfqypxfqpC ttttt           (3.3) 

This correlation function is Lagrange expression. Also, the location of the measured 

vector would be the center of interrogation area at time t. Actually, this correlation 

function is very similar with Hart’s algorithm (2000). However, he used this correlation 

function to error correction method not directly resolving tracer particle displacement. 

    Similarly, the Multidimensional Recursive Cross Correlation Summation (MRCCS) 

method with MRCCM is proposed as which defined Eq. 3.4.  
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�� +++−−= +− ),(),(),(),(),( 11 qypxfyxfyxfqypxfqpC ttttt           (3.4) 

These techniques are calculated one velocity vector from multiple sequential image 

information at one time. By using more information to calculate the velocity vectors, the 

accuracy should be improved. At same time, it is very appropriate for Dynamic PIV 

systems to reduce calculating time for which the huge amount of data acquisition by 

Dynamic systems, it should be take into account to develop new algorithm.  

The sub-pixel analysis by Gaussian peak fitting processed for MRCCM and 

MRCCS method to improve the spatial resolution and accuracy of PIV measurement.  

The accuracy and calculation time of these two MRCC methods will be compared 

with not only PITV method but also Normal Recursive Cross Correlation (NRCC) 

method and Normal Cross Correlation method. 
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3.4 EVALUATIONS OF DEVELOPED DYNAMIC PIV ALGORITHMS   

 

The Visualization Society of Japan (VSJ) (Okamoto et al., 2001) supplies the 

Standard Images for PIV evaluation. Figure 3.8 shows the sequential standard images (# 

301) obtained from VSJ. These images simulated by Large Edge Simulation (LES) 

having high shear three-dimensional motion. Image sizes are 256 × 256 pixels. Figure 

3.9 shows the vector distribution simulated with 8 × 8 pixel by using LES data.  

In order to evaluate the developed Dynamic PIV algorithms these standard image 

information was used. Figure 3.10 shows the magnified vector distribution calculated by 

both of LES and NRCC method for easily check the RCC method. The vector 

distributions are quite same. With these standard images, developed Particle Image 

Tracking Velocimetry (PITV), Multidimensional Recursive Cross Correlation 

Multiplication (MRCCM), Multidimensional Recursive Cross Correlation Summation 

(MRCCS) and Normal Recursive Cross Correlation (NRCC) methods are evaluated and 

compared with Normal Cross Correlation (NCC) method and discussed about the 

accuracy by calculate the RMS errors ( 2)( uuE LES −= ). Figure 3.11 shows the 

instantaneous ‘u’ velocity vector profiles and RMS error profiles obtained from 144 

sequential Standard Images, at certain ‘x’ grid point calculated by developed algorithms 

and NRCC. Even though the LES data set shows with 8 × 8 grid and calculated data set 

shows 4 × 4, the calculated vector profiles are similar with LES profile. The profiles of 

MRCCM, MRCCS and NRCC are almost same each other. While PITV method has 

large error in instantaneous velocity profiles. However, there RMS errors are very small 

as shown in the figure. 
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Table 3.3 shows the ensemble RMS errors for developed Dynamic algorithms and 

NRCC compared with NCC method calculated with 144 sequential Standard images. 

There are clearly denoted advantages of developed Dynamic algorithms in RMS error 

comparison. In case of MRCCM, MRCCS, PITV and NRCC the ensemble RMS errors 

are found to be about 0.15 pixels in 8 × 8 and 0.25 pixels 4 × 4 respectively. While the 

ensemble RMS error value of NCC method is found to be about 0.23 and 0.43 pixels for 

each interrogation window size. Even though evaluated Standard images have high 

shear three dimensional flow patterns, these values are significantly small and it can be 

useful for Dynamic PIV data calculation.  

Although the processing speed depends on the hardware systems, these developed 

Dynamic PIV algorithms are faster then former studies. The demonstrated system in this 

dissertation is Intel 2.2GHz Celeron® with 512 MB memory. With that processor, 

developed Dynamic algorithms are processed for 1000 frame of 1024 × 512 pixel 

resolution images with interrogation window size of 16 × 16 pixel. Processing speed of 

MRCCM, MRCCS and PITV are 14.7, 14.5 and 14.7 fpm respectively. It is improved 

compared with 6.8 fpm of NRCC method as same calculation condition. Of course, the 

MRCCM and MRCCS take three of images for calculation and 33% image overlapped. 

In case of PITV, take four images and 50% image overlapped in present calculations. 

Thus, it calculates the vector about 500 vectors s-1. Even though calculation processor 

were different compared with former studies, developed Dynamic algorithms 

calculating speed are very fast compared with 100 vectors s-1 of Meinhart et al., (1993), 

300 vectors s-1 of Hart, (1998) and 370 vectors s-1 of Roth et al., (2001). It means that 

these developed algorithms are very useful for Dynamic PIV data processing without 

any other images process techniques such as image compression (Hart, 1998) or 
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parallel-truncated multiplication during the correlation (Roth et al., 2001).  
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3.5 CONCULUSIONS 

 

The Dynamic visualization systems have been developed not only hardware 

systems but also calculation algorithms. Developed hardware systems consist of 

Coherent Corona Nd:YAG laser and Photron FASTCAM_MAX which has CMOS 

image sensor instead of CCD sensor,  improved the dynamic range (temporal 

resolution) of visualization information about 102 times compared with standard 

visualization systems.  

In order to evaluate the Dynamic PIV experimental data set, three of algorithms 

have been developed as which Particle Image Tracking Velocimetry method, 

Multidimensional Recursive Cross Correlation Multiplication method and 

Multidimensional Recursive Cross Correlation Summation method. These developed 

algorithms were evaluated by using Standard images supplied from VSJ (Visualization 

Society of Japan) providing comparison with NRCC and NCC method. The result was 

quite useful for Dynamic PIV experiments as summarized in Table 3.3.  

Even though, the applied calculation processor was different, it was found that 

developed Dynamic PIV algorithms calculation time become shorter than former 

researches. Finally, it was found out that developed Dynamic PIV system is very useful 

to investigate the transient flow phenomena results from short calculation time and high 

accuracy because take into account not only spatial information but also temporal 

information to calculate the velocity vector.  
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Fig. 3.1 Typical Corona Performance Curve 
 
 
 

 
 
 
 
 

0           5           10         15         20        25         30 
Rep Rate (kHz) 

16

14

12
 
10
 
 8 
 
 6 
 
 4 
 
 2 
 
 0 

80
 
4 

60
10

 
40

 6 

20
  
2 

 0 

O
utput Pow

er (W
) 

O
utput Energy (m

J) 

Output Energy (mJ)                                  Output Power (W) 



JNC TY9400 2004-011 

－ 63 － 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 3.2 Corona Laser System Interconnect Diagram 
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Fig. 3.3 Principle Design of Cross Correlation Method 
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Fig. 3.4 Principle Design of Four-Time Step PTV Method 
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Fig. 3.5 Principle Design of PITV Method 
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Fig. 3.6 Process for PITV Method 
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MRCCM = C12 × C23 
MRCCS  = C12 + C23 

 
 
 
 

Fig. 3.7 Principle Design of MRCC Method 
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Fig. 3.8 Sequential Standard Images for # 301 (Visualization Society of Japan, VSJ) 
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Fig. 3.9 Velocity Distribution Calculated by LES (Visualization Society of Japan, VSJ) 
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Fig. 3.10 Magnified Velocity Distribution Calculated by both of LES and RCC 
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Fig. 3.11 ‘u’ Velocity Profiles and RMS Error Profiles 
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Output Wavelength 532 nm 

Repetition Rate 5 to 25 kHz, 
variable 

Pulse Energy 7.5 mJ 

Pulse width < 160 nsec 

Energy Stability < 1% rms 

Average Power 75 W 

Beam Diameter 5±1 mm norminal 

Beam Divergence 5 mrad nominal 

Polarization Ratio, Direction > 1000:1, 
Horizontal 

Power Stability (Light Control mode) < 1% 

 

 

Table 3.1 Specifications of Laser System at 10 kHz Repetition Rate 
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Resolutions 

 
 

Recording Time 

 
 
 

Table 3.2 Specifications of Camera System (Photron FASTCAM_MAX)  

Resolution Max Resolution 2 Resolution 3 Resolution MinFrame Rate 
(fps) H V H V H V H V 
60~2,000 1,024 1,024 1,024 512 512 512 128 16

4,000 1,024 512 512 512 512 256 128 16
6,000 512 512 512 256 256 256 128 16
8,000 1,024 256 512 256 256 256 128 16

10,000 512 256 256 256 256 128 128 16
15,000 1,024 128 512 128 256 128 128 16
20,000 128 256 128 32 - - 128 16
24,000 512 128 256 128 128 128 128 16
30,000 256 128 128 128 128 64 128 16
40,000 512 64 256 64 128 64 128 16
50,000 256 64 128 64 64 64 128 16
87,600 256 32 128 32 - - 128 16

100,000 128 32 - - - - 128 16
120,000 128 16 - - - - - -

Stnadard Expanded Frame 
Rate(fps) Max. Res. Min. Res. Max. Res. Min. Res. 

2,000 1s (2.048) 524s (1,048,576) 3s (6,144) 1,572s (3.145,728)
4,000 1s (4.096) 262s (1,048,576) 3s (12,288) 786s (3.145,728)

10,000 1.6s (16,384) 104.8s(1,048,576) 3.9s (49,152) 314.5s (3.145,728)
24,000 1.36s (32.768) 43.6s (1,048,576) 4s (98,304) 131s (3.145,728)
50,000 2.6s (131,072) 20.9s (1,048,576) 7.8s (393,216) 62.9s (3.145,728)

100,000 5.2s (524,288) 10.4s (1,048,576) 15.7s (1,572,864) 31.4s (3.145,728)
120,000 8.7s (1,048,576) 8.7s (1,048,576) 26.2s (3.145,728) 26.2s (3.145,728)
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      Interrogation Window 4 x 4 8 x 8 

MRCCM 0.28880 0.13967 

MRCCS 0.23312 0.14331 

PITV 0.26650 0.14292 

NRCC 0.25746 0.15443 

NCC 0.42802 0.22543 

 
 
 

 

Table 3.3 Ensemble RMS ( 2)( uuE LES −= ) Errors for Dynamic PIV Algorithms  
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CHAPTER 4 
 

4. EXPERIMENTAL APPLICATION OF DYNAMIC PIV 

 
In this chapter, developed Dynamic PIV systems, which are consisted of the high 

speed, high resolution camera and high speed, high power pulse laser system involving 

the velocity calculation algorithms are evaluated with liquid round free jet flows as an 

benchmark test. Section 4.1 will provide Dynamic PIV experimental conditions on 

liquid round free jet flows. The evaluation of the liquid round free jet as an application 

of the Dynamic PIV system presents in section 4.2. In section 4.3, the mixing 

suppression phenomena by chemical reaction will be evaluated by developed Dynamic 

PIV system. The discussions and conclusions are provided in section 4.4 and 4.5 

respectively. 
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4.1 EXPERIMENTAL CONDITIONS 

 

The developed Dynamic PIV systems have been studied by applying to liquid round 

free jet flows as a benchmark test. Figure 4.1 shows the schematic drawing of the 

experimental setup. The test section having a 100 mm x 100 mm cross section, was 

made from an acrylic resin. A stainless steel nozzle, with a 23 cm length and a 2 mm 

inner diameter D, was horizontally installed at the center of the test section. In the 

presented experiment condition, the hydrodynamic entry length is less than 10 cm. So, 

the velocity profiles at the nozzle exit are fully developed.  

In order to visualize the liquid round free jet, 60 µm particles (HP20SS) were seeded 

into both of jet flow and ambient flow. The 1 mm laser light sheet illuminated to two-

dimensional vertical plane in the center of the jet flows, the developed CMOS camera, 

synchronized with the developed Corona laser illumination directly, captured the 

illuminated area. The actual experimental picture is shown in Figure 4.2. Since the 

distance from the laser head to test section was very far and laser beam diameter was 

too thick (± 5mm), a convex lens (SLSQ-30-3000P, made by Sigma) was installed 

between laser head to first reflecting lens. In addition, because of the laser power was 

too high, in order to prevent bunt out of lenses, used optic lenses were made by crystal. 

Experimental conditions are Re = 500; T = 14 ºC, and visualized area from 36D to 

53.6D. The image was captured with 1024 × 512 pixels of resolution at 1000 fps. The 

laser power was 4.15 mJ/pulse. Therefore, using these developed Dynamic systems, 

captured a sequential images were 4096 frames.  
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In order to evaluate the mixing suppression phenomena with developed Dynamic 

PIV system, the experiments were carried out for both of Water jet into Water flow case 

and Ammonium Hydroxide (0.1mol) jet into Acetic Acid (0.1mol) flow. These 

conditions are quite same with LIF experiment of R3 and N4 respectively as shown in 

Table 2.3. Ammonium Hydroxide and Acetic Acid chemically reacted in the test section 

for R3.  

The experimental results are discussed with two items. At first, it will be evaluated 

that the liquid round free jet and second, the mixing suppression by chemical reaction 

are evaluated by comparison between chemically reacting jet case and Water jet into 

Water flow case as followed section.  

Please note that all of Dynamic PIV experimental data set was calculated by 

developed Multidimensional Recursive Cross Correlation Multiplication (MRCCM) 

method.  
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4.2 EVALUATION OF DYNAMIC PIV BY LIQUID ROUND FREE JET  

      FLOWS 

 

Figure 4.3 shows the calibration image obtained by Dynamic PIV experiment. The 

visualized areas were from 36D to 53.6D far from the nozzle exit which has 35.3 × 18.0 

mm cross section.  Figure 4.4 shows the experimental images for liquid round free jet. 

The sequential segmentation of image having 50 × 50 pixels are shown for easy 

understanding. The particle displacement in center of the jet flow at 45D downstream 

from the nozzle exit was about 3 pixels. As shown in the figures, since the out-of-plane 

motions are not serious, these images quite well obtained experimental data for PIV 

evaluation. 

Figure 4.5 shows the instantaneous velocity profile evaluated by Dynamic PIV 

calculation for Water jet into Water flow case. In order to obtain a vector, calculated 

total resolution was 16 × 16 × 3 pixel. Figure 4.6 shows ensemble averaged velocity ‘U’ 

profile for 4 second. It is well developed jet profile as shown as which it has 

symmetrical parabolic shape. The reference vector is 100 mm/s. Even though the initial 

velocity of the jet flow is 292 mm/s, the velocities of bulk regions are about 120 mm/s at 

40D, 100 mm/s at 45D and 80 mm/s at 50D respectively. It caused by the low velocity 

of ambient flow which initial velocity was 5 mm/s only. In order to compare with 

former research results, the u velocity were plotted and normalized by umax. Figure 4.7 

shows the ensemble average velocity ‘U’ profiles of liquid round free jet evaluated by 

Dynamic PIV date for 40, 45 and 50D positions. The scales were normalized by nozzle 

diameter (D) and half bandwidth (b1/2). Since there was ambient flow, the value of 

u/umax in the profiles are not convergent to 0. Furthermore, there are buoyancy effect 
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caused by the jet and ambient flows flow horizontally. However, these experimental 

results are quite proportional to Tollmien’s theoretical results (Tollmien, 1926, 

Abramovich, 1963).  

Figure 4.8 shows the TKE (Turbulent Kinetic Energy, )(2/1 22 vuTKE ′+′= ) 

distributions for liquid round free jet calculated with 4 second Dynamic PIV 

experimental data. Since visualized area was not self-preservation region yet and/or 4 

second is not enough for TKE evaluation, the TKE distribution is not homogenous. 

However, the large energy transport phenomena are well shown in the center region of 

the jet flow. The Reynolds shear stress vu ′⋅′=Reτ , indicates the time-averaged 

transport of momentum from fast flow to slow. Thus, in the shear layer, vu ′⋅′=Reτ  is a 

high value, which is closely related to unsteady vortex motion in connection with the 

instantaneous transport of momentum (Kawanabe et al., 2001). Figure 4.9 shows the 

Reynolds shear stress distributions for liquid round free jet calculated with 4 second 

Dynamic PIV experimental data. Since present flow is an axisymmetric jet, it can be 

identified that the two of high shear layer well located on the outer region of the jet 

flows. While Reynolds shear stress distribution on jet center have lower value. 

Adrian et al., (2000) have been proposed several decomposition methods from the 

instantaneous velocity field for which interpreting velocity field data to understand the 

kinematics, dynamics and scales of turbulence e.g., Galilean decomposition 

( cc Uuu −= ), Reynolds decomposition ( Uuu −=' ) and LES decomposition 

( uuu −=" ) and so on.  Specially, the Reynolds decomposition method is traditionally 

used. As Adrian pointed out, Reynolds decomposition tends to reveal more vortices 

than any single Galileam decomposition because the vortices frequently move at 
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velocities close to the local mean velocity. Therefore, by subtracting the mean velocity 

profile, many more vortices are visualized than by removing a single convection 

velocity. One of the strengths of Reynolds decomposition is that does a fair job of 

revealing the small-scale vortices. Figure 4.10 shows the fluctuating velocity field found 

by Reynolds decomposition from Figure 4.5 (instantaneous velocity field) and 4.6 

(ensemble averaged velocity field). In the fluctuating velocity field, the three of vortices 

pair consist of which having negative and positive vorticity value are shown clearly. 

Since present research experimental condition (Re = 500) was small scale turbulent, the 

small scales of vortices were well found by Reynolds decomposition.  

The vorticity not only identifies vortex cores but also shearing motion present in the 

flow. In present experimental condition, the strong shear layers dominated near the 

interface region between ambient and jet flow. The strong shearing regions are indicated 

with arrows on the fluctuating velocity field in Figure 4.10. As shown as the large 

vectors, the fluctuating velocity of inside between the vortex pair of counter-rotating 

vortices, must be accelerated. One of very fine strong vortex (-B) are magnified for 

measure the spatial resolution as shown in Figure 4.11. The spatial resolution of 

sampled vortex is about 4D × 3D. These spatial resolutions of the vortices are discussed 

in section 4.3 providing comparison between Water jet into Water flow case and 

Ammonium Hydroxide jet into Acetic Acid flow case.    



JNC TY9400 2004-011 

－ 82 － 

4.3 EVALUATION OF MIXING SUPPRESSION PHENOMENA BY USING  

      DYNAMIC PIV 

 

In chapter 2, the mixing suppression phenomena by chemical reaction were 

confirmed by several evaluations e.g., transition point, jet width and interface length 

evaluations by using Laser Induced Fluorescent technique. Of course, it was not enough 

to understand the mechanism of mixing suppression phenomena precisely. However, it 

can provide information of mixing suppression phenomenon by chemical reaction for 

future research, which has relation with turbulent reacting jet flow. In present section, 

will mainly deal with one challenging phenomena as that chemical reaction affects the 

turbulent by analyzing of Dynamic PIV experimental data.  

Figure 4.12, 4.13 shows the randomly selected instantaneous velocity (u, v) profiles 

for both of Water jet into Water flow case and Ammonium Hydroxide jet into Acetic 

Acid flow case by which obtained Dynamic PIV calculation. As shown with labels, the 

solid lines with colored shapes are reacting cases and dash lines with open shapes are 

non-reacting cases. Even though, the initial jet velocity of both cases was same with 292 

mm/s, in downstream region u velocities were decreased more than 50% caused by 

shear stress with ambient flow, which has 5 mm/s of initial velocity. Furthermore, each 

u and v velocity profiles of the reacting case are similar in each 40D, 45D and 50D. 

While these profiles of non-reacting case are quickly varied as shown in the figures. It 

can be easily identified that the axial velocity of reacting case is faster than non-reacting 

case of it. In addition, even though these profiles represent the instantaneous velocities, 

the maximum u velocity on each plotting points are very interesting. The maximum u 

velocities of reacting case on 40D and 45D are about 130 ~ 135 mm/s and decreased to 
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about 110 mm/s on 50D. While it of non-reacting case are about 135 mm/s on 40D, 105 

mm/s on 45D and 98 mm/s on 50D respectively. In this moment, it can be assumed that 

the fluctuating velocity which are represented by vortex motions are different between 

two cases. That difference will be well discussed by using fluctuating velocity field 

found by Reynolds decomposition method. 

Figure 4.14 show ensemble averaged ‘U’ velocity profiles both of reacting and non-

reacting cases for 4 second by which obtained Dynamic PIV calculation. As shown as 

velocity profile, the velocity difference between reacting and non-reacting is very large. 

For example, at the 40D downstream from nozzle exit, the maximum velocity of 

reacting case is about 132 mm/s. While at same position the maximum velocity of non-

reacting case is about 121 mm/s. In 50D downstream from the nozzle exit, the velocity 

differences between two cases are about 28 mm/s. Since the experimental condition was 

the completely same both of reacting case and non-reacting case except the ambient 

solutions and jet solutions, it can be assumed that velocity difference in the downstream 

region between reacting and non-reacting case result from only the chemical reaction.  

At this moment, it can be discussed that although present test area was downstream 

far from the nozzle exit, the gradient of shear layer of ambient flow and jet flow are 

different between reacting and non-reacting case as shown in Figure 4.14. This shear 

layer might have been begun to change in upstream region somewhere. It means that the 

viscosity was different between two cases. As mentioned previously, present chemical 

reaction is the exothermic reaction so that the heat generated while Ammonium 

Hydroxide and Acetic Acid react on the interface. However, the generated heat amount 

was quite small, for example, 13.8 × 10-6 degree on two dimensional interface as 

calculated in section 2.2. It is noted that the different viscosity between reacting and 
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non-reacting case is not main reason but it must be affect the mixing suppression 

phenomena on the chemically reacting liquid round free jet. 

Figure 4.15 shows the fluctuating velocity field found by Reynolds decomposition 

( Uuu −=' ) for Ammonium Hydroxide jet into Acetic Acid flow case. There are small 

vortices but it cannot be distinguished easily. Vortices scale is very small and/or 

vorticity value is very small compared with non-reacting case as shown in Figure 4.10. 

The spatial resolution of sampled vortex in case of non-reacting is 4D × 3D while about 

2D × 1.5D diameter of vortex in the reacting case is rarely observed. It can be known 

that the fluid motions caused by these turbulent eddies as which presented by vortex 

motion, may enhance the transport of momentum between the jet flow and the ambient 

flow at the shear layer. Consequently, the momentum diffusion more active in case of 

Water jet into Water flow case compared with reacting case result from fluctuating 

velocity field has large vortices. 

The Turbulent Kinetic Energy, )(2/1 22 vuTKE ′+′=  profiles for both of reacting 

and non-reacting cases are shown in Figure 4.16. Since velocity movement of present 

experimental condition is dominant to streamwise on the jet center means convection, 

the profiles of TKE are quite dominants followed jet center. As mentioned previously, 

large turbulent eddies enhance the transport of momentum between the jet flow and the 

ambient flow. Both of TKE are increased as move to the downstream and the TKE 

values of non-reacting case are quite large compared with reacting case. However, as 

pointed out by Tennekes et al., (1972), the TKE of these visualized region may not be 

the self-preserving yet but still evolving, while the velocity already self-preserving after 

the 8D from nozzle exit. Because of the TKE in jet center of non-reacting case 

transported to normal direction means diffusion, the profiles has wide diameter 
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compared with reacting cases. On the other hand, it can be identified that the suppressed 

momentum diffusion are well shown outer region of jet center in case of reacting.  

The relationship between the distribution of Reynolds shear stress and the shape of 

vortex was discussed previously (Hussanin and Zaman 1985). Reynolds shear stress 

( vu ′⋅′=Reτ ) profiles for both of reacting and non-reacting cases are shown in Figure 

4.17 at 40D, 45D and 50D respectively. The symmetric Reynolds stress profiles are 

shown in the figure clearly. Furthermore, the shear stress of non-reacting case is quite 

larger than the reacting case result from large turbulent eddies demanded large shear 

force in order to preserve the momentum. The distance from peak to peak at 50D 

position in the Reynolds stress profiles of non-reacting case are about 3.0D while the 

distance of reacting case are less than 1.2D. As mentioned previously, since present 

flow is an axisymmetric jet, a pair of shear layer is located on the Reynolds shear stress 

profiles of the jet flows. It is noted that the small distance between shear layer in 

reacting case also one of results caused by suppressed momentum diffusion.   

As author pointed out previously, developed Dynamic PIV systems are very strong 

tool for analysis transient flow phenomena. The spectra are decompositions of the 

measured function into waves of different periods or wavelengths. The value of the 

spectrum at a given frequency or wavelength is the mean energy in that wave (Tennekes 

et al., 1972). Since spectra give an opportunity to think about the way in which waves, 

or eddies, of different sizes exchange energy with each other. In this dissertation, using 

developed Dynamic PIV system has which very strong advantages of temporal 

dimension evaluate the power spectra for temporal domain and spatial domain of 

chemically reacting liquid round free jet flows. Figure 4.18 shows the temporal power 

spectra for streamwise velocity of reacting case at 45D and jet center, 1D, 2D, 3D 
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positions to y direction respectively. It can be easily understand that the power of each 

spectra are reduced as increase the distance from the jet center. And also, the amount of 

power quickly reduced within the 1D to 2D position. However, in non-reacting case, the 

power reduction amounts are linear compared with reacting case as shown in Figure 

4.19. Note that the power of each spectra in non-reacting case are lager than the reacting 

case. For example, the peak power of non-reacting case at 3D position is 0.005 while 

the power peak of reacting case at same position is 0.000005 only. These results are 

well stand on the previous results such as fluctuating velocity field, TKE profiles and so 

forth. Even though the frequency of present flow condition cannot be realized with 

these streamwise velocity power spectra, it can be comparable the frequency with 

normal velocity power spectra. Figure 4.20 and 4.21 shows the normal velocity power 

spectra for reacting and non-reacting case respectively. The flow frequency in non-

reacting case is well shown at jet center spectrum to be about 8Hz. And, in reacting case, 

the flow frequency can be realized about 8Hz from the spectrums of jet center and 1D 

position. These flow frequency are related with vortex generating frequency which 

found by LIF experiment. Of course, these temporal spectra comparison could be 

available in normal PIV data. However, the spatial power spectra could not be obtained 

as 1KHz temporal domain from the normal PIV system. 

Figure 4.22 and 4.23 shows the spatial power spectra for streamwise velocity at jet 

center of reacting and non-reacting case respectively. The temporal direction spatial 

power spectra are well shown every 1ms time interval. Even though the spectra are 

quickly varied as follow the temporal direction, the power spectrums are quite 

correlated each other. Figure 4.24 and 4.25 shows the spatial power spectra for normal 

velocity of reacting and non-reacting case respectively. The difference rate of power 
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between streamwise velocity and normal velocity in reacting case and non-reacting case 

are 10 % and 20 % respectively. As mentioned already, these spatial power spectra with 

1KHz temporal domain only can be obtained from developed Dynamic system. 
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4.4  DISCUSSIONS 

 

The vortices on the Dynamic LIF image and on the fluctuating velocity distribution 

as which found by Reynolds decomposition from the Dynamic PIV experimental data 

can be discussed by comparison with LIF image. The Sequential instantaneous images 

for Water jet into Water flow case obtained from Dynamic LIF experiment are shown in 

Figure 4.26. Since the time interval between two images is only 1 ms, the deformation 

amount of vortices are very small. However, there are so many physical correlations 

between two vortices such as mass transfer, molecular diffusion, and so forth. On the 

other hand, the spatial resolution of vortex (turbulent eddy) on the fluctuating velocity 

distribution found by Reynolds decomposition from Dynamic PIV data can be extracted 

as shown in Figure 4.27 sequentially. For example, the spatial resolution of rectangular 

region is about 3.5D × 3D as shown in Figure 4.27(a) and 3D × 2.5D in Figure 4.26(a). 

Since these experimental data were not synchronized, this comparison is not proper to 

discuss about physical things such as mechanism of the flows, but it is necessary to 

discuss for understand the flow phenomena. In that moment, the simultaneous 

measurements of PIV and LIF experiment are demanded in order to investigate the 

present mixing suppression phenomena by chemical reaction. Of course, these 

simultaneous measurement experiments have been carried out by former researchers 

(Aanen, et al., 1999, Hu, et al., 2000). Because of the temporal resolution of their 

systems were 10Hz to 15Hz, they could not understand so many flow information such 

as 1KHz or 2KHz temporal flow information. By the way, using present developed 

Dynamic visualization system, temporal resolution of the PIV data can be improved 102 

times or more over so that the flows can be more precisely understand. 
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4.5 CONCULUSIONS 

 

The developed Dynamic PIV system was evaluated by axisymmetric liquid round 

free jet experiment such as ensemble averaged velocity profiles, Turbulent Kinetic 

Energy )(2/1 22 vuTKE ′+′=  distribution, Reynolds stress vu ′⋅′=Reτ  distribution and 

fluctuating velocity distribution by Reynolds decomposition ( Uuu −=' ). From these 

evaluations, it was found that developed Dynamic PIV system have advantages such as 

short calculation time and high accuracy because using many of temporal, spatial 

information to calculate the velocity vector.  

In addition, the chemically reacting liquid round free jet was quantitatively 

evaluated by developed Dynamic PIV systems. It was found that the chemical reaction 

affect the axial mean velocity on chemically reacting liquid round jet flow results from 

the maximum mean velocity differences between reacting and non-reacting cases e.g., 

at 40D, 45D and 50D are 8.3%, 15.1% and 24.6% respectively. There are viscosity 

differences between reacting and non-reacting case because of presented chemical 

reaction is exothermic reaction. It is noted that the different viscosity between reacting 

and non-reacting case is not main reason but it should affect the mixing suppression 

phenomena by chemical reaction on the chemically reacting liquid round free jet. From 

the comparison between reacting and non-reacting case of fluctuating velocity 

distributions by Reynolds decomposition, it was known that the momentum diffusion 

between the jet flow and the ambient flow at the shear layer is more active in case of 

non-reacting result from fluctuating velocity field has large vortices. It was found that 

the suppressed momentums are well represented around jet center in case of reacting as 

shown in TKE profiles. Furthermore, the Reynolds stress of non-reacting case was quite 
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larger than the reacting case because of large turbulent eddies demanded large shear 

force in order to self-preserving the momentum.  

Finally, it was found out that developed Dynamic PIV system is very useful to 

investigate the transient flow phenomena such as chemically reacting liquid round free 

jet results from these both of Standard image evaluation and experimental image 

evaluations.   
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Fig. 4.1 Experimental Setup for Dynamic PIV 
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Fig. 4.2 Picture of Experimental Setup 
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Fig. 4.3 Calibration Image 
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Fig. 4.4 Experimental Images for Water Jet into Water Flow Case 
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Fig. 4.5 Instantaneous Velocity Distribution for Liquid Round Free Jet (Re = 500) 
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Fig. 4.6 Ensemble Averaged Velocity Profile for Liquid Round Free Jet (Re = 500) 
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Fig. 4.7 Velocity Profile of Liquid Round Free Jet  
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Fig. 4.8 Mean TKE Distribution of Liquid Round Free Jet for 4 Second 
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Fig. 4.9 Mean Reynolds Shear Stress Distribution of Liquid Round Free Jet  
for 4 Second 
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Fig. 4.10 Fluctuating Velocity Distribution Found by Reynolds Decomposition  
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Fig. 4.11 Magnified Fluctuating Velocity Distribution (-B) 
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Fig. 4.12 Instantaneous ‘u’ Velocity Profiles 
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Fig. 4.13 Instantaneous ‘v’ Velocity Profiles 
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Fig. 4.14 Ensemble Averaged ‘U’ Velocity Profiles for 4 Second 
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Fig. 4.15 Fluctuating Velocity Field Found by Reynolds Decomposition 
For Ammonium Hydroxide Jet into Acetic Acid Jet 

 

 



JNC TY9400 2004-011 

－ 106 － 

 
 
 
 
 
 
 

  
 
 
 
 

Fig. 4.16 Turbulent Kinetic Energy ( )(2/1 22 vuTKE ′+′= ) Profiles for 4 Second 
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Fig. 4.17 Reynolds Stress ( vu ′⋅′=Reτ ) Profiles for 4 Second 
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Fig. 4.18 Temporal Power Spectra for Streamwise Velocity of Reacting Case 
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Fig. 4.19 Temporal Power Spectra for Streamwise Velocity of Non-reacting Case 
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Fig. 4.20 Temporal Power Spectra for Normal Velocity of Reacting Case 
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Fig. 4.21 Temporal Power Spectra for Normal Velocity of Non-reacting Case 
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Fig. 4.22 Spatial Power Spectra for Streamwise Velocity of Reacting Case 
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Fig. 4.23 Spatial Power Spectra for Streamwise Velocity of Non-reacting Case 
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Fig. 4.24 Spatial Power Spectra for Normal Velocity of Reacting Case 
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Fig. 4.25 Spatial Power Spectra for Normal Velocity of Non-reacting Case 
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(a) T = t0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) T = t0 + 1ms 
 
 

Fig. 4.26 Sequential Instantaneous Images Obtained by Dynamic LIF Experiment 
for Water Jet into Water Flow Case 
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(a) T = t0 
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Fig. 4.27 Sequential Instantaneous Fluctuating Velocity Distribution Found by 
Reynolds Decomposition from Dynamic PIV Experimental Data 
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CHAPTER 5 
 

5. SUMMARY AND CONCLUSION 

 

The contents of the previous chapters are summarized and concluded in this chapter. 

A brief summary of Chapter 1 through 4 will be presented in section 5.1. Section 5.2 

will provide the main conclusion of the present study. 

 

5.1  SUMMARY 

 

Chapter 1 presented a general introduction. The principles of Laser Induced 

Fluorescent and Particle Image Velocimetry were introduced with the synopsis of 

chemically reacting jet flows in section 1.1. In section 1.2, objective of the present 

research and approach process was explained.  

Chapter 2 presented the results about the mixing suppression phenomena by 

chemical reaction on chemically reacting liquid round free jet by using LIF 

experimental data. As the challenging point of this research, section 2.1 mentioned that 

review of previous studies on chemical reaction affect the turbulent mixing. The 

physical properties such as molecular diffusion and heat flux were calculated in section 

2.2. Section 2.3 provided LIF experimental conditions on chemically reacting liquid 

round free jet. Section 2.4 presented the experimental confirmations for mixing 

suppression e.g., transition point, jet width, interface length and momentum diffusion.  

Chapter 3 introduced the developed Dynamic visualization system providing 

comparison with standard system. Section 3.1 described the requirements of Dynamic 
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visualization system. The Developed hardware systems consist of High pulsed laser and 

High speed camera of which advantages were introduced in section 3.2. Also, the 

developed Dynamic PIV algorithms were explained in section 3.3 e.g., Particle Image 

Tracking Velocimetry (PITV), Multidimensional Recursive Cross Correlation 

Multiplication (MRCCM) and Multidimensional Recursive Cross Correlation 

Summation (MRCCS). The accuracy and processing speed were compared with 

previous research and/or standard visualization system in Section 3.3.  

Chapter 4 presented the application of developed Dynamic PIV system on liquid 

round free jet experiment and evaluate the mixing suppression phenomena by chemical 

reaction by means of developed dynamic PIV system. Section 4.1 provided Dynamic 

PIV experimental conditions. The experimental evaluation of the developed PIV system 

was provided in section 4.2 on liquid round free jet experiment. The evaluation of the 

chemically reacting liquid round free jet was presented by developed Dynamic PIV 

system providing comparison between reacting and non-reacting cases in section 4.3. 

Finally, in section 4.4, the demanded problems in the current state of developed 

Dynamic PIV system were discussed and concluded in section 4.5.  
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5.2 CONCLUSION  

 

The main conclusions of this study are now itemized and presented. The final 

objective of this research is to reveal the mechanism of mixing suppression phenomena 

by chemical reaction. In order to measure the detail of the flow characteristics of the 

reacting jet, Dynamic visualization systems was developed. And then, the chemically 

reacting liquid jet were evaluated. 

1. The mixing suppression phenomena by chemical reaction on chemically reacting 

liquid round free jet was identified by using temporal LIF experimental data set 

results from such as transition point in upstream region (10D ~ 28D), jet width, 

interface length and momentum diffusion in downstream region (37D ~ 51D). 

2. The Dynamic visualization systems have been developed both of hardware 

systems and calculation algorithms. Therefore, the Dynamic range in temporal 

domain was improved and the performance of PIV reached to closely real time 

state.  

3. The chemically reacting liquid round free jet have been evaluated by Dynamic 

PIV experiment which was able to provide temporal instantaneous velocity 

profiles, ensemble averaged velocity profiles, TKE, Reynolds shear stress, 

fluctuating velocity profiles by Reynolds decomposition and power spectra of 

temporal domain and spatial domain. The effect of chemical reaction was 

manifested  by means of comparisons between reacting and non-reacting cases.  

4. The huge amount of temporal and spatial velocity distribution of chemical 

reacting jet had been captured by the Dynamic PIV data. 
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In this paper, the important information was provided for mixing suppression 

phenomena by chemical reaction. This research will extend to simultaneous 

measurement of Dynamic PIV and LIF experiment for the accurate data analysis in the 

future. The data analysis will be continued such as turbulent production and dissipation 

rate and so forth. 
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