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PREFACE

The author, Sakamon Devahastin, of this thesis chooses the manuscript-based

thesis option according to the following thesis preparation guideline given by the Faculty

of Graduate Studies and Research:

Candidates have the option of including, as part of the thesis, the text ofone or

more papers submitted, or to be submitted, for publication, or the clearly duplicated text

ofone or more published papers. These texts must conform 10 the 4tGuide/ines for Thesis

Preparation" wilh respect to font size, /ille spacing and margin sizes and must be bound

togelher as an integral part ofthe thesis.

The Ihesis must be more than a collection ofmanuscripts. Ali components must be

integrated inlo a cohesive unil with a /ogica/ progressionfrom one chapter to the next. ln

order to ensure that the Ihesis bas continuity, connecling texts that provide /ogiea/

bridges between the different papers are mandatory.

The thesis must confoml to ail other requirements of the "Guidelines for Thesis

Preparation" in addition to the manuscripts. The thesis must include: a table ofcontents,

an abstract in English and French, an introduction which clearly states the rational and

ohjectives of the researeh, a comprehensive review of the literature, a final conclusion

and summary. and a thorough bibliography or reference lisl.
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Additional materia/ must he provided, where appropriate, in sufficient detai/ 10

allow a clear and precise judgemenlto he made of the importance and originality ofthe

research reported in the thesis.

When co-authored papers are included in a thesis the candidate must have made

a substantial contribution to ail papers included in the thesis. In addition, the candidate

is required 10 malœ an exp/icit stalement in lhe thesis as to who contributed 10 such work

and 10 whot extent. The supervisor must attesl 10 the accuracy ofsuch statements al the

doctoral oral defense. Since the task of the examiners is made more difficull in these

cases, il is in the candidate 's in/erest to clear/y specify the responsibilities of ail the

authors ofthe co-authoredpapers.

I~ Arnn S. Mujurndar, hereby give copyright clearance of the following

manuscripts of which 1am a co-author. The "extent of my contribution" to the following

manuscripts is that of a research supervisor. 1 provided laboratory space, technical

consultation as weil as general supervision throughout the duration ofthis Ph.D. thesis.

Chapter3

• Devahastin~ S., Mujurndar~ A.S., A numerical study of tlow and rnixing

characteristics of laminar confined impinging streams, to appear in Chemical

Engineering Jounlal.

• Devahastin, S., Mujurndar, A.S., A numerical study of mixing in a novel impinging

stream in-line mixer, to appear in Chemica/ Engineering alld Processing.

Chapter4

• Devahastin, S., Mujumdar, A.S., A study of turbulent rnixing of confined impinging

streams using a new composite turbulence model~ submitted ta Industria/ &

Engineering Chemistry Research.

Arnn S. Mujumdar, Professor

Department ofMechanical Engineering

National University ofSingapore, Singapore
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ABSTRACT

Studies were perfonned to investigate the flow, heat transfer as weIl as mixing

characteristics of two-dimensional laminar and turbulent confined impingjng streams. In

the tirst part numerical simulations were conducted to study the flow and mixing

behavior of two-dimensional laminar confined impinging streams. Reynolds numbers

beyond which the flow becomes oscillatory and even random were determined for

different geometric configurations. Simulations were performed for cases with jet

Reynolds numbers in the stable regime to study the mixing characteristics of the system.

Numerical simulations were also condueted to study tluid mixing in a novel two­

dimensional in-line mixer utilizing multiple impin8ing stream inlets. Otfsetting the top

and bottom inlet jets is found effective in improving the quality of mixing due to the

presence of intense mixing zones between the inlet jets.

In the second part a study of turbulent flow and heat transfer in two-dimensional

confined impinging streams was condueted. A new composite turbulence model is

proposed and verified by comparing its predictions with available experimental

impingement heat transfer data as well as the experimentaJ velocity and temperature

distributions in impinging streams obtained in this work. Better agreement between

experimental and numerical results predieted by this new model is noted compared to

those predicted by other low-Reynolds number k-& turbulence models tested. The model

III
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was then used to perform a parametric study of the mixing charaeteristics of two­

dimensional turbulent confined impinging streams.

Finally, a numerical study of the gas-particle tlow and drying in turbulent two­

dimensional confined impinging streams was condueted. Continuous-phase conservation

equations are written in the Eulerian frame while the particle equations are written in the

Lagrangian frame. Two-way physical coupling between the continuous and particulate

phases is taken into account in the goveming conservation equations. Monte Carlo

stochastic approach is used to model particle dispersion due to the turbulent tluctuations

of the continuous-phase velocity. Effeets ofvarious operating parameters on the tlow and

drying behavior of the system are reported and discussed.

iv
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RÉSUMÉ

Des études ont été conduites afin d'étudier l'écoulement, le transfert de chaleur

ainsi que la façon dont s'effectue le mélange des jets d'air qui se rencontrent tant dans un

régime laminaire que turbulent. On a déterminé les nombres de Reynolds en fonction de

différentes configurations géométriques y compris dans la région où l'écoulement devient

saccadé ou même aléatoire. Des simulations ont été effectuées pour les cas où les

nombres de Reynolds correspondent à un régime stable en vue d'étudier le phénomène de

mélange des jets. On a ensuite effectué des simulations numériques afin d 7 étudier la

façon dont les fluides se mélangent dans un nouveau type de mélangeur. C'est un système

à deux dimensions où plusieurs jets d'air se rencontrent au fur et à mesure. On a ainsi

réussi à mettre en evidence, qu'en décalant les parties supérieure et inférieure de l'entrée

d'air, il a été possible d'améliorer la qualité du mélange. Ceci a été possible grâce à la

présence de zones où le mélange s'effectue d'une façon plus intense. Ces zones se situent

entre les entrées des différents jets.

Dans une seconde partie de ce travail, on a étudié le transfert de chaleur dans les

écoulements bidimensionnels en régime turbulent, à l'endroit où des jets d'air se

rencontrent. Suite à ces etudes, un nouveau modèle composite a été proposé. Ce modèle a

été validé en comparant les prédictions avec les valeurs expérimentales. Parmi les

paramètres étudiés figurent le transfert de chaleur, la vitesse ainsi que la distribution de

températures mesurées lors de l'interaction des jets d'air. On a trouvé que les valeurs

v
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expérimentales montrent une meilleure corrélation avec le nouveau modèle qu'avec ceux

utilisés habitueUement. Ces derniers sont valables également en régime turbulent mais

pour des nombres de Reynolds peu élevés ainsi que des paramètres k-& différents de ceux

du nouveau modèle. Par la suite, le nouveau modèle a été utilisé pour effectuer des études

spécifiques aux paramètres intervenant dans le phénomène de mélange lors de la

rencontre des jets d'air. Ces études ont considéré un système à deux dimensions et un

régime turbulent.

Finalement, nous avons effectué une étude numérique du mouvement des

particules de gaz et des phénomènes de séchage dans un système à deux dimensions où

des jets d'air sont en contact direct en régime turbulent. Les équations représentant la

conservation dans la phase continue ont été présentées dans un cadre eulérien tandis que

celles représentant le mouvement des particules l'ont été dans un cadre lagrangien. Lors

du développement des équations de conservation, on a tenu compte des couplages qui

existent entre la phase continue et le comportement des particules individueUes. La

méthode stochastique de type Monte Carlo a été employée pour développer le modèle de

dispersion des particules due aux variations de vitesse d'air dans la phase continue. On a

également observé et décrit les effets des différents paramètres opérationnels sur

l'écoulement et sur le déroulement du procédé de séchage dans le système considéré par

cette étude.

VI
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CIlAPTER

ONE

INTRODUCTION

The jirst step to know/edge

is 10 know lhat we are ignorant

Socrates

1.1. GENERAL INTRODUCTION

Impinging streams (15) constitute a relatively new and umque c1ass of tlow

configuration. It was tirst suggested and tested by Elperin (1961) in the early 1960's as a

method for intensifying transfer processes in heterogeneous system (Tamir, (994). Since

then a number of engineering unit operations have been successfully conducted in IS

(Tamir, 1989; Tamir, 1994). Arnong other synonyms for IS found in the literature are

colliding jets, opposed jets, opposing currents, interaeting streams and countertlowing

streams.

The basic concept of IS is iIlustrated in Figure 1.1. Two inlet streams enter the

system through two c10sely spaced inlets along the same axis in opposite directions. As a

result of the impingement (or collision) of the opposed streams, a relatively narrow zone,

which otfers excellent conditions for transport processes is created. The streams then

leave the system through the exits situated symmetrically on either side of the

impingement region.

For heterogeneous systems panicles or droplets can be introduced to either or

both of the two tluid streams. The opposed ftow of suspensions encourages multiple

inter-particle collisions as weil as mutual penetration and multiple circulation of particles
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from one stream into the other. The penetration ofparticles into the opposed stream arises

due to their inertia whereas deceleration takes place due to drag forces exerted on

particles by the opposed stream. At the end of the deceleration path particles are

accelerated and once again regain their original stream. After performing severa! such

damped oscillatory motions the particie velocity eventually vanishes and particles are

withdrawn trom the system. This unique Oow configuration results in a significant

enhancement of heat and mass transfer processes as reported by several investigators

(e.g.~ Gaddis and Vogelpohl~ 1992; Hosseinalipour and Mujumdar, 1995; Hosseinalipour

and Mujumdar~ 1997; K1eingeld et aI.~ 1999; Berman et a!.~ 2000a,b; Mujumdar et al.,

2000).

OUT1

~ Il 1-..-

1

_imPingementPlane

OUT2

Figure 1. 1. Basic concept of impinging streams

Although a number of publications, as partially reviewed in Chapter 2, have

reported uses of IS in various applications, very few papers are focused on studies of

fundamental transport processes in this flow configuration even in the laminar flow

• regime. A study of basic transport phenomena a10ng with the development of a reliable

model to predict the behavior of the system, as affected by various geometric and



operating parameters, is needed before a smooth design and optimization of the system,

which would lead to a wider use ofit in industry, can be performed.•
Introduction 3

•

•

1.2. OBJECTIVES

The motivation of tbis research was to study the fundamental transport processes

of both larninar and turbulent confined impinging streams. With a better understanding of

the physical characteristics of the system and how various geometric and operating

parameters affect the transport behavior of the syste~ reliable scale-up, design and

optirnization of various engineering unit operations based on tbis flow configuration are

possible. The objectives ofthis work were thus:

• Ta study the etfects of various geometric and operating parameters on the fluid

mechanics, heat transfer and mixing characteristics of confined impinging strearns

operated in both laminar and turbulent flow regimes.

• Ta propose and verify a reliable model for use in the study of turbulent IS.

• Ta investigate the possibility of employing a novel 15 design in sorne chemical

engineering unit operations.

• T0 extend the model to allow the prediction of gas-particle flow behavior in IS and ta

investigate the performance ofa novel flash dryer based on an IS flow configuration.

1.3. THESIS LAYOUT

This thesis is divided into six chapters of which this introduction is the first. In

Chapter 2 a brief review of the literature relevant to the research subject is presented.

Chapter 3 discusses the results of the study of flow and mixing characteristics of two­

dimensional laminar confined impinging streams. A novel conceptual design of an in­

line fluid mixer utilizing multiple impinging stream inlets is also proposed and studied in

tbis chapter. Heat transfer and mixing charaeteristics of two-dimensional turbulent

confined impinging streams is the subject of Chapter 4. A new composite turbulence

model is proposed and verified by comparing its predictions with both available
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experlmental data in the literature and with those obtained in the present study. Thermal

mixing characteristics of turbulent confined impinging streams obtained using tbis newly

proposed model is also presented in this chapter. Chapter 5 discusses turbulent gas­

particle tlow in two-dimensional impinging streams. Drying charaeteristics of a novel

two-dimensional flash dryer based on an impinging stream flow configuration are aise

illustrated.

Finally, Chapter 6 presents conclusions of tbis research along with contributions

to knowledge and recommendations for future work.
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TWO

BACKGROUND

Know/edge is ofIWo kinds. We know a subjecl ourseIves,

or we know where we canfind information upon il

Samuel Johnson

2.1. INTRODUCTION

This chapter presents a brier review of the literature relevant to the research

subject. Various applications of impinging streams (15) in engineering unit operations are

discussed tirst. More fundamental works related to the tluid mechanics and heat transfer

characteristics of both laminar and turbulent IS are then reviewed. Finally, a brier review

of the current Iiterature on transport processes in gas-particle flows in impinging stream

configurations and their mathematical model is presented.

2.2. GENERAL STUDIES OF IMPINGING STREAMS

Impinging strearns constitute a relatively new c1ass of flow configuration, which

has proved useful in conducting a wide array of chemical engineering unit operations.

Extensive reviews of the applications of impinging streams can be found in Tamir (1989)

and Tamir (1994). Qoly brief discussion of sorne recent applications of IS will be given

here.



Vaa et al. (1995) canducted an experimentaJ study ofevaporative cooling of air in

an impinging stream cooler in which two gas-droplet streams flow in opposite directions

and collide in the impingement zone. The air is cooled by evaporation of the water

droplets. The heat and mass transfer effectiveness of the impinging streams was

evaluated by placing a partition in the impingement zone, which prevented interaction

between the streams. Effects of the initial droplet size and velocity as weil as atomization

and coalescence of droplets on the enhancement etTect of impinging streams were also

investigated. The effect of atomization or coalescence was found to be negligible up to

initial droplet diameters of about 0.004 m. This is due to the fact that atomization

increases the surface area for heat transfer but, at the same time, decreases the time the

droplet remains in the cooler (due to less inenia). Therefore, the net effect May not be

significant. The effect of initial relative velocity between phases on the enhancement

factor is found to depend on the size of the droplet.

Berman and Tamir (1996) studied experimentally the collection of dry phosphate

dust and coalescence of moistened phosphate dust in an impinging stream dust collector.

They reported that the water spray increases the collection efficiency by 5-20% compared

to dry collection. It was also found that problems of wet dust accumulation on the

collector walls could be alleviated by applying the inclined (instead of coaxial) impinging

streams.

•
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Berman et al. (2000a,b) developed a wet-type desulfurization absorber comprising

of coaxial cylinders with impinging streams. The effect of the composition of the flue

gas, types of the spray nozzIe as weIl as the type of the sorbents on 502 absorption in this

absorber was experimentally investigated. A semi-empirical model of the flue gas

desulfurization process was developed and it was found that the agreement between the

predictions and experimental data were within ± 15%. The absorption efficiency was

high, in the range of 93-97%. KIeingeld et al. (1999) confinned the merit of using an

impinging stream contactor in the chemical absorption operation due to very high values

of mass transfer coefficient and specifie interfacial area. A model for the prediction of the

interfacial area production in an impingjng stream contactor has also been developed.

Berman and Tamir (2000) studied liquid-liquid extraction in thin circular films

formed by collision of two coaxial immiscible liquid streams. The flow of the films



generated is in a direction normal to the initial tlow of the jets. Geometrical parameters of

the thin fil~ mass transfer coefficients of the solute between the films as weil as power

input were determined. It is reported thaty for a relatively identical power inputy mass

transfer coefficients in this novel extractor were higher by a factor of 10-200 compared to

those of the conventional devices. It is also noted that the total extraction time is smaller

than in conventional devices due to the relatively fast separation in the settler since

dispersion between phases is relatively small. Recentlyy Dehkordi (2001) conducted an

experimental study of liquid-liquid extraction of three solutions in impinging streams.

Similar conclusions to those obtained by Bennan and Tamir (2000) regarding the

etfectiveness of impinging streams in liquid-liquid extraction processes were derived.

Impinging streams have been used ta carry out chemical reactions by several

researc~ (e.g., Sohrabi and Jamshidi y 1997). Recently, Sohrabi and Marvast (2000)

employed a tangential flow impinging stream reactor, which was based on the design fust

used by Bar and Tamir (1990), to perform the isomerization of D-g1ucose to D-fruetose

using the immobilized glucose isomerase. The conversion of glucose in tbis reaetor is

found to be much higher than that in conventional reactors. The hydrodynamic behavior

of this reactor has also been investigated along with the measurement and modeling of

the residence time distribution of solid particles using Markov chains discrete

fonnulation. Enhanced mass transfer performance of the impinging stream reaetor over

conventional reactors have been validated by several studies (e.g., Gaddis and Vogelpohly

1992; Sievers et aL, 1995). It is noted by Sprehe et al. (1998) that the impinging stream

reactor distinguishes itself in comparison with other systems not ooly through a high

mass transfer coefficient but also through a high rate of increase of the mass transfer

coefficient with increasing power dissipation.

Drying of particles and pastes in impinging streams is probably the most popular

operation conducted with impinging streams. In fact it was one of the earliest operations

petformed in impinging streams to veritY the effectiveness of transport processes in this

tlow configuration (Elperin, 1961). Tamir et al. (1984) tested a two tangentially fed

impingïng stream dryer operated in a constant rate period of drying and reported that it

has higher efficiency than other commonly used dryers, i.e. y spray dryer, spouted bed as

weil as tluidized bed dryers. The pumping power consumption is also lower than that

•
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required by a fluidized bed dryer. Kitron et al. (1987) studied sorne hydrodynamics,

drying and panicle residence time distribution (RID) behavior of multistage two

tangentially fed impinging stream dryers. The use of a four impinging stream dryer, as a

means to increase the number of impingement zones per dryer, was aise investigated

along with its mixing and drying characteristics. Comparing with a single-stage two

tangentially fed impinging stream dryer tbis dryer consumes less energy (by a factor of 4­

10). The time to ohtain the required mixing state is also reduced. Kitron and Tamir

(1988) studied hydrodynamics, holdup of partic1es and their Mean residence time and

RIDas weil as drying behavior of a coaxial two impinging stream dryer. As expected, it

is found that the effective volume of the transfer process is not the actual contactor

volume but is a certain volume located between the faces of the inlet streams. This again

confinns the merit of using the impinging stream tlow configuration in conducting

various chemical engineering unit operations.

Scale-up rules and hydrodynamics, Mean residence time, RIDas weil as heat

transfer and drying characteristics of coaxial impinging stream contactors have been

reviewed by Kitron and Tamir (1990). A review of hydrodynamics and heat transfer

behavior of various variations of impinging stream dryers along with their industrial

applications was given by Kudra and Mujurndar (1989).

Hu and Liu (1999) recently performed experiments to study the flow and drying

characteristics of a hybrid two-stage impinging stream dryer. The first stage is a coaxial

two impinging stream dryer while the second stage is a so-called semi-cyclic impinging

stream dryer. The latter configuration is somewhat similar to the two tangentia1ly fed

impinging streams of Tamir et al. (1984). The combined unit has shown to overcorne the

shortcomings of single separate configuration in terms of particles Mean residence time

and accumulation ofwet particles on the contactor walls.

For a detailed discussion of impinging stream dryers including a classification

scheme the reader is referred to the tirst comprehensive review of impinging stream

dryers prepared by Kudra and Mujurndar (1995).
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Although a number of works have been devoted ta the study of confined

impinging jets at low Reynolds numbers (e.g., Baydar, 1999), liule is reported about the

Oow and thennal characteristics of confined impinging streams (or opposed jets). Wood

et al. (1991) studied the Oow field created by two impinging liquid jets in a sÎng(e-sided

opening cylindrical chamber using particle tracing, laser Doppler velocimeter (LDV) and

three-dimensional numerical simulation. The two jets are impinged coaxially near the

c10sed end of a cylindrical mixing chamber. Their results show that there is a threshold

value of Reynolds number beyond which the t10w exhibits oscillations. It is noted that by

taking care to minimize disturbances and vibration the breakdown of the impinging jet

structure could be delayed. The flow also displays hysteresis in that once the structure

broke down it could ooly be reestablished by lowering the Oow rate ta much lower

Reynolds number in the stable region.

Roy et al. (1994) studied, both numerically and experimentally, laminar steady

two-dimensional mixing flow in a junction (one-way exit impinging streams). By using

an LDV they were able to obtain the transition Reynolds number (based on the Mean

velocity in the exit branch) beyond which the flow in the exit branch becomes turbulent.

No attempts have been made by these investigators to study the etTeet of the system

geometry on the flow structure, however.

Hosseinalipour and Mujumdar (1997a,b) used temperature as a passive tracer to

monitor mixing of two fluid streams in their numerical study of flow and thermal

characteristics of steady two-dimensional confined laminar opposing jets. They found

that by increasing the jet Reynolds number the attainment of uniformity of temperature

profile (and hence complete mixing of the two streams) is delayed. This is due ta the

increase in the momentum of the fluid in the exit channel (and hence shorter residence

time of the fluid in the system) due to the additional mass coming ioto the system.

Unger et al. (1998) studied tlow and mixing in a semi-confined impinging jet

contactor at low jet Reynolds numbers (Rej < 80) using f10w visualization techniques,

particie image velocimetry and three-dimensional numerical simulations. They reported

that two steady-state flow regimes are round to exist. At 10w jet Reynolds numbers (R«1



< 10) the jets do not impinge and the velocity field scales linearly with Re;. For Rej> 10,

the jets begin to impinge and recirculation regions form above and below the

impingement point. They also reported substantially improvement in the mixing by a

slight modification of the impinging jet geometry that disrupts geometric symmetry.

Johnson (2000a) performed tlow visualization, LDV measurements as weil as

steady and unsteady three-dimensional finite volume simulations to study flow field

created by impingement of laminar liquid jets of unequal momentum in a confined

cylindrical chamber very similar to the one studied by Wood et al. (1991). Based on the

video analysis of the flow field, tbis investigator has found that the impingement area and

the structure of the flow are more stable at high jet Reynolds number than comparable

equal tlow rate cases. Unsteady numerical simulations of the flow field predieted the

delay of unidirectional flow (in the downstream direction of the inlet jets) until large

value of the downstream distance has elapsed. This leads to longer tluid residence time

and hence poorer mixing as compared ta the equal tlow cases.

Johnson (2000b) proposed alternative schemes to reduce negative effects of flow

imbalance (which is sometimes required by stoichiometry of the reactions conducted in

the equipment) such as nozzle plugging due to high pressure region (impingement plane)

near the lower momentum jet outlet. Three schemes have been proposed and tested and it

is possible to shift the impingement point toward the geometric center of the chamber by

these simple modifications of the inlet nozzles. Mixing is not improved, however.

Johnson and Wood (2000) studied the tlow field of opposed axisymmetric jets in

confined cavities of square and cylindrical cross-section experimentally and numerically.

The geometries are again similar to the one studied earlier by Wood et al. (1991) and

Johnson (2000a,b). As expected, the anset of oscillations and the upper limit of finite

oscillations were found to be a function of the jet Reynolds number and the nozzle

diameter to chamber dimension ratio. The oscillating flow field is classified as self...

sustaining oscillations where instabilities in the jet shear layer are amplified because of

feedback from pressure disturbances in the impingement region. Above the limit values

no regular oscillations were observed since the jets no longer impinge directly. At this

point the impingement pressure distribution is significantly altered and feedback from the
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interface would no longer exist. As a design consideration it is suggested that the onset

conditions (geometry and flow) should be considered the minimum for jet interaction.•
Background 12
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2.4. TURBULENT IMPINGING STREAAIS

As mentioned in the previous section not many papers appear in the literature

devoted to the study of the fundarnentaJ transport processes in impinging streams even in

the laminar flow regime. The available information on turbulent transport processes in

this f10w configuration is equally scaree, if not even more difficult to find. Again, a

number of papers have reeently been published on the modeling of turbulent flow and

heat transfer behavior of impinging jets, which has characteristics somewhat similar to

those of impinging streams. Seyedein et al. (1994) used both law-Reynolds and high­

Reynolds number versions of k-s turbulence model to study the flow field and heat

transfer impingement due to a turbulent single slot jet discharging normally into a

confined channel. Better agreement between numerical results obtained using low­

Reynolds number models and the available experimental data is noted compared to those

results obtained using high-Reynolds number model. Morris et al. (1996) modified the

converged solution obtained from a commercial finite-volume code via the application of

different turbulent Prandtl number functions in the post-proeessing program. The

predicted heat transfer results were then compared with experimental data; the predicted

stagnation and average heat transfer coefficients agree with experiments to within a

maximum deviation of 16-20 percent.

To avoid using a full second moment ciosure, which may be the solution to

modelling the flow with recirculation and streamline curvature (Dianat et al., 1996;

Morris et aL, 1999), sorne investigators have recently employed simplified models which

combined computational robustness and efticiency of linear eddy viscosity models (e.g.,

k-& models) with improved model accuracy of second moment closures (e.g., Behnia et

al., 1999; Bauer et al., 2000). Modeling of semi-confined turbulent impinging and

opposing jet flows is expected to be a complex problem due to the current lack ofdetailed

experimental characterization ofthe hydrodynamic flow field.



Champion and Libby (1993) analyzed the t10w field arising trom two c10sely

spaced unconfined turbulent opposed jets in both two-dirnensional and axisymmetric

configurations. The diameter of the jets was large compared to their separation distance.

The ratio of the integral scale of the turbulence and the separation distance of the jets as

weU as the turbulence intensity of the incoming jets are assumed to be small to enable the

use of an asymptotic technique. The Mean velocity components are given by the Mean

Euler equations except in an impingement layer within which discontinuities in the flow

from each jet occur. Outside this layer the turbulence characteristics in a known Mean

velocity field are determined in terms of a Reynolds stress description. The temperature

in the two streams is assumed to be slightly different so that there is also a thennal layer

at the stagnation plane. Comparison was made with the available experimental data for

the Mean velocity and turbulence intensities with good and reasonable agreement~

respectively.

Kostiuk and Libby (1993) compared experimental Mean axial velocity and the

intensity of the radial and axial veloCÎty components on the axis ofaxisymmetric

turbulent opposed jets with those obtained from the Reynolds stress theory of Champion

and Libby (1993) mentioned above. The agreement is found to be satisfactory although

some improvements might he achieved by adjustments of sorne empirical coefficients in

the model equation.

HosseinaIipour and Mujumdar (1995) used five law-Reynolds number k-& models

and the standard high-Reynolds number model to study the tluid flow and heat transfer

characteristics of two-dimensional turbulent confined impinging and opposing jet flows.

The so-called "Yap correction" was also tested with low-Reynolds number models to

investigate its effect on the heat transfer predictions for the impinging jet case.

Experimental data and numerical predictions by different turbulence models were

compared for the irnpinging jet case. Due to lack of experimental dat~ however, only the

numerical results of the opposing jet case were presented.

A number of new turbulence models for predicting fluid flow and heat transfer in

separating and reattaching flows have been proposed and studied in recent years (e.g.~

Abe et al., 1994~b; Park and Sung, 2001). They May be worth consideration when

modeling the fluid mechanics and heat transfer in impinging and opposed jets. Recently
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proposed models for turbulent heat transfer in the near-wall region (hence are applicable

for contined jet configurations as weil) include those of Hwang and Lin (1999) and Deng

et al. (2001).

For comprehensive reviews of various turbulence modeling techniques the reader

may refer to Wilcox (1993) and Chen and Jaw (1998).

•
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2.S. GAS-PARTICLE IMPINGING STREAMS

AJthough a number of papers have been published on gas-particie and gas-droplet

contacting operations in impinging streams (e.g., Tamir et al., 1984; Kitron and Tamir,

1988; Kudra and Mujumdar, 1989; Kudra and Mujumdar, 1995; Hu and Liu~ 1999), very

few papers have attempted modeling of these operations from first principles. A large

pool of literature on gas-particle f10ws in other configurations is available, however.

Only closely related publications are reviewed here. It should be noted also that although

two major transport models for particles, i.e., Eulerian (Spalding, 1980) and Lagrangian

approaches, are widely used in the study of gas-partic1es flows, the latter technique,

which is based on the particle-source-in cell (pSI-CELL) model of Crowe et al. (1977), is

used in the present research.

y oshida et al. (1990) conducted experirnents to study the tlow and heat transfer

mechanisms of a two-dimensional gas-solid impinging jet via the use of an LDV. They

reported the presence of particles rebounding from the impingement plate and the gas­

phase reverse flow caused by those particles. This leads to a significant heat transfer

enhancement near the stagnation point due to the production of turbulence in the viscous

sublayer by particles. However, the turbulence structure undergoes ooly a slight change

in the wall jet region where the gas-solid interaction is smaller.

y okomine and Shimizu (1999) studied experimentally the heat transfer behavior

of a gas-solid impinging jet for divertor cooling of the fusion power reactor. Effects of

various operating and geometric parameters on the heat transfer coefficient were

investigated. It is found that by changing the particle from hard g1assy carbon to soft and

fine graphite the heat transfer coefficient increases markedly. This is due to the reduced

erosion of the impingement plate, which enables the use of higher solid mass tlow rate,



and increased heat capacity of the particle. Turbulence augmentation by particles also

promotes heat transfer. However, increasing the solid loading beyond the optimum value

leads to the saturation of the heat transfer enhancement effect and indeed to the

attenuation of the turbulence.

Niu and Tsai (2000) used the Lagrangian approach to numerically study the

effects of various operating parameters on erosion of the impingement plate by particie

impact in a two-dimensional turbulent irnpinging jet tlow. The effects of turbulence and

particle-wall interaction were included in their work. It is found that the turbulence

intensity, particle size, inlet f10w velocity as weU as temperature have significant etfects

on erosion. The agreement between numerical and experimental data is better than those

obtained in the previous models that did not include the effects of particle-wall

interaction and two-way coupling between phases.

Hosseinalipour ( 1996) and Hosseinalipour and Mujurndar (1997c) studied

numerically the flow, heat transfer and drying charaeteristics in confined turbulent

opposing jets using superheated steam as the drying medium. They computed particle

trajectories as weil as temperature and moisture content histories of particles (up to 2000

entering the contactor through one inJet nozzIe). Both continuous-phase and particle

equations were solved to study the aforementioned. Effects of various operating and

geometric parameters on various transport processes were investigated in detail. This is

by far the most extensive study on mathematical modeling of gas-particle flows with heat

and mass transfer in two-dimensional confined impinging streams. They developed a

computer code to solve the coupied equations that included effects of the restitution

coefficient and turbulence modulation by the presence of particles. They computed the

residence time distributions in the contactor and examined the effeets of both flow and

geometric parameters on the Mean residence time as weil as its distribution according to

particle size and its initial location at entry into the contactor. Extremely large computing

times limited their parametric studies, unfortunately.

Berman and Tamir (1996) studied coalescence of particles in coaxial impinging

streams and proposed a coalescence model, which is based on equation expressing the

condition for inter-particle collision rate as weil as the equation of motion of a single

particle. The model assumes coalescence only between small and large particles. It also
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assumes that the probability of inter-particle collisions between large particles is

negligible when comparing with the collisions between small and large particles.

Wu and Wu (1997) studied experimentally and theoretically the pressure drop

across the impinging stream contactor (ISe) resulted from the acceleration of particles as

weil as the impingement of two inlet streams. It is found that a large proportion of the

power (more than 8001'0) used for the operation of ISC is being consumed in the

acceleration of particles while the pressure drop due to the impingement of inlet streams

is independent of the presence of particles. The proposed model for the total pressure

drop predicts the experimental results satisfactorily.

Voropayev et al. (2000) conducted a numericai study of the partic1e behavior in

the impingement region and its neighborhood ofaxisymmetric gas-particie opposing jets

as applied to the milling operation. The etfects of the partic1e diameter and restitution

coefficient for inter-particle collisions on the partic1e behavior in the irnpingement zone

were investigated. The results obtained can be used for the new jet milling design as weil

as for the development of a new milling model, which takes into account the particle

breaking kinetics, which can he derived trom single particle impact fragmentation

experiments.

Chang and Wu (1994) performed a sensitivity study on the stochastic separated

tlow (SSF) model, which employs the Monte Carlo method to track the drops in the

turbulent tlow field. They found that the use of no less than 1000 computational partic1es

for each representative size could yield prediction that is statistically stationary for the

polydispersed case. In contrast, 200 computational drops for each representative size are

adequate to obtain an invariant solution using the deterministic separated flow (DSF)

model. Non-uniform discretization of the size spectrum is recommended to save the

computer time and storage.

For a review on multiphase flows with droplets and particles the reader is referred

to Crowe et al. (1998). For a review on numerical models for two-phase turbulent flows

the reader may refer to Crowe et al. (1996). A review of reeeot developments in the

modeling and numerical simulation of turbulent gas-solid flows including the effeets of

particle·wall and inter-particle collisions is given by Sommerfeld (1998).
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CllAPTER

THREE

FLOW AND MIXING CBARACTERISTICS OF TWo-OIMENSIONAL
LAMlNAR CONFINED IMPINGING STREAMS

"] cou/d have dOlle il in a much more comp/icated way "

said the red Queen, immense/y proud

Lewis Carroll

3.1. INTRODUCTION

Although a number of publications, as panially reviewed in the previous chapter,

have reported uses of impinging streams (15) in various applications (e.g., Tamir, 1989;

Kudra and Mujumdar, 1989; Tamir, 1994; Hosseinalipour and Mujumdar, 1995; Yao et

al., 1995; Berman and Tamir, 1996; Berman et al., 2000a.,b; Berman and Tamir, 2000),

very few papers (Wood et al., 1991; Hosseinalipour and Mujurndar, 1997a,b; Unger et

al., 1998; Johnson and Wood, 2000) are focused on studies of the fundamental transport

processes in this tlow configuration even in the laminar Dow regime which is of praetical

importance when dealing with high-viscosity fluids, e.g., polymer solutions, polymer

melts, liquid foodstutfs, etc. The lack of this fundamental information is the motivation of

the study presented in this chapter.

Although a number of works have been devoted to the study of confined

impinging jets at low Reynolds numbers (e.g., Baydar, 1999), tinle is reported about the

tlow and thermal characteristics of confined impinging streams (or opposing jets). Roy et

al. (1994) studied, both numerically and experimentally, laminar steady two-dimensional

mixing flow in a junetion (one-way exit impinging streams). By using a laser Doppler
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velocimeter (LDV) they were able to obtain the transition Reynolds number (based on the

Mean velocity in the exit branch) beyond which the t10w in the exit branch becomes

turbulent. This result will be discussed further in a subsequent section.

Hosseinalipour and Mujumdar (1997a,b) used temperature as a passive tracer to

monitor mixing of two f1uid streams of different temperatures in their numerical study of

f10w and thermal charaeteristics of steady two-dimensional confined laminar opposing

jets. They found that by increasing the jet Reynolds number the attainment of uniformity

of the temperature profile (and hence complete mixing of the two streams) is delayed.

This is attributed to the shorter residence time of the fluid in the system due to the

increased Mean tlowrate. Unger et al. (1998) studied tlow and mixing in an unconfined

impinging jet contactor at low jet Reynolds numbers (Rej < 80) using flow visualization

techniques, particle image velocimetry and three-dimensional numerical simulations.

They found two steady-state flow regimes. At low jet Reynolds numbers (Rej < (0) the

jets do not impinge and the velocity field scales linearly with Rej. For Rej> 10, the jets

begin to impinge and recirculation regions fonn above and below the impingement plane.

They aIso reported substantial improvement in mixing by a slight modification of the

irnpinging jet geometry that disrupts geometric symmetry.

In tbis chapter numerical results of the study of laminar f10w and mixing in two­

dimensional confined impinging streams are presented.

w

•

1;1 ~
1

1_--1

: W/2
1

1

i lv U.L-.
11
!l
il

1

!
1

1
1

1

1~2 t

L

H •OUT2

•
1

1

Figure 3. 1. Schematic diagram of the impinging streams studied in the first part.



•

•

•

Flow and mixing characteristics oftwo-dimensionaJ laminar conjined impinging streams

The chapter is divided ioto two parts. In the tirst part time...dependent conservation

equations for mass, momentum and energy were solved to obtain the tlow charaeteristics

of a two...dimensional laminar confined impinging stream geometry (Figure 3.1). The

Reynolds numbers (based on an inlet jet hydraulic diameter, which is calculated

assuming the aspect ratio of 10 between the width and the height of the exit channel)

beyond which the flow displays periodicity and in sorne cases randomly tluetuates were

identitied for different geometric configurations. It is found that tbis transition Reynolds

number depends strongly on the geometric parameter va. the ratio of the height of the

exit channel (H) to the width of the inlet jets (W), especially at lower values of tbis ratio.

Simulations were also performed for cases with jet Reynolds numbers in the stable

regime to study the mixing characteristics of the system. The effects of inlet jet Reynolds

number and geometric configuration on mixing are studied and discussed.

In the second part a new conceptual design for a modified in...line mixer for high­

viscosity f1uids without the use of mechanical obstructions in the channel, which are

potential sources for fouling and also high pressure drop, is proposed. The concept

involves dividing one of the fluid streams ioto a multiplicity of streams, which are

injected into the main flow channel as two...dimensional SIOl jets, wbich are directed in

opposite directions. T0 evaluate the mixing performance of tbis device, fluid temperature

was used as a passive tracer. Effeets of various key parameters viz. inlet jet Reynolds

number, the ratio of the height of the mixer exit channel to the width of the inlet jets

(H/W) and the ratio of the spacing between the !wo iolet jets (S) to the width of the inIet

jets on the mixing behavior of the system are explained.
~-----------------~

~IN11 S ~
OUT1 1/ 1 Lx i lIoUT2

il Fil [/
1 IN3 ~ ~
1 1 S~L I

Figure 3.2. Schematic diagram of the two·dimensional channel mixer

studied in the second part
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Further, it is shawn via numerical simulations that the jets perfonn better if they

are offset with respect to each other, i.e., they do not collide normally but are displaced as

shown in Figure 3.2.

3.2. MATREMAnCAL FORMULATION

To fonnulate the mathematical description of the transport processes in impinging

streams the following assumptions are made: the flow is laminar, incompressible and the

tluid is Newtonian with constant physical properties. In part two, the flow is assumed to

be steady and thus the transient tenns in equations (3.2) and (3.3) are equal to zero.

Viscous dissipation is neglected. The flow is assumed ta be fully developed (both

hydrodynamically and thermally) at the exits of the IS.

Based on the above assumptions conservation equations for mass, momentum and

energy (in tensor form) can be written as follows (Bird et al., 1960):

Continuity equation:

Momentum equation:

êu i =0
ôxi

(3.1)

Energy equation:

pcp(~T+u, OTJ=k~(ÔTJ
ct ôx; ôx; ôx,

(3.2)

(3.3)

•

in which i and j take on the values 1 and 2.

These equations were solved numerically subject to the foUowing initial and

boundary conditions (see Figures 3.1 and J.2 for the description of symbols used in parts

1 and 2, respectively):
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• l!!1.l
Initial conditions

Att=O U; =0 and T=200 C (3.4)

Boundary conditions

InIet 1

(O<x<W/2;y = W+H/2) U/ =0; U1 = -U2Jet and T = T,,,kt J (3.5)

Inlet 2

(O<X<WI2;y = -(W+H/2» u/ =0; U2 = U2.jer and T = T"'ler:1 (3.6)

Top and bottom walls

(Wt'2<x<L + W12)
ôT (3.7)Ur = 0 and -:;- = 0
0'

Outlet

(x = L+W/2) c; =0 (3.8)
êx

Along the symmetrical plane

• (x= 0) ê; =0 (3.9)
ôx

Part 2

Boundary conditions

Top inlets

Bottom inlets

Top and bottom walls

ôT
u·=Oand -=0

r ôy

Outlets

ô; =0
ôx

• where , represents ail solved variables.

(3.10)

(3.11)

(3.12)

(3.13)
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The conservation equations, along with the initial and boundary conditions, were

solved numericaIly using control-volume-based computational tluid dynamic software

PHOENICS version 2.2.2 (CHAM, 1997). In tbis code the convection terms in the

momentum and energy equations were discretized using the hybrid scheme (patankar,

1980). A fully implicit scheme (patankar, 1980) was used to discretize the transient

terms. The discretized equations were solved using the well-known SIMPLEST

algorithm (CHAM, 1997). The solution was considered converged when the following

criterion is met for all dependent variables:

(3.14)

•

•

between sweeps n and n+1;; r represents the reference value for the dependent variable

;. T0 improve convergence underrelaxation of the false transient type was used for the

two velocity components and the temperature. Whole-field residuals were checked ta

ensure that the converged solution set satisfies the goveming equations within a

prescribed error.

Due ta the large number of cases studied it was not possible ta check the grid

independence for each individual case. T0 overcome this problem, as suggested by

Hosseinalipour and Mujurndar (I997a), the appropriate number of grids were found

through a grid doubling procedure for the "worst" case with the highest Reynolds number

for each geometry and applied ta ail other cases for that particular geometry. This

procedure results in longer running times for the lower Reynolds number cases but it was

compensated for by the time saving in not running grid doubling runs for each individual

case. For details regarding the discretization of the governing equations and various

schemes used ta solve the discretized equations the reader May refer ta Patankar (1980).

The above model was verified by comparison with the experimental and

numerical results of Rayet al. (1994) who studied mixing flow in a junction (one-way

exit impingjng streams). This junction configuration is shown schematicalJy in Figure

3.3; the symmetrical plane in Figure 3.1 is replaced by a solid wall in this case. The width

of the inlet channels is half the exit channel height. AIl walls were specified to be

adiabatic (weil insulated).
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Figure 3.3. Schematic diagram ofthe junction used in model verification.

0.5
0.4

0.3

0.2
0.0

>- 0.0
-0.1

-0.2
-0.3

-0.4
-0.5

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

U

Figure 3.4. Comparison ofdimensionless axial velocity profiles.

Re = UolIP!p = 500 (based on the mean velocity in the exit branch); X = xIH = 5 (where

His the height of the exit branch, see Figure 3.3); Y = y/Ho U = ulUowhere Uo is the

mean velocity in the exit branch.
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Figure 3.4 compares the predicted dimensionless axial velocity profiles using the

present simulation with both the numerical and experimental results of Roy et al. (1994).

It is seen trom tbis figure that the present results are in good agreement with both sets of

data. The smaU discrepancies May be due to the slight differences in the measuring

positions used in the experiment and the simulation. No data are available for temperature

fields in similar configurations.

3.3. RESULTS AND DISCUSSION

3.3.1. Flow and mixing characteristics oflaminar confined impinging streams

The fluid was injected into the system through the two inIets (see Figure 3.1). The

two streams impinged normally against each other and then left the system through the

exit channels situated symmetrically on either side of the impingement region. The

length of the mixing channel was extended long enough to satisfy the fully developed

channel flow assumption. To study mixing of the two fluid streams air of different

temperatures was injected through each inlet channel. The ranges of parameters studied

are: inlet jet Reynolds number (Rej) trom 500 to 10000 for time-dependent cases and

from lOto 3500 for steady cases; the ratio of the height of the exit channel to the width of

the inIet jet (H/W) was varied from 1.0 to 4.0.

By solving the transient conservation equations for mass, momentum and energy

it was possible to obtain conditions where the flow begins to shift from laminar to a

transitional and then a random tlow regime. The velocity components were sampled at

each time step at x = W/2 and y =0 to determine if the flow was unsteady (either periodic

or random oscillatory). These results are shown in Figure 3.5. This figure shows that the

transition Reynolds number depends strongly on the geometric configuration viz. HIW,

especially at lower values of HIW. A similar study has been reported by Roy et al. (1994)

for the transition Reynolds number of the tlow in a junetion (one-way exit impinging

streams). Dnly one case with HIW = 2 is reported in their study, however. They

mentioned that the flow in the exit branch becomes turbulent for Re > 500 (based on the

mean velocity in the exit branch). Using the present computer code the transition

Reynolds number is identified to be Re == 700. The discrepancy between our numerical
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and their experimental results may be due to the presence of unavoidable disturbances

when conducting the real experiment, which may lead to an earlier onset of instability

than the one obtained numerically. Similar trend has been reported by Wood et al. (1991)

who studied experimentally and numerically the tlow field created by two impinging

liquid jets in a cylindrical charnber. They found that the calculations are more stable than

the experimental conditions with respect to stability of the flow. This is due to the faet

that the cornputational inlet boundary condition is fixed properly while in the experiments

a pressure wave would be fed back into the jet itself, which could create a disturbance

and promote oscillations in the mixing chamber. Nevenheless, this shows that the code

performs quite satisfactorily in predicting the tlow characteristics of impinging streams.
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Figure 3.5. Flow regime diagram.

A: stable; B: oscillatory (periodic); C: random oscillatory

•

•
Sorne typical plots of the velocity component in the y-direction are shown in

Figures 3.6 and 3.7 where various oscillating and tluctuating patterns can be identified.
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Similar behavior is observed for each case for the velocity component in the x-direction

as weil. It cao be seen in these figures that the oscillations as weil as fluctuations

diminish as the exit ports are approached. It is seen in Figure 3.6 that the degree of

oscillation (amplitude as weil as frequency of oscillation) is smaller at lower HIW despite

the higher value of Rej; the further away from the stable regime the higher is the degree

of oscillation. Similar trend is observed for the fluetuating cases shawn in Figure 3.7.

The diminishing of the tluctuating velocity component is not as clear as cao be seen for

the oscillating cases, however.

As noted earlier temperature was used as a passive tracer to study mixing of the

two tluid streams introduced into the system. As the two streams mix and approach the

exit ports the temperature profiles across the exit channel height are tlattened; the weU­

mixed condition is satistied when no temperature gradient exists across the channel

height, i.e., the temperature profile is tlat. To quantify the mixing performance of the

system at different operating conditions and geometric configurations a mixing index was

defined as follows:

•

• M" . d Urlxmgm ex=-
dT

(3.15)

•

where UT is the standard deviation of the fluid temperature across the channel height at a

specifie axial location and t1T is the temperature difference between the two inlet

streams. UT = 0 thus implies well-mixed condition. Note that different criteria for mixing

Ce.g., the one proposed by Hosseinalipour and Mujumdar (1997a» May be used but the

above criterion is conceptually easier to visualize. NonetheJess, either index should

equally predict the channellength required to weil mix the two streams.

As mentioned earlier simulations were performed for cases with inJet jet Reynolds

numbers in the stable regime to study the mixing characteristics of the system. The plots

of velocity vectors and temperature isotherms of two representative cases are shown in

Figure 3.8. At low HIW, i.e., HIW = 1, no recirculating bubble is observed at low Rej (say

Rej < 1000). The flow develops ooly a short distance downstream of the impingement

region. The jet interaction is also weak; the two jets seem to flow parallel to and do not

penetrate ioto each other even in the zone of impingement. This trend continues to hold

even at higher Rej, i.e., Rej = 3500.
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As HIW increases recirculating bubbles are observed at much lower Rej. The

vortices size increases with increased R«:j; this trend is more pronounced at higher values

of H/W. The jet interaction is also stronger as HlWincreases as is seen in Figure 3.Sb. A

structure similar to the "pancake" reported by Wood et al. (1991) can a1so be seen in this

figure. The tlow develops much later downstream compared to the case shown in Figure

3.Sa. Large recirculating bubbles are also seen in this figure. The shape of the

temperature profiles is affected by the jet interaction and the presence of the vortices as

can be seen in this figure.

Figure 3.Sa. Velocity vectors and temperature contours

H/W = 1.0; Re.i = 200
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Figure 3.Sb. Velocity vectors and temperature contours

HIW= 4.0; Rej = 200

The plots of the mixing index versus dimensionless axial distance with the jet

Reynolds number as a parameter are shown in Figures 3.9a-3.9d for H/W = 1-4,

respeetively. Both dimensional and dimensionless coordinates are shown in these figures

for easy comparison. It should be noted that the upper limit of x/W/2 = 200 in these

figures was chosen arbitrarily and does not imply that the computational domain ends at

that particular value. The fully developed assumption at the exit still holds for aU cases

reported here.

It can be seen from these figures that a longer exit channel is required for

complete mixing as the jet Reynolds number increases. This trend holds for ail H/W

values studied. This may be ascribed to the increase in momentum of the fluid in the exit
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channel (and hence shorter residence time of the fluid in the system) due to the additional

mass coming into the system. At low H/W values, i.e., HiW =1-2, the mixing curves

scale monotonically with Rt1 since very small jet interaction occurs. Thermal mixing is

mainly by diflùsion. As HIW increases the jet interaction is stronger and hence a better

mixing in the irnpingement zone and its vicinity. For a particular value of the jet

Reynolds number the distance to attain well-mixed condition increases in the

dimensionless distance but decreases dimensionally with H/W since the transverse

diffusive term in the energy equation becomes less dominant as HIW increases. Very

good mixing is obtained over a rather short distance for ail cases studied, however.

Axial distance, x (m)
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• Figure 3.9a. Mixing index for HIW= 1.0.
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Figure 3.9b. Mixing index for HIW= 2.0.
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• Axial distance, x (m)

0.00 0.05 0.10 0.15 0.20 0.25
0.5

0.4
-- Re·: 10

J
-- Re·:50

J
\ _.- Re·: 100

0.3 J
~ _.'- Re·: 200
<1 \\ \. J

---... . \t:) 0.2 \ .
\\ \

0.1 \\ "-\', "
0.0

a 50 100 150 200

x1W/2

• Figure 3.9d. Mixing index for HIW== 4.0.

•

Figure 3. 10 shows the plots of the mixing index versus X/W12 with H/W as a

parameter. The upper limit of Rej = 200 was chosen here since tbis is the last point where

a laminar steady solution cao he obtained for HIW == 4 (see Figure 3.5). Ag~ as H/W

increases the dimensionless length of the exit channel required to weil mix the two

streams increases. This effect of H/W on the mixing lengt~ however, decreases with an

increase in H/W The effect of the jet interaction on the mixing in the impingement region

can be seen again in Figures 3. 10c and 3.1Od. As H!W increases the jet interaction is

stronger and hence a better mixing (Figure 3.1 Oc). As HM becomes higher and hence

the higher jet velocity at the same Rej due to the smaller jet opening the higher lateral

momentum tends to push the fluid out of the system faster. This leads to a poorer rnixing

at high Rej and H/Was is seen in Figure 3.1Od.
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Figure 3. IOa. Mixing index for Rej = 10.
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Figure 3. 1Oc. Mixing index for Rej = 100.
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3.3.2. Flow and mixing characteristics of a novel impinging stream in-line muer

The fluid was injected normally into the two-dimensional channel through the top

and bottom two-dimensional slot jet inlets (Figure J .2). These streams impinged against

each other and then left the mixing channel through the exits situated on either side of the

mixer. The mixing channels were extended long enough to satisfy the fully developed

channel flow assumption. The top and bottom jets are offset with respect to each other;

the effeet of this offset on the mixing perfonnance of the mixer is of interest in tbis

section. The mixing behavior is reported ooly for the area marked by the dotted line in

Figure J.2 as tbis area represents an elementary domain of a mixer consisting of an

infinite number of inlets. The ranges of parameters studied in tbis work are: iolet jet

Reynolds number (Rej) from IOta 100, and HIW and S/W trom 1.0 ta 3.0.

The plots of velocity vectors and temperature isothenns for one representative

case are shown in Figures 3.lla and 3.llb, respeetively. It can be seen trom the vector

plots that there exists a region between the inlet jets where shear-induced mixing (due ta

large velocity gradients in the flow in tbis region) occurs. Very good mixing is obtained

in this region as can be seen from the isotherms in Figure 3.1Ib. Recirculation zones are

observed only on one side (either near the top or bottom wall) of each pair of top and

bottom jets due ta the offset~ each jet prevents formation of the recirculation bubble on

the opposite wall. The absence of these recireulating zones is beneficial as it results in a

more unifonn mixing in the channel.

Figure 3. 12 shows plots of the mixing index versus dimensionless axial distance

with the inlet jet Reynolds number as a parameter. For fixed values of H/W and S/W

increasing of Rej leads ta a better mixing in the region between the inlet jets due ta the

higher shear-indueed mixing. This trend is less pronounced at higher S/W values (where

the region between the jets is more extended). As the spacing between the jets increases

the fluid has longer time to exchange momentum and hence better mixing is obtained and

overshadows the effeet of increased shear at higher Re,;. Away from tbis zone, however,

redueed mixing is indicated al bigher Rej due to the shorter residence lime of the fluid in

the mixer caused by the increased mean velocity as Rej increases. Higher values of the
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mixing index at both ends of the marked region are due to the difference in temperature

of the next pair of incoming jets.

•

•

Figure 3.11a. Velocity vectors.

H!W= 2.0; S/W= 2.0; Rej = 50

As can be seen from Figure 3.13, for fixed values of H/W and Rej increasing S/W

leads to a better mixing in the region between the jets but yields comparable results in the

other regions. Of course, tbis region of good mixing is longer in axial length at higher

S/W. This effect is less pronounced at higher Rej due to the better mixing achievable by

higher shear rates.
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Figure 3.lib. Temperature contours.

H/W =2.0; S/W =2.0; Rej =50

The plots of the mixing index versus dimensionless axial distance with HIW as a

parameter are shown in Figure 3.14. As H/W increases more uniform (but poorer) mixing

is noted. This effect is especially pronounced at lower values ofS/W and R~. The reason

for this behavior is that as HM increases the spacing between the inIet jets, St decreases

(since the value of H is fixed). Mixing is thus more uniform across the length of the

mixer as there is a shorter region of intense mixing. This effect ofHIW is less pronounced

as Rej increases, however.
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Figure 3.12. Mixing index.
(a) HIW= 1.0; SIW= 1.0 (h) HIW= 1.0; S/W= 2.0

(c) HIW= 1.0; S/W= 3.0
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Figure 3.12. Mixing index (cont'd)
(d) H/W= 2,0; S/W= 1.0 (e) H/W= 2.0; S/W= 2.0

(f) H/W= 2.0; S/W= 3.0
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Figure 3.12. Mixing index (cont'd)
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Figure 3.13. Mixing index.
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Figure 3. 13. Mixing index (cont'd)
(d) HIW= 2.0; Rej = 10 (e) HIW= 2.0; Rej = 50
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Figure 3. 13. Mixing index (cont'd)
(g) HIW= 3.0; RC1 = 10 (h) HIW= 3.0; Rej = 50

(i) H;W= 3.0; Rej = 100
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Figure 3.14. Mixing index.
(a) S/W= 1.0; Rej = 10 (h) SJW= 1.0; Rej =50

(c) S/W= 1.0~ Rej = 100
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Figure 3. 14. Mixing index (cont'd)
(g) S/W= 3.0; Rt1 = 10 (h) S/W= 3.0; Rej = 50
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For design purposes the required length of the mixer to obtain a fully mixed

condition at the outlets is shown in Figure 3. 15 for various operating conditions and

geometric configurations. The coordinates used are as shown in Figure 3.2. The general

trend observed is that the required dimensionless length for good mixing increases with

both Rej and HIW but remains almost unchanged with S/W. As Rej increases the tluid has

a shorter residence time in the system due to the increased Mean tlowrate and hence

poorer mixing. Similar behavior was aIso observed by Hosseinalipour and Mujurndar

(1997a) who studied mixing of fluids in two-dimensional opposing jets. It is interesting

to note that~ dimensionaIly, the required length of the mixer May decrease with an

increase in H/W; the conclusions based on non-dimensional results should therefore be

interpreted with care.

CLOSING REMARKS

In this chapter numerical simulations are reported on the tlow and mtXlng

• characteristics of two-dimensional laminar confined impinging streams. In the fust part

time-dependent conservation equations for mass, momentum and energy were solved to

detennine the condition when the t10w starts to shift from laminar to transitionaI and to

random oscillatory t10w regÎmes for various geometric configurations. Once the flow

regime diagram has been established simulations were performed for cases in which

steady-state solutions are obtainable to study the mixing characteristics of impinging

streams. It is found that, for each geometric configuration, a longer exit channel is

required to obtain the well-mixed condition as the inlet jet Reynolds number increases.

For the same inlet jet Reynolds number, it is found that the distance to attain the well­

mixed condition increases dimensionlessly but decreases dimensionally with HIW. Very

good mixing is obtained over a rather short distance for all cases examined, however.

•
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• Figure 3.15. Mixing index in the exit channel.
(a) H/W= 1.0; S/W= 1.0 (b)HIW= 1.0; S/W= 2.0

(c) HIW= 1.0; S/W= 3.0
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Figure 3. 15. Mixing index in the exit channel (cont'd)
(d) HIW= 2.0; S/W= 1.0 (e) H!W= 2.0; S/W= 2.0

(t) H!W= 2.0; S/W= 3.0
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Figure 3. 15. Mixing index in the exit channel (cont'd)
(g) H/W= 3.0; S/W= 1.0 (h) H!W= 3.0; S/W= 2.0

(i) HIW= 3.0; S/W= 3.0
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In the second part a numerical study was made of the mixing performance of a

novel in-line tluid mixer utilizing multiple opposing jets in a two-dimensional channel.

A simple technique to improve mixing viz. offsetting the top and bottom iolet jets, was

proposed. It is found that this simple concept yields good mixing over a rather short

distance in the channel mixer. Recirculation zones are observed ooly on one side (either

near the top or bottom wall) of each pair of top and bottom jets due to the offset; each jet

prevents formation of the recirculation bubble on the opposite wall. The absence of these

recirculating zones is beneticial as it results in a more uniform mixing in the channel.

Larger spacing between the inlet jets (higher SIW) results in better mixing in the region

between these jets but yields no ditTerences in the required channel length (between the

last inIet and the exit port) to obtain a well-mixed condition at the exit. Higher Rej also

leads to a better mixing in the region between the inJet jets but to a poorer mixing in any

other regions. This effect is, however, less clear at higher S/W due to the longer time

available for fluid to mix in the region between the inlets. Increasing HIW leads to more

unifonn but paorer mixing. Agam. a very good mixing is obtained over a rather short

distance for ail cases examined. This confirms the benefits of using impinging streams in

conducting various unit operations including mixing.

In the neX! chapter heat transfer and mixing characteristics of turbulent confined

impinging streams are reported. DitTerent mixing behavior from the one reported in this

chapter is observed for two-dimensional turbulent confined impinging streams. An

explanation on the difference in the mixing behavior is given.

NOMENCLATURE

•
gi

H

k

L

P

heat capacity, J kg-1 K-I

inlet channel hydraulic diameter~ m

gravitational force vector, m S-2

height of the exit channel, fixed at 0.0 1 m

thermal conductivity, W mol K-1

length of the exit channel, m

pressure, Pa
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• S

1

T

LJT

U

u;, uJ

lIJet

V

W

spacing between two iolet jets, m

time, s

temperature, 0 C

temperature difference of the two inIet streams, 0 C

velocity component in x-direction, m S-1

velocity component, m 5.
1

jet velocity, m S·1

dimensionIess velocity component in y-direction, V = uJ/uJet

width of the inIel channel, m

x" XJ coordinate, m

Greek letters

Dimensionless group•
J.J

P

e

dynamic viscosity, kg m·1 s·(

density, kg m-3

standard deviation of temperature, 0 C

dimensionless time, e = t . W / U Jwt

DlIuJe,pjet Reynolds number, ---
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CIlAPTER

FOUR

BEAT TRANSFER AND M1XING CHARACTERISTICS OF
TWo-OIMENSIONAL TURBULENT CONFINED IMPINGING STREAMS

A malhemalician knows how 10 solve a

problem - bUI he can '1 do il

JJ:E. Milne

4.1. INTRODUCTION

As mentioned in the previous chapters irnpinging strearns (lS) provide a relatively

new flow configuration that has proved useful in conducting a wide range of chemical

engineering unit operations. A nurnber of publications, as partially reviewed in Chapter 2,

have reported applications of this tlow configuration in such operations as absorption

(Berrnan et al., 2000a,b), catalytic reaetions (Sohrabi and Marvast, 2000), drying (Kitron

and Tamir, 1988; Kudra and Mujurndar, 1989; Kudra and Mujurndar, 1995), dust

collection (Berman and Tamir, 1996), liquid-liquid extraction (Berman and Tamir, 2000)

as weil as mixing (Tamir, 1994; Hosseinalipour and Mujurndar, 1997a,b; Unger et al.,

1998). These papers, however, are based exclusively upon experimental results or else

are limited to processes conducted in the laminar f10w regime. Very few papers (e.g.,

Hosseinalipour and Mujumdar, 1995) have atternpted modeling of turbulent transport

processes in this f10w configuration.

A number of papers have recently been published on modeling of turbulent f10w

and heat transfer behavior of impinging jets (0), which display characteristics somewhat

similar to those of irnpinging streams. Seyedein et al. (1994) used both law-Reynolds
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and high-Reynalds number versions of k-& turbulence model ta prediet the flow field and

heat transfer impingement due to a turbulent single headed slot jet discharging nonnally

ioto a confined two-dimensional channel. Better agreement between numerical results

obtained using law-Reynolds number models and the available experimental data is noted

compared to those results obtained using high-Reynolds number model. Hosseinalipour

and Mujumdar (1995) used five different versions of the law-Reynolds number k­

e models and the standard high-Reynolds number model ta study the fluid f10w and heat

transfer charaeteristics of two-dimensional turbulent confined impinging and opposing

jets tlows. A so-called "Yap correction" was also tested with law-Reynolds number

models to investigate its effeet on the heat transfer predictions for the impinging jet case.

Experimental data and numerical predictions by different turbulence models were

compared for the turbulent impinging jet. Due to lack of experimental dat~ however,

ooly the numerical results of the opposing jet case were presented. Morris et al. (1996)

modified the converged solution obtained from commercial finite-volume code via the

application of different turbulent Prandtl number functions in their post-processing

program. Their predicted heat transfer results were then compared with selected

experimental data; the predicted stagnation and average heat transfer coefficients agree

with experiments to within a maximum deviation of 16-20 percent. To avoid using a full

second moment closure, which May he a solution ta modeling the tlow with recirculation

and streamline curvature, sorne investigators have recently employed simplified models

which combine computationaI robustness and efficiency of the Iinear eddy viscosity

models (e.g., k-s models) with the improved model accuracy of second moment closures

(e.g., Behnia et al., 1999; Bauer et al., 2000).

In this chapter a new composite turbulence model is proposed and applied to

study thennal mixing of turbulent confined impinging streams. The model consists of a

law-Reynolds number k-& model, Yap correction as weil as a fonnula for the turbulent

(eddy) viscosity, which is incorporated directly iota the computational fluid dynamic

code. Experiments were conducted to verify the numerical results obtained using this

model. The numerical results were also compared with experimentaI impingement heat

transfer data available in the literature. Good agreement between the oumerical and

experimental data is noted for both impinging streams and impingement tlows. The
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model was then used to study the etfects of various operating as weil as geometric

parameters on thermal mixing of two-dimensional turbulent confined impinging streams.

It is found that the mixing behavior of turbulent confined impinging streams is quite

different from that of laminar IS reported in Chapter 3. An explanation of the differenee,

based on results presented in this chapter and the previous one, is given.

4.2. EXPERIMENTAL SET-UP AND PROCEDURE

A schematic diagram of the overall heat transfer experimental set-up is shown in

Figure 4.1a. Air was supplied by a blower (model no. 63508-2, Wainbee Ltd., Pointe

Claire, QC) and the flowrate in each flow branch was eontrolled by means of gate valves.

One of the air streams was heated to pre-seleeted temperatures (either 10° or 20° C above

the ambient) by an eleetric heater rated at 2.5 kW (model no. KSEF-30/120, Omega

Engineering, Ine., Stamford, CT), which was controlled by a PlO controller (model no.

CN76000, Omega Engineering, Inc., Stamford, CT). The other air stream was left at

ambient conditions. The air tlowrate in each tlow branch was measured using a pre­

calibrated pitot tube (model no. FPT-6130, Omega Engineering, Inc., Stamford, CT).

Differentiai pressure drop aeross the pitot tube was measured using a manometer filled

with a manometric fluid (Red Gage Oil 0.826 SG, Dwyer Instruments, Inc., Michigan

City, IN).

The air streams were then fed into the IS through two inlets (see Figure 4. 1b).

The two streams impinged normally against each other and left the IS through the exits

situated symmetrically on either side of the impingement region. Temperature

distributions in the 15 were measured using 32 type K thermocouples (model no. EXFF­

K-20-SLE, Omega Engineering, Inc., Stamford, CT; AWG no. 20), whieh were

permanently mounted across the exit channel (see Figure 4.1c) and connected to an

expansion board (model no. EXP.32, Omega Engineering, Ine., Stamford, CT).

Thermocouple signaIs were muitiplexed ta a data acquisition card (model no. CIO­

DAS 16Jr, Omega Engineering, Inc., Stamford, CT) installed in a PC. LABTECH

NOTEBOOK software (version 10.0.2, Laboratory Technologies Corp., Wilmington,

MA) was used ta read and record the temperature data for subsequent analyses. To test
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whether these thermocouples had any effect on mixing of impinging strearns two sets of

experiments were condueted. In the tirst set of experiment ooly one thermocouple was

used at a time while 32 thennocouples were used simultaneously in the second set of

experiment. The maximum difference in temperature values at the same measuring

locations obtained from these two sets of experiments was less than 5%. This indicates

that the presence of thermocouples does not have significant effect on mixing of

impinging streams. Experiments were aise conducted to deterDÙne the eifeet of the third

dimension (= dimension, which equals to 2.5 cm) on the thermal characteristics of the

system. A maximum difference of 4.5% was noted between the temperature values

measured at the middle plane (50% of2.5 cm) and at the quarter (25% of2.5 cm) of the =
dimension. This justifies the two-dimensionality assumption used in the present study.

Photographs of the overall heat transfer experimental set-up and of the IS used in

the heat transfer experiments are shawn in Figures 4.1d and 4.1e, respeetively.

6
2

8

Il

5
2

3

•
Figure 4.1a. A schematic diagram of the overall heat transfer experimental set-up

1: air blower; 2: gate valves; 3: heater; 4: controller; 5: pitot tubes; 6: manometers; 7: IS;
8: computer and data acquisition system
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Figure 4. 1b. Detailed diagram of the IS used in the heat transfer experiments
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Figure 4.1d. A photograph of the overall heat transfer experimental set-up

Figure 4. 1e. A photograph of the IS used in the heat transfer experiments



Heat transfer and mixing characteristics oftwo-dimensionaJ turhulent confined impinging st1'eams 68

tDtheunit tDtheunit• •

1

FRONTVIEW

~32
REARViEW

~2
1
1 smoke t .make

1

1

1

~
1

m~_1
&3

in.....
1 1

.~ "i • • 1

1 1

• Figure 4.2a. A schematic diagram of the overall flow experimental set-up
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A schematic diagram of the flow experimental set-up is shown in Figure 4.2a. Air

was supplied to the IS through a compressed air line and the flowrate in each f10w branch

was controlled by a gate valve. The air f10wrate in each tlow branch was measured using

an in-line rotameter (model no. FL-515, Omega Engineering, Inc., Stamford, CT).

The air streams were fed into a one-way exit IS through the two inlets (see Figure

4.2b). The two streams impinged normally against each other and left the IS through the

exit. Velocity and turbulence intensity distributions in the IS were measured using a laser

Doppler velocimeter (LDV) operated in the back-scattering mode. The system consisted

of a 60 mW He-Ne laser (model no. 127, Spectra-Physics, Mountain View, CA),

transmission optics with a beam splitter (model no. 9115-2, TSI, Inc., St. Paul, MN), a

receiving assembly (model no. 9140, TSI, Inc., St. Paul, MN) with photomultiplier

(model no. 9162, TSI, Inc., St. Paul, MN), which its power was supplied by a power

supply (model no. 9165, TSI, Inc., St. Paul, rvlN). The focusing lens (model no. 9167­

250, T5I, Inc., St. Paul, MN) used has a nominal focallength of250 mm. An IS unit was

mounted on a table with a traversing mechanism aIlowing measurements to be taken in

the x and y directions. Smoke was introduced to the inlet air streams to provide seeding

for the LDV. The signal obtained as particles suspended in the flow traversed the

measuring field was processed by a signal processor (model no. 1990, TSI, Inc., St. Paul,

MN). The processed signal was then transmitted to the computer for the final velocity

and turbulence intensity computation using the software LDA Acquisition, version 1.0

(plasma Technology Research Centre, Montreal, QC). At each measuring location the

velocity and turbulence intensity were calculated by averaging the measurements of 2000

particles.

Photographs of the overall tlow experimental set-up are shown in Figures 4.2c

and 4.2d. A photograph of electronic components (signal processor, computer) of an

LDV is shown in Figure 4.2e.

Since the tluid was confined, the laser beams must pass through a window of an

IS before focusing. This window caused a deflection of the beams and a change in both

the measuring volume location and the intersection angle of the two beams (TSI, 1980).
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Figure 4.2c. A photograph of the overaIl flow experimental set·up (front view)

Figure 4.2d. A photograph of the overall flow experimental set·up (rear view)
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Figure 4.2e. A photograph of electronic components ofan LDV

A new focal distance, F, is calculated from the following equation:

F = F + l(1- tan K' w ) (4. 1)
D tanK'

f

where F is the actual focal distance, FD is a given focal distance of lens, t is the thickness

of the window. K'w, the angle the beam within the window makes with the optical axis, is

calculated from:

. -I(NAsin K'A)
Kw = san

Nw
(4.2)

•

where NA is the refractive index of the medium between the transmitting lens and the

window, which equals ta unity in the case of air. Nw is the refractive index of the window,

which equals to 1.49 for Plexiglas used in the present study. For the case of air Kr =~,

where K'A is half angle of lens.
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In addition to the above correction a lens mask (Figure 4.2t) was used to reduce

beam retlections from the measuring window to enter the receiving optics.

Figure 4.2f A lens mask used in the flow experiments

T0 test the reproducibility of the data, replicates were made of randomly seleeted

experiments. From these tests the reproducibility values for the temperature and velocity

• (as weil as turbulence intensity) were within ±4.7 and 3.3%, respeetively.

4.3. MATHEl\'1ATICAL FORMULATION

T0 fonnulate the mathematical description of the transport processes in impinging

streams the following assumptions are made: the Mean tlow is steady, incompressible and

the fluid is Newtonian with constant physical properties. Viscous dissipation is neglected.

The tlow is assumed to be fully developed (both hydrodYnamicaIly and thermally) at the

exit of the IS.

Based on the aforementioned assumptions the time-averaged conservation

equations for mass, momentum and energy (in tensor form) can be written as follows:

Continuity equation:

(4.3)

•
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• Momentum equation:

( au) ) oP a [(au. au) J -.,]p U,-- =--+-. )J --'+-- -PU,"}
èx, ôx} (}X, ÔX

J
èx,

Energy equation:

(u or) =~[k or - u'T']PCp , ÔX. ôx. ôx. P 1, , ,

Reynolds stresses and turbulent heat flux are expressed as follows:

-,-, (au. aUj J 2
- PU,") = /Je ÔXJ' + ôx, - JpklS'j

-:--r' /Je ôT-pu, =--",-
Ur OX,

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

The tirst ingredient of the composite turbulence model is a low-Reynolds number

version of the k-& model proposed by Lam and Bremhorst (1981). This Model has been

chosen based on the study of impingement heat transfer of Seyedein et al. (1994). In

• their work the Lam-Brernhorst (hereafter denoted by LB) model was shown to predict the

heat transfer coefficient distributions very satisfactorily compared ta other turbulence

models tested.

In the LB model the turbulence kinetie energy and the isotropie component of the

turbulence energy dissipation rate are determined from the following transport equations

(Lam and Bremhorst~ 1981):

ô(pk) ô(pU,k) ô [(/Je ) Ok] (èU; au) Jau,- ...-+ =~ -+1-' - +I-'r -",-+-",- ---pE
cl êx, ex, U k ÔX, OX} OX, ÔXJ

Ô(pE) + ê(pU,E) =~[(li.+ )OE]+c l' E(au; + aUiJau, -C f ~(4.9)
"'t ~ ~ /J ~ IJ tl-'e k ~. ~. ~ 2 2 ko VA., V",", U & VA., VA. J UA., VA. i

•

where Cp =0.09; U/t =1.00; U& =1.314; CI =1.44 and C2 =1.92.

The wall-damping functions/J,ji and/# are defined as follows:

/, =(1+ O~5J'
/2 =1- exp(- Rf

2
)

(4.10)

(4.11)
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(4.12)

pk: k l/l

where R =-- and R =..o...;.PY__
r)JE y JJ

As quoted by Hosseinalipour and Mujumdar (1995) there exists a secondary

sourcelsink term in the E equation that is taken as zero in most studies. This leads to an

underestimation of near-wall &values, which can cause an overestimation of the

predicted heat transfer rate in separated tlows. An example of this overestirnation of heat

transfer will be given in the subsequent section. Vap (1987) proposed the use of the

following secondary source term:

(4.13)

(4.14)•
where le denotes near-wall equilibrium length scale taken as 2.5 times the distance from

the wall, while l, turbulence length scale, is defined as:

k 3/ :

1=­
&

Finally, the time-averaged flow field can be determined using the turbulent

viscosity modified by multiplication by a factor, which is a function of the local Reynolds

number of turbulence(C~ 1997):

J.Jmod =!Jr . min [1.0, (A. RrlB
] (4.15)

(4.16)

•

where J.lmorJ is the turbulent viscosity to be used and JJr is the nominal (high-Reynolds­

number) value of J.lmod. A, B are constants in which the values, obtained in the present

study by fitting numerical results to eKperimental impingement heat transfer data, equal

to 0.05 and 2.40, respeetively.

T0 ensure adequate concentration of grid cells near the wall the values of

dimensionless distance of the first grid points normal to the wall, y +, were always kept

lower than unity.
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Boundary conditions

T0 save computer time only half of the IS was simulated in ail cases. In the

following paragraphs W is the width of the inlet channels; H and L are the height and the

length of the exit (or main flow) channels, respectively. The coordinates used are shown

in Figure 4.1b. For parametric study H is fixed at H = 1 cm.

Inlet 1

(0<x<W/2;y = W+H/2) Ur =0; U:t =-U2.Jet and T = ~"let1 (4.17)

Inlet2

(0<x<W/2;y = -(W+H/2» UI =0; U:t =U:t.Jet and T = T,,,let2 (4.18)

and k =(V;el/f; & =C~/~ k
3/

: where / = O.IL and L is the characteristic length of the
1

system; 1 represents the turbulence intensity.

Top and bottom walls

•
(W/2<x<L -+- W<2)

Oudet

(x = L-+-W/2)

ôT ôs
u =Oand -=O'k=Oand -=0

1 ...' olIIIl

Ci)' GY

ê; =0
ôx

(4.19)

(4.20)

where (J represents all solved variables.

The conservation equations, along with the boundary conditions, were solved

numerically using the control-volume-based computational tluid dynamic software

PHOENICS version 2.2.2 (C~ 1997). In tbis code the convection terms in the

conservation equations were discretized using the hybrid scheme (patankar, 1980). The

discretized equations were solved using the well-known SIMPLEST algorithm (CHAM,

1997). The solution was considered converged when the following criterion is met for all

the dependent variables:

between sweeps n and n+1; rP, represents the reference value for the dependent variable

(J. T0 improve convergence underrelaxation of the false transient type was used for the

two velocity components and temperature. Linear relaxation was used for the pressure as•
....,"imax '1' - '1' S 10-3

rP,
(4.21)
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weil as the turbulence kinetic energy and its dissipation rate. Whole-tield residuals were

checked ta ensure that the converged solution set satisties the governing equations within

a prescribed error.

Due to the large number of cases studied it was not possible ta check the grid

independence for each individual case. To overcome this problem, as suggested by

Hosseinalipour and Mujumdar (1997a), the appropriate number of grids were found

through a grid doubling procedure for the "worst" case with the highest Reynolds number

for each geometry and applied ta ail other cases for that particular geometry. This

procedure results in longer ronning times for the lower ReYnolds number cases but it was

compensated for by the time saving in not running grid doubling runs for each individual

case. For details regarding the discretization of the goveming equations and various

schemes used to solve the discretized equations the reader may refer to Patankar (1980).

4.4. RESULTS AND DISCUSSION

(4.22)

• The composite model was tirst verified by comparing the predicted results with

experimental impingement heat transfer data of van Heiningen (1982). The system

configuration is shown in Figure 4.3. Flat velocity profile was used at the nozzle exit.

The temperature of the confinement surface was kept equal to the temperature of the

incoming jet while the temperature of the impingement surface was kept at sorne higher

value. Local Nusselt number is calculated as:

(T,,,,p - TF) W
Nu = .-

z (T,"'P - ~ ) y F

The comparison between experimental results and numerical results obtained with

the LB, LB with Yap correction (hereafter denoted by LBY) and composite models is

shown in Figure 4.4. Grids of 80 x 70 nodes were used in ail computations.

•
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H = 37 mm

..._.. __.. . ~.--.--...--.--L-----.
~

T = 1j; k = 1.5(o.ooSUl); E = UI.!IW
1

1 W"2, 1=1ii 111 L.....- ~-=j-

"il
.!il::,
al
Elt,
tIt,

1

•
T=T

imp

Figure 4.3. Impingingjet configuration used in model verification. P = near-wall node

It can be seen in Figure 4.4a that the LB model overestimates the values of

Nusselt numbers at both stagnation point and points located downstream. This model

prediets the shape of the Nusselt number profiles quite adequately, however. By applying

• Yap correction to the LB model, the overestimation of the stagnation Nusselt number

decreases. However, the LBY model fails to capture the variation of local Nusselt

numbers in the range 5 < x/W < 20. By using the composite model, the stagnation

Nusselt number is predicted weil and the variation of the local heat transfer coefficients is

also described weil. Numerical results are also compared with experimental results in

Figure 4.4b for another set of operating and geometric parameters. In this figure the LBY

model performs similarly to the composite model since the profiles vary smoother along

the impingement surface in this case than the one presented in Figure 4.4a.

•
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Figure 4.4a. Comparison between predicted and experimentallocal Nusselt number

profiles along the impingement surface. Rej = 10400; HM = 2.6
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• Figure 4.4b. Comparison between predicted and experimentallocal Nusselt number

profiles along the impingement surface. Rej = 5200; HIW= 6.0
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The comparison between normalized numerical and experimental temperature

profiles in IS is shown in Figure 4.5. Grids of 100x 80 nodes provide adequate resolution

in these cases. The computational domain was extended long enough in the downstream

direction to satisfy the fully developed flow assumption at the exits of the 18.

Temperatures were measured at 5 ditTerent x-locations, i.e., at x = 15, 20, 25, 35 and 45

cm trom the origin of the x-coordinate (see Figure 4.1c). Temperature values are

normalized with the reference temperatures of 30° and 40° C when the temperature

ditTerence between the hot and cold strearns is 10° and 20° C, respectively. InIet jet

turbulence intensity was assumed to be 1=2%.

At each measuring location the value of the reference temperature is taken as zero

in terms of the modified x-coordinate (X); the difference between the actual and reference

temperatures is then plotted with the scale of 0.1 cm per 1°C. For example, in Figure

4.5a, at x = 15 cm and y = 5 cm, the actual temperature is 42.3° C and the reference

temperature is 40°C. The modified x-coordinate of this point on the graph is then X =

15+«42.3-40)xO.l) = 15.23 cm.

It can be seen from Figures 4. 5a and 4. 5b that the composite model predicts the

temperature profiles very similarly to those predicted by LB and LBY models. This is

not unexpected since the mean flow properties (e.g., temperature profiles) are normally

not as much affected by the choice of the turbulence model as the neac-wall quantities

and their gradients (e.g., heat flux) are. AIso, turbulent viscosity (and hence turbulent

Prandtl number) variations cannot explain the 100% error of the standard k-& model

(Behnia et al., 1999). The maximum deviation of about 25% between numerical and

experimental results observed in the upper left corner of Figure 4.5a may be attributed

also to the simplifying assumption of constant physical fluid properties as weil as the

implicit assumption of adiabatic wall condition in the simulation; the model predicts the

results weil within ± 5% in the lower left region where the inlet temperature was lower

(and hence less heat loss through the wall). The model performs better as the fluid

approaches the outlet, as expected. It is important to note, however, that the composite

model gives much raster convergence than do the LB and LBY models. The model also

captures weil the location of impingement planes as it is pushed towards the weaker jet in

Figure 4.5b (compared to being more or less at the middle of the channel in Figure 4.5a).
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Figure 4.5. Comparison between predicted and experimental normalized temperature
profiles in IS
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The comparison between normalized numerical and experimental velocity profiles

in a one-way exit IS is shown in Figure 4.6a. Grids of 110 x 60 nodes provide adequate

resolution in these cases. The computational domain was again extended long enough in

the downstream direction to satistY the fully developed flow assumption at the exit of the

IS. Velocities were measured at 5 different x-locations, i.e., at x = 3.5, 7.5, 11.5, 15.5 and

19.5 cm from the origin of the x-coordinate in Figure 4.2b. The velocity values are

normalized with the zero reference velocity. The same calculation procedure as used in

the temperature case applies; the difference between the aetual and reference velocities is

plotted~ in this case, with the scale of0.3 cm per lm 5.
1
.

-1.0
o 5 10 15

X (cm),U (mis)

20 25

•

Figure 4.6a. Comparison between predicted and experimental nonnalized velocity

profiles in IS. Rej = 12600; 1= 15%; nonnalized U = 0 m S·1

Figure 4.6a compares the LDV measurements of the axial Mean velocity with the

numerical results predicted by the LB, LBY and composite models. It can be seen ftom

tbis figure that the composite model performs slightly better than the LB model but gives

no appreciably different results from the LBY model. The model overestimates the

velocity in the near-wall region (up to about 20%) but slightly underestimates
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(approximately 7%) it in the region far away from the wall. It should be noted, however,

that the neac-wall measurements are also subjected to higher errors due to the reflection

of the laser Iight trom the edge of the model IS used in the experiments. Nevertheless,

this confirms the usability of the composite model, especially when taking ioto account

the faet that convergence is much faster with this model than the other two models tested

here.

1.0
o LDVdata?{

~

~ :~ !F a
0.5

- - LB ~\ !IO la_0- LBY . \ ob
-- composit 4' I~ II~ I~- \E b b 10u 0.0

1
'-'"
>0- P 10 10

J

P 10 la-0.5 (• 1° 1° 1°
~ 0 .0

-1.0
~

0 5 10 15 20 25

X (cm), 1(-)

Figure 4.6b. Comparison between predicted and experimental normalized turbulence

intensity profiles in IS. Rej = 12600; 1= 15%; normalized 1=0%

•

The comparison between normalized numerical and experimental turbulence

intensity profiles in a one-way exit IS is shown in Figure 4.6b. The measuring locations

and computational grid density are the same as the one used for the velocity

measurements and calculation. The turbulence intensity values are normalized with the

zero reference intensity. The ditference between the aetual and reference intensities is

plotted, in this case, with the scale of5 cm per l.



(4.23)

•

•

•

Heat transjèr and mixing characteristics oftwo-dimensiona/ turbulent conjined impinging streams 83

ft can be seen from tbis figure that the composite model prediets the distribution

of 1 better than does the LB mode1, especially in the area not so far downstream of the

impingement region. The overestimation of 1 (hence the turbulence kinetic energy) by

the LB model is due to the omission of the secondary source/sink term in the & equation

mentioned earlier. Further downstre~ however, the two models seem to give no

appreciably different results. The composite model prediets the intensity profiles very

similarly to the LBY but convergence is again much faster. Ag~ the model

overestimates the intensity in the near-wall region but underestimates it in the region far

away from the wall. The implicit assumption of isotropy in the model also will affect the

results. Unfonunately, it was not possible with the instrumentation available to measure

the tbree components of the turbulence intensity.

Temperature was used as a passive tracer to monitor mixing of the two tluid

streams. As the two streams mix and approach the exit ports the temperature profiles

across the exit channel height are flattened; the well-mixed condition is satisfied when no

temperature gradient exists across the channel height, i.e., the temperature profile is flat.

Ta quantify the mixing performance of the system at different operating conditions and

geometric configurations a mixing index was defined as follows:

Mi · . d urxmg In ex = L1T

where UT is the standard deviation of the fluid temperature across the channel height at a

specifie axial location and L1Tis the temperature difference between the !Wo inIet streams.

Ur = 0 thus irnplies well-mixed condition. Note that different criteria for mixing (e.g., the

one proposed by Hosseinalipour and Mujurndar (1997a» may be used but the above

criterion is conceptually easier to visualize. Nonetheless, either index should equally

predict the channel length required to well mix the two streams. The ranges of parameters

studied are: inlet jet Reynolds nurnber (Rej) from 10000 to 30000; inlet jet turbulence

intensity (1) from 1 to 2%; the ratio of the height of the exit channel to the width of the

inlet jet (H/W) was varied from 1.0 to 2.0. Inlet jet hydraulic diameter is calculated

assuming the aspect ratio of 5 between the width and the height of the exit channel.

The plots of the mixing index versus dimensionless axial distance with the inlet

jet Reynolds number as a parameter are shown in Figures 4.7a-4.7d. Both dimensional
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and dimensionless coordinates are shawn in these figures for easy comparison. Grids of

155 x 62 nodes were used in ail computations.

It can be seen from these figures that as the jet Reynolds nurnber increases mixing

is improved until sorne specifie values of x:IW are reached. These critical values depend

on both the operating conditions as weIl as the geometry of the system. This behavior is

quite different fram what is observed in laminar IS of similar geometries (see Chapter 3).

For the same H/W laminar IS mixing is always poorer as Rej increases due to the increase

in Mean flow rate of the fluid in the system (and hence shorter residence time of the fluid

in the system). For turbulent IS increasing Rej leads to higher levels of the turbulence

kinetic energy, especially in the impingement zone. The values of the turbulent viscosity

are also higher at higher Rej; tms increase leads to a stronger eddy mixing. Once the

critical value of x/W is reached, however, the mixing behavior is reversed. This May be

ascribed to the already mentianed increased mean flow rate; the etIect of higher

turbulence kinetic energy at higher Rej is overshadowed by the etfeetively shorter transit



Heat transjër and mixing characte,istics oftwo-dimensiona/ turbulent conjined impinging st1'eams as

Axial distance, x (m)

0.5 1.0 1.5 2.0

- Re· =10000
J

..... -.. Re· =20000
J

_.- Re· = 30000
J

• 0.0
0.5

0.4

~
0.3

:s
l-

b 0.2

0.1

0.0
0 50 100

xJW

150 200
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• Figure 4.7c. Mixing index for H!W= 2.0; [= 1%
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Figure 4.7d. Mixing index for H/W= 2.0; 1= 2%

Axial distance, x (m)

-- Re· =10000
J

........ Re· =20000
J

_.- Re· =30000
J

2.0

400300

1.51.0

200

xIW

0.5

100

• 0.0
0.5

0.4

~
0.3

<]........
~

t:) 0.2

0.1

0.0
0

•
Increasing HIW results in smaller effect of Rt1 on the mixing in IS at low :c1W

values (i.e., before the critical X/W is reached). The effect is more pronounced at higher

inlet jet turbulence intensities. This again is due to the increased eddy mixing as

mentioned earlier. Increasing the turbulence intensity also increases the critical value of

x/W where the mixing behavior is reversed as more turbulence energy is generated

resulting in better mixing.

•
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Figure 4.8 gives an example of the effect of the system geometry on mixing in IS.

For each RC1 and turbulence intensity increasing HIW leads to better mixing al low xIW

values but poorer mixing at xIW values beyond the critical value. For the same RC1 the jet

velocity is higher in the case of IS with higher HIW due to the smaller jet opening (H is

fixed at a constant value). This leads to higher turbulent viscosity and hence better eddy

mixing. However~ as the jet velocity increases the lateral component of momentum tends

to push the tluid out of the system faster. The tluids thus have lesser time in the system to

mix.
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•

Figure 4.8. Mixing index for Rej = 20000; 1= 1%

•

The effect of inlet jet turbulence intensity is shown in Figure 4.9 for RC1 = 20000.

For the case with Rej = 10000 there is no difference between J = 1 or 2%. The inlet jet

velocity (in combination with the turbulence intensity) may not be high enough to yield

any difference in the turbulence energy and turbulent viscosity to make any difference in

the mixing. The characteristics of the mixing curves for the cases with Re:; = 20000 and

30000 are very similar. It can be seen in tbis figure that increased turbulence intensity

leads to better mixing despite the small increase in the absolute turbulence kinetic energy.
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The reason is as mentioned earlier. The difference in terms of the distance to attain well­

mixed condition is not significant, however.
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• Figure 4.9. Mixing index for HIW== 1.0; Rej == 20000

CLOSING REMARKS

•

A study was performed of the nuxmg characteristics of turbulent confined

impinging streams. A new composite turbulence model is proposed and verified by

comparing its predictions with available experimental impingement heat transfer data as

weil as the experimental temperature and velocity distributions in impinging streams

obtained in the present work. The model is found to give better agreement between

experimental and numerical impingement heat transfer results than two other low­

Reynolds number k-& turbulence models tested. The model was then used to perform a

parametric study of mixing in a two-dimensional turbulent confined 1S. ft is round that,

for each H!W, as the jet Reynolds number increases mixing is better until a critical value

of.rIW is reached beyond which the mixing behavior is reversed. This behavior is quite
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different tram that of two-dimensional laminar confined impinging streams reponed in

Chapter J. Increasing HIW results in reduced etfect of Re,; on mixing at low x:IW values.

The effeet is more pronounced at higher inlet jet turbulence intensity particularly at high

R~. For each Rq and turbulence intensity increasing HIW leads to better mixing al low

xIW values but poorer mixing at .x1W values beyond the critical value. Good mixing is

obtained over a rather short distance for ail cases examined. Ta improve mixing even

funher two-stage 15 may be used. Fluid can be drawn trom the tirst stage al a seleeted

location and fed into the second stage for additional mixing.

NOMENCLATURE

A. B. Cl

Cl. Cp

Cp

D"

• fl.fl.fp

F

FD

H

J

k

k

1

le

L

NA

Nw

P

R,

•

turbulence model constants, •

heat capacity, J kg-I K-1

inlet channel hydraulic diameter, m

turbulence model functions, •

actual focal distance of lens, mm

given focal distance of lens, mm

height of the exit channel, rn

turbulence intensity, %

thennal conductivity, W rn-I K-1 (equation (4.5»

turbulence kinetic energy, rn2
S-2

turbulence length scale, m

near-wall equilibrium length scale, m

length ofthe exit channel, rn

refractive index ofthe medium (between transmitting lens and window), •

refractive index of the window, -

time-averaged pressure, Pa

turbulence Reynolds number, pic 2 ,_

!JE
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pyk1/ 2

turbulence Reynolds number, ~-

Greek letten

~J Kronecker delta, -•

1

1

r
r'
âT

u,,~

w

+y

time, s

thickness of the measuring window, mm

time-averaged temperature, 0 C

tluctuating component oftemperature, 0 C

temperature difference of the two inlet streams, 0 C

tluctuating velocity components, m S-I

friction velocity, ~TMI / P , m S-I

time-averaged velocity components, m S-l

width of the iolet channel, m

coordinates, m

dimensionless distance from the wall, urYP,_
JJ

&

AA

Kt

K",

JJ

p,

P

(fT

Ok

(f&

(fr

T",

• Subseripts

imp

isotropie turbulence dissipation rate, m2 s-]

angle the incident beam makes with the optical axis (halfangle oflens), 0

angle the beam within the fluid makes with the optical axis, 0

angle the beam within the window makes with the optical axis, 0

dynamic viscosity, kg m-I S-I

turbulent viscosity, kg m- l S-I

density, kg m-l

standard deviation of temperature, 0 C

diffusion Prandtl number for turbulence kinetic energy, ­

diffusion Prandtl number for dissipation rate, -

turbulent Prandtl number, -

shear stress at the wall, kg m-I 5-2

impingement surface
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j jet

p near-wall grid point

Dimensionless group

DItU .,p
jet Reynolds number, J

J.l
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CHAPTER

FIVE

FLOW AND DRYlNG CHARACTERISTICS OF
1Wo-DIMENSIONAL GAS-PARTICLE IMPINGING STREAMS

The game is nol over unlil il is over

Yogi Berra

5.1. INTRODUCTION

In the previous chapters flow, heat transfer and mixing characteristics of bath

laminar and turbulent single.phase confined impinging streams have been examined. As

mentioned in Chapter 1 impinging stream flow configuration was tirst suggested as a

method for intensifying transfer processes in heterogeneous system (Tamir, 1994).

Through this objective that the model, which allows accurate prediction of transport

processes in gas-particle impinging streams, is needed. The development and verification

of the aforementioned model along with the illustration of its use is the subject of the

present chapter.

Although a number of papers have been published on gas-particle and gas-droplet

contacting operations in irnpinging streams (e.g., Tamir et al., 1984; Kitron and Tamir,

1988; Kudra and Mujurndar, 1989; Kudra and Mujumdar, 1995; Hu and Liu, 1999), very

few papers have attempted modeling of these operations from first principles. A large

pool of literature on gas-particie flows in other configurations is available, however.

Only closely related publications are reviewed here.
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Yoshida et al. (1990) conducted experiments to study the flow and heat transfer

mechanisms of a two-dimensional gas-solid impinging jet via the use of an LDV. They

reported the presence of particles rebounding from the impingement plate and the gas­

phase reverse flow caused by those particles. This leads to significant heat transfer

enhancement near the stagnation point due to the production of turbulence in the viscous

sublayer by particles. However, the turbulence structure undergoes ooly a slight change

in the wall jet region where the gas-solid interaction is smaller.

Bar and Tamir (1990) studied the behavior of the particles and their residence

time distribution in two tangentially fed impinging streams reactor using a stochastic

Markov chain model. The true residence time distribution (Rm) curve and the nature of

particles circulating on the walls of the reactor were determined using the model.

Hosseinalipour (1996) and Hosseinalipour and Mujumdar (1997) studied

numerically the flow, heat transfer and drying characteristics of particles in confined

turbulent opposing jets using superheated steam as the drying medium. They computed

particle trajeetories as weil as temperature and moisture content histories of particles (up

to 2000 particles entering the contactor through one iolet nozzJe). Effects of various

operating and geometric parameters on various transport processes were investigated in

detail. This is by far the most extensive study on mathematical modeling of gas-particle

flow with heat and mass transfer in two-dimensional confined impinging streams. They

developed a computer code to solve the coupled equations that included etfects of the

restitution coefficient and turbulence modulation by the presence of particles. They

examined the effects of both flow and geometric parameters on the particle Mean

residence time as weil as its distribution according to the particle size and its initial

location at entry into the contactor. Extremely large computing times limited their

parametric studies, unfortunately.

Berman and Tamir (1996) studied coalescence of particies in coaxial impinging

streams and proposed a coalescence model, which is based on equation expressing the

condition for inter-particie collision rate as weil as the equation of motion of a single

particle. The model assumes coalescence ooly between small and large particles. It also

assumes that the probability of inter-particle collisions between large particles is

negligible when comparing with the collisions between small and large particles.
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Wu and Wu (1997) studied experimentally and theoretically the pressure drop

across the impinging stream contactor (ISe) resulted ftom the acceleration of particles as

weU as the impingement of two iolet streams. It is found that a large proportion of the

power (more than 800t!o) used for the operation of ISe is being consumed in the

acceleration of particles while the pressure drop due to the impingement of inlet streams

is independent of the presence of particles. The proposed model for the total pressure

drop prediets the experimental results satisfactorily.

Kleingeld et al. (1999) developed a model for the prediction of the interfacial area

production in their IS reactor based on a Monte Carlo simulation of bubble breakup in a

turbulent environment. The model gives reasonable predictions of experimental results

although certain areas have been identified where the model needs further improvement.

In this chapter numerical results of the study of gas-particle f10w and drying in

turbulent two-dimensional confined impinging streams are presented. Continuous-phase

conservation equations are written in the Eulerian frame while the particle equations are

written in the Lagrangian frame. Two-way physical coupling between the continuous and

particulate phases is taken into account in the goveming conservation equations. This

technique is based on the particle-source-in cell (pSI-CELL) model of Crowe et al.

(1977). Monte Carlo stochastic approach is used to model particle dispersion due to the

turbulent fluctuations of the continuous-phase velocity. Etrects of various operating

parameters on the flow and drying behavior of the system are reported and discussed.

5.2. MATREMAnCAL FORMULATION

5.2.1. Continuous-phase equations

To formulate the mathematical description of the transport processes in the

continuous phase the following assumptions are made: the tlow is incompressible and the

f1uid is Newtonian. Viscous dissipation is neglected. The flow is assumed to he fully

developed at the exit of the IS.

Based on the aforementioned assumptions the time-averaged conservation

equations for mass, momentum and energy (in tensor form) can be written as follows.
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Interactive source tenns are added to these equations to take into account the interphase

transport.

Continuity equation:

ô(pU,J =s
ôx III,

(5.1)

Mo.entum equation:

ô(pU,Uj ) op. 0 [(au, OUi] - .. -t.] S
ôx = - àx + ôx J.l ôx +a;- - pu,U) + V.l

, }' } ,
(5.2)

Energy equation:

o(pcpU,T) =~[k ôT _ PU:T']+Sn
âx, ôx, àx,

(5.3)

(5.4)

(5.5)

_o(_p_U",,--,Y_J =_0[D_OY -puY]+S
âx, ÔX, ÔX, ' III

where Sm~ Sv" and Sh are interactive source terms accounting for the interphase transport.

Reynolds stresses, turbulent heat and mass fluxes are expressed as follows:

-.-, (au au)] 2
-pUll = Il -.'+-- --pk8

'} rt ôx ôx 3 1)

J '

Species equation

•
~.T' Pt aT-pli =--

, UT ÔX,
(5.6)

--:--Y' J.l t Ôr-pu. =--
, U y âx,

(5.7)

(5.8)•

The turbulence model used to close the system above is as described in Chapter 4.

For the sake of eompleteness it is repeated here briefly. For additional details of it the

reader is referred to Section 4.2 ofChapter 4.

The turbulence kinetic energy and the isotropie component of the turbulence

energy dissipation rate are determined from the following transport equations:

ô(pk) + o(pU,k) =~[(l:!.!.- + pJ Ôk] + Pt(ou, + au)] au, _pc
01 ÔX, âx, cr le ÔX, ôx} ôxt ôx)
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B(pc) + O(pU,c) =~[(l!.L + Joc. ] + C l' ~(aul + au.) JoU.' _ C.,f &2 (S.9)
ôt âx. âx !J ex IJIJJ, k ôx âx àx - 2 k, ,u& 1 }'}

where C,., =0.09; Ut =1.00; u& =1.314; CI =1.44 and C2 =1.92.

The wall..damping functionsfi,f] and/JI are defined as follows:

ft =(1+ O~SJ
/2 = l-exp(-R,2)

f p =[1-exP(-O.OI6SRy )t(1 + 2~:SJ
pk2 kl/2

whereR =-- and R =..;;..;py~-
t pc y JJ

(S.IO)

(S.ll)

(S.12)

•
The following secondary source term is added to the & equation:

(S.13)

where le denotes near·wall equilibrium length scale taken as 2.S times the distance trom

the wall, and / is the turbulence length scale.

The time..averaged flow field is determined using the turbulent viscosity modified

by multiplication by a factor, which is a function of the local Reynolds number of

turbulence:

Pmod =!Jt . min [1.0, (A. RtY] (S.14)

(5.15)

•

where /-lmod is the turbulent viscosity to be used and Jlt is the nominal (high-Reynolds­

number) value of /-lmod. A, B are constants in which the values, obtained in the present

study by fitting numerical results to experimental impingement heat transfer data., equal

to 0.05 and 2.40, respectively. The values of dimensionless distance of the first grid

points normal to the wall, y +, were again kept lower than unity to ensure adequate

concentration ofnear·wall grids.
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5.2.2. Dispene-phase equations

In order to describe the evolution of the particle position, velocity, temperature as

weil as mass, the Lagrangian equations are solved. In the following sub-sections each of

the Lagrangian equations is described (Fueyo et al., 1997). It should be noted that

particle-particle interactions are neglected since the particle concentration considered in

tbis work is not high (initial particle loading ratio is tixed at ooly 0.1).

5.2.2.1. Particle position equation

The evolution of the particle position is determined from the following equation:

dx p•i
--=udl p.1

(5.16)

(5.18)

•

•

where xp.t is the particle position and up.l is the particle velocity. The partic1e velocity is

determined from the solution of the particle momentum equation discussed next.

5.2.2.2. Particle momentum equation

The velocity of the particle is calculated from the following equation of motion

(Faeth, 1983; Hosseinalipour, 1996~ Hosseinalipour and Mujumdar, 1997):

du p ., àP .. d
mp--=/D(U, -upl)+mpg, -Vp-+K",vp-(u, -upl )+dl . ôx dt .,

d
KBD~(1rpJ.J)II'Z. t dt (u, -up.,) 1r 3-----.;----J Il'' dt+-pDp(J)p~'lJk"/I(Uk-upk )+ (5.17)

4 (/-/)- 8 . .
ra 0

1/2D2 ( ) (êu1 ) F1.6(p,u) pY'11e U J - U p.) nid Ox, + •

where ID is a drag function defined below, Vp is the particle volume and nj.l and nlc,2

represent unit vectors. The ~jk and Yrjk are third-order tensors defined below:

1 for ijk = 123, 231, 312

Ç,jk = -1 for ijk = 132, 213, 321

ootherwise
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• and

rljk = 1 for ijk = 123, 213, 312, (non-repeating indices)

-1 for ijk = 121, 322, 221, (repeating indices) (5.19)

•

•

The term on the left-hand side of equation (5.17) represents the inenial force of

the panicle. The tirst term on the right-hand side of equation (5.17) represents the drag

force on the panicle, which includes both skin friction and fonn drag. The second tenn

represents the gravitational force while the third term accounts for the static pressure

gradients in the flow. The fourth term accounts for the force on the particle due to the

inertia of tluid displaced by its motion, which is often called the vinuai (added) mass.

The value of the empirically detennined Km is approximately 0.5. The fifth te~ Basset

force, allows for etfects of the deviation of the flow trom a steady tlow pattern around the

particle. The value of Ka is of the arder of 6.0. The sixth and seventh terms are the

Magnus force and the Saffman force, respectively. The Magnus etfect appears when the

particle is rotating. Rotation of the panicle distorts the gas tlow field in its neighborhood,

giving rise ta tbis force. This effect causes the partic1e ta he detlected toward the side

where the peripheral motion of the particle is in the same direction as relative gas tlow.

The Saffinan tenn accounts for the force induced on the particle by the gradient in the

local gas velocity; this induces a transverse force (lift) on the panicle. The last term

accounts for any other forces.

Since, in the present case, the particle density is much higher than the gas density,

the virtual mass and the Basset force are negleeted. At higher pressures their etfects may

not he negligible, however (Faeth, 1983). It is also shown that the lift force is normally at

least an order of magnitude smaller than the drag force throughout the dilute spray region

(Faeth, 1983). This term is thus neglected here. AIthough the Magnus force is generally

small in the dilute spray region, its effect could still be comparable to processes such as

turbulent particle dispersion. However, for simplicity, this effect is also neglected here.

Recent laser holography studies have also shown that in most regions of the tlow field the

particle does not rotate. Therefore, except in the region adjacent to the wall, this force is

not important (Lixing, (993).
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The drag funetion ID is calculated from the following equation:

JD =~ pApCDlu, -up.• 1

where Ap is the particle projeeted area. CD is the drag coefficient, which is given by the

following equation:

(5.22)

(5.21)c = 24 (I+O.15Reo.687)+ 0.42
D Re 1+4.25 x 10~ Re-1.l6

where Re is the particle Reynolds number defined as:

plur -up"IDp
Re=--:....--....;........;-.

J.l

The correlation for the drag coefficient is valid for rigid sphericaJ particles and

when Re < 3 x 105 (Clift et al., 1978).

•
5.2.2.3. Particle mas! equation

The evolution of the mass of the particle is described by the following equation:

dm p k
-;jt =-;rDp -:- Nuln(l + BJ() (5.23)

J1"

where kv is the thermal conductivity of the vapor produced by the evaporation of the

particle and cpv is the specifie heat capacity of that vapor. Nu is the Nusselt number,

determined trom the fol1owing equation:

Nu = 2(1 +0.3 Reo s PrO.33 )F (5.24)

Where Pr is the laminar Prandtl number for the continuous phase and F is the Frossling

correction for mass transfer, which is given by:

(5.25)

(5.26)B =Yv,s -Y\UJ
M I-Y

v.r

1
F =-ln(l+BM )

B,,,,

B.'.,! is the mass transfer number, which represents the driving force in the mass transfer

process and is detined by:

•
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where Yv~ is the mass fraction of vapor at the surface of the particle, Y~ is the mass

fraction of vapor in the gas surrounding the particle. The mass fraction of vapor at the

surface of the panicle is calculated by:

(5.27)

where P is the total pressure of the fluid surrounding the particle, PV~ is the partial

pressure of the vapor at the surface of the droplet at the saturation conditions defined by

the droplet temperature, Wc and W" are the molecular weight of the surrounding fluid and

of the vapor, respectively.

5.2.2.4. Particle enthalpy equation

The temperature of the particle is detennined from the solution of the particle

enthalpy equation as follows:

• dT, dm p
mpc p - = A.J8' --+h(Tg - Tp )

dt dt
(5.28)

where cp is the specifie heat capacity of the partic1e, À.fg is the latent heat of vaporization

and h is the convective heat transfer coefficient between the particle and the surrounding

tluid.

5.2.3. Turbulent dispersion of particles

The effect of the turbulence on the droplet motion is simulated here by a Monte

Carlo stochastic approach, in which the gas turbulence is randomly sampled during each

particle flight and allowed to influence its motion. The gross particle behavior is then

obtained by averaging over a statistically significant sample of particles (Gosman and

Ioannides, 1981). The turbulence is assumed to be isotropie and to posses a Gaussian

probability distribution in the tluctuating velocity. Among the stochastic models the

Monte Carlo method has been tested in a broader range of theoretical and praetical

• problems and has given satisfactory predictions (Hosseinalipour, 1996) and henee the

choice orthe model here.
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The model uses a sum of the time-average velocity U; and a fluetuating

component u; as the continuous-phase velocity in the drag force term of the panicle

momentum equation, equation (5.17):

U =U.+u·• • • (5.29)

where U; is obtained from the Eulerian equations for the continuous phase and u; is

calculated assuming that each component follows a normal distribution with a mean

value of 0.0 and a standard deviation of:

(5.30)

where k is the turbulence kinetic energy.

The interaction between the gas phase turbulence and the panicle motion occurs

over a time interval, which is the minimum of the two time scales, namely, a turbulent

eddy lifetime and the residence time of the particle in the eddy:

(5.31)

• where te. the lifetime of the local eddy, which the particle is assumed to be traversing, is

given by:

(5.32)

where le is the eddy size:

(5.33)

where E is the rate of dissipation of the turbulence kinetic energy and CJi is a constant in

the turbulence model.

The particle transit time, which is the time for the particle to cross the eddy, is

given by:

1
t - •

R -lu; -up.,l (5.34)

The numerical integration of the particle equations takes place according to the

• following sequence: the Lagrangian time-step is calculated, the particle is moved, the
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particle properties at the new position are calculated and the interactive source terms are

calculated. For more detail the reader is referred to Crowe et al. (1998).

5.%.4. Calculation of interactive source terms

As the particles traverse each cell, exchange of momentum, energy and mass

between phases occurs. The source terms, which must be added to the continuous-phase

transpon equations to represent these transport etfeets, are calculated as foUows.

5.2.4.1. l\'lass transfer source

An interactive source term for mass transfer is calculated by:

(5.35)

where n denotes values at the end of the Lagrangian time step, 0 denotes the values at the

• start of the Lagrangian time step, Tl is the mass tlowrate of a panicular parcel of particles

divided by the mass of an individual panicle and ~ is the summation over all of the

Lagrangian time steps required for the particle to traverse the cell and for ail particles.

5.2.4.2. Momentum transfer source

The source of momentum, which appears in the continuous-phase momentum

equations, is equal to the rate of change of particle momentum as each particle parcel

traverses a cell and is calculated by:

S".I = :L77[P~U~,,(D;)3 - P;u;.,(D;)3] (5.36)

5.2.4.3. Enthalpy transfer source

The source of enthalpy, which appears in the continuous-phase energy equation,

• is calculated by:
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• S =1r~ f_OhO(DO)3_p"h"(D")3]
If 6~ '7VJ ppp ppp

where hp is the enthalpy of the panicle relative to a value ofzero at 0.0 K.

S.2.5. Particle-wall interaction

(5.37)

When a particle tries to cross into a wall or obstacle during a time-step the time­

step is reduced so that the panicle is placed on the wall or obstacle surface. The velocity

component parallel ta the wall after the bounce is set ta the same component before the

bounce while the velocity component perpendicular ta the wall after the bounce is set ta

the negative of the same component before the bounce (Fueyo et al., 1997). This

corresponds to the use of the unity restitution coefficient, which is adopted in this work.

5.2.6. Boundary conditions

• In the following paragraphs W is the width of the inlet channels; H and L are the

height and the length of the exit (or main tlow) channels. respeetively. The coordinates

used are shown in Figure 5.1. Boundary conditions for the continuous-phase equations

are as follows:

Inlet 1

(O<x<W;y = W~H/2)

InIet 2

(O<x<W;y = -(W+H/2»

(5.38)

(5.39)

3/2

and k =(U;.t1f; & =C~/4~ where 1 = O.IL and L is the characteristic length of the
1

system; 1 represents the turbulence intensity.

Top and bottom walls

•
(W<x<L+W)

Outlet

(x = L+W)

ôr ôy ae
u =0 and - =0· - =O· k= oand - = 0

1 ôy 'ay' ôy

a, =0
ôx

(5.40)

(5.41)
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where ; represents all solved variables.

w

~x
1

t
w

l ......~

L

H

•
Figure 5. 1. Schematic diagram ofa one-way exit IS used in the present study

For the particle equations the following particle inlet conditions must be specified

for each parcel of particles: inlet position, inlet velocity (which, in the present study, is

assumed to be equal to the inlet jet velocity), particle diameter, particle density, particle

mass flowrate and particle inlet temperature.

The continuous-phase equations, along with the boundary conditions, were solved

numericaUy using the control-volume-based computational fluid dynamic software

PHOENICS version 2.2.2 (CHAM, 1997). In tbis code the convection tenns in the

conservation equations were discretized using the hybrid scheme (patankar, 1980). The

discretized equations were solved using the well-known SIMPLE5T algorithrn (CHAM,

1997). The solution was considered converged when the following criterion is met for all

the dependent variables:

between sweeps n and n+1;;, represents the reference value for the dependent variable

t/J. T0 improve convergence underrelaxation of the false transient type was used for the•
ÂIt+I Al"

max '1' - '1' :5 10-3
;,

(5.42)
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two velocity components and temperature. Linear relaxation was used for the pressure as

well as the turbulence kinetic energy and its dissipation rate. Whole-field residuals were

checked to ensure that the converged solution set satisfies the governing equations within

a prescribed error. The Lagrangjan equations were solved numerically using a

PHOENICS software option GENTRA version 2.2 (Fueyo et ai., 1997).

5.3.. RESULTS AND DISCUSSION

The above-mentioned model was tirst verified by comparing its predicted results

with experimentaI gas-particle impinging jet data of Yoshida et al. (1990). The system

configuration is shown in Figure 5.2.

gas

J.....t---- pal1icles
1

i
!

confinern.ntsu~ace

1200 mm
i 1 W=10mm
: 1

! ,

1
1

i
1

x
H=80mm

•

impingement surface

Figure 5.2. Impingingjet configuration used in model validation

The Mean diameter of the spherical glass beads used in the experiments was 48.9

Jlm and its standard deviation was 8.7 J,lm. The dimensionless nozzle-to-plate spacing

was held constant at HIW = 8. The jet Reynolds number, based on the bulk Mean gas

velocity at the nozzle exit and the nozzle width, was fixed at 10000. The initial particle



•

•

•

Flow and dl'ying characteristics oftwo-dimensional gas-partic/e impinging streams 108

loading ratio used in the experiments was 0.1. As noted by Yoshida et al. (1990), highly

dense suspensions exist in the vicinity of the stagnation point even if the initial loading

ratio is rather small.

The eomparison between experirnental and numerical profiles of gas-phase Mean

velocity upstream of the stagnation point is shown in Figure 5.3. Grids of 9S x 130 were

used in the computation. The profiles to the left of the centerline are for the single-phase

flow whiIe the profiles to the right belong to the gas-particle flow. Two thousand

isothermal particles were tracked in the eomputational run. Since the detailed

experimental particle size distribution is not kno~ no attempt has been made to

represent it with multiple discrete particle sizes. The mean particie diameter was used in

the simulation.

It can be seen from tbis figure that the model predicts the experimental data

reasonably well considering the faet that the complete boundary conditions, i.e.,

turbulence intensity at the nazzle exit, necessary for the numerical computation were not

available; the value of 1 = 5% was assumed here. Far from the impingement surface the

spreading rate of the gas-particle jet is slightly lower than that of the single-phase fIow.

The gas velocities of the two-phase jet a10ng the stagnation streamline are also slightly

lower than those of the single-phase jet. This is due to the momentum transfer from the

gas to the particles. Very close to the impingement surface. i.e., at Z/W = 1, where the

impingement plate has a considerable influence on the tlow field, the profiles of the two

phases are appreciably different from each other. The model does not perform weil in the

vicinity of the impingement surface due probably to the absence of the turbulence

modulation effect in the model. The presence of particles rebounding from the

impingement plate and of the gas-phase reverse f10w caused by those particles leads to an

increase in the turbulence intensity near the stagnation point. Nevertheless, the

computational profiles of the two phases are still quite different due to the particle

rebounding and the momentum transfer between phases, wbich are captured by the

model.
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zN.I= 7

=5

•
·2 -1 o

xJW
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•

Figure 5.3. Comparisoo ofgas-phase Mean velocity profiles

o experimental single-phase profiles; • experimental two-phase profiles;

- corresponding computational profiles

Figure 5.4 shows the profiles of the lateral Mean velocities in the downstream

region of the stagnation point. It can be seen that the peak velocity for the gas phase is

smaller than that of the single-phase flow. This is, agai)\ due to the momentum transfer

between phases. Particles initially do oot have momentum in the x-direction 50 they

become a load for the gas phase and hence the drop in the gas phase velocity. The large

discrepancy between the numerical and experimental results May be again attributed to
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the absence of the turbulence modulation term in the model as weU as an uncertainty in

the boundary conditions at the nozzle inlet mentioned earlier.

0.6
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Figure 5.4. Profiles of mean gas-phase velocities at x/W = 1

The gas-particle transport model is neX! used to illustrate the tlow and drying

behavior of a two-dimensional tlash dryer based on an IS tlow configuration.

Thermodynamic and transport properties of air-water system used in the present study are

listed in Table 5. 1. Grids of 110 x 60 were used in aIl computations. The ranges of

operating parameters investigated are: iolet gas temperature from 100 to 3000 C and

initial particle diameter from 200 to 800 J.1m (the minimum particle diameter below which

the particle is assumed to be completely evaporated was fixed at 100 J.1m). The initial

particle loading ratio (JO) was fixed at 0.1 and the inlet particle temperature was held

constant at 50° C. Inlet jet hydraulic diameter is caIculated assuming the aspect ratio of 5

• between the width and the height of the exit channel. One thousand particles were

tracked in each computation. As noted by Chang and Wu (1994) the use of no less than
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1000 computational particles for each representative size in the stochastic separated flow

(SSf) model yields a nearly invariant solution. Particles were entrained into the top jet at

xIW= 0.5.

Table 5.1. Thennodynamic and transport properties ofair-water system

used in the present study

Propeny Expression (Fueyo et al., 1997)

cpv cJ1II ;:1.27~5xlO-7rs -1.24.75xlO-'r" +4..74.57xlO-2 r 3 -8.71lT 2 +773.98T-2.4.5xI0"

kil k ;: 109 l"IO~(T-3730}+1.39 11000' T in Kelvinv ,

Ps p$ = 689~.76 exp(G)

For TR ~ 6720 R. G =73.326 - 8.21og(TR ) +O.003TR -
13023.8

TR

For 6720 R < TR < T~ G = L5.183-
8310.453

+J+K
TR

O.00017Z[exp(A I )-1) 1" .,
J;: ~ K = -o.Olexp(A.. ); AI = 2.62-lx 10- - Z - ;

TR -

A: ;: -o.0063H 1:5; z;: ri - 951588 ~ H;: 1165.09 - rR ~ TR = 1.8T + 4.92.0

Ts Ts =0.319P; +3.103P; + 27.287Pr +370.8; Pz = log(P)-5.0

P P = (P + lx 105
) 1RT; T in Kelvin

li À.t = -1.802x 106
- 2.658x 105 Tr" + 1.356 X 106T; - 2.565 x 106 Tr! +3.276 x 106 Tr ;

Tz = T(K)/273.15

Â.J8 À.fg =6.291x 106 -2.746x lO"T +65.991T! -5.765x 1O-2 T 3; Tin Kelvin

Figure 5.5a compares the dimensionless axial Mean velocity profiles of the single­

phase tlow and gas-panicle flow cases at 4 dimensionless axial locations, i.e., .l'lW = 1, 5,

10 and 20. The plotting procedure used is the same as the one described in Chapter 4.

Velocity values were normalized with the inlet gas velocity with the scale of one xIW per

UlU;ec.
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It cao be seen that~ initially, the gas phase velocity in the upper part of the exit

channel is smaller than that of the single-phase flow. This is due ta the momentum

transfer between phases; particles initially having no momentum in the axial direction

and they become a burden to the gas phase. As the distance trom the impingement region

increases the ditference between the two phases decreases indicating the equalization of

the momentum ofboth phases.

Time-averaged temperature profiles of the single-phase t10w and gas-particle flow

cases at the same 4 dimensionless axial locations are compared in Figure S.Sb.

Temperature values were normalized with the iolet gas temperature. The scale used in

tbis case is 5 x/W's per one unit normalized temperature.

The temperature drops seen in tbis figure are due to the enthalpy transfer between

phases~ the particle inlet temperature was lower than the intet gas temperature. Again as

the distance trom the impingement region increases the difference in temperature

decreases. The spreading of particles across the exit channel can aIso be seen in this

figure, especially at the distance rather far downstream ofthe impingement region, e.g., at

xJW= 20.

The plots of the dimensionless moisture content versus dimensionless axial

distance with the initial particle diameter as a parameter are shown in Figure 5.6. It is

seen from this figure that drying occurs mainly in the impingement region and its

vicinity~ once particles leave tbis region very liule drying takes place.

Since smailer particles, Dp = 200 J.lm in this case, have smaller inerti~ the

penetration of particles into the opposite jet as mentioned in Chapter 1 does not occur and

hence the absence of the oscillatory motion, which increases the residence time of

particles in the highly turbulent regjon. Drying for smaller particles is thus achieved to a

smaller extent than for larger particles, e.g., particles with Dp = SOO and 800 J.1m. Similar

behavior has been reported by Hosseinalipour and Mujumdar (1997) who studied

superheated steam drying of particles in an IS dryer. Once the particles leave the

impingement region they move rapidly through the exit channel and little drying occurs

in this downstream region as can be seen in Figure 5.6. Negligible difference in moisture

loss can be observed among those larger particles as they have larger inertia to penetrate

into the opposite jet and hence have higher residence time in this region.
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Figure 5.6. Moisture content profiles in an IS flash dryer
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Since drying takes place ooly in the constant rate period, particle surface

temperature attains and remains at the wet-bulb temperature throughout the whole drying

process (Mujumdar and Devahastin, 2000).

The effect of the inlet gas temperature on the dimensionless moisture content

profile is shawn in Figure 5.7. Again drying occurs mostly in the impingement region.

Increasing the gas inlet temperature from 1000 C ta 200°C does not promote drying as

much as one might expect in tbis case. The reason for this behaviar is ascribed to the

variable fluid propenies used in the present study. As the gas temperature increases the

gas kinematic viscosity increases. Since the inlet jet Reynolds number was fixed in tbis

case, the inlet gas mass flowrate increases with increased inlet gas temperature. The

particle Mean residence time in the dryer therefore decreases and hence less drying. At

the inlet gas temperature of 300° C the gas mass flowrate was rather high that the

unfavorable behavior due to an increase in the inlet gas temperature is observed. In

practical, however, gas mass flowrate (and hence the particle mass flowrate, if ra is kept

constant) is normally held constant and the effect of increased inIet temperature will be



•
Flow and d1ying chQl'acte,istics oftwo-dimensiona/ gas-partic/e impinging streams 115

different trom what is shown here. Drying rate is normally higher at higher inlet gas

temperature.
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Figure 5.7. Moisture content profiles in an IS flash dryer

Rej = 10000; 1= 1%; Dp = 500 ~m; ro= 0.1

CLOSING REMARKS

Numerical results based on a study of the gas-particle flow and drying in turbulent

two-dimensional confined impinging streams are reported in this chapter. Continuous­

phase turbulence behavior is modeled using the composite model proposed in Chapter 4.

The gas-particle transport model was first verified by comparing its predictions with

experimental gas-particle impingjng jet flow data available in the literature. Reasonable

agreement is obtained despite the simplifying model assumptions and the lack of

complete boundary conditions for the simulation. The model was then used to iIIustrate

the use of an IS flow configuration as a flash dryer. It is round that drying occurs mainly
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in the impingement region and its vicinity; once particles leave this region very little

drying takes place. This result suggests the use of a multi-stage IS operation to improve

drying. It is also observed that drying for smaJler particles is achieved to a lesser extent

than for larger particles due to their smaller inertia and hence smaUer Mean residence

time in the impingement region. Increasing inlet gas temperature does not yield expected

results in this case due to the use of the variable tluid properties assumption and fixed

inlet dimensionIess boundary conditions.

NOl.\ŒNCLATURE

•

•

A,B, CI

C2, CJJ

Ap

B.\{

Cp

Cpv

CD
D

Dh

Dp

11.12.IJJ
ID
F

h

H

1

k

k

1

turbulence model constants, ­

panicle projected area, m2

mass transfer number, -

heat capacity, J kg-1 K-1

specifie heat of the vapor, J kg- I K- 1

drag coefficient, -

mass ditlùsivity, m2
S-I

inIet channel hydraulic diameter, m

particle diameter, m

turbulence model fuRetions, -

drag function, kg S-1

Frossling number, -

gravitational force vector, m S-2

convective heat transfer coefficient, W rn-2 K-1

height ofthe exit channel, m

turbulence intensity, %

thermal conductivity, W m-1 K-1 (equation (5.3»

turbulence kinetic energy, m2
S·2

thermal conductivity of the vapor, W rn-a K-1

turbulence length scale, m
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• Ka ~mpirical constant, •

Km empirical constan~ kg m-3

le near-wall equilibrium length scaJe, m

L length of the exit channel, m

mp mass ofthe panicle, kg

nJ.I. n1c.~ unit vectors, -

P time-averaged pressure, Pa

Pl saturation pressure, Pa

PVl saturated vapor panial pressure at the panicle surface, Pa

R gas constant, 2.871 x 102 l kg-l K- l

RI turbulence Reynolds number, pk: , -
f.JE

Ry turbulence Reynolds number,
pykll':.

-
J.l

Sh interactive source term for enthaJpy transfer, J m-] sol

• Sm interactive source term for mass transfer, kg mO

] sol

Sv., interactive source term for momentum transfer, kg m-2
S-2

t time, s

te eddy lifetime, s

IR particle transit time, S

T time-averaged temperature, 0 C

Ter critical temperature, 0 C (or 0 R)

Tl saturation temperature, 0 C

T fluctuating component of temperature, 0 C

", instantaneous gas-phase velocity, m sol

Ui'U J
tluctuating gas-phase velocity components, m sol

"p., particle velocity, m sol

"r friction velocity, ~'w 1P , m 5-
1

• u,.~ time-averaged velocity components, m sol

Vp particle volume, ml
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• W width of the inlet channel, m

Wc: molecular weight of the surrounding fluid, kg/kg mol

Wv molecular weight of the vapor, kglkg mol

xr.~ coordinates, m

xp.1 particle position, m

- dimensionless distance from the wall, urYP , _y
p

y mass fraction ofvapor, kg waterlkg dry :lÏr

y' fluctuating component ofmass fraction ofvapor, kg waterlkg dry air

YyS mass fraction ofvapor at the particle surface, kg waterlkg dry air

Y~ mass fraction ofvapor in the surrounding fluid, kg waterlkg dry air

Greek letters

t5y Kronecker delta, -

& isotropie turbulence dissipation rate, m2 s03

• yIJlc ,C;llic third-order tensors, -

r particle loading ratio, -

Âfg latent heat ofvaporization, J kgo1

Âl liquid saturation enthalpy of the particle, J kgol

j.J dynamic viscosity, kg mol sol

pc turbulent viscosity, kg mol sol

p density, kg mO

)

0"1e diffusion Prandtl number for turbulence kinetic energy, -

(je diffusion Prandtl number for dissipation rate, -

(jr turbulent Prandtl number, -

(jr turbulent Schmidt number, -

t'w shear stress at the wall, kg mol S-2

f4, angular velocity, rad S·l

Superscripts

• 0 value at the start of the Lagrangian time step

n value at the end of the Lagrangian time step
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• Subscripts

0 intet

g gas-phase

p particle

v vapor

Dimensionless group

hD
Nu Nusselt number, T

Pr
C IJ

Prandtl number, _P-

k

DhU}.,P
jet Reynolds number, -~-
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CRAPTER

SIX

CONCLUSIONS, CONTRIBUTIONS TO KNOWLEDGE
AND RECOMMENDATIONS

This is not the end

Il is not even the beginning ofthe end

But it is the end ofthe heginning

Winston Churchill

6.1. CONCLUSIONS

This thesis has examined the fluid mechanics, heat transfer as weil as mixing

characteristics of two-dimensional confined impinging streams (IS) operated in both

laminar and turbulent flow regimes. Drying characteristics of a novel two-dimensional

flash dryer based on this flow configuration has also been investigated. The following

conclusions are made based on these studies:

L Laminar impinging streams

• The Reynolds numbers beyond which the flow displays periodicity and in sorne cases

random fluctuations were identified for different geometric configurations of the IS.

It is found that this transition Reynolds number depends strongly on the geometric

parameter viz. the ratio of the height of the exit channel (H) to the width of the inlet

jets (W), especially at lower values ofthis ratio.

• For each geometric configuration of the laminar IS, a longer exit channel is required

to obtain the well-mixed condition as the inlet jet Reynolds number ïncreases. For



the same intet jet Reynolds number, it is round that the distance ta attain the well­

mixed condition increases dimensionlessly but decreases dimensionally with H!W.

Very good mixing is obtained over a rather short distance for ail cases examined,

however.

• A simple technique ta improve mixing viz. otfsetting the top and bottom inlet jets

with respect to their centerlines, is proposed. It is found that this simple concept

yields good mixing over a rather short distance in the channel mixer. Recirculation

zones are observed ooly on one side (either near the top or bottom wall) of each pair

of top and bottom jets due to the offset; each jet prevents formation of the

recirculation bubble on the opposite wall. The absence of these recirculating zones is

beneficial as it results in a more unifonn mixing in the channel. Larger spacing

between the inlet jets (higher S/W') results in better mixing in the region between these

jets but yields no differences in the required channellength (between the last inlet and

the exit port) to obtain the well-mixed condition at the exit. Higher Rej also leads to

better mixing in the region between the inlet jets but to a poorer mixing in any other

regions. This effect is, however, less clear at higher S/W due ta the longer time

available for fluid ta mix in the region between the iniets. Increasing H/W leads to

more uniform but poorer mixing.

•

•
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•

D. Turbulent impinging streams

• A new composite turbulence model is proposed and verified by comparing its

predictions with available experimental impingement heat transfer data as weil as the

experimental velocity, turbulence intensity and temperature distributions in impinging

streams obtained in the present work. The model is found to give better agreement

between experimental and numerical impingement heat transfer results than two other

law-ReYnolds number k-e models tested.

• The maximum deviation of about 25% between numerical and experimental

temperature distributions was observed. However, tbis hish level of deviation may be

attributed to the simplitYing assumption of constant physical fluid propenies and the

adiabatic wall boundary condition used in the simulation since the model predicts the
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results weil in the region where the f10w condition was sunilar but with lower inlet

temperature.

• The composite model overestimates the velocity in the near-wall region (up to about

2(010) but slightly underestimates (approximately 7%) it in the region far away from

the wall. Similar trend is observed when camparing numerical and experimental

distributions of the turbulence intensity. The near-wall measurements, however, are

subjected to higher errors due to the retlection of the laser light from the edge of the

model IS used in the experiments. The use of an LDV operated in the front-scattering

mode may alleviate tbis problem.

• It is found that, for each HIW, as the jet Reynolds number increases mixing is better

until a critical value of xIW beyond wruch the mixing behavior is reversed is reached.

Increasing HIW results in reduced effect of Re.; on mixing at low xIW values. The

effect is more pronounced at bigher inlet jet turbulence intensity particularly at high

Re.;. For each Re,; and turbulence intensity increasing HIW leads to better mixing al

low x/W values but poorer mixing at xIW values beyond the critical value.

•

•

Conclllsions, contributions to knowledge and recommendations 124

•

• Continuous-phase turbulence behavior of the gas-partiele tlow in IS was modeled

using the composite model proposed in Chapter 4. Reasonable agreement between

numerical and available experimental gas-particle impinging jet tlow data is obtained

despite the simplifying model assumptions and the lack of complete boundary

conditions for the simulation.

• Drying is found to occur mainly in the impingement region of IS and its vicinity;

once particles leave tms region very little drying takes place.

• Drying is achieved to a lesser extent for smaller particles than for larger particles due

to their smaller inertia and hence smaller Mean residence time in the impingement

region.

• Increasing inlet gas temperature does not yield expected results in tbis case due to the

use of the variable tluid propenies assumption and fixed inlet dimensionless



boundary conditions. Different results May be obtained for fixed mass flowrate

operation, however.•
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•

•

6.2. CONTRIBUTIONS TO KNOWLEDGE

As a result of the present study, the following contributions to knowledge are

made:

• Fundamental transport processes in laminar IS have been studied in detail. The

transition Reynolds numbers beyond which the tlow displays periodicity and even

randomly tluctuates have been identified for different geometric configurations of IS.

Thë physical relationship between the flow and heat transfer behavior of the system

has also been investigated and explained thoroughly.

• A novel conceptual design of an in-line fluid mixer has been proposed and verified

numerically. The mixer has a potential of replacing a conventional in-line mixer for

high-viscosity fluids due to the absence of any mechanical obstructions in the

channel, which are potential sources for fouling and also high pressure drop. The

problem of air entrapment in the fluids would also be alleviated in tbis design

compared to the nllxing in a conventional mixing vessel. Chemical reactions could

aIso be conducted simultaneously.

• A new composite turbulence model is proposed in this work. A laser Doppler

velocimeter (LDV) was used to obtain the velocity and turbulence intensity

distributions in a two-dimensional IS set-up and comparison was made between the

data and those obtained using the composite model. Reat transfer experiments were

aIso conducted to obtain the temperature distributions in IS for verification of the

predictive ability of the mode!. This represents the tirst attempt to develop a reliable

model for turbulent transport processes in an IS configuration, and to verify it with

appropriate experimentai data. The model gives results, which are in reasonable

agreement with the data. Also, it results in a much faster convergence than do the two

other low-Reynolds number k-e models tested. Clearly, more extensive testing of the

model is needed for both IS flows and other impingement-type flows.



• Turbulent mixing in IS has been studied using the newly proposed composite mode!.

The effects of various geometric as well as operating parameters (including the inIet

jet turbulence intensity) on the mixing behavior have been investigated.

• A composite model has been extended and applied to the study of gas-panicle tlow

and drying in IS; previous studies were condueted using the standard high-Reynolds

number k-e model, which is known to inaccurately prediet the turbulence behavior of

the tlow in IS. Reasonable agreement between the numerical and experimental results

available in the literature is obtained using tbis new modeL

• Drying characteristics of a two-dimensional tlash dryer based on an IS tlow

configuration have been studied using the gas-particle transport model proposed in

the present study. Effects of various operating parameters on the drying perfonnance

of this dryer have been ilIustrated.
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•

•

6.3. RECOl\DlENDATIONS

The following tasks may he wonh considering in the future studies of IS :

1. Laminar impinging streams

• Experiments should be perfonned to verify the validity of the tlow regime diagram,

Figure 3.5. Wider ranges ofgeometric and operating parameters should be explored

• Mixing of different (non-matched) Newtonian and/or non-Newtonian fluids in IS

should be investigated either numerically or experimentally.

• Experimental verification of the novel conceptual design of an in-Iine mixer should

be perfonned. The etrect of the degree of jets offsetting on mixing should also be

investigated. Other operations than mixing, e.g., chemical reaetions, combustion,

could also be attempted.
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ll. Turbulent impinging streams

1Z7

• Detailed velocity, turbulence intensity as weU as temperature distributions in the

vicinity of the impingement region should be measured. This infonnation will allow

the further confirmation and/or modification of the turbulence model. Advanced flow

measuring system, e.g., panicle image velocimeter (PlV) would be very useful for

tbis purpose.

• Higher-order models, e.g., Reynolds stress model (RSM), should be tested and results

obtained with those models shauld be compared with the one presented here.

• The composite model should be verified against a wider range of flow problems in

arder ta assess its usability as a general turbulence model.

m. Gas-particle impinging streams

• The turbulence modulation tenns should be incorporated in the model. In addition,

• the particle-particle and more advanced particle-wall interactions should be

cansidered. Again, the use af advanced flow measuring systems, e.g., PlV, wauld be

very helpful.

• Wider ranges ofgeametric and operating parameters shauld be explored.

• Experiments should be perfonned ta verify the numerical results presented in this

study. Other drying media could be used. Multi-stage operation is aIso worth

investigating.

•


