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Abstract 

Experimental results of scalar dispersion from a concentrated source in an 

inhomogeneous turbulent flow field are presented in this thesis. 

The flow field is fully developed channel flow - one of the simplest 

inhomogeneous turbulent flows. A fine line source is used to in je ct the scalar 

(temperature). The temperature injection does not affect the flow field, hence it is 

passive. The line source is in the spanwise (z) direction of the channel, and is 

located at transverse (Le., wall-normal) locations: y/h:: 0.067, 0.17, and 1.0 

(where h is the channel half-width). Measurements of the resultant thermal 

plume for each source location are taken for two Reynolds numbers: 10400 and 

22800 (where Re :: Uch/v: Uc is the centerline velocity and v is the kinematic 

viscosity). Hot-wire anemometry and cold-wire thermometry are used to acquire 

velocity and temperature data, respectively. 

It is shown that the downstream decay of the mean temperature rise is 

less than that of isotropie grid-generated turbulence and homogenous turbulent 

shear f1ow. The peak RMS temperature fluctuation also decays at a slower rate. 

For the near-wall source locations, the peak of the transverse RMS temperature 

profile drifts toward the channel centerline with increasing downstream distance 

from the source. Also, for the near-wall source locations, the scalar PDF is 

quasi-Gaussian, indicating improved mixing in that reglon. As the plume is 

traversed toward the centerline, the PDF evolves inîo a very positively skewed 

shape. 

An extensive database of the thermal plume is compiled, which consists of 

the mean, RMS, and skewness profiles of the temperature field, PDFs of the 

temperature field, and temperature-velocity correlations. This database can be 

used to test numerical and/or theoretical models, highlighting their strengths and 

weaknesses. 
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Résumé 

Des résultats expérimentaux sur la dispersion des scalaires à partir d'une 

source concentrée en écoulement turbulent non-homogène sont présentés dans 

ce mémoire. 

L'écoulement étudié est un écoulement de canal pleinement développé, 

c'est-à-dire l'un des écoulements turbulents in homogènes le pius simple. Une 

fine source linéaire est utilisée pour injecter le scalaire (température). L'injection 

de la température n'influence pas l'écoulement, la température est donc passive. 

La source linéaire est située en direction de la pronfondeur (z) du tunnel à des 

distances (perpendiculaires au mur): y/h ::;: 0.067, 0.17 et 1.0 (h étant la moitié de 

la largeur du canal). Des mesures du panache thermique ainsi engendré pour 

chaque position de la source sont prises pour deux nombres de Reynolds: 10.4 

x 103 et 22.8 x 103 (Re::;: Uch/v : Uc est la vitesse au centre du cannai et v est la 

viscosité cinématique de l'air). L'anémométrie à température constante (fils 

chauds) et la thermométrie à courrant constant (fils froids) sont utilisés pour 

measurer les champs de vitesse et de température, respectivement. 

Il est démontré que l'atténuation (en aval de la source) de l'augmentation 

moyenne de température est plus petite que dans le cas de la turbulence de 

grille ou de la turbulence homogène cisaillée. L'écart type des flucuations de 

température s'atténue aussi plus lentement. Pour les positions de sources près 

du mur, la crête du profil transversal de l'écart type de température se dirige vers 

le centre du canal en augmentant la distance en aval de la source. Aussi, pour 

des positions de sources près du mur, les fonctions de distribution de probabilité 

(FDP) sont presque Gaussiennes indiquant que le scalaire y est bien mélangé. 

En traversant le panache du mur vers le centre du tunnel, les FDPs évoluent 

vers une forme positivement asymétrique. 

Une banque de données extensive du panache thermique est compilée. 

Elle consiste de profils de la moyenne, de l'écart type et du coéfficient 

d'asymétrie du champ de température, ainsi que des FDPs et des correlations 

vitesse-température. Cette banque de données peut être utilisée pour examiner 
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des models numériques et/ou théoriques en faisant ressortir leurs forces et 

faiblesses. 
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Chapter 1 

Introduction 

1.1 Objectives 

The main objective of this thesis is experimentally study scalar 

dispersion an inhomogeneous turbulent flow field. The flow under 

consideration is one of the simplest inhomogeneous turbulent flows, fuHy 

developed high-aspect-ratio channel flow. The flow inhomogeneity is only in one 

direction - the wall normal direction - thus isolating its effect on the scalar 

dispersion to one dimension. The scalar (temperature) is injected via a 

concentrated source, as in many practical situations, and detailed measurements 

of the resulting thermal plume are studied. Neither the physical size of the 

injection mechanism (the concentrated source) nor the resultant thermal plume 

affect the flow field, hence the scalar is passive. 

1.2 Background and Motivation 

The majority of flows, whether occurring in nature or man made, are 

turbulent. One of the many characteristics of turbulent flows is their excellent 

ability to transport quantities such as momentum, energy, and contaminants. 

This highly diffusive nature of turbulence is sometimes an undesired 

phenomenon, as in the increased skin friction of an airfoil or the increased 

pressure drop in pipe flow (when compared to laminar flow). On the other hand, 

this diffusive nature is essential to many processes, such as combustion or the 
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dispersion pollutants in the earth's atmosphere. It is therefore desirable to 

have a complete understanding of the mixing processes in a turbulent flow field. 

Turbulent flows have been studied for weI! over a hundred years sinee the 

pioneering work of Reynolds in the late nineteenîh eentury. Turbulent flows are 

described the goveming equations of fluid mechanies (Navier-Stokes 

equations) 

(1-1 ) 

However, a solution to these equations for turbulent flows is time dependent, 

three-dimensional, and extremely sensitive to initial and boundary conditions. It 

is eommon practice to deeompose ail variables into mean and fluetuating values 

and then average the equations of motion. This is known as "Reynolds 

averaging." However, this averaging introduces new variables, resulting in a set 

of unclosed equations where the number of independent variables is greater than 

the number of equations. Although progress has been made in understanding 

closure models for various classes of turbulent flows, no general model exists 

today for the complete description of turbulent flow fields. The desire to 

universally describe turbulent flows trom their fundamental princip les is ultimately 

the goal of turbulence research. 

The tirst theoretieal study of sealar dispersion from a concentrated source 

was by Taylor, in 1935. Since this time, mueh work has been done 

experimentally, numerically, and theoretieally in an attempt to predict the 

dispersion of a passive scalar. Scalar mixing and dispersion is not only 

interesting from a praetical viewpoint, as in the design of more efficient fuel 
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injectors or the accu rate prediction of the concentration of contaminants released 

from a smoke stack, it lends insight into the study of the turbulent flow field ltself. 

Scalar dispersion is completely governed by the advection-diffusion equation 

(1-2) 

which is considerably simpler than the Navier-Stokes equations (momentum 

equations), yet the manner in which turbulence mixes contaminants and 

momentum is remarkably similar. Undoubtedly, a complete understanding of the 

scalar mixing process would offer valuable insight into the governing physical 

mechanisms of the turbulent flows themselves. 

To obtain the mean equations of motion for a statistically stationary 

turbulent flow of a constant density, constant viscosity, Newtonian fluid, the 

instantaneous velocity and pressure are decomposed into mean and fluctuating 

components (where uppercase denotes the mean component and lowercase 

denotes the fluctuating component), substituted into the Navier-Stokes 

equations, and averaged (where time averaging of fluctuating variables is 

denoted by <:'». This results in: 

(1-3) 

The equation for the (statistically stationary) turbulent kinetic energy is obtained 

by multiplying the Navier-Stokes equations by the instantaneous velocity, 

Reynolds averaging ail of the terms, and subtracting out the mean kinetic energy 

(not shown). This results in: 
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(1-4) 

where: 

1 (au. au.). . s = - _, + -_.1 !s the mean rate of stram. 
IJ 2 ax ax 

.1 1 

a 1 
-- -(up) ax

j 
p } 

a 1 
-- -(uuu) ax 2 1 1 J 

} 

a 
- 2v(u.s .. ) ax 1 1/ 

J 

is the fluctuating rate of strain. 

is the advection of turbulent kinetic energy by the mean flow. 

is the pressure fluctuation gradient work. 

is the turbulent transport of turbulent kinetic energy. 

is the molecular transport of turbulent kinetic energy. 

is the production of turbulent kinetic energy by a mean 

velocity gradient. 

is the dissipation of turbulent kinetic energy into internai 

energy, E. 

The equation for the statistically stationary mean temperature field for a 

turbulent flow of a constant property fluid is obtained by decomposing the 

instantaneous temperature and velocity into a mean and fluctuating component 

(T denotes the mean temperature and e the fiuctuating component), substituting 
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the decomposed temperature and velocity into the advection-diffusion equation, 

and averaging, which results in: 

(1-5) 

The governing equation for the tempe rature variance «e2» under the same 

conditions is obtained by subtracting equation 1-5 from the advection-diffusion 

equation, multiplying by e, decomposing the instantaneous variables into mean 

and fluctuating values, and averaging. which results in: 

where: 

U Ô(g2) is the advection of temperature variance by the mean flow. 
'ôx 

1 

-2«()ui) ôT is the production of temperature variance by a mean temperature 
ôX; 

gradient. 

is the turbulent transport of temperature variance. 

is the molecular transport of temperature variance. 

2y( ôg ôg) is the molecular "dissipation" or smearing rate of temperature 
ôx; ôx; 

variance, Es. 

Due to the resulting simplifications of the governing equations that can be 

made, and due to the importance of first understanding more fundamental 
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problems, much scalar dispersion work trom concentrated sources has been 

done in homogeneous flows. A ftow field is homogeneous if the statistical 

properties of the ftuctuating variables are independent of coordinate system 

translations. If a turbulent ftow field's statistical praperties are also independent 

of coordinate system rotations and reflections, the flow field is isotropie. 

mean and root-mean-square (RMS) 1 temperature profiles praduced by a line 

source in isotropie grid-generated turbulence have been documented in detail by 

Warhaft (1984) and Stapountzis and al. (1986). As weil, mean and RMS 

temperature profiles produced by a li ne source in homogenous turbulent shear 

ftow have been documented in detail by Karnik and Tavoularis (1989) and Chung 

and Kyong (1989). Although these flows are not of immediate practical 

engineering importance, they are fundamental to the understanding of 

turbulence. 

Some effort has been placed on scalar dispersion fram concentrated 

sources in inhomogeneous turbulent flows, such as wakes, boundary layers, 

mixing layers, and jets. Examples of some of these studies are addressed in 

section 1.3.5. These flows are of engineering significance, however are 

inhomogeneous in more than one direction, making it more difficult to ascertain 

how the inhomogeniety affects the dispersion. The present work hopes to shed 

new light on the underlying physics of scalar dispersion in an inhomogeneous 

turbulent flow and to serve as a stepping stone between the extensive progress 

in fundamental flows and the newer results in more practical engineering flows. 

1 The RMS of a variable is the square root of its variance. 
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1.3 Literature Review 

There exists many books and reviews that treat the subject of turbulence, 

fluid mechanics measurement techniques, and scalar dispersion. Some 

examples of texts that cover the theory of turbulence have been written by: 

Batchelor (1959), Monin and Yaglom 971), Tennekes and Lumley 972), 

Hinze (1975), Townsend (1976), Frisch (1995), Lesieur (1997), and Pope (2000). 

Works treating fluid mechanics measurements, with emphasis on the techniques 

used in this thesis, have been given by Brunn (1995), Paranthoen and Lecordier 

(1996), and Goldstein (1996). Reviews of passive scalar dispersion can be 

found in; Hinze (1975), Karnik and Tavoularis (1989), Sreenivasan (1991), and 

Warhaft (2000). 

The remainder of this literature review focuses on topics directly related to 

this thesis. These topics include channel flow, turbulence measurement 

techniques, scalar dispersion in isotropie grid-generated turbulence, scalar 

dispersion in homogeneous turbulent shear flow, scalar dispersion in 

inhomogeneous turbulence, and numerically simulated scalar dispersion studies 

that complement experimental studies. 

1.3.1 Channel Flow 

As mentioned, the flow field is fully-developed high-aspect-ratio turbulent 

channel flow. Channel fiow is one-dimensional, and the statistical properties of 

the turbulence vary in only one direction, the wall-normal direction. This 

fundamenta! flow has been studied extensively via theory, experimentation, and 
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numerical simulation. Overviews of channel flow theory can be found in 

Tennekes and Lumley (1972) and Pope (2000). 

w»2h 

Figure 1.1 - Schematic of channel flow facility 

The mean momentun equation for channel f10w is: 

o=-~ dP _ d <uv> +v d2U . 
P dx dy dy2 

(1.7) 

Non-dimensionalization of this equation (where non-dÎmensÎonal variables 

are formed from the density, p, the centerline velocity, Uc, and the channel half-

width, h) results in: 

1\ 1\ 1\ 1\ 

o=_dP_d<uv>+_1_d
2
U. 

1\ 1\ Re 1\2 

dx dy dy 
(1.8) 

Equation 1.8 not only iIIustrates how the velocity field Îs dependent upon 

the Reynolds number (Re::; Uch/v), but also demonstrates how the governing 

equation is not closed. Describing this particular flow will therefore be non-trivial. 
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Of particular interest is the effect of the Reynolds number on the statistics of the 

velocity field (as the Reynolds number is one of the parameters in current 

work). Also of interest are the various regions of the f10w and their properties, 

proper non-dimensionalization schemes for the different regions, and a reliable 

benchmark with which to compare the present results for the purpose of verifying 

the flow field. 

The existence of a wide range of scales preves to be a challenging aspect 

in finding universal non-dimensional f10w parameters for wall-bounded flows like 

the one under consideration. Turbulent production occurs at the large scales 

(normally the characteristic scale of the f1ow, known as the integral scale). This 

large-scale turbulent energy is transferred down to the smallest scale (the 

Kolmogorov microscale) through a turbulent cascade, where it is dissipated 

(Tennekes and Lumley 1972). Experiments have verified that normalization of 

the mean velocity and wall-normal co-ordinate by inner variables (friction velocity, 

u· == ('tw/p)'h and kinematic viscosity) results in three distinct universal regions, 

independent of Reynolds number (Pope, 2000). These three regions are the 

viscous sublayer, the buffer reglon, and the log-Iaw region (see Table 1.1). The 

non-dimensional velocity is U+(==UI u *) and the non-dimensional distance is y+ 

(==yu*/v) (where a superscript -1- indicates non-dimensionalization by the inner 

variables). In the viscous sublayer, U+==y+. In the log-Iaw region, U+==(1/K) In(y+) 

+ A, where K (the Von Karman constant) and A are constants that vary slightly 

with Reynolds number (Shah, 1983). 
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Table 1,1: Different regions of flow field (Pope, 2000) 
Region location Defining Property 

Viscous Sub!ayer /<5 Reynolds shear is negligible 

Buffer layer 5 < y+ < 30 Region between visous sublayer and 
!og-Iaw region 

Viscous Wall Region IY+ < 50 Viscous contribution is significant 

log-Iaw Region 30 < y+; y/h < 0.3 log-Iaw holds 

Overlap Region 
1 ;- Overlap region between sublayer and 

1 
150 < y ; y/h < O. i core region 

Core Region 150 « Viscosity is negligible 

The previous scaling method universally describes the mean velocity 

profile throughout ail but the core region. No scaling method presently exists ta 

universally describe the statistics of the velocity fluctuations, such as the RMS, 

skewness (defined in section 4.4), and kurtosis (defined in section 4.5.2). When 

normalized by inner variables, the RMS of the longitudinal velocity fluctuation 

(URMS) peaks at y+=15, which corresponds to the maximum turbulence intensity 

(=URMS/U) and maximum turbulent kinetic energy. As Ret (Ret = u *h/v) is 

increased, the value of the peak URMS increases as weil (Dinavahi et al., 1995). 

For VRMS and WRMS (normalized by inner variables), the location of the peak as 

weil as the magnitude of the peak are both found to increase with increasing Ret 

(Dinavahi and al. 1995). Choosing a non-dimensional scheme to universally 

describe this simple flow proves to be a non-trivial task. 

1,3.2 Turbulence Measurements 

Hot-Wire Anemometry (HWA) and Cold-Wire Thermometry (CWT) are 

ideal methods for the measurement of the instantaneous velocity and 

temperature, respectively, in an air flow at a specified point as a function of time 
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(i.e. using an Eulerian frame of reference). They are both relatively low-cost, 

have a high frequency response, are compact, provide continuous signais, have 

good signal-to-noise-ratios, and have typical length scaies on the order of the 

Kolmogorov scale for many flows (Bruun, 1995). In low speed flows of air (free 

of particles such as dust) at ambient temperature and turbulence intensities of 

less than 25%, HWA and CWT prove to be excellent measurement tools (Bruun, 

1995). 

A hot-wire is a fine cylindrical wire maintained at a constant temperature 

(or resistance) by Ohmic heating, and is used to measure components of the 

instantaneous velocity. The main source of heat transfer from the wire to the 

fluid is due to forced convection. Therefore the power input to the wire is a 

function of fluid velocity and temperature (Bruun, 1995). Due to the fact that a 

hot-wire is not a perfect cylinder in a cross flow, heat transfer occurs by 

conduction to the sensor's prongs, it has a finite length, it may have curvature, 

etc., each hot-wire is independently calibrated to account for these effects. 

A cold-wire is a fine cylindrical wire used to measure the instantaneous 

temperature. By passing a low current through the cold-wire, as to not cause a 

significant temperature rise, the resistance of the cold-wire will change in a linear 

relationship with its temperature (Bruun, 1995). 

ln the present thesis, three probe configurations are employed, each with 

its unique method of calibration. To measure the instantaneous longitudinal 

velocity in an isothermal flow, a single-normal wire is used and calibrated by the 

procedure of Bruun (1995). To simultaneously measure the insfantaneous 
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longitudinal and transverse velocities, two hot-wires are used in an X

configuration and are calibrated by the method of Browne et al. (1989). In the 

case of non-isothermal flows, an X-configuration of hot-wires is operated in 

conjunction with a cold-wire. This configuration is calibrated by the method 

Lienhard (1988) in conjunction with that of Browne et al. (1989). 

Particular considerations have to be taken into account while making 

measurements in this flow, due to the presence of the wall and also the 

anisotropy of the small scales. It has been shown that a wire must be less than 

twenty five viscous length units to make accurate near-wall measurements of 

RMS, skewness, and kurtosis of the velocity fluctuation (Khoo et al., 2000). In 

the region of 5 < y+ < 35, the small-scale measurements are dependent upon the 

wire length for wires ranging in length from two to eleven viscous lengths (Shah 

et aL, 1983). Lastly, it should be noted, that in regions of increasing shear, the 

isotropy of the small scales is decreasing (Antonia et aL, 1997). As many 

turbulent quantities are calculated from measured values, assuming small-scale 

isotropy, the validity of these measurements must be cautioned. 

1.3.3 Scalar Dispersion in Isotropie Grid-Generated Turbulence 

Isotropie grid-generated turbulence is the most fundamental turbulent flow 

and therefore the thermal plume trom a concentrated line source has been 

studied in detail for this particular f1ow. Tennekes and Lumley (1972) show via 

an order of magnitude analysis that in isotropie grid-generated turbulence, the 

turbulent kinetic energy budget (equation 1-4) reduces to: 
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(1-9) 

Taylor (1935), Uberoi and Con"sin 953), and Townsend (1954) were 

among the first to carry out experiments studying the mean and fluctuating 

temperature field downstream of a line source in isotropie grid-generated 

turbulence. 

Subsequent work has shown that the mean temperature profiles are 

Gaussian and that the development of the thermal plume in this flow can be 

divided into three stages: molecular diffusive, turbulent convective, and turbulent 

diffusive. In the molecular-diffusive range (t ({ KI<v2», the growth of the mean 

temperature profile width, Cf MEAN , (where Cf is the standard deviation of a 

Gaussian profile, which is a measure of its width) increases as f;'. The spreading 

of Cf MEAN is linear in time in the turbulent-convective range (I(J<V2> « t « tl, where 

tl is the Lagrangian Integral time-scale). In the final stage, where t » tl, the 

spreading is proportional to t%(2-n), where n is the decay exponent of the velocity 

field and takes on values close to one (Stapountzis et aL, 1986). 

Though the mean temperature profiles are Gaussian, the RMS profiles of 

the temperature fluctuation are, however, non-Gaussian (Warhaft, 1984 and 

Stapountzis et al., 1986). Near the source, these RMS profiles exhibit double 

peaks, which result from the bulk flapping of the plume. These double peaks 

disappear further downstream at intermediate distances, reemerging far 

downstream in the turbulent diffusive region (Warhaft, 1984). The effect of 

downstream distance of the wire from the grid on the mean and RMS profiles has 

also been studied by Warhaft (1984). It was shown that the mean and RMS 
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profiles collapse when they are normalized by the turbulence integral scale at the 

source location. 

The experimental results of scalar dispersion in this particular have 

also been numerically modeled by Stapountzis et al. (1986). This study allowed 

parameters such as viscosity and molecular diffusion to be varied. It was found 

that molecular diffusion and viscosity influence the development of the thermal 

plume in ail stages, not just in the molecular-diffusive range. In ail stages, these 

properties influenced both the magnitude and intensity of the temperature 

fluctuations. Where applicable, the results were found to be in agreement with 

those of Warhaft (1984). 

Anand and Pope (1983) have also studied scalar dispersion in this flow. 

They developed a quantitative relation for ail three stages of development of the 

thermal plume. This relation is based on a probability-density-function method. 

1.3.4 Scalar Dispersion in Homogeneous Turbulent Shear Flow 

A line source placed in a homogeneous turbulent shear flow isolates the 

effect of shear (an anisotropy) on the scalar dispersion. Detailed measurements 

of the resultant thermal plume in this flow field have been undertaken by Kamik 

and Tavoularis (1989) and Chung and Kyong. (1989). The mean and RMS 

temperature profiles have been documented in detail. Additionally, quantities 

such as velocity-temperature correlations, temperature PDFs, and joint velocity

temperature PDFs have been compiled to compare with and help develop theory, 

models, and numerical simulations. 
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The mean temperature profile is found to be Gaussian near the source, as 

in isotropie grid-generated turbulence. However, further downstream in the 

turbuient-diffusive range, the peak shifts toward the region of lower velocity 

(Karnik and Tavouiaris, 1989). Karnik and Tavoularis (1989) found that the 

centerline mean temperature decay rate was similar to that isotropie 

turbulence. However, the centerline RMS decayed at a higher rate. Chung and 

Kyong (1989) normalized the peak temperature rise, the mean dispersion of the 

temperature field, and the downstream distance by respective Lagrangian scales, 

finding the data to be well-correlated with dispersion from a line source in a 

turbulent boundary layer. 

The re-emergence of double peaks in the RMS temperature profiles far 

downstream from the source is also observed in the measurements of Karnik and 

Tavoularis (1989), for which they have provided an explanation. When the width 

of the thermal plume far exceeds the Integral length scale (i.e., the ratio of the 

large-scale eddy size to plume width approaches zero), the double peaks will re

emerge. In this reglon, temperature fluctuations are dominated by local 

production, since turbulent transport by the large-scale eddies is ineffective over 

this range. The local production term is proportional to the transverse mean 

temperature gradient (assuming the streamwise gradient to be negligible). 

Therefore, this term is zero at the mean temperature peaks and takes on the 

largest values in regions of highest temperature gradient. In bounded f1ows, 

such as channel flow, the slze of both the large-scale eddies and the plume width 

limit themselves to the width of the flow. As the width of the plume approaches 
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the channel width, the ratio of large-scale eddies to plume width approaches its 

minimum value of unity. It is therefore expected that double peaks in the RMS 

profiles will not occur in bounded flows. 

1.3.5 Experimental Study of Scalar Dispersion 
Fields 

Inhomogeneous Flow 

As mentioned, most "real world" engineering flows are inhomogeneous. 

Therefore studies of scalar dispersion in inhomogeneous flows such as jets, 

wakes, boundary layers, and mixing layers have been performed. Applications of 

scalar mixing and dispersion in these flows include combustion chambers, 

industrial mixers, and atmospheric dispersion. These f10ws are ail 

inhomogeneous in at least two dimensions, therefore the effect of the 

inhomogeniety on the scalar dispersion is not isolated. 

The thermal plume behind a line source in a turbulent boundary layer has 

received significant attention. Over a narrow range in the streamwise direction 

(such that this direction can be effectively considered homogeneous), boundary 

layer flow and fully developed channel flow are similar and therefore these 

experiments can serve to validate the data contained within this thesis. 

However, the (two-sided) bounded nature of channel flow is fundamentally 

different than the (one-sided) bounded nature of the flow in a boundary layer. If 

the scalar is injected between the wall and the end of the log-Iaw region, the 

scalar plume will be similar until it extends to end of the log-Iaw region. Once the 

scalar plume extends beyond this region, it will be completely different due to the 

aforementioned differences of the two flow fields. 
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mean temperature profile downstream of a line source placed in a 

boundary layer was studied by Shlien and Corrsin 976). They found that the 

normalized mean temperature profile approaches an asymptotic form, 

independent of source position from the wall, and that an appropriately defined 

turbulent Prandtl number was approximately unity. Paranthoen et al. (1988) 

measured the mean and fluctuating temperature field downstream of a line 

source placed in a turbulent boundary layer and in a plane jet. They deduced a 

rescaling scheme based on the temporal Integral lagrangian scale of the vertical 

velocity fluctuation. This scheme satisfactorily collapsed the mean profiles onto a 

simple curve. Further measurements of scalar dispersion trom a line source in a 

boundary layer were undertaken by Kabiri et al. (1998) to assess various first and 

second-order closure models. 

Although a more complicated dispersion problem, the dispersion from a 

point source located in a turbulent boundary layer leads to more practical 

applications (e.g. dispersion from a smoke-stack). Measurements of the 

variance, intermittency, peak concentration values, PDFs, and spectra of the 

scalar have been made for a ground level and an elevated point source located 

in a turbulent boundary layer (Fackreli and Robins, 1982). This study examined 

in detail the balance of terms for the temperature fluctuations, iIIustrating that the 

production term is dominant in the region near the source. As the fluctuation 

decays, the decay is in accordance with the balance of advection and dissipation. 

Bara et al. (1992) verified a numerical model (i.e., an isotropie meandering plume 

model combined with a clipped normal concentration probability distribution) with 
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dispersion measurements of the vertical and crosswind (scalar) profiles mean, 

variance, intermittency, and conditional intensity of non-zero fluctuations for a 

ground level point source located in a simulated neutrally stable atmospheric 

boundary layer. 

Additional work involving the experimental study of scalar dispersion in 

inhomogeneous flow fields have been performed by Raupach and Legg 983), 

Legg et al. (1986), Incropera et al. (1986), Veeravalli and Warhaft (1990), Tong 

and Warhaft (1995), and Vincont et al. (2000). 

Lastly, lt should be noted that the mean concentration of scalar dispersion 

in a long pipe can be accurately predicted using Taylor shear flow dispersion 

theory (Taylor, 1953). This method can be extended to other turbulent shear 

flows, however is valid only for very large diffusion times (i.e., times greater than 

the Lagrangian integral time scale). Since the present work concentrates on the 

early stages of diffusion (Le., the turbulent convective stage), this method is not 

applicable to the results presented herein. 

1.3.6 Role of Numerical Simulation in the Study of Scalar Dispersion 

Recent advances in computing power and storage have allowed for 

turbulent flows and scalar dispersion to be numerically studied via Direct 

Numerical Simulation (ONS). Although ONS of practical engineering flows is still 

limited by the massive amounts of storage and processing power needed, simple 

flows, such as channel flow at a low Reynolds number, can be efficiently studied. 

Virtual experiments permit changes that are not feasible experimentally, such as 

easy modification of fluid properties, boundary conditions, and experimental 
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parameters. In addition, they permit the quantification of any variable of interest. 

ONS is an attractive technique for the study of turbulence, however will still be 

hampered by computing limitations for the near future. 

Scalar dispersion in low Reynolds number channel f10w has been 

simulated by Lyons et (1991), Papavassiliou and Hanratty 997), and Na and 

Hanratty (2000). Kontomaris and Hanratty (1994) studied the effects of 

molecular diffusivity on a point source located at the centerline of a turbulent 

channel flow. Other numerical simulations of dispersion in inhomogeneous 

turbulent flows have been performed by Bernard and Rovelstad (1994) and 

lIiopoulos and Hanratty (1999). 

1.4 Thesis Overview 

The previous sections have provided an overview and motivation of this 

particular study as weil as a summary of the relevant literature. In this section, 

the remainder of the thesis is described. 

First, a detailed description of the channel flow facility is given and the 

measurement techniques are presented. The measurement of turbulent 

quantities focuses on the calibration procedures of the HWA and the CWT, 

resolution of the probes, analogue to digital conversion, and the convergence of 

statistical quantities. 

Next, the experimental conditions are verified. These conditions are that: 

the flow field is fully developed channel flow, the scalar is passive, the walls are 

adiabatic, the temperature field is independent of the source size, and the 
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temperature field is 2-D. Various turbulent flow properties are also tabulated for 

the two Reynolds numbers under consideration. 

Results of downstream dispersion of a passive scalar from a concentrated 

source are then presented. The distance of the source from the wall and the 

Reynolds number of the flow are the varied parameters. Detailed statistical 

measurements of the thermal plume are taken using hot-wire anemometry and 

cold-wire thermometry. The measured statistical quantities of the passive scalar 

are: mean profiles, Root-Mean-Square (RMS) profiles, skewness profiles, 

Probability Density Functions (PDFs), and velocity-temperature correlations. 

Finally, a complete database of results is compiled to compare with and 

influence the development of numerical simulations and theoretical models. 

As the results are presented, they will also be compared to those of scalar 

dispersion in isotropie grid-generated turbulence and homogeneous turbulent 

shear flow, where significant progress has been made, both theoretically and 

experimentally. 
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Chapter 2 

Experimental FacUity and Measurement Techniques 

2,1 Apparatus 

2.2.1 Channel Facility 

Figure 2.1 - Channel flow facility 

The open-circuit, high-aspect-ratio channel was designed specifically for 

scalar mixing experiments. For a detailed description of the channel design, 

construction, and related references, see McLeod (2000). The dimensions of the 

channel cross-section are 1.1 m (height) x 0.06 m (width). Refer to figure 2.1 for 

the orientation of the channel. These dimensions provide an aspect ratio of 18, 

which ensures that away from the top and bottom walls the flow field will be two

dimensional. 
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The air flow is supplied by a centrifugai blower (Hudson Buffalo ACL size 

330 cl2), capable of efficiently operating over the range of specified velocities. 

The blower is powered by a 7.5 horsepower electric moter, which is mounted on 

high-density rubber footpads to damp vibrations. Precise control of the motor 

rpm (and hence flow rate) is accomplished by an ABB ACS 600 controller. 

filter box located at the blower intake prevents particles greater than 3 IJm from 

entering the test-section and potentially interfering with the measurement 

instrumentation. A perforated plate located at the blower exit serves as a 

preliminary flow-conditioning measure. In order to minimize the transmission of 

blower vibrations to the flow conditioner, a flexible rubber coupling joins the 

blower output to the entrance of the flow conditioner. 

The flow conditioner consists of a wide-angle diffuser, a settling cham ber, 

and a contraction. The purpose of the wide-angle diffuser is to reduce the speed 

of the flow before it enters the settling chamber. This allows the flow to remain in 

the settling chamber fer a longer period of time, and also reduces the local 

Reynolds number of the flow through the screens and the honeyeomb. The area 

ratio of the diffuser is 3.55, whieh is a design constraint established by the fixed 

dimensions of the blower exit area, contraction ratio, and cross-section al channel 

dimensions. To minimize the diffuser length, a wall-angle of 45 degrees is 

chosen. This large wall-angle normally results in a strong adverse pressure 

gradient, whieh would result in flow separation. However, separation in the 

diffuser is inhibited by the use of four appropriately located sereens, whieh 
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balance the pressure rise (due to the decrease in velocity) with the pressure drop 

(resulting from the screens). 

The settling chamber eliminates any transverse velocity fluctuations and 

swirl. The cross-sectional area the settling chamber is constant. An aluminum 

honeycomb section and six screens are appropriately located to maximize the 

efficiency of the settling chamber. The honeycomb section is 76 mm long and 

the opposing hexagonal cel! walls are 6.35 mm apart, providing the desired 

length to diameter ratio and cell density. The mesh size of the screens is chosen 

to be 1 mm, based on the necessary honeycomb cell diameter to screen mesh 

size ratio. 

The flow conditioner height is the same as the channel (as intended), and 

therefore the contraction is 2-D. A contraction ratio of eight is chosen, based on 

recommended design criteria. To satisfy ail the mathematical properties of the 

constraints, the contraction shape is based on a fifth-order polynomial. After 

exiting the contraction, the flow enters the channel as a uniform, low-turbulence

intensity (0.25%) velocity field. 

The channel dimensions are 8m x 1.1 m x 0.06m. The side-walls of the 

channel each consist of 8 mated one-inch thick Plexiglas sheets of dimensions 

1.1 m x 1 m. The top and bottom walls each consist of four Plexiglas caps of 

dimensions 0.06 m x 2 m. To ensure that the joints of the side-wall sheets do not 

interfere with the f10w field, "biscuits" and adjustable tightening screws are used 

along the joints in the spanwise direction to keep the height between mating 

ridges less than 5 viscous lengths. This height is dependent upon the flow 
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Reynolds number (see section 3.1.1). This maximum allowable height is within 

the limits of which the channel walls can be considered to be perfectly smooth 

(Tennekes and Lumley, 1972). 

establish fully developed ftow as early on as possible, boundary layer 

tripping rods are placed near the entrance of the channel. Along each wall in the 

spanwise direction, a 3.2 mm diameter rod is located 3 mm from the wall. These 

rads are located 60 mm downstream of the entrance, ta allow for some boundary 

layer grawth before it is tripped. To maintain fully developed flow thraughout the 

test section, a honeycomb (the same type as used in the settling chamber) is 

located at the channel exit. 

The test section extends fram 7.00 ta 7.67 m downstream of the channel 

entrance. Custom machined ports are located at 7.33 m (Port 8-1) and 7.67 m 

(Port 8-2) fram the channel entrance along the spanwise centerline, where 2111 the 

measurements in this work are taken. The thermal plume and flow field were 

scanned by a linear traversing mechanism driven by a precision stepping moter 

(0.01 mm per step). 
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Figure 2.2 - Orientation ot coordmate system 

Cold-wire 
thermo
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Figure 2.2 iIIustrates the orientation of the coordinate system used herein. 

The y-axis is situated in the wall-normal direction and originates at the wall. The 

x-axis is parallel to the streamwise direction and is taken to be zero at the 

location of the source, which is always in the fully developed section of the 

channel. Therefore, the x-coordinate is a measure of downstream distance from 

the source and is not an absolute measure of channel location. The z-axis is 

parallel to the spanwise direction and originates at the channel centerline. 

Gravitational acceleration is oriented along the z-axis, as can be seen in figure 

2.1. 
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2.1.2 Injection of the Scalar 

Injection of the scalar is accomplished by means of a fine Nichrome-wire 

line source, threaded in the spanwise direction through small holes located on 

the top and boîtom caps. The source is kept taught by hanging a weight of it. 

For measurements close to the source (x/h S 10.8), the source diameter is 127 

mm. Further downstream, a greater power input is required to produce an 

acceptable signal to noise ratio. Therefore, a source diameter of 0.254 mm is 

employed for these locations. The source is heated via a OC power supply, 

which provides 45 W/m and 100 W/m for the small and large diameter source, 

respectively. Port 8-1 is used in conjunction with an appropriately located source 

(diameter:::: 0.127mm) for measurements at x/h :::: 4, 7.4, and 10.8. Port 8-2 is 

used in conjunction with an appropriately located source (diameter :::: 0.254mm) 

for measurements at xlh :::: 15.2, 18.6, and 22. The effect of the source on the 

flow field is discussed in section 3.1.2. 

2.2 Measurement Techniques 

This section discusses the methods and calibration procedures used to 

measure the velocity and thermal fields. Attention is focused on the calibration 

procedures of HWA and CWT, temporal and spatial resolution of the probes, 

analogue to digital conversion, the sampling frequency and number of points 

taken to ensure the convergence of statistical quantities. 

It should be noted that ail the calibration procedures and associated curve 

fits are deduced trom idealized physical models. White this theory does not 
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provide exact calibration constants because of unaccounted secondary 

effects, the form of the calibrations on the dependent variable is obtained from 

first-order models. 

2.2.1 Calibration Procedure of al Cold-Wire 

A platinum cold-wire of diameter 0.63 jJm is used to directly measure the 

instantaneous fluid temperature in conjunction with a TSI 1240 single-wire probe. 

The low thermal inertia of the cold-wire allows a rapid response to changes in 

fluid temperature (see section 2.2.4). Since the cold-wire resistance is a linear 

function of temperature, passing a low (constant) current through this wire results 

in an output voltage that is linear in temperature: 

T:::: CET + D. (2-1) 

This constant current is supplied to the wire by a Constant Current Anemometer 

circuit bullt at Laval University, Ste. Foy, Quebec. 

Ohmic losses result in heat transfer from the cold-wire to the flow, slightly 

elevating the cold-wire temperature above that of the flow. This heat transfer is 

dominated by convection cooling, making the rise in temperature a function of the 

fluid velocity. Minimization of this heat transfer is achieved by passing the 

smallest possible current through the cold-wire, allowing for the temperature rise 

to be neglected. Thus the output voltage is only a function of the fluid 

temperature. There is a constant trade off between the strength of the cold-wire 

signal and the minimization of the effect of velocity on cold-wire output. A current 
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of 0.1 mA results in a balance between the competing effects of the signal to 

noise ratio and velocity sensitivity of the wire. 

The cold-wire calibration takes place in a TSI calibration jet (TSI 1127). 

The air jet is maintained at a constant velocity (of the order that experienced 

by the wire in the experiment) as the tempe rature of the air jet is varied. The air 

jet is heated by electric coils located between the air supply and the calibrator. 

After the desired maximum temperature is reached, the power to the coils is cut 

off and the jet is allowed to cool. A reference thermocouple records the 

temperature as the output voltage is recorded. An example cold-wire calibration 

is shawn in figure 2.3. 
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Figure 2.3 - Cold-wire calibration CUfVe 
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2.2.2 Calibration Procedure of HotmWires for an Isothermal 

For measurements of (solely) the longitudinal component in an isothermal 

flow, a single-normal, tungsten hot-wire probe of 3 !-lm diameter is selected. A 

TSI boundary layer probe (TSI 1218) is used in conjunction with a TSI IFA 

Constant Temperature Anemometer. The probe is oriented normal to the mean 

flow direction and parallel to the spanwise direction. The probe is calibrated in 

the calibration jet over the complete range of velocities encountered in the 

experiment. The probe operating temperature (and therefore resistance) was 

determined by selecting an overheat ratio of 1.8, which corresponds to a 

temperature of approximately 250°C (Brunn, 1995). Modifying King's Law (E2 == 

A + jj UO.5), equation 2-2 was used to fit the calibration data (Brunn, 1995), 

which relates the output voltage of a hot-wire to the instantaneous velocity of the 

flow: 

(2-2) 

The constants were obtained using a least-squares curve fit (see figure 2.4). 

29 



1 1 

1.5 - - - - ~ - - - - :- - - - - :- - - - - '-

~----r----r----r----~---
1 1 
1 
1 

0.5 - - - - ~ - - - - ,- - - - - ~ - - - - 1- - - - - 1- - - -

1 1 1 
1 

o~~~~~~~~~~~~~~ 

o 2 468 

U (mIs) 
10 12 

Figure 2=4 - Single-normal-wire calibration cU/ve 

Typically, the calibration jet temperature differed from that of the 

experiment. To compensate for this temperature change, the operating 

temperature of the hot-wire was chosen such that the temperature difference 

between the hot-wire and the flow was the same in both the calibration and the 

experiment (Jorgensen, 2002). The convective heat transfer coefficient is a 

function of both fluid velocity and temperature. Assuming that this small change 

in wire operating temperature does not change the convective heat transfer 

coefficient dependence on velocity, the constants of equation 2-2 will hold from 

calibration to experiment, using this procedure. At the start of both the 

experiment and the calibration, the wire resistance is measured and then the 

operating resistance (or temperature) is set using an overheat ratio of 1.8. The 

dependence of resistance on temperature is linear over this range, therefore the 
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use of a constant overheat ratio suffices for this task. Brunn (1995) mentions 

that this method may overcompensate for the ambient temperature drift. 

2.2.3 Calibration Procedure of HotœWires for Non~isothermal Flows 

The heat transfer from a hot-wire to the flow is dependent on the 

instantaneous value of the fluid velocity and temperature. Measurement of the 

resultant thermal plume and associated velocity-temperature correlations require 

that the hot-wire calibration account for not only the fluctuating velocity, but also 

the fluctuating temperature field. An assembly of a cold-wire with two hot-wires 

in an X-configuration (TS! 1241 probe) is used to simultaneously measure the 

temperature and (two components of) velocity. 

Direct measurement of the temperature using a cold-wire allows for the 

measurement of the velocity field given an appropriately calibrated hot-wire. To 

measure both the u and v components of the fluctuation ve!ocity, two hot-wires 

are used in an X-configuration (to be discussed). Alignment of the probe with the 

mean f1ow, which occurs in the x-direction and is denoted U, results in 

approximately a 45° angle between the mean flow and each hot-wire. Both wires 

lie in the x-y plane. When an inclined wire is calibrated using the procedure of 

2.2.2, equation 2-2, which assumes that the flow is normal to the wire, fits the 

data. A!though the angle of the wire could be measured, the three dimensional 

curvature and other secondary effects require that an effective angle between the 

mean flow and hot-wire relate U to an equivalent normal velocity, UN. The 

equivalent normal velocity, UN, is the magnitude of the velocity normal to the hot-
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that results in the same output voltage as a velocity, U. This effective angle 

is found using the procedure of Browne et al. (1989). The relationship between 

U and UN is: 

(2-3) 

where e is the effective angle. To account for longitudinal cooling, Hinze (1975) 

recommends: 

(2-4) 

where k2 varies between 0.01 and 0.04. A standard value of 0.03 is chosen for 

the measurements contained herein. 

The previous relationships can be used to relate an instantaneous 

-velocity, V, to the U and V components, using two inclined hot-wires. Although 

V will in general not lie in the x-y plane, Perry (1982) shows that an inclined wire 

in the x-y plane is not sensitive to a velocity fluctuation in the z-direction (for a 

low turbulence intensity flow). From equation 2-2, the output voltage of the 

instantaneous velocity can be related to an equivalent mean velocity, U, that 

would result in the same output voltage of the inclined hot-wire. A combination of 

two inclined hot-wires that each experience the sa me velocity of magnitude S at 

an angle r3 to the x-axis, results in the following relationship: 

U1f(81 )=Sf(81 + r3) 

U2f(82)=Sf(82+ r3) 

where the subscripts denote the two different hot-wires. 

(2-5) 

(2-6) 

This section has explained how the output voltage of two hot-wires in an 

X-configuration can be employed to measure two components of a fluctuating 
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velocity field in an isothermal flow. It is now necessary ta account for variable 

temperature. 

Lienhard (1988) shows that both A and B can be related to the 

instantaneous temperature: 

(2-7) 

-
B = B(Twb -T). (2-8) 

Here A and B are slightly modified from Lienhard (1988), where T wa = T wb: 

The calibration of the X-probe takes place in the calibration jet, with the 

probe aligned in the direction of the mean flow. A large reservoir of air is first 

heated. As it slowly cools, five different U versus E calibrations are performed at 

five distinct temperatures. Equation 2-2 is used to fit the data for each distinct 

temperature using a least-squares method. An iterative method is used to 

determine the constant n, which best fits ail the five E versus T curves for the two 

channels. Lienhard (1988) recommends n=0.45, however the iterative method 

proves to better fit the curves. The previous steps result in a data set of A and 

B versus temperature. A least-squares curve fit is used to find the constants A, 

B, T wa, and T wb, for each hot-wire (see figure 2.5). During the calibration, the 

effective angle is also calculated for the two lowest temperatures, which 

approach the temperature range encountered in the experiment. An average 

effective angle is chosen. 
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Figure 2.5 - Calibration curve for non-isothermal flows 

Once the calibration constants are known, the following steps iIIustrate 

how the two hot-wire signais and the one cold-wire signal are converted to the 

variables of interest. 

1. The measured value of ET determines the temperature from equation 

2-1. 

2. The temperature permits the calculation of A and B using equation 2-

7 and 2-8. 

3. The measured values of E1 and E2 determine U1 and U2 using 

equation 2-2. 

4. Sand (3 can now be calculated using equations 2-5 and 2-6, and a 

Newton-Raphson method, which give the instantaneous longitudinal 

and transverse components of velocity, U and V. 
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2.2.4 Spatial and Temporal Probe Resolution 

Both the velocity and temperature field of a turbulent flow consist of a 

wide range of scales and frequencies, which must ail be measured. As the 

turbulent eddies are convected past the measurement instruments, smaillength-

scales correspond to rapid time-scales. It is necessary that the time constants 

of the probes be smaller than the fastest time-scales of the measured quantities 

and that the length of the probes be smaller than the smallest length scales in 

arder to resolve the small scales. 

Lemay (2001) shows that a 0.63 ~m Pt-10%Rh cold-wire is able to 

resolve frequencies up ta 7.3 kHz and 8.7 kHz for flows of 5 mIs and 10 mIs, 

respectively. The frequencies encountered in the experiment are just within the 

limit of those for the probe. HWA has a much greater frequency response (on 

the order of 100 kHz) than CWT. The TSI 300 system with a 3.8 ~m diameter 

probe has a frequency response of 260 kHz in a jet of 100 mIs and encountered 

frequencies are therefore within the limits of the probe resolution. 

The smallest length scale of the turbulent velocity fluctuations is the 

Kolmogorov scale, which is defined as: 

(2-9) 

Molecular diffusion is responsible for the dissipation of both small-scale 

temperature and velocity fluctuations. Since the Prandtl number of air is of the 

order one, the smallest temperature fluctuation will be of similar size as the 

smallest velocity fluctuation. To resolve these small scales, it is necessary that 
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the length of both the hot-wire and cold-wire be comparable to the smallest 

scales. The active length of the hot-win:~ and cold-wire are each etched a 

length of approximately 0.5 mm, which corresponds to an llO ratio of 166 and 

800 respectively. As shown in Chapter 3, the measured Kolmogorov scales for 

low and high Re are 0.2 mm and 0.1 mm, respectively. Since the probe 

lengths are larger than the small scales, it is necessary to compensate for small

scale measurements. This will be discussed in section 3.2. 

The corresponding viscous-Iengths of the wires are 9 and 17 for the low 

and high Reynolds number (see section 3.1), respectively. As discussed in 

section 1.3, these viscous-Iengths are appropriate for near wall measurements of 

large-scale quantities, however will result in wire dependence for small-scale 

quantities. 

2.2.5 Analogue to Digital Conversion 

The analogue signais were converted to digital data using a National 

Instruments PCI E Series Analogue to Digital Conversion (A/D) Board. Custom

made data acquisition software and real-time sprectrum analyzers were 

programmed with LabVIEW. The total signal was directly input to the AlD board, 

where the fluctuating quantity of the signal was first high-pass fi Itered, then a 

sufficient gain was applied, and was finally low-pass filtered before being 

digitized. 

The A/D board is a 12-bit board, which divides the sampling window into 

i 2 values. Each sample is truncated to the closest value. When separate 
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signais are simultaneously sampled, the AlD board requires that the sampling 

window for each channel be the same. To avoid both clipping and truncation 

errar, the gain of each signal is set such that the signal occupies appraximately 

80% of the sampling window (typically +1- 5 volts). 

Although each sam pie point is considered an exact point time, the 

sample is an average over a finite time span. Each signal is averaged over a 

period of 4 IJs, which corresponds to the maximum AlD board sampling 

frequency of 250 kHz. It should also be noted that simultaneous sampling is not 

feasible with this AlD board. The AlD board samples each of the three signais in 

sequence for a total sampling period of 12 IJS, which is considered to be one 

point in time. The largest frequency of any of the measurements taken in the 

results section is 12 khz. The sampling time of 12 IJS corresponds to 83 khz, and 

can therefore be considered a specifie point in time for the measurements herein. 

The digital values of the voltages are converted to the variables of interest 

(and related statistical quantities) using custom made FORTRAN 90 software 

developed at Cornell University, Ithaca, NY and McGiII University, Montreal, QC. 

2.2.6 Statistical Convergence of Data 

Four separate types of data sets are used to convert the measured signais 

into the variables of interest. These data sets consist of mean value, higher

order moments, PDF, and spectral data sets. Although each variable is a 

function of time, each variable is statistically stationary implying that measured 

statistical values converge. The mean values are sampled directly fram the 
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output signal of the probe. The measured fluctuating quantities are high-pass 

and low-pass filtered before the signal is recorded, subtracting out the mean 

signal and high frequency noise. This section discusses the methods used to 

choose the sampling frequency and number of data points, which provide 

converged quantities. 

The mean values of the output voltages were measured by integrating the 

unfiltered output voltages over a specifie time period. This integrated value was 

then divided by the time period. The time period was heuristically chosen at the 

start of the experiment and periodically verified throughout. A sampling period of 

15 seconds was found to agree to within three decimal places compared to a 

sampling period of 30 seconds. This convergence of three decimal places for the 

output signal faUs within the Hmit of experimental error for ail the measured 

variables (a typical convergence in temperature signal would be 0.0005°C). 

The higher-order moments presented in the results section consist of 

measured moments up to the fourth order. The moment data sets are used for 

computing the moments of a single variable and also for correlations of two 

different variables. For this data set, 10 blocks of data are taken, each block 

containing 4096 points sampled at 200 Hz. The chosen sampling frequency 

corresponds to the order of the Integral time scale for ail the measured quantities, 

so that ail the points are statistically independent of each other (Tennekes and 

Lumley, 1972). The Integral time scale was determined trom the peak of the 

real-time spectrum multiplied by the frequency (Lumley and Panofsky, 1964). 
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Table 2.1 iIIustrates the typical convergence of the moments up to the fourth 

order, where one block is 4096 data points. 

Table 2.1: Moment convergence table 
i #- blacks 9RMS S(8) K(8) 

1 0.120 -0.473 3.520 
9 0.121 -0.479 3.456 
10 0.121 -0.487 3.477 

The PDF is, in principle, a complete description of ail the moments. 

Hence convergence of the PDF is rather slow in comparison to that of the lower-

order moments. Equation 2-10 shows the relationship between the nth order 

moment of a variable a and its PDF, 

'" 
< an >= fallP(a)da. (2-10) 

PDFs are sampled for 100 blocks, each block containing 4096 points sampled at 

200 Hz. The sampling frequency is once again chosen such that ail the points 

are statistically independent of each other. Figure 2.6 iIIustrates the convergence 

of a PDF for a temperature fluctuation. 
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Figure 2.6 - PDF convergence 

Spectral data sets are used for computing spectra and also for ail 

quantities that require a time derivative, such as the dissipation. One hundred 

blocks of data, each containing 4096 points sampled at twice the Kolmogorov 

frequency, are recorded for spectral data sets. This sampling frequency is 

chosen in order to avoid aliasing. The levels of convergence of the spectra, not 

shown here, is similar to that of the PDFs. 
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Chapter 3 

Experimental Conditions and Flow Properties 

3.1 Verification of the Experimental Conditions 

To meet the objectives of this thesis, the experiment should meet the 

following conditions: 

1. The flow should be fully developed (1-0) channel flow. 

2. The injected scalar should be passive. 

3. The walls should be adiabatic. 

4. The temperature field should be independent of the source diameter. 

5. The temperature field should be two-dimensional (independent of the 

z-direction). 

This chapter examines the experimental conditions and determines whether or 

not they meet the desired criteria. 

3.1.1 Flow Verification 

This section verifies that fully developed channel flow has been 

established in the test section for both the low and high Re. McLeod (2000) has 

established that the pressure gradient is constant, which is a rudimentary test to 

establish fully developed f10w (Shah et al., 1983). It will be shown that the mean 

and RMS velocity profiles at both measurement stations (Port 8-1 and 8-2) 

collapse, as do the higher-order moments along the channel centerline. Though 
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not explicitly a test fully developed flow, this data will then be compared ta 

log-Iaw and shown to be in good agreement. 

3.1.1.1 Law Reynolds Number 

Results are presented for two Reynolds numbers, where the iower one is 

10400. Figures 3.1 and 3.2 show the mean and RMS velocity profiles at Port 8-1 

and Port 8-2 (Iocated 7.33 m and 7.67 m downstream of the channel entrance, 

respectively). The maximum difference is 1.7% for the mean profile and 3.2% for 

the RMS profile. (Note that data cannat be obtained for y > 50 mm due to 

interference of the probes with the channel wall.) Table 3.1 compares the higher

order moments at the channel centerline, which is a more rigoreus test of fully 

developed flow (Shah et aL, 1983). The difference in skewness aï the centerline 

frem Port 8-1 to Port 8-2 is 6.5%. This (relatively) larger error results from the 

fact that the value of the skewness approaches zero. (As the value tends to 

zero, any finite errer will result in a continuously larger percentage errer.) The 

difference in the kurtosis is 1.46%. This data confirms that fully developed flow 

has been achieved in the test section at the low Re. 

Figure 3.3 compares the experimental data to the log-Iaw (discussed in 

section 1.3.1) and is shown to be in good agreement. The log-Iaw is valid in the 

range where y+ > 30 and y/h < 0.3. The friction velocity, u', is determined from 

the measured pressure drop, dP/dx (Tennekes and Lumley, 1972): 

(3-1) 
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The friction velocity is found to he 0.26 mIs, which results in a viscous length-

scale (v/u *) of the flow of 5.77 x 10-2 mm. 
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Port 8-1 Port 8-2 % Difference 1 

S(u) -0.45 -0.48 6.45 1 

K(u) 3.45 3.40 1.46 
Table 3.1: Longltudmal variatIOn of htgher-order moments along the channel 

centerline for the low Re case 
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3.1.1.2 High Reynolds Number 

The high Reynolds number is 22800. Figures 3.4 and 3.5 show the 

collapse of the mean and RMS velocity profiles at Port 8-1 and Port 8-2. The 

maximum difference is 0.9% for the mean profile and 3.7% for the RMS profile. 

The difference in skewness at the cenîerline from Port 8-1 to Port 8-2 is 0% and 

0.3% for the kurtosis. This data verifies that fully developed flow has been 

achieved in the test section at the high Reynolds number. 

Figure 3.6 compares the experimentai data to the log-Iaw, which are in 

good agreement. The friction velocity is found to be 0.54 mis, which implies that 

the viscous length-scale (v/u*) of this flow is 2.88 x 10-2 mm. 

44 



U 
(mIs) 

1 fi! It li! 1 0 UIPort8-1 
fi.! 1 ;![ X U! port 8-2 

! Œi , §li ! 

10 - -/1----: ----: ----: ----~ ----
!li Iii i i 

!li i 1 i 1 i 
8 ~---,----,----r----r----T----

i 1 

1 

6 ;(----~----~----}----}----f----
i 1 i i i 

4 ----~----r----r----T----T----
1 1 

2 
1 1 l , 1 --------------ï----ï----ï----

1 

o 10 20 30 40 50 60 

y (mm) 
Figure 3.4 - High Re mean velocity profiles 

Re:: 22800 
o U

m
,,, port 8-1 

)( Ur~ port 8-2 

Iii 

" ,- - - - , - - - - , - - - - ~ - - - - ~ - - - - T - - - -1 

U 
rms 

(mIs) 
1 ~~-~----~----:----:----t----

.~ i i 1 ~ 
1 II: i i i R 1 

1 ~ 1 ~ 1 

0.5 - - - - ~ - - - - ~ - -it- - ~ - .a. - ~ - - - - 7 - - - -

o 10 20 30 40 50 

y (mm) 
Figure 3.5 - High Re URMS profiles 

Port 8-1 Port 8-2 % Difference 
Skewness -0.52 -0.52 0.00 
Kurtosis 3.50 3.51 0.29 

60 

Table 3.2: Longltudmal variation of hlgher-order moments along the channel 
centerline for the high Re case 
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3.1.2 Passivity of the Scalar 

Injection of the scalar has two effects on the flow field. One is the 

obstruction caused by the physical presence of the line source. The second is 

the possible presence of buoyancy effects. 

Two different line source diameters are used: 0.127 mm and 0.254 mm. 

The larger source is used for measurements where x/h ;::: 15.2, and therefore 

where a higher power input is required to produce an acceptable signal to noise 

ratio far downstream. For the high Re flow, the source Reynolds number 

(Resource-cold), based on wire diameter (dsource) and kinematic viscosity of air at the 

ambient temperature, is 97 and 193 for the small and large diameter sources, 

respectively. These are above the critical value of 40, where vortex shedding 

begins ta accur (Blevins, 1990). 

46 



However, the elevated source temperature heats the fluid in the vicinity of 

the source, which consequently raises the viscosity ofthe fluid and in turn lowers 

the Reynolds number. Basing the viscosity on the film temperature, == 

%(Tsource+ T ",,), a source Reynolds number can be defined as: Resource == 

Udsource/vfilm. The source temperature can be calculated by estimating the 

average convection heat transfer coefficient using the Zhukauskas correlation for 

a cylinder in a cross-flow: 

Nu = h AV d source = 0 51 Re 0.5 Pr 0.37 ( Pr ) 0.25 (3-2) 
d k . . source-cold P 

arr r,WJurce 

which is valid for Resource-cold from 40 to 1000 and Pr from 0.7 to 10. The 

temperature of the source can then be found from an energy balance, which 

results in: 

T Psource 
source = + TOC) 

trdsourceh AV 

(3-3) 

where Psource is the source power per unit length. Given that the ambient 

temperature is approximately 20°C, Resource can then be calculated. 

The Resource is listed in table 3.3: 

Table 3.3: Resource 
iow speed high speed 

small dsource 25 70 

large dsource 51 111 

Since Resource is above the critical value of 40, vortex shedding can occur in this 

experiment and therefore the possibility exists that the presence of the source 

slightly affects the flow field. No effects, however, are observed in the 

experiment. None of the measured velocity spectra are observed to have any 
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spikes, which would indicate vortex shedding. It can therefore be assumed that if 

vortex shedding is present, as expected from the Resource, the turbulence intensity 

is large enough to mask any effect that lt might have on the flow field. 

The effect of buoyancy can be examined by comparing the buoyant 

production of turbulent kinetic energy to the dissipation of turbulent kinetic 

energy. The exact effect of buoyancy in the flow under consideration is difficult 

to estimate given that the temperature field is statistically homogeneous in the 

direction of the gravitational acceleration vector. As a "worst-case" estimate, one 

can Urotate" the channel 90° and assume that the direction of gravitational 

acceleration is in the transverse direction. In this case, the above-mentioned 

buoyancy ratio is: 

(3-4) 
8 

A typical value is 1.7% (for Ysourcelh :::: 0.067, x/h :::: 4.0, Re:::: 22800), which shows 

that buoyancy has a small effect on the flow field and the scalar can be 

considered passive. 

3,1.3 The Nature of the Thermal Wall Boundary Condition 

The channel was designed such that the walls could be considered 

adiabatic. Measurements of the mean profile, chapter 4, show that the mean 

temperature rise is always less than O.4°e. Assuming a worst-case scenario, the 

average inside wall temperature will be at most 0.4 °e above the ambient 

temperature (T "') throughout the measured section of the thermal plume, for the 
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small diameter source. Note thaï the outside wall temperature will be 

approximately T "'. Hence the following calculation is done with a generous factor 

of safety, which includes the neglected convective resistance between the wall 

and the fluid. Treating the wall as an Infinite slab, the heat flux unit length in 

the z-direction though the wall is (at steady state): 

• L(IJ.Twa/l ) q = K plexiglas --
twall 

(3-5) 

where L is the length of the measured thermal plume in the x-direction and lJ. T wall 

is the difference between the inside and the outside wall temperatures. Equation 

3-5 results in q' = 2 W/m. This value is 5% of the total power input. Given that 

the temperature rise is linear with power input, the maximum heat lost through 

the wall for the large diameter source will also be 5% of the total input. Although 

there could be some heat loss through the wall as shown, its effect on the scalar 

dispersion is minimal and the wall can be considered adiabatic. 

The nature of the wall boundary condition can also be considered from 

another perspective. The Biot number is the ratio of the conductive to the 

convective resistance. Using the Seider-Tate correlation: 

Nu AV = 0.027 Re 0.8 Pr°.33 (3-6) 

(where the Reynolds number is based on the hydraulic diameter of the channel 

and the mean flow rate) the convective heat transfer coefficient can be 

estimated. The Biot number (=havKPlexiglas/twall) is approximately 25 for the low 

Reynolds number and 42 for the high Re. (This implies that the temperature 

drop across the wall will be at most 1/25 of the temperature drop between the 

bulk mean temperature of the fluid and the inner wall temperature.) For the 
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purpose of this experiment, having Bi ~ 25 » 1 sufficiently approximates an 

adiabatic wall. 

3.1.4 Source Diameter Independence Test 

Three distinct regions of the thermal plume (molecular diffusive, turbulent

convective, and turbulent-diffusive) are evident if the source size is smaller than 

the Kolmogorov scale (Veeravalli and Warhaft, 1990). It is desired that the 

resultant thermal plume be independent of dsource, and exhibit these regions. 

Figures 3.7 and 3.8 plot the RMS and skewness profiles of the temperature for 

two separate source diameters. These figures iIIustrate that the measured 

moments of the plume are independent of the source diameter. For this test, 

dsource/'l :::: 0.85 and 1.7 for the small and large diameter source, respectively. 

The Resource is 25 and 51 for the small and large diameter source, respectively. 

These two chosen source sizes examine the effect of the ratio dsource/'l for values 

less than and greater than unity. The thermal plume close to the source was not 

examined and it is possible that the plume close to the source is dependent on 

the source size. However, lt can be seen that both the RMS and skewness 

profiles of the scalar at x/h :::: 15.2 with Ysource/h :::: 0.067 collapse at the low Re. 
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3.1.5 Independence z=direction 

McLeod (2000) has experimentally shown that the channel flow is 

independent of the z-axis trom z ;;;; 0.25 m to z ;;;; -0.25 m. Ii is therefore assumed 

that the thermal plume will also be independent of the z-axis the center reglon 

of the channel. 

3.1.6 Fully Developed Test of the Passive Scalar 

Section 3.1.1 indicated that the flow field was fully-developed. A fully

developed test that examines the scalar field (rather than the velocity field) is to 

in je ct the scalar into the tlow at i) two separate downstream positions trom the 

entrance (which are both located in the fully-developed part of the flow) and ii) 

the same Ysource/h location, and examine the resultant thermal plume at 

corresponding downstream positions. This test eliminates any possibility that the 

field under consideration in the present work (Le. the scalar field) is not fully 

developed. To this end, the small diameter source was located at y/h ::: 0.66 for 

two separate downstream positions trom the entrance, which correspond to x/h ;;;; 

10.8 at Port 8-1 and Port 8-2, respectively. The transverse RMS and skewness 

profiles of temperature, shawn in figures 3.9 and 3.10, collapse for corresponding 

x/h and Ysource locations. 
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3.1.7 Symmetry Test 

The flow field should be symmetrical about a plane of symmetry that ls 

parallel to the x-z plane and passes through y :::: 30mm (Le. y/h=1). The 

symmetry of the mean flow at the low Reynolds number is iIIustrated in figure 

3.11, where the mean flow is plotted versus the absolute value of (y-30 mm) for 

y>30mm and y<30mm. As weil, when Ysource/h ::= 1, the thermal plume should be 

symmetric about this plane. Figure 3.12 demonstrates the collapse of the PDF of 

the temperature fluctuation for two locations, y/h ::= 0.83 and 1.17, which 

correspond to equal and opposite distances about the plane of symmetry. This 

test was done at the low Reynolds number at a downstream location of x/h ::: 

15.2. 
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Figure 3.11 - Symmetry test of U profile 
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3.2 Flow Properties 

Tables 3.4 and 3.5 list various properties of the turbulent flow fields at the 

low and high Re. This section discusses how the flow properties were 

calculated. 

The rate of dissipation of turbulent kinetic energy, E, can be estimated 

from small-scale statistics of the velocity field, which, following the notions of 

Kolmogorov (1941) are assumed to be isotropie. The following equation relates 

the dissipation to the power spectrum of the longitudinal velocity fluctuation 

(E11 (K1)) in isotropie turbulence, where Ki is the longitudinal wavenumber 

(Tennekes and Lumley, 1972): 

CL) 

&=lSv JK'j2ElI(K'j)dK'j' 
o 
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Equation 3-7 requin:~s first that the directly measured frequency spectrum (E11 (f») 

be converted to a wavenumber spectrum. This task is accomplished by invoking 

Taylor's Hypothesis, which requires that the flow field have a constant mean 

velocity in the x-direction (Hinze, 1975). Taylor's hypothesis results ln 

following relations: 

(3-8) 

(3-9) 

The spectrum is then corrected to compensate for the finite spatial resolution of 

the hot-wire anemometer (due to the finite length of the sensor), using the 

procedure of Wyngaard (1968). Given the corrected spectra, equation 3-7 is 

then employed to calculate the dissipation of turbulent kinetic energy. Given the 

dissipation, the Kolmogorov scale, 11, is calculated using equation 2-9. 

One of the many ways the Integral scale, f, can be estimated is 

(Tennekes and lumley, 1972): 

3 

f=U RA1S 

& 

which approximates the size of the largest eddies. 

Taylor microscale, Â, is defined by: 

The microscale Reynolds number, Re Â ' defined as: 
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(3-11) 

(3.12) 



is the ratio of the large-eddy time scale to the time scale of the strain-rate 

fluctuations (Tennekes and Lumley, 1972). 

Table 3.4 lists various properties of the flow field at the low Re. 

Table 3.4: Law Re ffow properties 
y (mm) B f (mm) 

1 
1 (mm) 'll(mm) Re;t 

1.0 6.96 33.8 3.36 0.148 138.2 
2.0 6.17 25.0 3.11 0.153 111.2 
3.0 5.59 19.9 3.09 0.157 98.8 
4.0 4.73 19.7 3.17 0.163 95.8 
5.0 4.05 19.2 3.29 0.170 93.7 
6.0 3.48 20.3 3.45 0.177 94.9 
7.0 3.11 21.3 3.56 0.181 95.9 
8.0 2.73 21.5 3.67 0.187 95.1 
9.0 2.44 23.2 3.80 0.193 97.1 
10.0 2.15 24.7 3.91 0.199 97.9 
15.0 1.32 26.9 4.26 0.225 93.3 
20.0 0.88 25.6 4.54 0.249 85.3 
25.0 0.62 18.5 4.38 0.271 66.0 
30.0 0.56 16.0 4.19 0.278 58.1 
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Table 3.5 lists various properties of the flow field at the high Re. 

Table 3.5: High Re flow properities 
y (mm) f (mm) À (mm) 1 11 (mm) 

1 

ReA e 
1 

1.0 74.08 17.5 1.99 i 0.082 144.8 
2.0 56.86 17.1 2.08 0.088 137.3 
3.0 52.71 16.9 2.25 0.089 144.3 
4.0 37.42 22.7 1 2.50 0.097 157.9 
5.0 31.00 25.1 1 2.64 0.102 161.8 
6.0 26.86 28.8 2.82 0.106 172.5 
7.0 23.88 29.7 2.91 0.109 173.0 
8.0 21.63 30.0 3.00 0.112 173.1 
9.0 19.57 31.3 3.10 0.115 175.5 
10.0 19.38 29.8 3.16 0.115 175.4 
15.0 12.35 30.8 3.45 0.129 166.7 
20.0 8.62 27.2 3.62 0.141 148.9 
25.0 6.67 18.6 3.48 0.150 115.7 
30.0 4.70 19.7 3.32 0.164 100.2 
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Chapter 4 

Results 

This chapter presents results for the mean and fluctuating temperature 

field, with emphasis on the statistical behavior of the tempe rature fluctuations 

and their transport by the turbulent velocity field. Experiments were performed at 

two different Reynolds numbers, with the source located at three positions from 

the wall. Table 4.1 summarizes the flow properties for the six experimental 

conditions studied in this thesis. 

Table 4.1: Experimenta! conditions 
lowRe high Re 

Velocities 
U centerline 5.2 mis 11.4 mis 

u 0.26 mis 0.54 mis 
Re 10400 22800 

Reynolds 
Re, 520 1080 

numbers 
ReÀ(y/h=l) 58.1 100.2 

y/h=0.067 y+= 35 y+= 72 

3 Source 
y/h=0.17 y+= 87 y+= 180 

Positions 

y/h=l.O y+= 520 y+= 1080 

4.1 Mean Temperature Field 

This section presents the results for the mean temperature field. A cold-

wire is used to measure the mean temperature. To compensate for drifts in room 

temperature, the unheated "cold" ambient air temperature is subtracted from the 
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mean temperature measurements. The cold temperature is measured by a mini-

bead thermistor, located upstream of the source. A typical error in these 

measurements is 0.05 K and the peak mean temperature rise is on the order of 

0.5 K (see figure 4.2, to be discussed). This small temperature ri se subjects 

these measurements to a rather large source of error. More emphasis is 

therefore plaeed on the qualitative behavior of the mean temperature profiles. 

The temperature profile is not shown for xlh ::: 22.0 due to the weakness of the 

mean temperature signal at that furthest downstream location. Aiso note that the 

mean temperature profiles for the source located at the channel centerline were 

not measured. 

ln isotropie grid-generated turbulence (Warhaft, 1984), a Gaussian profile 

describes the transverse mean temperature profiles. Gaussian profiles also 

initially describe the mean temperature profiles behind a concentrated source in 

homogeneous turbulent shear f1ow. Further downstream, the profiles become 

asymmetric, and their peaks shift to the reglon of lower velocity (Karnik and 

Tavoularis, 1989). In this work, the mean profiles (normalized by the peak mean 

temperature) are studied. A best-fit Gaussian curve of the form: 

AT 
---=exp 
A TpEAK 

(4-1) 

is used to fit the data. (aMEAN is the standard deviation of the Gaussian 

distribution and quantifies the width of the profile.) 
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Figure 4.1 plots the transverse mean temperature rise profiles normalized 

by the peak mean temperature. These profiles indicate that the temperature 

profile is more uniform near the wall, for the source locations close to the wall, as 

expected. The peaks of the mean profiles are relatively fixed behind the source 

and do not appear to be drifting to the region of lower veiocity (over the range of 

downstream locations measured) as is seen in homogeneous turbulent shear 

flow (Kamik and Tavoularis, 1989) and in boundary layers (Kabiri et aL, 1998). 

However, the lack of near-wall data, due to the interference of the probes with 

the wall, makes it difficult to determine the exact location of the peak 

concentration. In addition, the drift of the peak of the mean temperature profiles 

observed in homogeneous turbulent shear flow only occurred for downstream 

distances much larger than those measured herein. 

ln isotropie grid-generated turbulence, as weil in homogeneous turbulent 

shear flow, the decay rate of the peak mean temperature is well-described bya 

power law decay: 

(4-2) 

where n is the decay exponent. Figure 4.2 plots the peak temperature excess as 

a function of downstream distance. It shows that this exponent does not obey a 

strict power law decay. At the far downstream locations, where the plume width 

is largest, the decay of the peak temperature appears to accelerate. 

Nevertheless, fitting a power law to this decay results in a decay exponent of 0.5, 

which is less than the values obtained in isotropie grid-generated turbulence 

61 



(approximately 1) and homogeneous turbulent shear flow (approximately 1) 

(Kamik and Tavoularis, 1989). 

The width of the mean temperature excess profiles is plotted in figure 4.3 

as a function of downstream distance. These profiles are approximately linear, 

which correspond the observations in the turbulent-convective range of 

isotropie grid generated turbulence (Wa rh aft, 1984) and homogeneous turbulent 

shear flow (Kamik and Tavoularis, 1989). For the high Re, the profiles are 

observed to be thinner, which is a result of the increased advection associated 

with the larger mean flow rate. 

For a relatively small distance in the streamwise direction, a turbulent 

boundary layer can be considered homogeneous in the streamwise direction and 

the equation of motion is similar to turbulent channel flow. Turbulent channel 

flow and a turbulent boundary layer are therefore almost identical between the 

wall and the end of the log-Iaw region. The mean temperature rise profiles for 

the near-wall source locations (Ysource/h ::: 0.067 and 0.17) exhibited similar 

qualitative behavior to dispersion from a line source placed in a turbulent 

boundary layer (Kabiri et al., 1998) in the initial stage of the plume development, 

before the plume reached the end of the log-Iaw region. 
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4.2 Fluctuating Temperature Field 

Before being digitized, the fluctuating temperature signal is high-pass 

filtered. This filtering eliminates any error from drifts in the room temperature 

because such drifts occur at frequencies sm aller than the high-pass frequency 

(0.1 Hz). The refore , the error in the mean temperature field discussed in section 

4.1 is not present in any of the measurements involving the fluctuating 

temperature signal. 

Figure 4.4 shows the transverse profiles of 9RMS normalized by their peak 

values. Throughout the region examined, best-fit Gaussian curves of the form: 

(4-3) 

weil describe this data. (ORMS is the standard deviation of a Gaussian distribution 

and quantifies the width of the profile.) 

The decrease in the downstream peak of the RMS has been described by 

a power law decay of the form: 

e RMS-peak oc (x 1 h)-/1 (4-4) 

where n is the decay exponent (Karnik and Tavoularis, 1989). Figure 4.5 shows 

that the decay exponent is approximately 1, for ail source locations and Reynolds 

numbers. In homogeneous turbulent shear flow, Karnik and Tavoularis (1989) 

found that two distinct regions of decay exist for homogeneous turbulent shear 

flow, where n is initially 0.85 and further downstream of the source is 1.6. 
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Figure 4.6 shows the growth of the SRMS profile widths. The curve fits 

the profile widths are tabulated in table 4.2. The lower Re always has a slightly 

larger width, due to the slower advection. For the source located on the channel 

centerline, the profile growth is the largest. The 8RMS profile growth for the 

source located at Ysource/h :::: 0.067 grows aï a slightly larger rate than the Ysource/h 

::: 0.17 location. The ratio of (JRMS to (JMEAN is approximately 1 for the source 

located at Ysource/h::: 0.067 and 0.17. Warhaft (1984) found that the ratio of O"RMS 

to O"MEAN is approximately 1.5 in isotropie grid generated turbulence. 

It is observed that the peaks of the RMS profiles drift toward the center of 

the channel for the off-center source locations (Ysourcelh ::: 0.067 and 0.17). This 

drift is slightly more pronounced for the lower Reynolds number, as shown in 

figure 4.7, which plots the location of the RMS peak versus x/ho Off-centerline 

RMS peaks are observed in isotropie grid-generated turbulence and 

homogeneous turbulent shear flow in the form of double peaks, which are the 

result of the plume width far exceeding the Integral length scale of the turbulence 

(as discussed in section 1.3.4). In bounded flows like the present one, the plume 

cannot exceed the Integral length scale, implying that the RMS drift occurs for 

reasons other than that of the double peaks. These drifts are further examined in 

section 4.3. 

The RMS temperature profiles also exhibited similar behavior to the RMS 

temperature profiles of dispersion from a line source placed in a turbulent 

boundary layer (Kabiri et aL, 1998), throughout the studied region. 
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FinaHy, it should be noted that O'RMS/ilT profiles are not constructed due to 

the relatively large error of the mean temperature rise profiles. 
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Table 4.2: Widths of BRMS profiles 
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4.3 Temperature PDFs 

o 
® 

~ 
00 

0. 
® 

The PDF is a description of a how a fluctuating variable is distributed (in 

the statistical sense). In theory, it contains information on the statistical moments 

ail orders. This section examines the behavior of the PDFs of the fluctuating 

temperature, which highlights some of the physical processes that govern the 

scalar dispersion. A complete PDF database can be found in Appendix I. 
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If a scalar is introduced into a turbulent flow at a small scale, as in this 

case, the temperature fluctuations are produced by two mechanisms. One is the 

internai structure of thermal plume ltself. The second is the bulk flapping 

the plume, where the instantaneous plume is moved from side to side by the 

large eddies. The bulk flapping results in an instantaneous meandering plume 

profile downstream of the source (for the downstream locations where the plume 

width is smaller than the largest eddies). As the plume meanders back and forth, 

given points are exposed to both the thermal plume and the cold fluid. This is 

known as external intermittency, which is apparent in the PDF, where a spike is 

seen at the cold fluid temperature for certain sets of measurements. 

Figure 4.8 shows the PDFs at different transverse locations, source 

locations, and Reynolds numbers for the position xlh ::: 7.4. The near-wall PDF 

indicates that the scalar distribution is better mixed as the Re is increased for the 

source locations of Ysource/h ::: 0.067 and 0.17. This is exhibited by PDFs which 

have a form that more closely resembles a Gaussian distribution as the Re is 

increased. As the plume is traversed in the direction of increasing y, the PDF 

evolves into a very positively skewed shape with a spike at the cold fluid 

temperature. For the source located at the channel centerline, the entire 

transverse PDF field is positively skewed, with a spike at the cold fluid location, 

implying that for this downstream position, the flapping of the thermal plume 

plays a dominant role in the dispersion of the scalar field. Note that the location 

of the cold fluid spike changes in figure 4.8. This change is due to the change in 
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mean temperature. If the PDFs are plotted dimensionally versus the total 

temperature, the locations of the cold spikes will align themselves at T ... 

The downstream evolution of the PDFs, figure 4.9, demonstrates similar 

behavior. For ail source locations and Re, the PDFs ii1ustrate that the is 

better mixed further downstream. As the source is located further from the wall, 

the PDF is more positively skewed, indicating that the near-wall source location 

better mixes the scalar in the initial plume stage. This result is expected, due to 

the relatively high turbulence intensity as the wall is approached. 

Further examination of the peaks of the transverse RMS profiles indicates 

that the PDF exhibits a similar shape at these locations. This shape has two 

spikes, one at the location of the cold fluid, the second is in the region of the hot 

fluid. These spikes imply that the peak of the RMS is dominated by the bulk 

flapping of the thermal plume, and does not exclusively result fram the internai 

structure of the plume itself. 

Lastly, it should be noted that the PDF in the signal-to-noise ratio in the 

outer region of the thermal plume is rather poor and could strongly influence the 

shape of the PDFs (as the noise can not be subîracted out the PDF). 
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Figure 4.8 - PDFs for various transverse locations 
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Figure 4.9 - PDFs for various downstream locations 

4.4 Temperature Skewness 

The skewness of the temperature fluctuations is defined as: 

1 
=----

(BRMS )3 

<fJ 

fB 3 P(B)dB. (4-5) 
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It is a measure of the asymmetry of the PDF. Since the fluctuating temperature 

is bounded between that of the source and the cold fluid, the relative value of 

mean temperature strongly influences the skewness. As the mean temperature 

approaches the hot or cold value, only large one-sided fluctuations are possible, 

which affect the symmetry of the PDF and hence the skewness. Although the 

upper limit of the fluctuating temperature is that of the source, these hot 

fluctuations are quickly smeared out. 

Figure 4.10 shows the transverse profiles of 8(8). For the source located 

at the channel centerline, the skewness is a minimum aï transverse locations 

corresponding to y :::: Ysource. This value tends to increase away from the Ysource 

location until it obtains its maximum in the outer region of the thermal plume, then 

returns to zero when outside of the plume. The increasing skewness in the outer 

region of the thermal plume (with a retum to zero outside of the plume) is also 

observed for the near-wall source locations. This trend is expected because the 

mean temperature approaches thaï of the cold fluid, limiting the "large" 

fluctuations to positive values only. 

For the near-wall source locations (Ysource/h :::: 0.067 and 0.17), the 

skewness decreases directly downstream of the source. The skewness is 

initially positive, decreasing until it takes on negative values. This trend is the 

result of the well-mixed temperature fluctuations near the wall as the thermal 

plume evolves, which are occasionally exposed to large negative temperature 

fluctuations from the cold fluid. Note that for the source located at the channel 
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centerline, the skewness directly downstream of the source tends ta remain 

relatively constant. 

With increasing Reynolds number, the values of the skewness in the outer 

region of the thermal plume tends to peak at lower values. The skewness 

profiles are also thinner as the Re is increased. These observations are due to 

the faster advection at the high Re. 
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Figure 4.10 - Transverse S(e) profiles 
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4.5 Temperature-Velocity Correlations 

This section presents measurements some temperature-velocity 

correlations. A complete compilation of the temperature-velociîy correlations can 

be found in Appendix L 

4.5.1 Turbulent Heat Flux 

The correlation coefficient of two fluctuating quantities is defined as: 

(ab) 
Pab = b 

aRA1S RA1S 

(4-6) 

where a and b are the variables of interest. 

Figures 4.11 and 4.12 show the correlation coefficients of u-O and v-O, 

which are the non-dimensional (longitudinal and transverse) turbulent heat 

fluxes. For the source located at Ysource/h == 0.067 and 0.17, Pue and Pve are 

opposite in sign, due to the negative u-v correlation in this reglon of the flow. (A 

negative u-v correlation implies that when u is positive, v will tend to be negative 

and vice-versa.) The centerline source location shows that Pve is odd about y/h == 

1.0 and pue is (approximately) even about y/h==1.0, as expected. 

The Re and the downstream distance from the source appear to have Uttle 

effect on the overall shape of these profiles. With increasing Re, the profile 

shapes are observed to be slightly thinner, which corresponds to the ORMS and 

8(0) profiles. As expected, the profile is wider with downstream distance, with no 

other significant change in shape. 
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These profiles are most influenced by the source location. The nE?)ar-wali 

source locations exhibit similar behavior, however are quite different than the 

centerline source location. 

'f th::: 0.067 
source 

x/l1=7.4-
Re::: 10400 

o., A~L~j~~~j 
. : .~' , 

0.0 7--\---;---t---i 
1 1 1 

, 1 

~.5 ----~---~---, 1 1 

-1.0 l..c..~.....w~--'--'~~..L.L~J...J 
0.0 0.5 1.0 1.5 20 

y/h 

'f Ih ::: CUIG7 
source 

x/h:::: 7.4 
Re:::: 22800 

1.0 r-r"'~--r~ ........ ~~-rr~." 

l , 
0.5 - - -,- - - -, - - - ï - - -

, 
---'----1 

-1.0 "-,--~W-~c...o....j~~..w..~.w 
0.0 0.5 1.0 1.5 2.0 

y/h 

'f Ih::: 0.17 
source 

x/h ::: 7.4 
Re::: 10400 

1.0 r-r-~,.,...,~-,---,~~-rr~"'" 

O~ ---~--~---{---, 

0.0 
1 ------, 

, , 
-0.5 ------~---~---, , 1 

-1.0 l..c..~'--'---'~--'-'~~.L.c.~.w 
0.0 0.5 1.0 1.5 2.0 

ylh 

'f Ih == 0.17 
source -e-PUS 

x/il ::: 7.4 
Re == 22800 "*-P ve 

1.0 "",,"""'-'-'~...,.,~~-rr~';'" 

0.5 - - -:- - - -1 - - - ~ - - -, 

0.0 

, 1 

-0.5 - - -,- - - ~ - - - ~ - - -
1 1 1 

-1.0 "-,--~'--'-~'-'-'~~---'-'-~J...J 
0.0 0.5 1.0 1.5 2.0 

ylh 

YsourcJh 

'f Ih ::: 1.0 
source 

, 
-0.5 _ - -'- - - ~ - - - l - - -

l , , 

1 

0.5 1.0 1.5 

'JI source/il ::: 1.0 

xlh == 7.4 
Re == 22800 

y/h 
2.0 

Re 

1.0 r-r-~--r~...,..,.~~~~~ 

0.0 

-0.5 - - -'- - - .J ___ J. __ _ , , , 

-1.0 "-'--~-'-'-~'--'--''-'--'~..L.L~~ 
0.0 0.5 1.0 1.5 2.0 

y/h 

Figure 4.11 - Turbulent heat fluxes 
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Figure 4.12 - Turbulent heat fluxes 

79 



4.5.2 Turbulent Variance Transport 

The non-dimensional transport of scalar variance by turbulent velocity 

fluctuations is shown in figures 13 and 1 These quantities are non-

dimensionalized as follows: 

(4-7) 

(4-8) 

The Re affects the magnitude of the turbulent variance transport for the 

near-wall source locations, however not for the source location at the centerline. 

As the Re is increased, the peaks of the non-dimensional variance transport 

decreases, however the shapes of the profiles remain similar. This decrease is 

primarily due to the non-dimensionalization. If 82 is considered a variable in and 

of ltself, a correlation coefficient can be defined as follows: 

where the kurtosis is defined as: 

K(O) = (0
4

) 

(ORMS )4 

(4-9) 

(4-10) 

and (K(8)-1)'h<82
> is equal to the RMS of 82

. The ratio of the peaks of <82
v>ND 

(Ysource/h=0.067, x/h=7.4) is 2.2, while the ratio of (K(8)-1)'h (not shown) is 2.2, 

implying that the difference in peaks arises from the non-dimensionalization. An 

alternative non-dimensionalization of the correlation coefficient could be 

employed, but is not since it would not follow the standard convention. What this 
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shows, however, is the effect of the PDF shape and its Reynolds number 

dependence on turbulent transport of S2. 

The downstream location from the source does not significantly affect the 

shape of the turbulent variance transport profiles (for Ysource/h=O.067). As 

expected, the profile widths increase with increasing downstream distance. The 

peak of both <S2U>ND and <S2V>ND decrease in magnitude with downstream 

distance for each Re. Initially (at xlh :: 7.4) the peaks of both profiles are at the 

same y location, and although the width of the profiles are the same at xlh :: 

18.6, the peak of <S2U>ND does not drift as much as the peak of <S2V>ND. 

Consistent with previous results, the source location is observed to have 

the most influence on the turbulent variance transport profiles. The near-wall 

source locations exhibit similar behavior, which is different from that at the 

centerline location. Regardless of source location, as the Re is increased, the 

widths of the profiles are observed to be thinner, in agreement with ail previous 

measurements. 
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Figure 4.13 - Turbulent variance transport 
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Figure 4.14 - Turbulent variance transport 

4.5.3 Turbulent Heat Flux Transport 

A non-dimensionalization similar to section 4.5.2 is employed with respect 

to the turbulent heat fluxes: 
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(4-11 ) 

(4-12) 

The non-dimensional turbulent heat flux transport is shown in figures 4.15 

and 4.16. For ail the Ysource locations, the Reynolds number has liUle effect on 

these profiles, except that the profiles are thinner as the Re is increased. 

For Ysource ::::: 0.067, the downstream location is seen to have liUle effect on 

these profiles, except that as the downstream distance is increased, the profile 

width also increases. 

As with the previous velocity-temperature correlations, the source location 

is observed to have the greatest effect on these profiles. The near-wall Ysource 

locations exhibit behavior similar to each other, however are quite different for 

the centerline source location. For the near-wall Ysource locations, the (u 28) ND and 

(v 28) ND profiles are very similar, but are observed to differ for the centerline 

source location. Such a result is expected given the underlying symmetries of 

the flow. 

84 



'J 111 ::: O.067--e- 28 
source <U > 

xll1 ::: 7.4 ND 

Re=10400 -*-<le>ND 
2.0 i , , , , : .. ':"": •. , '~ 
1.5 t ---,- ---,- ---'- --

1-- ! ! 1 • , , , 
1.0 ---r---r---r--

Il! J 

0.5 - - - '- -:- - - -:- - - -J 

0.0 

'J 111=0.17 
source --e- <U2e> 

xll1 = 7.4 ND 

Re = 10400 -*-<le> 
2.0 ND 

15~---~---~---~--
~ l , , 

1.0~~---~---~---~--

05 _~_L -'----,---. l ' , 
QO - --- --~--

l , , 

-0.5 ---:----:----:--- -0.5 

-1.0 Ir - - - ~ - - -:- - - -:- - -

-1.5 ---:----:----:---
, 1 1 

-2.0 w...~-'--'~-'-'-~~-'-'-~'-' 

-1.0 ---1----1-----1---, 
-1.5 ' , ---I--------i---

-2.0 wE ,~. ~~"--,-,--,-,-,-,-,-............ -,-, 

, , 
,1 , , , , , , , i 

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 

y/h y/h 

y Ih:::: 0.17 
source --e- <U2e> 

x/h :::: 7.4 ND 

Re :::: 22800 ~ <le> 
2~ ND 

1.5 _ __ 1 ___ ...J ___ J __ _ 1.5 _ __ 1 ___ .J ___ J __ _ , , 
1.0 

, 1 1 
---1----'---,---

, , 
- - -1- - - -1- - - ï - - -1.0 , , , 1 

0.5 - - -1- - - -l- - - -+ - - - 0.5 
1 

__ J __ _ 
1 0.0 0.0 __ J. __ _ 

, , 
-0.5 - - -1- - - --! - - - -t - - - -0.5 - - - 1- - - -; - - - -t - - -

, , , , 1 
_ _ _ , ____ , ___ .1 __ _ 

l , , -1.0 
_ __ 1 ____ 1 ___ J. __ _ 

, l , -1.0 
l , 

-1.5 - - - J- - -1 - - - -,. - - - -1.5 - - -1- - - '1- - - 1 - - -

-2.0 w...~-L<~-'-'-~~..L..L.~.c.J -2.0 '-'-~'-'-~~'-'-~-'-'-~.<-..W 
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 

y/h y/h 

2.0 t .': "': " :'" î 
1.5 ---;----:----:---j 
1.0 - - - ~ - - -:- - - -:- - -

" 1 0.5 ___ L ___ ' ____ ,_ 
l , 1 

0.0 --~
-0.5 - - - '- - - -'- - - -,- - -

, , 1 

-1.0 - - - 1- - ~ -1- - - -1- - -, 
-1.5 - - - 1- ___ 1 _ _____ _ 

, J , i 
-2.0 r , , i , 1 , 1 

0.0 0.5 1.0 1.5 2. 

ylh 

Re 

y III :::: 1.0 
source 

xth:::: 7.4 
Re :::: 22800 -*- <10> 

2.0 r-~.,.,~~'T"~~r_"'N'!='D,...., 

1.5 - __ , ___ .J ___ .L __ _ 

1.0 - - -1- - - 1 - - - + - - -
, , 1 

0.5 - - -,- - - -l - - - + - - -, , 
0.0 --~--

-0.5 - - -1- - - '"1 - - - î - - -
l , , 

-1.0 _ __ , ___ .J ___ .1 __ _ , , 
, , 1 

- - -,- - - 1 - - - T - - --1.5 

0.5 1.0 1.5 2.0 

y/h 

Figure 4.15 - Turbulent heat flux transport 

85 



2.0 , , , 
1.5 - - - '- - - -'- - - -'- - -, , , 
10~ -- -~ - - -:-- --:- --

~ 1 1 1 

o.st-- -'----:---
o.o~ -,--- ,----,---

-o.s[ -- -:- - - -:-- --:- --
t ! r 1 

-1.0 ---]" - - -r- - - -1- --, , 
-1.5 _ __ 1 ____ 1 ____ 1 __ _ , , 
-2.0 '-'-'--'-'u-~'_'__"~~_w~_'_' 

0.0 0.5 1.0 1.5 2.0 

y/h 

, 
1.5 - - -,- - - -l - - - -' - - -

1.0 ---:----!---~---, , 
0.5 ---~--~---4---, , 
O~ --~---

-0.5 - - -1- - - -1 - - - -t - --, 
-1.0 - - _1- ___ 1 ___ j __ _ , , , 

-1.5 - - -1- - - \ - - - 1 - - -

-2.0 '-'-~'-'-~~'---'-~'-'-~-'-'-' 
0.0 0.5 1.0 1.5 2.0 

y/h 

xlh 

0.0 

-0.5 

-1.0 

-1.5 

1 
___ L. __ , 
---1----1----1---

-2. a '-'-~'-'-'-'--'-'-L...<-~'-'-~'--'-' 
0.0 0.5 1.0 1.5 2.0 

ym 

Re 

y ln::: 0.067 ? 
source -e-<u-e> 

x/n::: 18.6 ND 

Re ::: 22800 -+-<le> 
2.0 ND 

1.5 ___ l ___ ..J ___ .l __ , , , 
1.0 ---I---~---~--

-0.5 - - -1- - - -i - - - +- - -

-1.0 
__ _ 1 _ __ J ___ 1... __ , , , 

-1.5 - - -1- - - ""1 - - - t'" - -, , 
-2.0 '--'-~'-'-~"_'_L.....~'_'_~_'_'_' 

0.0 0.5 1.0 1.5 2.0 

ylh 

Figure 4.16 - Turbulent heat flux transport 

86 



Chapter 5 

Conclusions 

5.1 Review of the Present Work and the Contributions 

ln Chapter 1, the objective of the thesis was stated. It was to 

experimentally study scalar dispersion from a concentrated source in one of the 

simplest inhomogeneous turbulent flows, fully developed turbulent channel flow. 

Next, the background and motivation leading to the present work were 

presented. Finally, the relevant literature was reviewed, which included the 

subjects of turbulent channel flow, turbulence measurement techniques, scalar 

dispersion in isotropie grid-generated turbulence, scalar dispersion in 

homogeneous turbulent shear flow, dispersion in inhomogeneous turbulence, 

and studies of numerically simulated scalar dispersion that complement 

experimental studies. 

Chapter 2 presented the experimental facility and the techniques used to 

measure the turbulent velocity and scalar (temperature) fields. First, a detailed 

description of the channel flow facility and the scalar injection method was given. 

Next, the measurement methods were discussed. The temperature was injected 

via a fine line-source (spanning the spanwise direction of the channel), su ch that 

it would be passive (i.e., not affect the flow field). The resultant thermal plume 

was measured using hot-wire anemometry and cold-wire thermometry 

techniques, which were discussed in detai!. Then, the resolution of the probes 

was discussed. Finally, the method of data acquisition was presented, which 
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included analogue to digital conversion and the convergence of the measured 

statistical values. 

ln Chapter 3, the experimental conditions were examined and the flow 

field was studied. To meet the objective of the thesis, the experiment had to 

meet the following conditions: the velocity field had to be fully developed channel 

flow, the scalar had to be passive, the walls had to be adiabatic, the temperature 

field had ta be independent of the source size, and the temperature field had to 

be 2-D. Each of these criteria was examined by experimental and/or theoretical 

means. Various turbulent velocity field properties were also tabulated and 

discussed for the two Reynolds numbers used herein. 

ln Chapter 4, detailed measurements of the thermal plume were 

presented. The scalar was injected at 3 different locations with respect to the 

wall (in the fully developed reglon) for two Reynolds numbers. The mean and 

RMS temperature fields were presented and the results were compared with 

those of scalar dispersion from a line source in isotropic grid-generated 

turbulence and homogeneous turbulent shear flow. Next, the PDFs of the 

temperature field were presented. Then the transverse skewness profiles of the 

temperature field were examined. Finally, temperature-velocity correlations were 

presented. 

It was found that: 

1. Gaussian profiles (with reflection) fit the transverse mean temperature 

profiles weil. 
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2. The peak of transverse mean temperature profile was relatively 

fixed behind the source for the downstream positions under 

consideration. 

3. The downstream decay of the peak mean temperature was 

proportional to (xlhro.5
, which is less than that of isotropie grid

generated turbulence and homogeneous turbulent shear flow. 

4. The width of the transverse mean temperature profile was thinner at 

the higher Reynolds number, due to the inereased advection. This 

trend was also observed in the measurements of the other statistieal 

quantities. 

5. Truncated Gaussian profiles fit the transverse RMS temperature 

profiles weil. 

6. The deerease in the downstream peak of the RMS temperature profiles 

was proportional to (x/hr1
, which is less rapid than that in isotropie grid

generated turbulence and homogeneous turbulent shear flow. 

7. The peak of the transverse RMS temperature profiles drifted toward 

the channel centerline for the near-wall source locations. 

8. With inereasing distance from the wall, the PDFs of the near-wall 

source location evolved from quasi-Gaussian to very positively skewed 

PDFs. 

9. The PDF directly downstream of the source approached a Gaussian 

shape for ail source locations, implying that the plume was better 

mixed with downstream distance. 
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1 The near-wall PDFs indicate the scalar distribution is better mixed at 

the higher Reynolds number even though they have been mixing for 

less time. 

11. For the near-wall source locations, the skewness was initially positive, 

decreasing with downstream distance, and eventually becoming 

negative. 

12. The Reynolds number had liUle effect on the overall shape of the 

transverse velocity -temperature correlation profiles. 

13. Non-dimensionlized turbulent variance transport correlations showed 

a strong Reynolds number dependence. This was attributed to the 

dependence of the non-dimensionalization on the shape of the scalar 

PDF (in particular, its kurtosis) at a given measured position. 

14. Near-wall source locations (Ysource/h :::: 0.067 and 0.17) exhibit similar 

behavior to dispersion from a line source placed in a turbulent 

boundary layer (in the studied region). 

5.2 Extensions of the Present Work 

An Immediate extension of this work would be to acquire near-wall data of 

the temperature field. A cold-wire boundary layer probe should be used to take 

these measurements. 

The work herein focused on scalar dispersion in the direction of the flow 

inhomogenity. If the line source was perpendicular to the wall (in the y-direction), 

the scalar dispersion occurs in one of the homogeneous directions (the z-
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direction). A detailed measurement set of this source orientation would be 

beneficial in highlighting the effect of the flow inhomogeneity on dispersion that is 

occurring in a direction perpendicular to the inhomogeneity. 

Finally, this work can be extended to the Interference thermal plumes 

from two (or more) Une sources as did Warhaft (1984) (in isotropie grid-generated 

turbulence). Two line sources can be simultaneously placed in the channel, and 

the evolution of the correlation coefficient of scalar concentration from the 

interfering plumes can be studied and compared to the existing data obtained in 

isotropie grid-generated turbulence. Experiments of this kind study how mo 

contaminants mix in a separate medium, where dispersion and mixing are 

intimately connected. 
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Appendix 1 

PDF and Temperature~Velocity Correlation Database 

The foliowing figures are a comprehensive database of PDFs and 

temperature-velocity correlations, that were measured but not necessarily 

presented in Chapter 4. For each Re and source location, there is a PDF figure 

and a temperature-velocity correlation figure. The PDF figure shows the 

transverse PDFs at the various downstream locations. The temperature-velocity 

correlation figure shows the different transverse correlation profiles at the various 

downstream locations. 

The figures are presented as follows: 

Figure A-1 - PDFs: Re=10400; Ysource=0.067 

Figure A-2 - Temperature-velocity correlations: 
Re=10400; Ysource=0.067 

Figure A-3 - PDFs: Re=22800; Ysource=0.067 

Figure A-4 - Temperature-velocity correlations: 
Re=22800; Ysource=0.067 

Figure A-5 - PDFs: Re=10400; Ysource=0.17 

Figure A-6 - Temperature-velocity correlations: 
Re=10400; Ysource=0.17 

Figure A-7 - PDFs: Re=22800; Ysource=0.17 

Figure A-8 - Temperature-velocity correlations: 
Re=22800; Ysource=0.17 

Figure A-9 - PDFs: Re=10400; Ysource=1.0 

Figure A-1 0 - Temperature-velocity correlations: 
Re=10400; Ysource=1.0 
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Figure 1 - PDFs: Re::::22800; Ysourœ=1 

Figure A-12 - Temperature-velocity correlations: 
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Figure A-11 - PDFs: Re=22800; Ysource=1.0 
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Figure A-12 - Temperature-vefocity correlations: 
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