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ABSTRACT 

Thi s thes i sis concerned wi th the s tudy of po 11 utant effl uents 

discharqed from a side channel into rivers or coastal cross currents. 

Experiments were carr1ed out to study the reattachment of the jet efflu­

ent and the entrapment of pollutant in the recirculating eddy irrmediately 

downstream of the discharge channel. 

The flow was s1mulated in the laboratory by discharging dyed water 

from a side channel perpendicularly into an open channel crossflow. Geo-

metric characteristics of the reattachment eddy were obtained from flow 

v1sua11zat1on. The trans1ent variation of dye concentration in the eddy 

was determined from a series of light absorption probes, which were 

developed specifically 'for th1s investigation. 

Attempts were made to charac teri ze the entra pment process by 
'" 

overall parameters such as retenti on time and averaqe steady-state con-

centration. The results were correlated throuqh a convenient set of 

dimens ionless variabl es wh; ch were derived from approximat i ng the jet 

effluent as a point source of momentum flux. 
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RÉSUMÉ 

Le sujet de cette thèse est l'étude de la décharge des effluents 

polluants d'un canal secondaire débouchant dans une ri-viére ou encore 

émergeant dans des courrants côtiers. Des expériences ont été faites 

pour étudier cOlTlTlent le jet d'effluents est capté par le courrant princi­

pal et comment les polluants sont retenus par le to~rbillon de recircu­

lation irrmed1atement en aval du canal de décharge. 

L'écoulement a été simulé au laboratoire en envoyant de l'eau 

teintée depuis un canal secondaire déboudrant perpendiculairement, dans , 

un canal principal en circulation ouverte. Les charactér1stiques géo­

metriques du tourbillon de recirculation sont obtenues par visual'ization. 

La variat~n en régime non établi de la concentration en colorants a 

Itté mesurée dans le tourbillon à l'aide de sondes spécialement mises au 

point pour cette étude. 

On a cherché à charactéri ser l e pro~essus de rétenti on des 

effluents polluants par des paramètres globaux tels que un temps de 

rétention et une concentration moyenne stationnaire. Les résultats se 
• 

corrèlent convenablement lorsqu'ils sont présentés à l'a1de de grandet,lrs 

ad1rrmens1onnelles obtenus en supposant que le jet d'effluents est une 

source ponctuel1 e de fl ux de quantité de movement. 
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CHAPTER 1 

INTRODUCTION 

'(, 

A cOfTlTlon method of waste disposal into river and coastal envi-

ronment, for reason of sfmplicfty and construction economy, is through 

a side channel into the full depth of the receiving water. The effluent, 

in the fonn of a turbulent jet deflected by the cross current. is often 
,-. 

observed ta reattach onto the shoreline and form a low flow recirculation 

region immediate1y downstream of the discharge channel. Fluid l'articles 

that are entrapped in the recirculation reoion generally tend ta stay for 

longer periods of time; the velocity and turbulent level is lower, and 

there ;s a tendency for particulate and flocculant matters ta settle here. 

In the case of coo1ing water discharge. heat dissipation in such a region 

may be significant. Although the highest concentration and temperature 

occur along the jet center line, know1edge of the transport process in the , 

recirculation regfon is important in many environmental design consider­

../ ations. The degree of pollution contamination further downstream along 

the shorelfne 1s a1so crft1cal1y dependent on the process wfthin the re-

circulation reqion. 

The recirculation flow is simulated in the labaratory by discharg-

ing water fram a side channel fnto an open channel crossflow, as shown 

in Figures land 2. The discharging jet can be seen to be deflected by 

the crossflow; at the same time, it forces the crossf1ow ta contract and 

bend toward the far bank. 
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As the jet reaches the maximum penetration point, the directions 

of the crossflow and the jet become parallel, but the jet velocity is 

still somewhat higher. Further downstream, the jet continues its curved 

trajectory, due to the centrifugal pull induced by the low pressure reg;on 

behind the jet. It eventually impinqes on the bank. Entrainment is re-

stricted by the presence of t~e solid boundary and this causes the for-

mation of the recirculation reqion. 

During the experiment, the dye is turned on for a period of time 

until the concentration in the recirculation region reaches steady state. 

The geometry of the recirculating eddy is determined from flow visuali-

zation. The steady-state concentration distribution is determined from 

a series of liQht absorption probes. The dye at the discharge channel 

is subsequently turned off, and the transient decay of dye concentration 

within the recirculation region is again determined from the light ab-

sorption probes. The sequence of events during the experiment is demon-

strated in a series of photographs in Figure 3. The photographs show 

clearly the existence of a recirculation region with a relatively uniform 

concentration distribution. 

The existence of a region of un1form concentration has suggested 

that a simp11fied description of the problem may be possible. In this 

simpl1fied mOdel, the flow 1s divided into reqions, namely, a curved 

shear layer and a recirculation region. It is assumed that complete 

mixing is ach1eved 1nstantly in the shear layer. 

In the recirculation region, the spatial concentration distribution 

1s assumed uniform. The temporal variation is characterized by a "re­

tention time". For a steady discharge of substance from thé side channel, 
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FIGURE 3. THE SEQUENCE OF EVENTS SHOWING THE ENTRAPMENT 

PROCESS IN THE RECIRCUlATION ZONE 

(a) dye injection 1s on; (b) maxfmum jet penetration; 

{cl reattachment; (d) dye injection 1s off; 

(e). (f). (g), (h) transient decay of concentration 

in the recirculation region 
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the concentration in the recirculation reqion will eventually reach a 

certain "steady-state concentration". The major effort of this thesis 

will be to determine these two parameters, the retention time T ~ 
the steady-state concentration cs' and to show how they are related 

to the overall transport process in the recirculation flow. 

1.1 Review of Previous Investigations 

One of the earlies' experimental investiqations was on th~ re-

attachment of plane jets in crossflows, done by Rouse (1957). Rouse 

performed experiments in what he considered an unconfined wind tunnel 

crossf1ow, and proposed the following expression for the 1ength of the 

recircu1ation eddy: 

Mikhai1 et al. (1975) measured the width and length of the recir-

culatin~ eddy in a confined open channel crossflow. The experimental re­
~ 

sults were correlated by a set of dimensionless variab~ derived from a , 
point source model. The jet was approximated as a point source of mo-

mentum. For a range of exit and crossflow conditions, they concluded that 

the shapes of the eddy were nearly similar, and that the relative size of 

the eddy, H/B, depends main1y on the momentum flux ratio, (V 2b/U 2B). 

The ft~st eKper~"t.l st~dy concerned w1th measurements of con­

c!Atration distribution in the eddy was done by Carter (1969). He measured 

temperature fields induced by a warm water discharge into a flume. Temp-

erature contours were provfded for a number of exft-to-crossflow velocity 

ratios. It is not known whether the effect of buoyancy is important in 
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his experiments. 

Strazisar and Prah1 (1973) have examined the effect of bottom 

friction. The jet trajectory was determined from dye photographs in 

their experiments. 

An extensive numerical calculation for the side channel discharge 

problem has been carried out by McGuirk and Rodi (1978). Their results 

were found to be in close agreement with experiments by ~ikhail et al. 

(1975) and Carter (1969). 

1.2 Objective of Present Investigation 

From the above review of previous studies, it is clear that ex-

-
perimental information related to the concentration distribution is rather 

fnsufficient. The only measurement in the concentration field is that of 

Carter (1969). Carter obtained steady-state temperature distributions 

for three different flow situations, but there was no systematic corre­

lation with the exit conditions. The measurement was carried out in a 

hot jet in cold crossflow; it is not certain w~ether some of Carter's 

results might not have been affected by buoyancy. 

Instead of obtainfng detailed spatial concentration distributions, 

the attention of the present study is foc~s1ng on a number of parameters 

that qovern the overall transport process. The overall parameters under 

consideration are the length, L; the heiqht, Hi' of the eddy; the steady­

state concentration, cs; and the retention time, T. The objective is to 

simplify the de~cription of the process to a finite number of parameters 

50 that the results can be syste.atical1y correlated with the exit 

conditions. In many engineering applications, it is often the overall 

iO->,. ___ ._ ................... 4.I'."'" .. ~ .. 
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parameters that are required. It is hoped that the correlation provided 

in this thesis would be readily applicable in many preliminary design 

considerations. 

The thes~ will begin with a discussion of the physical meanings 

of the two overall parameters: the steady-state concentration, cs' and 

the retention time, T. This will be followed by a description of the 
\ 

experiments. Finally, the result will be correlated by a set of dimen-

sionless variables that are derived from a point source approximation. 
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CHAPTER II 

~\.\1 
'~HEORETICAL CONSIDERATIONS 

"1 
A brief description of the entrapment process in the recirculating 

eddy is presented in this chapter. A simplified model is introduced in 

arder to relate the physical process with two overall parameters, name1y, 

the "retention time" and the "steady-state concentration". Finally, 

plausible foms of dimensionless relations are introduced. They will 

provide a bas;s for correlation and analysis of experimental data ta be 

presented in subsequent chapters. 

2.1 The Twa Parameters Description 

A simplified description of transport processes in ~ecirculating 
\ 

flows was rlropased by Chu (1978; personal cORlnunicat1on). In this simpli-

fied model, the flow 1s assumed to consist of a thin curved shear layer 

and a slow recirculatinQ eddy, as sketched in Fiqure 4. ~ is assumed 

that mixing is achieved instantly in the shear layer. 

The fluxes of concentration that enter and leave the shear layer 

are equal, i.e. 

(l) 

where c 15 the concentration and Q the vol ume fl ux; subscri pt "0" refers 

to the condition at the discharge channel, II~II ta the external flow, 

11 
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"r" to the return flow from the eddy, and "m" to the mixed flu;d at the 

reattachment point. 

The mass balance in the eddy is 

d(ct-) = 
dt 

(c 
m 

c )0 
r r 

J 

j 

(2 ) 

where \f 1s the voluT1le of the eddy and c is the mean concentratl0n wlthin 

the eddy. El iminatinq c from Equations land 2. 
m 

d(~) 
dt :: - (3) 

The second tenn on the riqht side of Equation 3 15 the source term. 

To study the transport process, let us consider the followln9 two 

prob1 ems' 

(1) First, cons1der the trans1ent decay of substance in the 

eddy as the source tenn i s turned off. let c and c = 0, and, as a 
o e 

first approximation, let c:! c . 
r 

The trans;ent decay is given by the 

solution of Equation 3, i.e., 

c (4 ) 

where Cs is the eddy concentratlOn at t O. 

\ -
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where 

T 

(00 + Q + ° )V-
e r l l ( ° 0) Q-- = [~+ Q + 0 ] V 

o+er ra e 
(5 ) 

which will be referred to as the "retention time" of the recirculating eddy. 

(i i) The second prob 1 em of si qnifi cance i s the s teady-s ta te 

concentration distribution in the eddy. Consider a steady injection of 

concentration c from the side channel, and let c = o. As the concen-
o e 

tration reaches steady-state, bath sides of Eouation 2 become zero. 

Under this condition, cr = cm' and both approach the steady-state con­

centration in the eddy, c . 
s 

From Equation l, 

(6 ) 

~ 

We see now that the two parameters, T and c , are uniquely related ta 
s 

volume fluxes (0 + 
0 Oe) and 0 . The t ra ns port proces sin the eddy is 

r 

qoverned by the magni tudes of (Qo + Ge)' Or' or, alternatively, by the 

parameters (T, C ). In the experimenta l proqram to be des cri bed in the 
s 

the 

two 

subsequent chapters, we chose ta measure T and cs. Once these two para-

meters are known, the overall transport phenomenon in the eddy will be 

determined from Equations 1 and 2, with Qe and Qr being detennined by 

Equations 5 and6. 
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2.2 Concentration Variation in the Ex~eriment , 

/ 
/' 

Duri ng the experiment, the dye from the side channel was turned 

on for a peri od of time unti 1 the s teady-s tate concentration was reached 

1n the rec1rculating eddy. The dye was then turned off ta observe the 

trans1ent decay. The rise of concentration in the eddy 1s g1ven by 

C t-t 1 - 1 - exp {---} c T 
S 

(7) 

The decay of concen t ra t ion ; s 

-
c 
c 

t-t = exp { ___ 2} 
T 

(8) 
s 

Equations 7 and 8 are both solutions of Equation 3, but with d1fferent 

initial conditions. A schematic representation of the concentration 

variation is shown in Figure 5. 

2.3 Oimensional Considerations 

The experimental results will be correlated in a manner suggested 

by Mikhail et al. (1975). The side channel discharge will be approxi-

mated by a point source of momentum flux. The important independent var-

fables of the problem are: 

Mo = jet momentum flux (per unit depth and per unit dens ity) 

U = crossflow velocity 

B = width of the crossflow 
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where V and b are the velocity and width of the side channel discharge. 

Four dependent variables are detennfned in the experiment. These 

are: 

Hi hei qht of the eddy 

L l eng th of the eddy 

Cs = averaqe steady-state concentration within the eddy 

T = retention time 

The dimensionless relationships derived fram the above character-

i s ti cs are' 

Hi 1 
,-;= fn. (t-) s 

L l 
~: fn. (2) 

B 

1'9) 

~ l 
=: fn. (-2) 

coOo B 

) 

TU l 
~= fn. (~) 

s B 

where c and Q are the concentration and volume flux at the exit, and 
00_ 

ls is a length scale def1ned as 

l 
s 

/' 

(10) 
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Since 

Q = Vb and M = V2b 
o 0 

( 11) 

the re1ationships in Equation 9 can be rewritten in more exp1icit forms: 

Hi U 
(bV

2 
) 

oV 2 fn. 
BU 2 

LU 2 
= fn. (bV 2) 

by2 BU 2 

( 12) 

~ = fn. (~) c U BU 0 

(" 
TU3 bV2 

by2 
= fn. (BU 2) 

Two limiting case~ be considered. 

i 

1 ~ ... _~ 

• e ., .2.. _ bV 0 we ha ve 
B - B[j'1"" , 

In the case of unbounded 

crossflow, 

H H U2 
'Ir =--1 .. i '" constant 1 1 s bV2 -

L LU2 
constant (13 ) 1f _'-:oz t;7= 2 

S 

• 
csUl s Cs V 

cons tant 1f3 coQo '" CoU = 

( 
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TU TU 3 
11 ... -1 = --: 

S by2 
constant 

On the other hand, when the width of the main channel crossf1ow is 

compa red to the l enq th sca le 1 s bV 2 

B BU 2 -+ m 

M is no longer significant, and may be dropped. The results arp o 

Hi 

11'5 = B = constant 

L 
11'6 = = cons tant 

B 

sma 11 

csBU 
(14) 

11'7 = c bV = constant 
0 

TU 
• constant = lI'a B 

Equation 14 can be rewritten in the fom of Equation 12, as follows· 

2 

Hf U by2 -1 

bV2 = 11 (-) 
5 BU 2 

lU 2 by2 -1 
-= 

"6 
(-) 

bV 2 BU2 

(15 ) 

csV by2 +1 
(-) tOlT- 'Ir 

BU 2 
7 

- ----~. 
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The constants 'II' .11' , 'II' ,11, 'II' ,11, 'II' ,11 that aPrear in thf> asymptotic 
123 lt 5678 

relationships in Equations 13 and 14 will be determined from expenmental 

of>s erva t ion. 

2.4 Assumptions 

Two basic approximations have been employed ln the derlvation 

presented in the previous sections. They are the "polnt source approXl-

mation" and the assumption of a "two-dimensional flow". The llmtatlOn 

of these assumptions is d;scussed in the foll owinq sections. 

2.4.1 The Point Source Approximation 

In general, the conditions of the jet effluent can be charac-

terized by its velocity V and w;dth b at the exit. AlternatlVely, the 

dependency on b and V can be expressed ;n terms of the two fluxes defined 

as follows: 

Qo = exit volume flux = bV 

M = exit momentum flux = bV 2 
o 

The investigation of Mikhail et al. (1975) has pointed out the lmportance 

of these flux variables. In fact, the dependency on the exit-volume flux 

Qo has been shown to be of minor importance. This is due to the fact that 

the volume flux Q at sorne distance from the exit 1s significantly larger 

than Qo. and that there 1s a tendency for turbulent flow to "forget" or 
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lose trl&k of quantHies that are not conserved. 

The size of the source can be expressed in tenns of Q and M as 
o 0 

follows: 

For a fixed ~ , b -+ 0 as Q .. O. The approximation which makes use of 
o 0 

the tendency of the jet to forget about exit volume flux Q or the source 
a 

size b will be referred to in this study as a "point source" approxima-

tion. This approximation would be usefu1 on1y when the size of the eddy 

1s large compared with the exit channel width. 8reakdown of the approx-

fmation may occur when the discharge velocity, V, is smal1 compared with 

the crossflow velocity, U. 

2.4.2 "Two-Dimensiona1 Flow" Assumption 

Throughout the presentation in th1s thes1s, the flow is re-

garded as two-dimensional. The velocity and cOilcentration variation over 

the depth of the water 15 ignored. The frictfonal force exerted on the 

channel bottom is assumed to be negl igible. To est1mate the effect' of 

bottom friction, the following dimensionless parameter is defined: 

bottom frictional force 
ex i t-momentum f1 ux = 

CfV
2 bH H 

y2bd = Cf ëï (16 ) 

where Cf 1s the bottom friction co-efficient, H the height of the eddy, 

and d the depth of water. In the present experiment, Cf '" 0.003, H/d 

'" 0.5 - 3. Thus, the effect of bottom fr1ct1onal force 1s likely ta 

J 
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be neglig1ble. In pract1cal d1scharge problems, H/d can be very large, 

and bottom friction is nct always negligible. 

Further discussion of the two-dimens1onal flow approximation will 

be given in later chapters. 
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CHAPTER 1 II 

EXPERIMENTAL SET -UP AND PROCEDURES 

3. l Genera 1 Set-Up 

The experiments were eonducted in a rectangular open channel 800 cm 

long, 60.96 an wide, and 15 cm deep (Fiqure 6). The main channel was 

equipped with a diffuser, a grave1 sereen, and a series of flow straighten­

ers, to reduce the swirling and secondary currents as we11 as turbulence 

in the crossflow. A plexiglass window 40 cm long was installed on one 

side of the main channel, imnediately downstream of the exit of the side 

channel, ta pennit flow visual;zation ;n the recirculation zone. 

TYP,ical ve10city profiles of the main channel flow are given in 

Figures 8 and 9. ' The thicknesses for the horizontal boundary layer and 

vertical profiles are approximate1y 6 cm and 0.5 cm respectively. The 

crossflow ve1ocity, U, is obtained by timing floating pieces of paper 

over a known distance. The surface velocity obtained in this manner is 

not significantly different from the mean velocity, as can be seen from 

Figure 9. 

The side channel was constructed from plexiglass, and was 60.6 cm 

long, 2.50 cm wide, and 15 Cfll deep. It was connected flush with the main 

channel, and at a distance of 141 an from the upstream end of the main 

eha nne l . A s creen of pebb les wa s 1 nserted to prevent di rt and rus t f rom 

passing into the side channel. The result i5 more accurate concentration 

r~adings and low turbulence leve1 at the exit (Figure 7). 

23 
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FIGURE 6. MAIN CHA"INEL AS VIEWED FROM THE OOWNSTREAM END 

( 
FIGURE 7. SIOE CHANNEL, DYE RESERVOIR, AND DIFFUSER 
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FIGURE 8. HORIZONTAL VELOCITY PROFILE OF THE CROSSFLOW 

U 1 = 6 cm/sec, U2 = 12 cm/sec, d = 10.4 cm 
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FIGURE 9. VERTICAL VELOCITY PROFILE OF THE CROSSFLOW . 
U l = 6 cm/sec, U 2 = 12 cm/sec, d = 10.4 cm 
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Both channels were fed with tap water of the same temperature, 

ranginq between 22°( and 24°C, for the course of the experiments. 

The discharge from the side channel was detennined by a rotameter 

which had a range of 2-22 U.S. gpm (BROOKS TYPE 1110-10-8-0000). Side 

channel velocity, V, listed in Table l, was detennined by dividing the 

di scharqe by the cross -secti ona l area. 

During the experiment, india ink solutions were used as the dye 

tracer. The solution was supplied from a constant head tank and was 

introduced through a diffuser located at the upstream end of the side 

channel. A stirrer was installed immediately downstream of the diffuser 

/' 

to promote further mixinq (see Figures 7 and l5}. 

Dye concentration at the exit and in the eddy was determined by a 

light absorption probe, which 1s described in the next section. 

3.2 Light Absorption Probes 

Concentration of the india ink solution was determined by a light 

absorption probe. The principal elements of the probe consist of a 

Ligtlt Emitting Diode (L.E.D.) (TIL 23), and a phototransistor (TIL 78), 

as shown in Figure 10. During the measurements, india ink solution would 

pass through a 2 cm gap between the L.E.D. and the phototransistor. 

Changes in ink concentration would result in c~anges in light transmission, 
'il 

and this would in turn change the current passing through the phototrans-

i 5 tor ci rcuitry. The probe circuit di agram i s 5 ketched in Figure 11. 

The voltage across the phototransistor was maintained at 6.8V using a 

Zener Diode (IN 5342). The voltage signal of the phototransistor was 

transmitted to the DATAC computer facfl ity at McGill University. 
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(a) Liqht Absorptlon Probe 

FIGURE 10. LIGHT ABSORPTION PROBE 
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Many different dye tracers were tried, and ind1a ink solutions 

were chasen. The reasan is that mas t dye tended ta decay rapi dl y with 

time. lndia ink was preferred for its stability and opacity. 

3.3 Calibration of Light Absorption Probes 
--=:;:, 

Calibration was carried out by submerging the probes in standard 

solutions. Samples were prepared immediately befare the calibration. 

Starting with a high concentration of 5.128 mt of india ink per liter 

of solution. The sample was diluted by doubling its volume each time 

with clear water. The minimum concentration of standard solutions was 

o . 0 l 6 m ~J t (1 6 p pm) . 

Calibration data for the three probes used in the experiment is 

shown in Figures 12, 13, and 14. The equations for the calibration 

curves were obtained through a least square fitt1ng. The sensitive part 

of the calibration is seen on1y in the range between 0.1 - l mt/L 

Attempts were made during the experiment to maintain the concentration 

1n the eddy within this sensitive range. 

Notè that several calibration curves were carrfed out for each 

probe. The clea~ water reading tends ta vary somewhat from test to 

test. However, the slope of the curves is not signiffcantly different. , 
The calibration curves used were obtained by fitting them on one set of 

data points. Small variations of clear water readings were corrected 

during the exper1ments by adjusting the power supply of the L.LO. 

3.4 Experimental Procedures 

The experimental information gathered in this report consists of 
o 
\Jo 
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eddy geometry and concentration variation in the eddy. Parameters re-

lated to the eddy geometry, such as eddy height, H., eddy length, L, 
1 

and jet width, Ho - Hi' are detennined from flow v;sualizatlon. Concen-

tration within the eddy was detennined from measurements USln~ ~he optlcal 

probes. From the transient variation of concentratlon wlthln the eddy, 

two parameters were obtained, these beinq retentlon tlme, t, a~d steady-

state concentration, c 
s 

A s e rie S 0 f t we n t y - t wo tes t s we re car r; e d au t The tes t c and l t l ans 

are sUTTTTlar;zed ln Table 1. During the experiments, oye was released fram 

the upstream end of the side channel through a diffuser. T"e d, ffuser 

was constructed from rigid rlastic tube with a pattern of holes drilled 

diametrically on H. Sorne of the hales were blocked tempararily to ob-

tain uniformity of dye concentration throughout the depth. 

Further mixing was achieved by using a stirrer immediately down-

stream of the diffuser, as shown in Figure 15. 

3.4.1 Determination of Eddy Geometry 

The eddy geometry was detenmined fram f1aw visuallzation. The 

typical sequence of events as dye was released from the side channel is 

shown in Figure 3 (a - h). The dyed jet can be seen in the series of 

photos to be bent by the crossflow. It th en impinges on the side wall. 

The point of 1mpingement can be approximately determined by the flow 

situation, as shown in Figure 3 (c) (see the position of the arrow). 

For the present study, this point of impingement ;s taken to be the stag-

nation point. Due to very h1qh levels of oscillations in the impinging 

region of the jet, the determination of this staqnation point is diffi-

cult and subjective. More accurate determ1nation of the stagnation point 

~. 
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TABLE 1. TEST CONDITIONS 

TEST NO. U (cm/sec) V (cm/sec) d (cm) V2b/U
2
8 Co (ppm) 

1-1-8 10.56 5.37 11 .27 0.0106 660 

1-1-T 10.56 5.37 11 .27 0.0106 665 

2-1-B 10.54 10.74 11 .27 0.0426 700 

2-2-8 10.80 10.74 11. 27 0.0406 470 

2-1-T 11.11 10.74 11 .27 0.0383 555 

2-2-T 10.56 10.74 11. 27 0.0424 500 

3-1-B 10.52 21.04 11 .27 0.1640 1180 l..> 
ln 

3-2-8 10.51 21.04 11 .27 O. 1670 1300 

3-3-T 10.91 21.04 11. 27 0.1530 870 

3-4-T 10.72 21.49 11 .27 0.1650 530 

4-1-8 10.65 42.54 1l. 27 0.6540 1000 

4-2-B 10.92 40.30 11 .27 0.5590 820 

4-1-T 10.92 42.54 11 .27 0.6220 760 

4-2-T 10. , 7 42.54 " .27 0.6680 1000 

b = 2.50 cm 

B = 60.96 cm 

~l;#"'-"""~,,\. i,: " 
~ 
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TABLE 1 (continued) 

TEST NO. U V d V
2

b/U
2

8 c 
0 

5-1-B 5.91 5.64 11 .19 0.0370 720 

5-1-T 6.00 5.64 11 . 19 0.0360 730 

6-1-B 5.96 11.27 11 . 19 0.1470 1150 

6-1-T 5.91 11 .27 11 .19 0.1490 770 

7-1-B 6.09 22.39 11 .27 0.5540 900 

7-1-T 5.96 22.39 11 .27 0.5790 910 
w 8-1-8 6.21 44.78 11 .27 2.1300 900 0"1 

8-1-T 6.09 44.78 11 .27 2.2200 500 

j...,. '-,- .<"~ 
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was obtained by observing the movement of paper chirs floatinq on the free 

surface of the impinging reqion. The lenqth of the eddy is defined as 

the distance from the exit to the stagnation pOlnt. 

The height of the eddy is characterized hy two length scales, H 
l 

and H , as defined in Figure 2. H is defined as the height of the av-o 0 
~ 

erage outer boundary of the dyed jet, as in Figure 3 (c). The helqht 

of the inner boundary, H" was determined by turnlnq the dye off and ob­
l 

serving tt average boundary of the eddy in situation, as shawn ln Flg-

ure 3 (d). Jet width at the crest of the eddy can be estimated by taklng 

the difference between Ho and Hi' 

3.4.2 Determination of Dye Concentration 

The concentration distribution within the eddy is determined 

by means of the optical probes located within the recircu1ating zone, as 

can be seen from Figure 15. Three probes were used. The x and y coor-

d1nates of the probe positions were: 

L h 
Pl (_' _1) 

4 2 

P2 

3l Hi 
(-' -) .., 

2 2 

P
3 
{~, f.} 

or 

p .. 
l h .. 

(3' 2) 

Ps (~ ~) 3 2 
, 
! 
1 

- ==T~_~-' 

j 
f 
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where h 1 Hf' h 1 h • and h are the total hefQhts of the eddy. The 
134 5 

probes were positioned on the proper coordinates by means of a support1ng 

frame. Concentration measurements were carried out with the probes 10-

cated at two different elevations. Test numbers in Table l, designated 

as uB u and "T", correspond to the elevations z '" d/4 and 3d/4 from the 

bottom, respective1y. 

Small drift was sometimes observed in the output of the optical 

probes. Clear water voltage readings different from the values obtained 

during the calibration of the probes could be corrected by small ad just­

ments o~~ltage supply to the L.E.D. 

Analog sfgnals form the optfcal probes were d1gftized by a VIDAR 

voltmeter at a rate of five samples per second, and were subsequently 

stored on the DATAC computer facflity for further analysis. 

Concentration at the exit was determined from dye samplers located 

at six different e1evations. A typical concentration profile 1s shown 

in Figure 16. The exit concentration, c , was obtained from the average o 
of the six samples. 

To study the transient concentration variations in the eddy, dye 

was released from the side channel for a period of time, until a steady-

state concentration, c , 1s reached. 
s 

Once the output of the optical probe reached a reasonable quasi-

steady-state for approximately twenty seconds, the dye injection was 

ceased (while the same discharge conditions from the side channel were 

mafntained) in arder ta observe the transient decay of concentration within 

the eddy. The retention time was then obtained from the resulting concen-

trat10n variations in the eddy. as described schematically in Figure 5. 
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CHAPTER IV 

EXPERIMENTAL RESUl TS AND DISCUSSION 

The experimenta l results were organf zed based on the parameters 

needed to descr1 be the overall process of the entrapment phen011enon 1n 

the recf rculati ng eddy. The pa rameters descri bi ng the eddy geometry are 

the hefghts, Ho and Hi' and the length. L, which were obtained from flow 

vis ua 11 z a t i on . 

The concentration variations within the eddy, as determ1ned by the 

11ght absorption probes. were used to determine the two other overall 
$ 

parameters. namely, the steady-state concentrationjc , and the retention 
s 

time, T. 

• The results were correlated in tenns of dimensionless variables 

that were derived from a point source mode1. as des cri bed in Chapter 1 I. 

The experimental results of the present and previous investigations are 

tabulated in Appendix 1. 

4. 1 Eddy Gêometry 

The resu1 ts for the 1ength, L. and hefght. Hi' of the eddy are 

presented in Figures 17, 18, 19, and 20. Despite the scatter of the ex­

per1mental data. the results car be seen to be consistent wfth the data 

of prevfous investigations by Rouse (1957), Strazisar and Prah1 (1973), 

and Mikhai1 et al. (1975). 

Slight1y diUerent defi nitions for the 1 ength and height of the 

41 
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eddy have been used by the different investigators. Rouse (1957) defined 

the height and length of the eddy based on the divid1ng stream 1ine, which 

was determined by ve10city measurements. Strazisar and Prahl (1973) and 

M1kha11 et al. (1975) used flow v1sua1izat1on procedures similar ta those 

used in the present investigation. 

However, the data of M1khail et al. (1975) represent the average 

results of three crossflow velocities. The numerical computations for 

sim11ar flow situations have been carried out by McGuirk & Rod; (1977). 

Their resu1ts are seen to follow the genera1 trend of the experimental 

data. 

The data can be;seen to have an asymptotic trend, as suggested by 

the dimensional analysis in Chapter II. When the width of the crossflow 

1s very large compared with the size of the eddy, i.e., 1 lB -+ 0, the s 

sca1e of the eddy is linearly proportional to the length sca1e ls' On 

the other hand, when the eddy size is comparable to the width of the 

crossf1ow, i.e., when 15/B -+ œ, the scale of the eddy is proportional 

to the width of the crossflow. F1tt1ng the exper1mental data by asymptot1c 

lines, as shown in Figures 17-20, the fol10wing 11miting formulae are 

obtained: 

For unconfined crossf10w, i.e., 

Hi 
-1 .. 2.4 

s 

or equiva lently. 

and L - = 18 
ls 

(17a{ b) 
'-
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LU 2 
- = 18 

On the other hand, for narrow crossflow, ; .e., 

H. 
B 

-' = 0.6 -1 
ls s 

and 
L 4 4 ~ -: 

1 . 1 
s s 

or, H. 
1 

0.6 - .. 
B 

L 4.4 - = 
B 

and 

(17c, d) 

(18a, h) 

( 18c, d) 

The constants appearing in the fonnulae are tentative, due to the large 

scatter of data. The eddy sizes in two of the tests, 1-1-8 and 1-1-T, 

with low ls/B are very small, and they are likely affected by the boundary 

1 ayer of the crossfl ow. 

The height to length ratio, H/L, is presented in Figure 21. The 

eddy can be seen to maintain a similar shape for a wide range of values 

of 1 lB. On the average, 
s 

H 
[i · 0.135 (19 ) 

The constants in the asymptotic fonnulae, Equations 17 and 18, were chosen 

to be consistent with Equation 19. 
1 

The w1dth of the jet can be represented by the difference ln height, 

"0 -Hi (for a deffn1t1on of the parameters, see Figure 2). Figure 22 
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gives the spreading rate of the curved jet Ho - Hj. The spreading rate 
[ 

for a free jet is about 0.17 (based on width defined at 50% Interm1ttancy 

- level). The data points in Figure 22 can be seen, in genera1, to lie 

below the free jet value; a few tests with very sma" eddy sizes (1 /B 
s 

'" 0.01) are be1ieved to have been affected by the crossf1ow boundary layer. 

The reduction of the spreadino rate in a narrow crossf1ow (large 

1 /B) ;s apparent1y the result of the confinement by the width of the 
s 

crossf1ow. 

4.2 Concentration Variation 

During the experiments, dye was released fram the side channel for 

a period of time sufficient for the steady-state concentration to build 

up in the eddy. Typical concentration graphs for three probe locations, 

P , P , P , as obtained through a CALCOMP Plotter, are shown in Figure 
1 2 3 

23. (Other concentration graphs are summari zed in Append1x II.) The 

concentration can be seen to rise to a quasi-steady-state for a period 

of time, and then decay after the dye is turned off at the side channel. 

Based on these graphs, an average steady-state concentration, c., 
1 

can be determined foreach probe location Pi (i = 1,2,3). In general, 

the spatial concentration variations, as obtained at various locations 

with1n the eddy, are shown in Figure 24. S1nce the concentrations at 

different locations are nOt siqn1f1cantly different fram each other, an 

average s teady-state concentration, cs' 1s introduced as the average of 

the ci' s. as follows: 

n 
Cs = lIe 

n 1=1 i 
(20) 
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where n is the number of the probes in the eddy. This concentration Cs 

wi 11 be cons1dered as one of the ove ra 11 parameters descri bing the en­

trapment process of the eddy. The corr~lation of this parameter with 

var10us exit and crossflow conditions will be discussed in the next 

sections. 

Another important overall parameter is the retention time, T. 

The existence of the retention time can be established from studying the 

decay, as shown in the graphs, of the concentration as the dye i s turned 

off in the side channel. A smooth curve was fitted anto the decaying 

limb of the graph. Selected points were then p10tted on semi-log paper. 

The resulting graphs generally indicated a straight line behavior (see 

Figure 25), which 1s in agreement with Equation 8. For each probe 10-

cation Pi' there is a retention time 'i' The spatial variation of the 

retention time, '1' within the eddy 1s presented in Figure 26. Again, 

the spatial variation is not large. A simple average retention time, 

T, can be introduced to characterize the overall decaying process; ; .e., 

1 n 
, ,. n t Ti 

i =1 

where n is aga1n the number of the probes in the eddy. 

(21 ) 

Hereafter, the detalled spatial and temporal concentration variation 

will be iqnored. The entrapment process in the rec1rculating eddy will 

be descr1 bed by the two overall parameters, the steady-state concentration 

Cs and the retention time T. The existence of these two overal1 para­

meters has sign1ficantly simpl1f1ed the problem, and ft 1s now possible 

\ , 
, 

j 
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to correlate the experimental results over a very wide range of exit and 

crossflow condi ti ons. 

4.3 Retention rime and Steady-State Concentration 

The experimental results for the steady-state concentration, c , 
s 

and retention time, T, are presented in Figures 27 and 28. They are 

correlated in terms of dimensionless variables derived from a point 

source model. Concentration measurements within the eddy were carried 

out in a prev10us investigation by Carter (1969). Carter discharged hot 

water through the side channel and obtained temperature contours for 

three different cases. The height and lenoth of his eddies can be esti-

mated by inspection of the temperature contours. The concentration data 

of Carter's presented in Figure 27 were obtained by averaging the concen-

tration at three locations (Pl' P2 , P3 , as in Figure 15). Carter's re­

sults may have been affected by buoyancy effects and by our subjective 

estimation of length and heiqht of the eddies. Nevertheless; his data 

are in general agreement with the results of the present experiment. 

A similar procedure was used to obtain L, Hi' and Cs from McGuirk and 

Rodi's (1977) ~emperature contours, which were based on numerica1 ca1cu­

lations. Their results are also presented in Figure 27. 

Despi te the 1 arge scatter of the data for both c and T, ; t i s 
s 

posslb1e to propose the following asymptotic fonnu1ae: 
\ 
\ 

(: C-
For unconffned ~OSSfl0W, 

li' 

i . e. , 
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CsUl s 0.31 , COO
O 

= 
TU 
1 = 26 

s 

or equiva1ent1y, 

csBU _ 
0.31 , C5V -Co 

On the other hand, for narrow crossf10w, i.e., 

or eq u i val en t l Y , 

TU B 
,- = 6.6 1 

5 s 

TU - 6 6 B- . 

(22a, b) 

(22c, d) 

(2 3a. b) 

(23c, d) 

There 1s sorne evidence that the entra1ning characteristic is de-

pendent on the curvature of the curved jet. A suitab1e length sca1e for 

the curvature of the jet wou1d be the height of the eddy, Hi. In Figs. 29 and 

30, the experimenta1 data is correlated/~it~ the heiqht of the eddy, Hi' 

rather than with the jet exit conditions. It was found that the dirnen-

sionless variable TU/Hi 1s near1y constant, that is: 

TU 
H1=11 

Q 

(24) 

A sim11ar re1ationship was obtained hy Humphries and Vincent (1976) in 

their study of the entrapment process in the wake bubb1e behind a circu-
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1ar d1sk. ,'1 

For a c1rcu1ar disk of diameter D, in a mainstream vE!I'locity U, they 

obtained the followinq fOnTlu1a' 

TU 0:: 7.44 ± 0.52 (25 ) 

The height of the wake bubble, H, accordin~ ta the experl~ents of Car-

mody (1964), is about 0.810, this then leads ta· 

TU 
"H:: 9.14 ± 0.63 (26) 

The close agreement between the two constants that appeared ln 

Equation 26 for wake bubb1es and in Equation 24 for eddies fonned by 

jet reattachment is not coincidental. It suggests a certain universality 

in the entrapment process of recirculating flows. 

Simi1ar correlations of the eddy height H. with steady-state con-
1 

centration c is given in Fiqure 29. Following a similar argument, it 
s 

1s reasonab1e ta propose the fa110wing constant: 
."~-

(27) 

The two data points with the larqest l /B in Figures 27 and 29 
s 

appear to be low as compared to the genera1 trend of the other data. 

This can be attributed to the possible inaccuracy in measuring low con-

~j 
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1 centrations in these exper1ments (see Append1x II. Test Nos. 8-1-B and 

8-1-T). 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

Experimental investfqation was carried out to study the entrap-

ment phenomenon in a recfrculatfng eddy. It was found that it ;s 

possfble to describe the transport process by two overall parameters, 

namely, the steady-state concentration, cs' and retention t1me, 1. 

The experimental results for eddy height H;, length L, steady­

state conçentration Cs and retention t1me T were successfully correlated 

by the followfng dfmensfonless variables as derfved from a point source 

mode 1: 

H. l , 
fn. (i) -, = 

s 

L 
, 

r::- = fn. (i) 
s 

(28) 

csU's _ 
fn. (~) ) c:rL- - B Co 0 

and TU 
, 

r:-'" fn. (1) s 

~symptotfc formulae for the two limitinq cases w1th ls/B ~ 0 

and '5/8 + ~ have been der1ved fram the experiment, and they are summar­

ized in Table 2. 
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TABLE 2. ASYMPTOTIC FORMULAE 

For unbounded crossflow, i.e., 

LU 2 
18 -= bV2 

f C V 
; s = 0.31 
5 C ëJT 1 
~ , 
[ 

i TU 3 
26 -= , bV 2 

~ 
i .. . V2b 

t For narrow crossflow, '.e., i'ï'2rï" aD U B , 
~ 
f 
1 , 

~ Hi 
0.60 Boo 

L 0 

L B :1 4.4 

1 csBU 
i c:w Il 1.25 , 0 
f 
~ 
1 
f, TU r. 

'- 6.6 t B II 
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The transport process was found to have sorne properties that 

apparently are common to all recirculatinq eddies. Two universal con-

stants were determined for the retention time T and the steady-state 

concentration cs; these are: 

(29) 

and 
(30) 

Note that the dimensionless variables in Equations 29 and 30 are related 

to the scale of the eddies rather than to the jet discharging conditions. 

However, it should be rointed out that a number of difficulties 

were encountered durinQ the course of the experiments. Some of the 

edd1es were small compared with the th1ckness of the boundary layer of 

the crossflow (eg., TESTS l-l-B, l-l-T). Concentration 1s diff1cult to 

detennine accurately in s,ome other tests with a large eddy size (eg., . 
TEST 8-1-T). All these difficult1es are be11eved to have contributed 

to the scatter of the data as presented in th1s thes1s. 

Sorne caution should be exercised in the application of the 

var10us formulae proposed in this thesis. Assumptions have been made 

in correlat1nq the experimental data. The s1de channel discharge has 

been approximated as a point source; the friction in the channel bottom 

is ignored. These approximations may be inaccurate in some practical 

applications. 

1 
1 
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TABLE la. ~ESULTS OF THE EXPERIMENT 

TEST NO. Ci Ti H H L Cs T 

(ml/t * 103) (secs) (~) (~) (cm) (mtjt. * 103) (secs) 

1-1-8 375 3.80 6.35 1.62 11.0 375 3.80 

1-1-T 319 4.00 6.35 1.62 11.0 319 4.00 

2-1-8 c 381 T 4.67 8.90 4.80 30.0 378 4.66 
\0. 1 1 

c 375 i 4.65 
2 2 

2-2-8 c 371 't 4.78 8.90 4.80 30.0 307 4.65 
1 1 O"t 

\0 

c 243 't 4.52 
2 2 

2-1-T Cl 285 T 
1 

4.34 8.90 4.80 30.0 282 4.30 

c
2 

279 T 

2 
4.26 

... 
2-2-T cl 277 T 4.26 8.90 4.80 30.0 273 3.92 1 

c2 268 i 3.58 
2 

3-1-8 Cl 9J6 i 8.80 " .45 7.00 50.0 702 7.88 1 ~~ 

c 2 633 ·T 8.61 2 
, ..,-

c
3 539 T 7.46 3 

''; 
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TABLE 3a (continued) 
~ 

~ 

TEST NO. ci 'i H 
0 Hi l Cs , 

\ 

3-2-8 C 821 , 9.25 
1 1 

11.45 7.00 50.0 607 1 8.93 

C
2 

508. T 8.99 
2 ~ .... 

c
3 

493 , 8.55 
3 

--3~-T Cl 578 .. \ 10.48 11.45 7.00 50.0 434 8.74 

C
2 

407 T 
2 

9.84 

c
3 

319 T 5.90 -.J 
3 C> 

3-2-T Cl 367 T 7.48 
l 

13.95 7.62 50.0 278 6.89 

355 T 6.79 • C z 2 

c 3 
202 T 6.39 

3 

4-1-8 ~ 420 T 1 19.55 19.05 14.60 85.0 3n 19.27 1 
l 

C z 315 T 2 19.48 
~ .-(l \ . 

c 3 340 T 3 18.79 

4-2-8 c 1 380 ~ 
T 1 19.00 19.05 14.60 85.0 328 16.13 

C z 379 T 2 17.03 
~ 

c
3 290 T 

3 12.40 

~1boIf_"t~ ............ ~-_ .. -,,-- .~. ~.c. ' .. - _. _. .. \ 
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TABLE 3a (conti nu'ed) 

TES1 NO. ~ Ci Ti H Hi L Cs T 

~ 0 

4-1-T c 428 t 15.55 19.05 14.60 85.0 362 12.40 
1 1 

C 379 t 13.65 
2 2 

t
3 

278 T 10.82 
3 

4-2-T Cl 463 t 19.15 19.05 14.60 85.0 407 17 .12 
l 

c 418 t 17.64 
2 2 

C
3 

340 T 14.57 '-J 
3 

" 
5-1-8 c 292 T 10.90 11.43 5.08 40.0 255 10.25 .. .. 

Cs 218 T 9.60 
5 .. , 

• 1 ., 
1 . 5-1 .. T 239 10.60 11.43 5.08 40.0 220 10.55 ' , C .. T 
1 .. 
f 

Cs 202 T 10.50 
5 

, -
6-1-8 C 570 \ 15.83 L 

15.24 8.~9 70.0 440 13.51 

c2 410 T 12.47 
2 

C
3 

340 T
3 

12.23 

.. -'-~"'It .... q '[ 
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- TABLE 3b. DI~ENS IONLESS P.A,RAMETERS 

\, 

ls Hi ~ ~ L L H - H· csUl s csUH; U U 
TEST NO. o 1 

U- S L l s B l s L coOo coQo "Ç Hi 

1-1-8 0.011 0.041 0.125 3.87 0.33 30.96 0.430 0.289 0.725 45.49 15.32 

1-1-T 0.011 0.041 0.125 3.87 0.33 30.96 0.430 0.244 0.612 65.39 18.54 

2-1-B 0.043 0.079 0.160 1.85 0.4~ 11 .55 0.137 0.548 1 ,013 18.92 10.23 " ;? 

2-2-8 0.041 0.079 0.160 1. 94 0.49 12.12 0.137 0.645 1 .251 20.29 10.4§..-

"2-1-T 0.038 0.079 0.160. 2.06 0.49 12.85 0.137 0.491 1 . 001 20.46 9.95 

2-2-T 0.043 0.079 0.160 1.86 0.49 11 .61 0.137 0.529 0.982 16.01 8.62 
...... 
w 

3-1-B .(}.1164 0.115 0.140 0.70 0.82 5.00 0.089 1.18 0.826 8.29 11.84 

3-2-8 0.167 0.115 0.140 0.69 0.82 4.91 0.089 0.934 0.642 > 9.22 13.41 

3-1-T 0.153 0.115 0.140 0.76 0.82 5.36 0.089 0.962 0.722 10.22 13.62 

3-2-'1 0.165 0.125 0.140 0.70 0.82 . 4.97 0.127 , .048 0.795 9.32 9.69 
" 

4-1-8 0.654 0.240 0.172 0.37 1.39 2.13 0.052 1.486 0.544 5.15 14.06 

4-2-8 O. 559 ~ 0.240 0.172 0.43 1.39 2.49 0.052 1.399 0.599 5.12 11 .01 

4-1-T 0.622 0.240 0.172 0.39 1.39 2.24 0.052 1 .854 0.714 3.57 9.28 

4-2-T 0.668 0.240 0.172 0.36 1.39 2.09 0.052 1 .703 0.611 4.28 : 12.26 

5-1-8 0.037 0.083 0.127 2.25 0.66 17.73 0.159 0.338 0.761 26.85 11.92 
... 

5-1-T 0.036 0.083 0.127 2.31 0.66 18.22 0.159 0.284 0.657 28.84 12.46 

ili11lf!f'ii_dli_""~ ~""",o:f~......... .- ~_.~ '-".-...... -
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TABLE 3b (continued) 
r-

lS Hi Hi Hi L L HO - Hi cSU1 S CSUH; U U 
TEST NO. B B C- r;- B 'Ç L ~ coQo ~ H:-

l 

6-1-8 0.147 0.146 0.127 0.99 1.15 7.81 0.091 0.726 0.720 8.96 8.98 

6-1-T 0.149 0.146 0.127 0.98 1.15 7.71 0.091 0.763 0.747 8.90 9.16 

7 -1-8 0.554 0.271 0.165 0.49 1.64 2.96 0.191 1.423 0.696 3.82 8.14 

7-1-T 0.579 0.271 0.165 0.47 1.64 2.83 0.191 1.458 0.682 4.06 9.09 

8-1-8 2.13 0.396 0.201 0.19 1.97 0.92 0.064 2.041 0.379 1.80 9.69 

8-1-T .2.22 0.396 0.201 0.18 1. 97 0.8~ 0.064 2.022 0.361 2.11 11.85 
-...,j 

""" 

'" 

~ 

It.a,,,,,~~!l,o."""i .... _,,~~~. ~- /' 
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TABLE 4. RESULTS OF PREVlOUS INVESTIGATORS 

s 
Carter (1969) [ B = 70.33 011] 

1s ~ cUls csUH i b U V " Ji! 
S- Co to: coOo (cm) (cm/sec) (cm/sec) o . • 

0.163 0.48 0.96 0.43 3.05 1.89 3.66 

0.422 0.42 2.07 0.77 1. 22 1.89 9.45 

0.834 0.24 2.35 1.00 0.61 1. 92 18.90 

McGuirk & Rodi ( 1977) [8, b, U, and V the same as in Carter] 

(] 1s Cs c Ul il CSUHi s s 
r Co CO ç-o; o 0 

0.163 0.48 0.96 g', 
l ' 0.43 

0.422 0.42 2.07 0.77 

0.834 0.24 2.35 1.00 

, i 

( 1 

-----. ----. --=---.. ------------_ .. 
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1 TABLE 4 (cont1nued) 

Straz1 sar and Prahl ( 1973) 

ls l L 

B B 'Ç .. ' 

0.04 0.53 13.25 

0.05 0.68 13.60 

0.066 0.82 12.42 
-, 
\ 0.086 0.80 9.30 
f 
~' 

t 
0.095 1.2 12.63 

0.12 1.0 8.33 

0.16 1.2 7.50 .! 

l Ct 0.18 1.7 10.62 

0.22 1.7 7.73 
,1 

f' " 
f . 0.33 2.1 6.36 , 
\ 

~ 0.35 1.0 2.86 
p 
l' 

0.46 1.3 2.83 ! 

ï 

0.60 1.6 2.6f 
l 
.~ 
; 

0.85 ,} 1. 95 2.29 
q 
~ 
{. 

1.40 2.8 2.00 ~ • 
~ 

'. ) 
1 
1 

" 
\j :t 

( 

( ( 
'\ ) 

( 



p.~It~~<'~<'~'_'O.·,_~~'"""*"",,1lO .. ~_~.~-~~,,,\>lt·:lr."'-·~<L""""-::!~~·";:"N"'.~""'·~~:"" '-i'-'T , 

e 

Mikhall et al. (l975) 

L 
(cm) 

8.08 

26.46 

24.55 

47.41 

102.45 

79.80 

_ 98.42 

153.24 

121. 50 

144.78 

168.49 

154.30 

182.88 

!:"",1.'~~ .• ' ~~'L~"";~~~' 

Hi 
(an) 

1.27 

3.39 

3.81 

7.66 

12.70 

13.13 

16.51 

19.47 

18.42 

21.59 

22.44 

23.82 

25.41 

... .-t .... ,. 

H 
0 

(an) 

2.97 

7.83 

7.41 

13.12 

24.55 

18.42 

24.34 

34.71 

30.06 

35.56 

37.26 

37.46 

39.37 

... 
TABLE 4 (cont1nued) 

\ L L Hi 
B B 's B 

0.010 0.133 12.76 0.02 

0.042 0.434 10.41 0.43 

0.042 0.403 9.67 0.40 

0.094 0.778 8.27 0.78 

0.167 1.681 10.07 1.60 

0.167 1.309 7.88 1.31 

0.261 1 .615 6.21 1. 61 

0.375 2.514 6.70 2.51 

0.375 1.993 5.31 1. 99 

0.511 2.375 4.66 2.37 

0.667 2.764 4.14 2.76,. 

0.667 2.531 3.79 2.53 

0.844 3.000 3.55 3.00 

~ 

• 
~ ." 

~ H. Ho - Hi 

~ L ---r 

0.157 2.01 0.289 

0.128 1.33 0.168 

0.155 1.50 0.147 

0.162 1.34 0.115 ......., 
......., 

0.124 1.25 0.116 

0.167 1.32 0.064 

0.168 1.04 0.080 

0.127 0.85 0.099 

0.152 0.81 0.096 

0.149 0.69 0.096 

0.133 0.55 0.088 

0.154 ... 0.59 0.088 

0.139 0.49 0.076 



~ 

~ • 
TABLE 4 (continued) 

L Hi Ho 1 l l Hi Hi Hi HO - Hi 
(cm) (cm) (cm) t- S- iS S- r- ~ -L 

186.69 28.58 41. 91 1.042 3.063 2.88 3.06 0.153 0.45 0.072 

201.29 30.48 \ 45.08 1.261 3.302 2.62 3.30 0.151 0.40 0.073 

207.43 27.52 46.57 1.500 3.403 2.27 3.40 0.133 0.30 0.092 

179.05 29.21 40.00 1.500 2.937 1. 96 2.94 0.163 0.32 0.060 

193.04 29.85 40.64 1.761 3.167 1.80 3.17 0.155 0.28 0.056 

" 220.98 30.48 40.64 2.042 3.625 1. 78 3.63 0.138 0.25 0.046 -....J 
co 

223.52 30.48 41.27 2.344 3.667 1. 57 3.67 0.136 0.21 0.048 

256.54 34.71 46.57 2.667 4.208 1.58 4.21 0.135 0.21 0.046 

223.52 31.75 42.54 2.667 3.667 1.37 3.67 0.142 0.20 0.048 

/ 226.06 31.75 43.18 3.011 3.708 1.23 3.71 0.140 0.17 0.051 , 
231.14 . 32.38 46.99 3.376 3.792 1. 12 3.79 0.140 0.16 0.063 

280.25 35.98 59.26 4.170 4.597 1. 1 0 4.60 0.128 0.14 0.083 

269.24 36.83 60.96 7.040 4.417 0.63 4.42 0.137 0.09 0.090 

~ 

Wï"tr.l.l'Uilil-~~"~~': ,~-.4r .. > __ • ~o 
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APPENDIX II 

TEMPORAL CONCENTRATION VARIATION AT DIFFERENT 

LOCATIONS IN THE EDDY 
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