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exploratory study was made experimentelly in the laboratory for the molecular and
the turbulent diffusion process in the fluid media with various salinity. Dye diffu-
sions were performed in the salt water of known concentrations to simulate the
dispersion of pollutant in tidal waters. Both the turbulent and the molecular diffu-
sion coefficient increase as the salinity increases. The variation of the turbulent
diffusion coeffi cient is approximately linear with respect o the salinity. However,
the molecular diffusion coefficient tends to change non=linearly with the salinity

The turbulent diffusion rate is rather uniform with comparison to the molecular diffu=-

sion rate,
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CHAPTER! I NTRODUCTION

1-1 General Description and Scope of the Study

I ndustrial, municipal and agricultural waste discharges have produced incressing
pollution problems in the rivers, estuaries, bays and coastal waters of Puerto Rico. Ocean
disposals of wastes through the outfalls are commonly adopted in this island. For example,
more than ten regional sewage outfalls have been planned by Puerto Rico Aqueduct and Sew-
age Authority. Some of them have been designed and the environmental impacts of these
outfalls have been or are being assessed. Federal restrictions on waste disposal in waterways
and oceans require that new outfalls should be well studied before the installations to assure
no potential deleterious effects. For the design of ocean outfalls, mixing and diffusion of
the waste in the sea water is one of the very important criteria.

According to the survey results on the water quality for the coastal waters by Depart-
ment of Natural Resource of the Commonwealth of Puerto Rico, there is @ strong indication
that the salinity varies very much from place to place. The salinity ranges from 30 to 70
parts per thousand. Little is known about the diffusivity of wastes in the sea water with
large variation in salinity. Since it is expected that the diffusivity in fresh water will be
different from the diffusivity in an environment with presentation of high sa[ir;ify.

This study presents the experimental results on the correlation between the turbulent
diffusivity of pollutant and the salinity. Molecular diffusivity of pollutant as a function of
the salinity was also investigated. The main purpose of this study is to test how sensitive the
parameter of the salinity will influence the diffusivity. Inan estuary, either well mixed or
partially mixed, the salinity gradient still exists longitudinally from the river mouth to the

upstream limit of the estuary. The diffusion coefficient of poliutant being concerned in the



estuarine water quality study should not be considered to be constant if the turbulent diffu-
sion coefficient is a strong function of the salinity in the ambient fluid. It is the attempt

of this study to correlate the diffusion coefficient with the salinity.



{-2 Historical Studies

Harleman summaried the work having been done on the correlation of diffusion coef-
ficients in an estuary with referring to the salinity intrusion (see Reference 3).

He and Ippen have shown that the ratio of local apparent and turbulent diffusion
coefficient D /Dy is an indicator of the degree of vertical mixing in an estuary. Dt is
the diffusivity in an environment without any density effect. The ratio is correlated with

the strotification parameter as the followings:

- 3/4
D, = 700 G g
Dt

T M

In which J, is known as the stratification parameter which is defined as the ratio of the tur-
bulent energy dissipation to the rate of gain of potential energy of the fluid within rhe estu-
ary. G is average rate of energy dissipation per unit mass fluid as given in Kolmogoroff's
spectrum—of-turbulent theory. Dy decreases as G increases. The larger values of G/J,
correspond to the well-mixed condition in an estuary. The small values correspend to an
increasing tendency toward a two-layed stratification like the saline wedge. Specifically,
they proposed the following equation to determine the diffusivity for the case of fresh and
salt water in a partially mixed or well mixed estuary with the longitudinel concentration of

dye or salt being considered.

- ()

g’=g AE is the reduced gravity, 4€is the density difference between the salt and

¢



fresh water. Veis the velocity of fresh water flow.

In their study, the vertical 'rurbulénf diffusion coefficient was investigated as a func-
tion of turbulent intensity, density effect, and the velocity of fresh water flow. No other
study has been done with regarding to the effect of density on the turbulent di ffusivity. In
this study the nature of the work is quite different. The ambient fluid being considered is
homogeneous in density, The salinity is uniform in the fluid media. Turbulent diffusivity is
investigated with varying salinity while the turbulent intensity is held to be constant. No

convective velocity is considered when the diffusion process is going on.



CHAPTER Il EXPERIMENTAL CONSIDERATION

[1-1 Diffusion Equation

The first order one=dimensional turbulent diffusion equation for the conservative

substance in a fluid media of clean water without any convective velocity may be written as

- 3 (4)
>t dY 3y (3)

Where C is the mean concentration of the dispersant with turbulent fluctuations having been

averaged out, t is time, y is the vertéca! distance from the source of dispersant released, and
E is the vertical turbulent diffusion coefficient. It is expected that the turbulent diffusivity
will be changed when salinity is presented in the water, |f E is assumed to be independent
of x, but is a function of salinity s, Equation (1) becomes

D¢« E(a;)..gf'_;j3 (4)
at

where s is independent of y and t. This requires that the salinity is uniformly distributed
throughout the fluid at the time being considered, Explicitly the diffusivity can be written

as a function of the salinity in the ambient fluid media.
E = f (s) | (5)

The molecular diffusivity, e, normally is s.nall with comparison to the turbulent diffusivity E
in the turbulent transport process. However e is also influenced by the salinity presented in
the ambient fluid. Equations similar to Equations (4) and (5} can be written for molecular

diffusion process,



BE = o) Ly @)

f; () 7)

I§=2 Determination of Diffusion Coefficient

The diffusivity can be calculated if ¢ is measured as a function of y and t. The

solution to Equation (4) can be obtained with the following boundary conditions for a

continuous sources of dispersant.

C(o,t)=C , t2o0 {8a)
C(x,0)=0 , x>0 (8b)
Clw,t)=z=0 ,t=zo (8<)

The solution is given by

C ™ ! - erf ¥ (9)

Co 2/E(s)t
C, is the concentration of the source of the dispersant, If values of C/Co are plotted as an
ordinate on an arithmetic-probability scale vs y44 as an abscissa on a linear scale, Equation
(9) will be a straight line if E is a constant (Ref. 1). The numerical value of E is evaluated

by the following derivation. There is a point on the abscissa (as not known yet) ot which

v/t = AT E such that the following equations exist.

< 1 -erf (,,/nE ) 1_erf(/fr‘ = 1-erf (0.89) =0.21 (I0)
—}2

C =021 for y = ATE ()
3 v

é



Transmittance NaCl { NaCi NaCT * NaCl

Tim (%) (0%) . (1%) (2%) (3%)
0 89.2 89 89 89.9

23 hr. 55 min. 89.5 89 86.9 88.1

48 hr, 40 min, 88.0 86.1 82.8 78.2

72 hr, 20 min. 87.1 81.1 75.8 69.5

99 hr. 20 min. B6.1 74.0 69.9 60.0

122 hr, 10 min 84.1 71 63.7 50.8
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Corresponding to C/C, = 0.21, a value of y /ff can be found. The numerical value of E

is thus calculated.

[1-3 Experimental Apparatus and Procedures

The turbulent diffusion processes were simulated in the laboratory. Figures 2, 3, 4,
and 5 show the general layout of the experiment. The tank in which the diffusion of dye took
place was plastic glass cylinder of 5.3/4 inches inside diameter and 25 inches high. The tank
was filled up to 23 7/8 inches high with salt water of known concentration. The turbulence
was created by means of the vertically oscillated sereens submerged in the water near the free
surface with a constant amplitute of 3 5/8 inches and frequency of 0.7 second per cycle,

Six screens of size #18 were placed one inch apart. The oscillatory motion of the screen
was driven by a motor with the arrangement shown in Figure 1. The set-up of the mixing
tank was similar to the one used by Holley in his study on diffusion and furbulence in rela-
tion to reaeration (Reference 2). Dye of food coloring type was used. The dye was poured
into a beaker which contained salt water with concentration a little bit less than the salt wa=
ter concentration in the mixing tank. With this small adjustment in density the dye solution
so prepared would have the same density as the salt water in the mixingtank, Then the dye
solution was gradually introduced into the tank from below. The dye would neutrally stay
at the bottom of the tank without any bouyant effect or gravity effect which tended to drag
the dye being diffused. This step of introducing the dye solution into the tank had to be
extremely careful. The thickness of the dye solution was about two inches. Samples were
taken through a 1/8 inches tube at a position about 10 to 11 inches above the interface of
the dye solution. Time was recorded for each sampling by means of a CMC Counter Timer

(Model 901) starting when the cscillatory motion began'.
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of salinity.

For turbulent diffusion study salt water concentration of 0.5%, 1.5%, 2% and 3%
were simulated in the mixing tark . - For molecular diffusion study salt water concentration
of 1%, 2%, 3% and fresh water were used,

The experimental set-up for the molecular diffusion study was simple. Four 2000 ml
glass cylinders were used and filled with salt water of different known solution. The methods
to prepare the dye solution sampiings, and the determination of dye concentration were

essentially the same as the study of turbulent diffusion.

1




CHAPTER [l RESULTS AND DISCUSSIONS

Results from the laboratory experiment for the turbulent and the molecular diffusion
of dye are shown in Tables 1, 2, 3, 4, and 5. Time of sampling in seconds or minutes and
transmittance of each sample taken and initial dye solution were tabulated. Absorptances
were calculated and hence the ratios of dye concentration C/C, were found, Figures é
and 7 show the plottings of C/Cg vs y4f. From the curves the molecular and turbulent
diffusion coefficients were calculated for different values of salinity according to the method
described in section [1=2, Figure 8 and Table & show the results of the turbulent diffusion
coefficients. Figure 9 and Table 7 show the results of the molecular diffusion coefficient.

It can be seen the diffusion coefficients are indeed a function of the selinity, Both turbulent
and molecular diffusion coefficient increase as the salinity increases. The variation of the
turbulent diffusion coefficient is approximately linear with respect to salinity. However,
the molecular diffusion coefficients tend to vary non-linearly with the salinity., With the
limited data obtained from the experiment, attempt was not made to derive the correlation
equation to describe the functional relation between the diffusion coefficient and the sali~
nity. This was an explovatory study. [ntensive experiment should be done in the future in
order to gather more data for the derivation of the correlation equatien,

The difficulties in cbtaining @ great number of data was due to the preparation of
the neutrally buoyant dye solution to be mixed in the tank, [f the density of the dye solution
is smaller than the salt water in the mixing tank, a buoyant fluid would be generated.
Consequently, the buoyant effect is more prominent than the diffusion process. On the
other hand, the gravitational effect would dominate i the dye solution is heavier than the salt

water in the mixing tank. In the later case, the dye solution simply stays at the bottom of

12



Table 1 Turbulent Diffusion of Dye in 0.5% Salt Water

Salt concentration = NaCL 0.5%
Distance from dye source o sampling point = 11 /4 inches
Wave length set for spectraphotometer = 610 mpr

Saﬁple No. Time (second) Trarmsmitrance (%)
dye source 4,50
1 0 89.00
2 1160 88.80
3 1718 87 .%C
4 2246 86.70
5 3071 85.45
b 4193 83.40
7 5432 82.00
8 6987 ' 80.00

13




Table 2 Turbulent Diffusion of Dye in 1.5% Salt Water

Salt concentration = NaCL 1.5% by weight
Distance from dye source to sampling point = 11 inches
Wave length set for spectrophotometer = 610 m A

Transmittance (%)

Sample No. Time (second)

dye source 1.20
1 0 89.60
2 726 87.50
3 1137 86.85
4 1563 84.70
5 2074 83.20
& 2660 79.30
7 3673 75.20

14




Table 3 Turbulent Diffusion of Dye in 2% Salt Water

Salt concentration = NaCl 2% by weight
Distance from dye source to sampling point = 10 inches
Wave length set for spectrophotometer = 610 mAr

Sample No.

Time (second) Transmittance (%)
dye source l..53
1 0 86.40
2 225 80.90
3 483 77 .80
4 778 73.10
5 972 69.80
6 1231 65.80
7 1440 60.00

15




Table 4 Turbulent Diffusion of Dye in 3% Salt Water

Salt concentration = NaCl 3% by weight
Distance from dye source to sampling peint = 11 1/4 inches
Wave [ength set for spectrophotometer = 610 M-

Sample No. Time (se cond) Trlansmirfcmce (%)
dye source 2.50

1 0 85.10

2 209 78,00

3 355 62.70

4 485 64.00

) 748 57 .90

6 1105 54,75

16
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Salt Concentration (%) Molecular Diffusion Coefficient (fi7hr)
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shows the experimental set-up used. Turbulence waos generated in o long tank of salt water
with known concentration by a screen moving vertically in simple harmonic motion. A
barrier separated the tank into two chombers, The small chamber contained the dyed salt
water. At time t = o, the barrier was removed and concentration measurements of the dye
were made at varicus times and o fixed distance in the big chamber which was in the
positive x region. The diffusion process was extremely unsatisfactory due to the generation
of density currents or buoyant fluid at the surface. It was difficuls to preciously prepare
neutrally buoyant dye solution, The second scheme used was three dimensional round
jet of dye solution issuing into o salt water body. Figure 11 shows the experimental set-up
of this scheme. This method didn't produce satisfactory results either. The jet deflected if
the dye solution issued was not neutral buoyant, - - 7=

It can be seen from Figure é that the molecular diffusion rate is fast at the beginning

of the entire process and reach a slower rate after a certain period of time. This phenomenc

is not pronounced for the furbulent diffusion process as shown in Figure 7.
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The variation of the turbulent diffusion coefficient is approximately linear
with respect to salinity., However, the molecular diffusion coefficient
tends to vary non-linearly with the salinity.

The molecular diffusion rate is fast at the beginning of the entire diffusion
process and reach a slower rate after a certain period of time. This
phenomena is not pronounced for the turbulent diffusion process as the
diffusion rate is rather uniform,

. The density of the dye solution being used for diffusion study is a very

sensitive parameter. The dye solution should be neutrally buoyant to
avoid the buoyant or the gravitational effect on the diffusion.

28




CHAPTER V REFERENCES

. Daily, J.W,, and Harleman, D.R.F., "Fluid Dynamics", Addison-Wesley
Publishing Company, 1966

. Ippen, A.T., "Estuary and Coastline Hydrodynamics” , McGraw=Hill,
1966,

. Holley, E.R. Jr., "Some Data on Diffusion and Turbulence in Relation to
Receration", Final Report, No. A=021-l!l,, Water Resources Center,
University of |llinois, July 1969,

29



