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SUMMARY

A correlation is proposed (with an accuracy of +10%)
for the prediction of the mass transfer coefficient of atmos-
pheric oxygen dissolving in deaerated rivers and channels from
a knowledge of overall river velocities, depths and y-direction
turbulent intensities in the vicinity of the free surface and is
based on experimental work with open channels. Such a
correlation is necessary in order to control river pollution.
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INTRODUCTION

It is increasingly necessary to have means of estimating accurately how much
effluent a given river will safely accommodate, so that the permissible limits of
exploitation of a given river may be forecast and legislated for. If we are to solve the
problem of river pollution and prevent rivers from dying biologically we must know how
much atmospheric oxygen any part of any given river takes up, to replace that removed
by the effluent during theé natural self cleansing process taking place in rivers.

Previous workers in Britain and U.S. A. (1-8) have tried to predict how much
oxygen a deoxygenated river will take up but with only very limited success. Although
their correlations only involved a relationship between reaeration coefficient, kZ defined

as :
aC

B = -
—F = kZ(CS CB) esild)
the overall average velocity of the flowing water, U__, and the mean depth of the river,

d; sufficient data was available from their work to 2Vbe able to express all the results
in a dimensionless form, as shown in figure (1). The line in figure (1) represents the
empirical equation

0.:5 -0.5
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where kL is the mass transfer coefficient defined as :

Cp =- k; A (CS—CB) @
ot v

The hydraulic depth has been used rather than mean depth, d, since this is customary

in open channels and river work. The line in figure (1) is approximately the same for all
width to depth ratios above 10. (All points in figure (1) have a width to depth ratio greater
than 11 except one point which has a width to depth ratio of 7. 35).

From figure (1) it is seen that equation (2) follows the trend of the data but with
an average scatter of + 200% about the line for both British and American rivers. The
question which must now be answered is '""What caused this scatter in the experimental
results?'' Was it possibly '

(i) errors in measuring the oxygen concentration in water?

(ii) omission of some chemical variable causing alteration in the
properties of the water, e.g. due to dissolved materials?

(iii) omission of some physical variable not previously considered?

The answer is omission of some physical variable since those workers who
have minimised possibilities (i) and (ii), have results showing the same amount of scatter
as those of other workers. Three possible physical variables were considered in the work
carried out at the University of Edinburgh. These were turbulent intensity, scale of
turbulence and eddy diffusivity in the vicinity of the free surface in the depth or y-direction.
(x-axis is along direction of flow and z-axis is across the width of the river.) The rate
of oxygen uptake of the river is assumed to be unaffected by any variation in these
physical properties in the x and z directions.

Although no mention has been made of the effect of waves on mass transfer
rates, these if they are present in rivers can be taken care of by the turbulent intensity,

scale of turbulence or eddy diffusivity terms.

. The y-direction turbulent intensity was chosen as the parameter for further study
being a dimensionless quantity. Use of the other two physical variables would involve
the other physical variables previously considered with the net result that the correlation
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between the equation connecting the new dimensionless group with the three groups in
equation (2) and the experimental data might appear better than it actually was. Hence
the equation which has to be established for the mass transfer coefficient will be of the

form :

0.5 « B a
kL : X Dm P UavdHDp ﬁz (4)
u 1 K L U g8 o

av

Experimental procedure to determine Aj ando

The experiments to determine Ajand a were carried out in a 15.24 cm by
15.24 cm open channel 33. 66 cm long which formed part of a closed recirculation loop.
To eliminate entrance and exit effects in the channel two nozzles were designed to convert
closed duct flow into open channel flow and then back to closed duct flow. The design and
construction of these nozzles is given in reference (9).

Two sets of experiments were carried out. The first set was to determine the
hydrodynamics of open channel flow, with and without submerged obstacles of different
height, and to compare the results with similar experiments carried out in a river. The
second set were mass transfer experiments involving the uptake of oxygen by deoxygenated
water, the atmosphere above the water being either pure oxygen or atmospheric oxygen.
The experiments were carried out at different hydraulic depth Reynolds numbers and
turbulent intensities.

(a) Hydrodynamic experiments and results

There were two possible ways of measuring the local hydrodynamic properties
in the bulk of a flowing liquid which seemed suitable in this case. One was to use a hot
film wedge, similar to the hot wire anemometer used for gases, and the other was to
observe, by means of photography, foreign matter injected or suspended in the flowing
liguid.

Each method has its disadvantages. The second method was chosen since all
the disadvantages in this case can be eliminated by suitable choice of foreign matter.
The foreign matter used was a solution of pyrogallolic acid, sodium carbonate distilled
water and methanol, darkened by exposure to air. This solution had the same density
as that of the water used in the open channel but its viscosity was 4% less.

Before meaningful results could be obtained from the cine film, three co rrections
had to be applied to the observed image on the film. First there was a parallax correction
due to three media existing between the dispersing foreign matter and the cine film, viz.
water, perspex and air; secondly a velocity correction due to the variation in the overall
velocity of the water with depth and lastly a correction to allow for the fact that the film
emulsion could not detect and record weak concentrations of the dispersing foreign matter.
These corrections are discussed in full in reference (9).

Qualitative experiments were carried out with lycopodium powder spread on the
free surface of the open channel and river.

The first main result obtained from the qualitative experiments and the foreign
matter dispersions in the vicinity of the free surface when no obstacles are present is
shown in Figure (2). It shows the nature of the flow, contrary to what one might have
expected (i.e. a set of contra-rotating eddies as postulated by Fortescue and Pearson
(10) ), as a set of unidirectional roll cells or eddies at the free surface. Although the main
body of the fluid flow is in one direction the flow in the roll cells at the free surface is in
the opposite direction. The size of these eddies is about 1/10th the channel depth.

The second result is the effect of submerged obstacles on the size and direction of
these roll cells. As the height of the submerged obstacle is increased the size of the roll
cell decreases until it disappears when the submerged obstacle height is 2/3rds the
channel or river depth. As the submerged obstacle height is further increased the roll
cells reappear but their rotational direction changes and the size of the cells grows as
the obs(ta)cle height approaches that of the depth. These results are summarized in
figure (3). ‘
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The effect of each obstacle on the fluid above it lasts some 8 to 11 cms downstream
of the obstacle. By erecting a series of similar obstacles about 6 cms apart it is possible
to promote the same hydrodynamic conditions as obtained with one obstacle over the whole
length of the open channel. Thus it is possible to alter the y-direction turbulent intensity

at the free surface.

(b) Mass transfer experiments and results

The reaeration experiments were carried out with distilled water. The complete
removal of dissolved oxygen was achieved by adding hydrazine hydrate. The reaction

which takes place is :

N2H4 . HZO + 02 - NZ + BHZO

i. e. the reaction products do not contaminate the water.

Measurement of the dissolved oxygen concentration was by electrochemical
means. A polythene covered silver/lead electrode cell was made small enough to leave
the flow in the open channel almost unaffected. This cell was several times smaller than
the commercially available cells and had a far superior response time. Furthermore it
was not velocity sensitive, a property which was advantageous in this work. Two oxygen
analysing cells were used in the open channel at the same time (as is shown in the theory
for calculating the mass transfer coefficients below).

Consider a section of the channel as shown in figure (4). Taking a mass balance
over the control volume :

wdudl, PCB W.d.U(yz)(EB_BCB. di.. G %8 . g)
ot g 3 31 Z apil 2
+ Ny (GS—CB) srezal(B]
where NA - kL w dl
Simplifying equation (5)
aC 3C E. (G- G3) '
B _ _ B i 5] B v s (6)
3t = U(yz) 31 + ]
Since two oxygen analysing cells cannot be put an infinitesimal distance dl apart,
equation (6) has to be converted into a finite difference equation :
AT — =
B . _ Wiya) o B R CBav) %
it vel Al d il
(where €Bav is EB averaged over 1 (see reference (9) for the calculation EBav and Cp. )
If there is a 1st order of pseudo lst order chemical reaction occurring equation (7) becomes
AC AT G - k,C
C:B = - Ulyz) GB + k_L (CS CBav) leBaV 8
it ¥2) —A1 d e}
Alternatively if a mass balance is taken over the entire apparatus, then :
3C. k. A =
Bav _ L (Co =~ 'C )
3t = =5 S Bav ... (9)
Integration of equation (9) gives :
(CS—CBaV) T s M - I, 5 [(I0)
Cq - e v
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From the measurements made and equations (7), (8) and (10) the following mass
transfer coefficients were obtained for various flow rates and y-direction turbulent inten-
sities (see table 1). The results are plotted in figure (5) and (6). Figure (5) is a plot of
kL/Ua.v versus Re, . i.e. equation (2). This figure shows that the mass transfer

coefficient for oxygen dissolving in water cannot be correlated with only the average
velocity and depth of a river or channel.

Figure (6) is a, plot of 5L (ReHD)O' ? versus /5
U u
av SS

at constant Schmidt number. The discrepancy between equation (4) and the experimental
results is 10% which is within the calculated experimental error. It therefore appears
likely that the omission by other workers of a physical variable, viz. the y-direction

turbulent intensity, accounts for the large discrepancy in figures (1) and (5). From
figure (6) A, is 2. 65 and © is 0.5. Hence equation (4) becomes
0.5 - -0.5 , ___ 0.5
L =265/Dmp) (U«‘Wd—HDp) /f__ﬁ) ool (11)
U, T m X, B
e ss
or
=2y 0.5
H 0.5 -0.5 (V%
Sh = 2.865. Sc - Reypy \ _U)
SS

Discussion and application of the results to the control of river pollution

In order to use equation (11) for predicting how much atmospheric oxygen will
re-enter a de-oxygenated river, the value of the y-direction turbulent intensities over the
length and width of the river in question must first of all be ascertained. This is by no
means an easy task.

The way in which equation (11) would be used to control river pollution is as
follows :

(i) The desired dissolved oxygen concentration in the river at some fixed point down-
stream is set at a specific value by law and it is required that the dissolved oxygen
concentration between the effluent discharge point and the fixed point should remain above
a certain level.

(i1) The river reach downstream of the effluent discharge point is divided into areas
such that the y-direction turbulent intensities are the same in each area.

(iii) From equation (ii) the mass transfer coefficient is calculated for the area at the
point of discharge.

(iv)  Using this mass transfer coefficient in equation (8) the dissolved oxygen concentra-
tion of the water flowing out of the discharge area is found.

(v) Repeat (iii) and (iv) for the next area downstream and so on till the area is reached
in which (a) the chemical reaction has ceased, (in which case equation (7) is then used)

or (b) the required dissolved oxygen concentration is obtained at the fixed point down -
stream.

(vi)  If the dissolved oxygen concentration falls below the minimum value set for the
stretch of river before the fixed point is reached, then the value of k], the reaction rate
constant used in equation (8) has to be changed by altering the amount and/or quality of
the effluent discharged.

(vii) The correct solution is reached when the two conditions in (i) are met.

The significance of figure (3) in the control of river pollution lies in the fact that
when the river level rises or falls the height of the submerged obstacles to the river
depth changes and as a consequence the mass transfer coefficients change. Hence the
control of the quantity and quality of effluent being discharged into a river becomes a
very complex problem but not insoluble.
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This problem can be partially circumvented by artificially creating high rates
of mass transfer with submerged obstacles suspended close to the free surface at a pre-
‘determined distance no matter whether the river level rose or fell.
possible to increase the effluent load which a river can safely accommeodate or at least
make it meet its present effluent overload.

TABLE 1
Velocity | Obstacle {VZ Mass transfer
(cm/sec | height in ( - ) coefficient k; | Repn
U..) terms of depth SS | (cml/sec) ~
8.06 None 0.0518 0.0033 4370
0.0032
0.0032
0.0031
7.94 0.916 d 0.164 0.0062 4300
0.0069
7.45 0.666 d 0. 0346 0.0028 4080
0.0027
0.0028
9.46 None 0.0918 0.0061 5130
0.0050
9.23 0.916 d 0. 346 0.0089 5000
0.0105
8.74 0.666 d 0.0173 0,0023 4730
0.0023
0.0024
0.0022
0.0029
14.20 None 0.0864 0.0068 7700
0.0075
0.0065
0.0059
13:72 0.916 d 0.354 0.0111 7450
' 0.0119
0. 0T Xl
0.0116
13,02 0.666 d 0.0216 0.0030 7060
0.0031
0.0031
0.0037
Nomenclature
A free surface area.
AI constant.
CB dissolved oxygen concentration in bulk of liquid.
EB dissolved oxygen concentration in bulk of liquid averaged over d.
EBav dissolved oxygen concentration in bulk of liquid averaged over d and 1.
CS saturation dissolved oxygen concentration in liguid.
D molecular diffusivity of oxygen in water.
d depth.
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dHD hydraulic depth.

kl reaction rate constant.

k2 reaeration coefficient.

kL mass transfer coefficient.

1 length measured in the x-direction.

NA mass flux of oxygen through the surface area of control volume.

t time.

U time-averaged velocity at free surface in x-direction.

Uav average overall velocity in x-direction.

v volume of water being aerated.

\[32 root mean square local velocity in y-direction.

W channel width.

a constant.

viscosity of water.
density of water.
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Results obtained by other workers.
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