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Scientific Background and Scope of Project

Large water supply systems commonly consist of a network of

pumping stations, pipes, open channels and artificial lakes (reservoirs).

The quality of water supplied to the public is determined by the quality

of the incoming water, changes it undergoes within the system and the

propagation of pollutants from their release points. Thus, the water

quality is strongly affected by the concentration dynamics of soluble

matter in the system.

Conservative (inert) pollutants are not degraded (physically,

chemically or biologically) during their travel downstream, while non-

conservative pollutants undergo a process of degradation or buildup.

The concentration dynamics of inert soluble matter is a general property

of the system. The concentration dynamics of a specific non-conservative

pollutant is obtained by superimposing its kinetics of degradation (or

buildup) on the concentration dynamics of inert soluble matter.

The present investigation deals with the concentration dynamics

of inert soluble matter in the Israel National Water Carrier (INWC)=



II

Experimental Methods

The concentration dynamics of the various sections of the INWC

was determined by using radioactive tracers. The large reservoirs

contribute the longest time constants of the system. While the open

channels and pipes are the main contributors to the large delays in

the system's response, dispersion is also important in these sections.

The impulse responses or the transfer functions of the reservoirs
82

were found by injecting a pulse of radioactive tracer ( Br) at the

inlet of the reservoir and measuring the concentration of the tracer

as a function of time at the reservoir's outlet. Time variant para-

meter models were fitted to the responses obtained.

Dispersion coefficients were determined in open channels by

injecting a pulse of tracer into the channel and fitting the measured

downstream concentration vs. time curve to Taylor's dispersion model.

Mixing length was defined as the minimal distance beyond which the

dispersion coefficient becomes constant.

Results

The impulse response of the shallow reservoirs of INWC was

described as a plug flow region (a time delay) coupled in series with

one or more mixed regions (time constants). The wind-induced currents

are the main factor determining the mixing mechanism in the reservoir.

The methodology of concentration dynamics investigation of large

reservoirs, with radioactive tracers, as it evolved throughout this

study is described. Ranges of transfer functions were found for the

large reservoirs of the system, under different environmental and

operational conditions.

Turbulent dispersion was measured in open channels. It was

shown that computation of the dispersion coefficients in open channels,

based on velocity profiles, provides results which are reasonably close

to the experimental ones. Mixing lengths were found to be longer than

those predicted from literature.



Ill

Conclusions

The concentration dynamics of inert soluble matter in a large

water supply system, as the INWC, is determined by the long time

constants of the reservoirs and the delays contributed Dy the open

channels and pipes and to some extent by the reservoirs.

82
The feasibility of using Br as a tracer for investigations in

large water supply systems, within the frame of internationally

accepted standards of radiation protection, was proved by the present

project.
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1. Introduction

Large water supply systems commonly consist of a network of

pumping stations, pipes, open channels and artificial lakes (reservoirs).

The quality of water supplied to the public is determined by the

quality of the incoming water, changes it undergoes within the system

and the propagation of pollutants from their release points. Thus,

the water quality is strongly affected by the concentration dynamics

of soluble matter in the system.

Conservative (inert) pollutants are not degraded (physically,

chemically or biologically) during their travel downstream, while non-

conservative pollutants undergo a process of degradation or buildup.

The concentration dynamics of inert soluble matter is a general property

of the system. The concentration dynamics of a specific non-conservative

pollutant is obtained by superimposing its kinetics of degradation (or

buildup) on the concentration dynamics of inert soluble matter.

The present investigation deals with the concentration dynamics

of inert soluble matter in the Israel National Water Carrier (INWC)
3

shown in Fig= 1. This system transports about 350 million m of water

annually from Lake Kinneret (Lake Tiberias) to the central and southern

regions of the country, where most of the cultivable land is located

but where the rainfall is insufficient for farming. The water pumped

from Lake Kinneret is carried through pipes and open channels to the

Tsalmon Reservoir. It is pumped from this reservoir through open

channels to the Netofa Settling Reservoir which discharges into the

Eshkol Reservoir From there the water is delivered to the south via

a closed conduit.

Although a high percentage of the water supplied through the

INWC is intended for agriculture, all the water must be potable.

Thus the propagation of turbidity, algae, unusual taste or odor, etc.

through the system must be controlled for the maintenance of proper

water quality. Another factor to be considered is that the reservoirs
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and open channels are located in agricultural areas and may be exposed

to accidental pollution by insecticides sprayed from airplanes.

The aim of the present project was to determine the concentration

dynamics of the various sections of the INWC. The response of large

parts or the whole system can then be obtained by convolution.

The work performed under the present contract was reported in

Progress Report I which deals with the investigations on the Netofa
(2)

Settling Reservoir (NSR), Progress Report II which describes the

studies of the Tsalmon Reservoir (TsR) and the dispersion in open

channels and a paper which summarizes the results of the concentra-

tion dynamics study of the different elements of the INWC. An early
(4)

paper of ours deals with the concentration dynamics of the Eshkol

Reservoir (ER)=

The purpose of the present report is to review and summarize

the whole project with as little repetition as possible of the material

reported in the above mentioned paper , and to draw conclusions and

generalize our results to similar large water supply systems. The role

of radioisotope techniques in studying the concentration dynamics of-

large water supply systems is discussed.

The large reservoirs of the INWC are rather sluggish in their
(4)

concentration dynamics , They contribute the longest time constants

to the over-all response of the system and therefore the major effort

was directed at investigating them. While the open channels and pipes

are the main contributors to the large delays in the system's response,

dispersion is also important in these sections. Therefore, we performed

dispersion measurements in the open channels of the INWC. Taylor's

dispersion theory , known to accurately represent the concentration

dynamics in pipes, was confirmed by us on various pipes of the INWC .

Thus, there was no need for further investigation of these sections.
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2. Methodology of Concentration Dynamics Investigation in a Lake

through which Mater Flows

Reservoirs with volumes of millions of cubic meters, i.e., artifi-

cial or natural lakes, are a common feature of large water supply

systems. Up to now we have performed 10 concentration dynamics investi-

gations in such reservoirs, 9 of them in shallow lakes (depth <6m) and

one in a deeper, stratified lake , The methodology developed and
(3)employed in these investigations was described previously .

2.1 Input-output response

The impulse response (in the time domain) or the transfer function

(.in the Laplace domain) of each of the reservoirs has to be found, i.e.

the reservoirs have to be identified in terms of their concentration

response. This identification is relatively well known for time invariant

systems ' , i.e. systems for which the volume and through flow rate

are constant with time. However, large open reservoirs, like the ones

investigated in this work and the ones usually encountered in large

water supply systems, are time variant, since flow rates and volumes

change with time. Furthermore, these reservoirs are affected by

outside parameters, such as wind and temperature, which also vary with

time.

*
When the time constant of a reservoir is relatively longer than

the period of fluctuation of parameters affecting the reservoir, one
(4)

can consider the reservoir as a constant parameter system .We *

arrived at this conclusion by using frequency response techniques and

assuming the reservoirs to be well mixed. The volume and flowrate of

a reservoir can be averaged over the period of interest. For example,

in the Eshkol Reservoir, which has a time constant of 70-80 hours, the

effect of fluctuations in temperature, flow rate, volume and wind,

which have a 24h period (i.e., day-night effects), will be smoothed out.

When the time constant is of the same order or smaller than the

period of fluctuation of the parameters, the system has to be considered

defined as the average residence time, i.e. average volume divided by

average flow rate
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as a variable parameter system, Nir found the impulse response

h(<t>,t) in mixed lakes in a non-steady state,

h(t)
V(0) exp

0
V(t')

dt1 (1)

where t is the chronological time, <f> is the time from the occurrence

of the disturbance.

Let us define 9 as:

(2)

9 is a reduced time which replaces the reduced time t/— for

constant volume and flow rate systems.

We found that the input-output response of shallow reservoirs

can be described by the response of a plug flow region (a delay)

coupled in series with one or more mixed regions (time constants).

The following two methods were employed for finding the parameters

involved, i.e. the relative volumes of these regions or alternatively

the values of the delay and time constant(s):

a) a method in which a quadratic performance criterion

(C , - C ) 2 dt
calc exp C3)

was minimized. C and C , are the concentration (or specific
exp cale r

activity) in the outflow respectively experimentally measured and

calculated by the model .

b) a method based on a linear regression of £n(C
exp

) vs 9
(3)

The first method preferentially weighs the peak region of the

response, i.eo provides more accuracy in terms of the maximum concen-

trations in the outflow. The second method provides equal weight for
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low and high concentrations, and therefore, permits a better averaging

of the response over the duration of the experiment, than does mini-

mizing the quadratic performance criterion.

2.2 Mechanism of mixing in shallow lakes

The input-output response of the tracer concentration reflects the

overall mixing behavior of the reservoir.. The concentration at pointa

throughout the lake provides some additional information about the

actual flow pattern» Therefore, a considerable effort was made in all

our experiments to measure the distribution of activity inside the

reservoirs as a function of time. However, the data which was obtained
(1-4)

could be analyzed only in a semi-quantitative way

The distribution of tracer concentration inside the reservoir

is affected by the temperature of the incoming water as compared with

the temperature of the water in the reservoir, streamlines of the

inflowing and outflowing water, flow rate through the reservoir and

wind-induced currents. It was found that the latter factor is the most

important one, and is responsible for mixing in shallow reservoirs. It

is therefore necessary to gather data on wind-induced currents, wind

direction arid speed for the duration of the concentration dynamics

investigation. Temperature of incoming water and temperature profiles

in the reservoir are important in deeper, stratified reservoirs .

Knowledge of the lateral and vertical wind-induced currents in a

small shallow lake would greatly enhance the understanding of the mixing

mechanism in the lake. However, it turns out that it is very difficult

(ii not impossible) to predict the lateral and vertical distributions

of currents based on wind data- These distributions depend on the

depth, size and shape of the reservoir, topography of the bottom and

of the surrounding area, and in addition to direction, speed and duration

of the wind.

For shallow and relatively large reservoirs, as for example the

ER, the wind-induced current in the upper layer is generally in the

direction of the wind, while in the lower layer it is in the opposite
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direction. This holds true mainly for the central region of the

reservoir, where no interference from its sides is felt. The smaller

the lake, e.g. NSR, the more the current pattern will be influenced

by the above mentioned factors (depth, shape, e t c ) , In the extreme,

for a shallow elongated lake (like the TsR in our case) the wind-

induced pattern is very much influenced by the sides of the lake,

Engelund found the circulation pattern for this kind of lake and

a longitudinal wind setup (i.e. wind along the axis of the lake) to be

as shown in Fig. 2. The depth-averaged flux of the water at the center

of the lake is in a direction opposite to that of the wind, while near

the sides this flux is in the direction of the wind. On the surface,

the flow will always be in the direction of the wind. The circulation

pattern in case the wind blows from another direction is not known.

The upper limit of the velocity of the surface wind-induced

current, based on infinite water surfaces and steady state conditions,

(i = e. the direction and speed of the wind is relatively constant for a

sufficiently long period of time) is reported ' to be about 3% of

that of the wind.

3« Concentration Dynamics of the Lakes of the INWC

The results obtained for the concentration dynamics of the ER,
(1 2)

NSR, and TsR, described in detail in our previous reports ' and
.(3,4)

papers , permit us to draw some general conclusions.

The quality of simulation achieved by the models obtained is

illustrated in our reports and papers. It can be seen that the larger

the reservoir, the better the fit to the model; the smaller the

reservoir, the more sensitive the concentration dynamics to changes in

wind and operational parameters (see for example, the results for the
(2)

Tsalmon Reservoir ). In spite or the difficulties mentioned for the

smaller reservoirs, the overall accuracy cf the models found by us is

rather good for all practical purposes; the fit is almost always

within a few tens of percents and only very rarely is it off by as

much as 100%-



The time delay can be estimated from wind-induced currents, mainly

when there is a major component in the direction from the inlet towards

the outlet. In this case the activity will at the beginning travel

mainly in a thin superficial layer, moving with the velocity of the

wind-induced current» For instance, for a 5 kn (̂ 8 km/h) wind blowing

from the inlet of ER towards the outlet, one would estimate a delay of

about 9 hours, based on the distance between the inlet and the outlet

and a wind-induced current of 2% of the wind speed (we used 2% instead

of the upper limit). At the beginning of the experiment NSR2, the

wind blew from the inlet towards the outlet, with an average speed of

^8 km/h which would induce a surface current of ^0.16 km/h. The

corresponding delay was estimated to be 3 hours, which was the actually

measured delay. Similarly, for the experiment TsR2, a delay of 4 hours

was predicted (wind speed 10 km/h, wind induced current -^2% of wind

speed), while the actual delay was ^2.5 hours. For all other experi-

ments, there was only a minor, or negligible wind component in the

direction from the inlet towards the outlet, and we were not able to

estimate the delay from wind data. This was also the case when the

wind blew from the outlet towards the direction of the inlet. In this

case the delay is related to a bottom current (flowing from the inlet

towards the outlet) and it is only possible to estimate that this

current is weaker than the one on the surface of the lake. Thus we

have only the lower limit estimate for the delay.

With the wind blowing from the inlet towards the outlet, the use

of two time constants in the model provides a better simulation than

one time constant (see for example, experiment NSR2 as compared with

NSR1). There is no way to estimate a priori the relative value of the

two time.-constants. If, however, the wind component in the direction

from the inlet towards the outlet is relatively weak, one mixed region

in series with a delay provides a fairly good simulation (experiment

NSR1).

The responses of the ER, NSR and TsR were not the same for the

different conditions prevailing during the experiments described by us.
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This is why we have identified 3 different models for ER and 2 different

models for each for NSR and TsR, The "window" resulting from using

these different models for the same operating conditions of the reservoir

is of interest when simulating the behavior of the reservoir. This

window is given in Figs. 3, 4 and 5 for the ER (conditions of Experiment

ER1), NSR (conditions of NSR2) and for the TsR (conditions of TsR2)

respectively. One can realize that for ER and TsR, switching fro-i one

model to another merely changes the delay, and there is only a relatively

small change in the concentration (specific activity). This change is

systematic, but smaller than the difference between the experimental

results and those simulated by the model.

With NSR the situation is somewhat different. The two models

found for NSR1 and NSR2 differ not only in the delay, but they also

differ greatly in the relative value of the two time constants. Thus,

as seen from Fig. 4, during the first 12 hours, there is a considerable

discrepancy between the two models, significantly larger than the

difference between the experimental and simulated results.

4, Turbulent Dispersion in the Channels of the INWC

No experimental data, in addition to those presented by us
(2 3)

previously ' , was gathered. However, the computation of the

dispersion coefficient K was attempted, based on equation (25) in
(14)Fischer's review . Lacking information on the actual velocity

distribution in the Netofa Channel (NC) and in the Jordan Channel (JC),

we assumed this distribution to be identical to the one indicated by

Ven Te Chow for a trapezoidal channel and reproduced in Fig, 6.

The computed values of K were relatively close to the experimentally

found values, as shown in table 1, thus proving the possibility of

computing dispersion coefficients based on velocity profiles.
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Table 1: Experimental and calculated dispersion coefficients

Channel

JC

NC

NC

3
Q[m /sec]

12.5

13.2

19.6

KexpIm2/mln:i

110

250

200

Kcalc[m
2/mjn]

56

158

220

5. Radioisotope Tracer' Techniques in Studying the Concentration

Dynamics of Large Water Supply Systems

The concentration dynamics of inert soluble matter was investi-

gated by injecting a pulse of radioactive tracer and measuring the

response at the outlet or any other point of interest. Bromine-82

(as bromide) is a suitable safe tracer for the investigation of water

supply systems . It has a relatively high MPC in drinking water

(100 uCi/m for year-round exposure) and can be detected in situ down
-2 3

to about 2x10 pCi/m with standard field instrumentation.

Shallow lakes commonly exhibit relatively long time constants.

The response is usually measured for at least 3 times the time constant

of the system, i.e., for very long periods of time. This requires
82

relatively high activities of Br (̂ 15 Ci for measurements in the

Eshkol Reservoir over ^200 h). In some cases we found that relatively

short experiments, lasting only a few days, can be sufficient if the

measurements are taken inside the reservoir and the mechanism of

mixing in the lake ' is well understood.

82
Activities of vLO-20 Ci Br were employed in each of the

experiments ER1, ER2 and ER3. The specific activity of Br was kept

rather low at the outlet of the reservoir (less than T-10 uCi/m at

peak). Even less activity was used for the investigations on the

other reservoirs and very little activity (M.00 mCi) was needed for

the dispersion measurements in channels. Thus, the feasibility of
82

using Br as a tracer for investigations in large water supply systems
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within the frame of internationally accepted standards of radiation

protection, was proved by the present project.

Upon completion of the project, it is of interest to analyze

the question of how much tracer work is needed in studying the concen-

tration dynamics of inert soluble matter in a large water supply

system, as the INWC, in order to reach a satisfactory state of knowledge.

The overall response of such a system is determined by the long time

constants of the reservoirs and the delays contributed by the open

channels and pipes, and to some extent also by the reservoirs. Since

we are looking for the concentration dynamics of these parts of the

system, it is quite reasonable to assume that tracer work will be

needed at some stage or another of such a study, mainly in investigating

the reservoirs. It is, however, recommended to start the analysis of

the concentration dynamics in a large shallow reservoir from simple

considerations on wind-induced currents. These will allow one to estimate,

probably within a factor of 2 to 4, the delay in the response . Ther

one could make a further assumption, that within two to four times this

delay the tracer will be distributed in the reservoir rather homoge-

neously, both laterally and in depth. Although desirable, it is not

absolutely necessary to proceed with a tracer investigation beyond

this point, i.e., when homogeneity is achieved . From all these

considerations, the time lapse over which the measurements have to be

performed is estimated, and knowing the volume of the reservoir and

the flow rate through it, one can determine the amount of activity

needed for an experimental investigation. If the activity is very

large and prohibitive, as might be the case in relatively large deep

reservoirs , one can still perform a tracer study to investigate

both lateral and depth dispersion with considerably less activity.

As shown in the present report, quite a good estimate of

dispe-sion coefficients in open channels can be obtained from velocity

profile measurements. Whether or not tracer work is needed for

A few measurements, for example with drogues, will provide additional

interesting information.
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improving the accuracy of this dispersion depends on the specific

system being investigated.

6. Conclusions

The aim of the present work, defining the concentration dynamics

of the different stretches of the Israel National Water Carrier, was

accomplished. Mixed region models as well as ranges of transfer

functions were found for the large reservoirs of the system under

different operational and environmental conditions. Changing parameter

systems (reservoirs) were identified. The turbulent dispersion was

measured in open channels.
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i'ig. 1: The Israel National Water Carrier



WIND DIRECTION

WIND DIRECTION

WIND DIRECTION

Fig. 2: Circulation pattern in a shallow elongated lake.
Reproduced from Ref. (11)

A - Main circulation pattern in the lake.
B - Current profile in the central region of the lake.
C - Current profile near the side of the lake.
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Trapezoidal channel

Fig. 6: Relative velocity distribution in a trapezoidal channel.
Reproduced from Ref. (15),
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