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ABSTRACT

[n this paper an experimental study is presented for the problem of the thermal power
stations, which is discharging the hot water into relatively deep rivers. The receiving water of
the river is said to be deep when the jet is free to mix due to entrainment and buoyancy and is
not constrained by neither the river bed nor the water surface [6], which increases the
temperature ditution, The water depth (H) is constant during the experiments. The main
objective of this paper is to develop a new general equation, which can be used in designing
the multi-ports diffuser ofthe thermal puwer plant discharging hot water into relatively deep
rivers.  Also, the rapid dilution and minimizing of the mixing zone length of the hot water 1o
reduce the environmental effects are considered. [n this paper, the effects of the different
parameters related to both the out-fall structure and the river characteristics on the rapid
dilution of the hot water concentration (Cn/C,) are considered. These parameters are, the
effluent/ambient velocity ratio (V/U), the number of ports (n), the spacing between the ports
with respect to its diameter (s/D). the vertical angle of ports in combination with the ratio of
its height to the flow depth (8h/H), and the horizontal angle between the diffuser line and the
flow direction (B). The analysis of the experimental results shows that the relative thermal
concentration (Cn/C,) is directly proportional to V/U, n, 0h/H, and 3, while it is inversely
proportional to s/D.  Also, it is found that the maximum value of C/C, oceurs when the
diffuser is aligned parallel to the direction of flow. A general equation between the relative
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thermal concentration (C./C,) and the aforementioned parameters is developed. The
comparative study between the experimental results, which is carried out by Mowed [7], and
the corresponding results by applying the developed equation. illustrates that there is a good
compatibility between the two results.

LITRATURE SURVEY

In Egypt, there are many thermal power plants, which discharge the hot water into the
Nile River. As stated by Miller and Bridhouse [6], the receiving water body is said to be deep
when the jet is free to mix due entrainment and buoyancy and is not consirained by the river
bed or the water surface. The aforementioned condition was established in this research.
Hodgson et al. [4], found that the heat was de-stabilized with the river temperature up to 3.0
km downstream the out-fall structure, which could be reflected on the physical and chemical
properties of the flowing water. The Egyptian law (No 48) issued by the Ministry of Water
Resources and Irrigation in 1982, which is concerned with the protection of Nile River from
pollution, specified that the maximum allowable temperature rise above ambient flow is 5° C,
and the temperature of the discharging water to the Nile River should not be more than 35° C.
So, the rapid dilution and minimizing of the mixing zone of the thermal water should be
considered as a very important subject.

In 1992, Hodgson and Rajaratnam [4] studied the thermal concentration, which is
produced by a circular jet discharged from the bed vertically into relatively deep open
channel. They stated that the relative thermal concentration (C,./C,) is a function in both the
relative velocity of the nozzle flow (V/U) and the dimensionless distance from the nozzles
(x/D)} as follows:

C

- _ _V_x 0.5
C - I.OQ(UD) (1))

o

where

maximum thermal concentration at any section in the ambient river;
thermal concentration at the diffuser outlets;

nozzle diameter;

ambient river velocity;

etfluent velocity; and

perpendicular distant to the diffuser line in the downstream direction.

[~

o onn

The foregoing equation was developed and could be valid only for one nozzle discharging
vertically from the bed of the channel.

In 1988, Mowad et al. [7] studied the efTect of the relative velocity of the nozzle flow
{V/U) on the relative thermal concentration (C./C,). They [7] concluded that, the increasing
of the value of the relative velocity (V/U) led to a considerable decreasing in relative thermal
concentration {Co/C,). This fact conflicted with Eqn. (1). as it gives higher values of Co/C,
with the increase of V/U for constant values of x/D. So,the dimensionless term Vx/UD
should be divided into two terms, V/U and x/D, and the effect of each term on C,./C, has to be
studied individually. Also, Mowad et al, [7] studied the effect of the spacing between nozzles
with respect to its diameter /D) on the relative thermal concentration Co/C,. They [7] found
that the increase of /D led to a considerable decrease in the value of C,/C,. but his study was
built on a few laberatory data, so he did not develop a general formula indicating this effect.

In 1992, Adams et al. [1] deduced the following formula for the near-field dilution of
co-flowing diffuser (the nozzles of the diffuser are pointing into the same direction as the
ambient cross-flow).
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in which

B, the equivalent slot width = DY 4Lp;

h elevation of the nozzle outlet above the river bed;

H ambient water depth;

Lp the diffuser lengih;

3] vertical angle between diffuser nozzles and the horizontal; and

Y nozzle angle relative to diffuser axis.

The effect of the spacing of the nozzles with respect to its diameter {s/D) is neglected
in Adams’equation, as he replaced the individual ports of the diffuser by an equivalent single
diffuser having the same flow discharge. This could be valid only for the case of closely
spaced ports and consequently, the influence of the individual ports could not be felt. So, the
study of the effect of D on Cn/C, in a wide range of measurements is required. Also. in
Eqn. (2) the horizontal angle of the diffuser line with the flow direction () is neglected. This
means that, the use of Adams’equation for predicting the thermal concentration is so limited
in practical applications.

THEORETICAL STUDY
The relative thermal concentration (Cw/C,) could be defined as follow [8]:
Cm ! Co = (Tm - Ta) /(Te - Ta)

where

T ambient temperature at any section with thermal effluent:
T. local ambient temperature without thermal effluent; and
T. the maximum effluent temperature from the diffuser.

The relative thermal concentration (C/C,) could be considered as a function in both
the diffuser characteristics and the ambient river properties. Thus, as illustrated in Figure (1),
the principal independent variables are the ambient velocity (1), the effluent velocity (V), the
depth of the ambient flow (H), the distance downstream the diffuser (x}, the diffuser nozzle
diameter (D), the number of nozzles (n), the spacing between nozzles (s). the horizontal angle
between the axis of the diffuser and the ambient flow direction ((3), the vertical angle of the
diffuser nozzles on the horizontal (0), and the height of the nozzle outlet fom the river bed
(h). So, the formula between the relative thermal concentration (Cn, /C,) and the independent
parameters can be expressed as:
Cn/Co=f(x, U, H. W, V,D,s,n. 10,08, Ap) (3

Eqgn. (3} can be described in the following general dimensionless form [8]
C x V s 8h
—ﬂL: Ty '—' !—‘,-__‘ 4
C, f[DU"DHﬂ ()
where
X perpendicuiar distant to the diffuser line in the downstream direction,;
number of diffuser ports: and

5 spacing between diffuser nozzles.

From the literature review, it is found that the use of the formulae. which were
mentioned in {i). [7]. and [4] are so limited in practical application, because in each formula
one parameter or two are neglected. which may have a great effect on the value of Co/C,.
Also, their formulae are based on a few data and for special cases of diffuser installation. So.
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the need for developing a general accurate formula for multi-ports diffuser including the
foregoing parameters that might affect the value of the relative thermal concentration (C\y /C,)
is needed.
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Figure (1) River and diffuser parameters affecting the relative thermal concentration {(C,/C,)

EXPERIMENTAL SETUP

A fixed bed {lume is constructled in the Iiydraulics Research Institute (HRI1) to study
the performance of the series of unidirectional multi-ports diffuser discharging hot water
across a part of the channel width [9]. The flume is constructed, from cement and sand
mortar over a sand layer of thickness of 0.5 m, to minimize the transferred heat from the
discharging hot water to the flume bed. The dimensions of the flume are 15.0 m length, 2.0 m
width, and 0.50 m depth. The flume is provided with an earthen basin, which is fed directly
from the Nile River by a pipeline of 40.0 cm diameter. Waler is pumped from the basin to the
flume inlet by a centrifugal pump of total capacity 100 L/s through a pipeline of 25 cm
diameter. The water is released from the end of the flume directly to the Nile River again
through an underground pipeline of 40 cm diameter. Since, the flume is fed and drained from
and to the Nile River, the recirculating of hot water into the model is prevented.

A series of undirectional multi-ports diffuser with nozzles diameters of 3.2, 6.4. 9.6,
12,7, and 15.8 mm are manufactured and used through the experimental work. The distance
between any two adjacent nozzles centerline is kept constant (twice the port diameter), so that
the spacing between the nozzles with respect to its diameter (s/D)} could be changed by
closing or opening the even numbers of the nozzles. The length of the diffuser (Lp), is delined
as the distance between the centers of the outermost nozzles. A calibrating program is carried
out on all the instruments and data acquisition system {thermostats, boiler, electromagnetic
currentmeter and electromagnetic flowmeter). Errors are oblained and are considered for all
tests. The general arrangement of the laboratory {lume is shown in Figure (2).

The heated discharge is delivered from a controlled temperature beiler. A constant
temperature with an accuracy of + 0.3 C° could be obtained fom the boiler. The hot water
flow rate. which is measured by electromagnetic flowmeter is controlled by a valve instalied
on the outlet pipe of the boiler. A double manifold system is manufactured to ensure an equal
discharge distribution on the different nozzles. which are positioned at the appropriate
location of 1 cm above flume tloor.
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The temperalure measurement system consisted of thirty-two temperature sensing
probes and thirty-two channel scanner capable of scanning the probes every two minutes.
One probe is used in the manifold system to monitor the discharge temperature, and the
remaining probes are used in recording the receiving water temperature. The thirty-one
probes are mounted on a woody bridge with equal distanees. which covers the whole width of
the flume. The bridge is manufacturcd so that it could be moved casily in bolh the vertical
and the horizontal direclions above the flume walls,

I
Sump Duim  —=Joe

:
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Figure (2) The generall arrangement of the laboratory flume

EXPERIMENTAL PROGRAM

The flow velocity is adjusted to be untform along the width of the flume by using
number of wood bars with equal distances that are installed at the entrance of the model. The
Reynolds number of the jets for all the experiments is kept to be greater than 4000. The water
depths in the flume range from 18 cm to 39 cm, which found to be sufficient for the jet to be
mixed [reely without any astriction from neither the flume bed nor the free water surface. The
experimental program is divided to five main groups according to the direction of the diffuser
line with the flow direction (angle ) as iilustrated in Figure (1). The angle {3 i5s measured
from the side wall of the flume in the downstrcam direction to the diffuscr line. The
considered values of the angle  are 90°, 112.5°, 135°, 157.5% and 180°. Ineach group, 125
experiments are performed under the practical ranges of /D =10to 00, V/U=41t0 10,1=8
t024,s/D=4 t012,0=1.57(90°)to 3.14 (180°); and h/H = 0.1 10 0.3.

For each test, the temperalure readings of the probes are rccorded alter a certain time,
at which the discharge plumc reaches to the far flume end, and the steady state condition in
the vicinity of the diffuser is well established. The temperature readings are carried out at six
distances downstream the diffuser. These distances are determined so that the range of x/D=
10 10 100 15 covered. At each position, three sections are selected at 0.2, 0.5, and 0.8 H. At
each section, thirty-one probes are scanned three times. and the highest of the three is taken as
the maximum temperature concentration (Cy).
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ANALYSIS AND DISCUSSION OF THE RESULTS

As stated in the theoretical study, it is found that the relative thermal concentration
{C/C,) is affected by certain parameters such as x, D, V, U, n,6,H,s, and B. In this
experimental work, the ranges of these parameters are as follows:

1-V/U=41010 2-n=81024
3-¢D=41012 4-6=1.57(90° to 3.14 (180°)
5-hH=0.1t00.3 6-p =1.57(90°) 1o 3.14 (180°).

The relative thermal concentration (C./C,) is measured in the flume downstream the
diffuser site in the range of ¥/D = 10-100. Figure (3) shows the effect of dimensionless
distance downstream the diffuser site {x/D)) on the relative thermal concentration (C./C).
The figure illustrates that C./C, is inversely proportional to x/D. This is referred to the initial
momentum, which carries the jets into the receiving water for a considerable distance and the
turbulence causing entrainment is generated at the interface between the jets and the receiving
water.  Although the turbulence presented in the ambient flow has less intensity than that
generated by the jets, the rate of entrainment of the deflected jets might be increased and
consequently another dilution can be created or in other words a Jow concentration of the
temperature is formed.

Four tests are chosen as samples to explain the flow field of the multiple-ports diffuser
in the receiving water body. In every test (123 run) two runs are selected to represent both the
high and low boundary conditions of the experiments. The first sample is chosen to indicate
the effect of the velocity ratio (V/U) on the flow field of the multiple-ports diffuser. In this
case, it is found that at a large distance downstream the diffuser line, the concentration profile
has two peaks. This is in fact due to the circulation caused by the component of the cross
flow velocity perpendicular to the deflected jet, which is compatible with the study carried out
by Wright (1997), {10]. Figure (4) illustrates the relationship between Co/C, versus x/D for
different values of (V/U). Form the figure, it can be concluded that the relative thermal
concentration (C./C,) is directly proportional to the velocity ratio (V/U). Also, from the
results 1t is clear that the decreasing in the relative thermal concentration C./C, is clearly
affected by the change of V/U in the mixing zone (low values of x/I}), which indicates the
importance of the dimensionless parameter V/U, especially, in the mixing zone.

The second sample of the tests has the same dimensionless pararneters of the first test
except that the value of relative spacing (¢/D =12 10 4) and the number of ports (n =8 to 24).
In this case, the jetsare merged at a distance less than that in the case of the first test and the
influence of individual ports is not felt. Generally. it is found that the jets tend to be merged
further in downstream with the increase of V/U and s/D. Figure (5} shows the effect of both
the numbers of ports in the diffuser (n) and the relative spacing between these ports (D) on
the relative therma! concentration (C/Co). The results indicate that the value of C./C, is
inversely proportional to the value of /D, while it is directly proportional to the value of (n).
This can be explained that when the distance between the porns is relatively small. the jets
tend to entrain each other’s at a closer distance to the diffuser. So the ambient diluting water
is less entrained into the core of the merged jets and hence more thermal concentration is
occurred. When the space between ports (s) is increased. the merging of the jets that allow the
individual jets to be distinct is delayed, which results in less thermal concentration.

The third sample is considered to indicate the effect of the parameters V/U, and 8h/H
on the flow field of multiple-ports diffuser in the vertical directior. which are increased from
4 10 10 and from 0.157 to 0.942. respectively. Figure {6) shows the variation of the relative
thermal concentration (C./C,) versus the relative downstream distance (/D) for different
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values of 6h/H, which range between 0.157 and 0.942. The figure shows that the value of
Co/C, is directly proportional to the value of 8h/H. This can be attributed due to the fact that
the increase of @h/H leads to a weakly deflected plume regime with surface interaction and
upstream spreading, while the decrease of ®WH leads to an intermediate regime with
significant blocking and stagnant wedge formation. With more decreasing of 8h/H value. a
strongly deflected regime in which the plume gradually rises to the free surface is formed.
which results in less thermal concentration.

The fourth sample shows the variation of the relative concentration (C/C,) versus x/D
for different values of the horizontal angle between the diffuser line and the flow direction
(3, which varies between B = 1.57 (90°) to [ =3.14 (i80°) as shown in Figure (7). The
figure indicates that the relative thermal concentration (C/C,) is directly proportional to the
angle ofthe diffuser line with the flow direction (B). When the angie  was small as much as
possible, the volume of receiving water available for mixing with effluent is the largest
volume. With the increase of 3, the volume of water is decreased, which affected the mixing
process and consequently, a high thermal concentration occurs.

Development of the Empirical Formula for Computing the Relative Thermal
Concentration (C,/Cp)

Based on the regression analysis of the experimental results (data-fitting program), the
relationship between relative thermal concentration (Co/C,) and the aforementioned
dimensionless terms is developed as follows:

Cm/Co___ 0.20 (X/D).O'SZ (V[U)OB (n)0.43 (S/D)-OAS (eh/-[_I)O.ZS (B)O.S (5)

Both the measured data and the predicted wvalues of Co/C, by using the
aforementioned formula are plotted against each other’s as shown in Figure (8). It is found
that the correlation factor between both the measured and the predicted results is 0.95, (R? =
0.91).

A Comparative Study With Moawad Et Al. [7]

The wvalidity of the developed formula is tested against the laboratory data performed
in 1998 by Moawad [7]. This experiments were carried out to study the mixing of the circular
muitiple jets discharged into relatively deep river cross floes. Experiments carried out by
Moawad [7] were performed for the effluent/ambient velocity ratio V/U varying from 3.5 to
10. Three poris were used and the spacing between the ports was varied from 8 D 1o 16 D,
where D is the diameter of the nozzle. The variation of the experimental results of C,/Cp,
versus the dimensionless distance (x/D) is compared to the corresponding values of Co/Cry
obtained by the developed formula under the same condition for eight experimental cases as
shown in Figure (9). From the figure, it is clear that the best fit for each experiment followed
the same shape and the same trend as that obtained by the developed formula. Ail the values
of the correlation factors between the measured and the predicted values of C/C,, for the
eight experiments are found 1o be more than 0.95, (R* >0.9). These results indicate the
validity of the developed formula and its importance in predicting the relative thermal
concentration resulted from a submerged multi-ports diffuser discharging hot water ina
relatively deep river.
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CONCLUSIONS

From the analysis o f the experimental results it can be concluded that:

1-The relative thermal concentration (C/C,) 1s directly proportional to V/U, n, & b/H.

2-The relative thermal concentration (Cw/C,) is inversely proportional to x/D and s/D.

3-Within the data range of the tested diffusers, the maximum values of C/C, are obtained
when the diffuser is aligned parallel to the flow direction for the maximum values of V/U,
n, and 8h/H.

4-The minimum values of Co/C, are obtained when the diffuser is aligned perpendicular to
the flow direction and for the minimum values of V/U, n, and 8h/H.

5-Based on the analytical regression of the experimental results, the relationship between the
relative thermal concentration (Cn/C,) versus the above dimensionless parameters is
developed with a correlation factor of 0.95.

6-The validity of the developed formula is tested against two sets of both field and laboratory
measurements. [t is found that, the best fit of the tested data followed the same shape and
the same trend that is obtained by the developed formula.

7-The analysis of the results indicate the validity of the developed formula and its importance
in predicting the relative thermal concentration from a submerged multi-ports diffuser
discharging hot water in relatively deep rivers.
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NOTATION

The following symbols are used in this paper
B, equivalent slot width.
C, thermal eoncentration at the diffuser outlets = T, - T,.
Cn  maximum thermal concentration at any section downstream the diffuser

=TT

C/C, relative thermal concentration at any section downstream the diffuser
=Tm-Ta/Te=Ta.

Co/Cr dilution of thermal concentration at any scetion downstream the diffuser
=Te—Ty/ Tm—Ta

D nozzle diameter.

H ambient water depth.

h elevation of nozzle outlet above the bed river.

Lp length of diffuser.

n number of diffuser ports.

Qa ambient river discharge.

Qe effluent discharge.

spacing between diffuser nozzles.

local ambient temperature without thermal ef{luent.

etfluent temperature.

ambient temperature at any section with thermal effluent.
ambient river velocity.

effluent velocity.

perpendicular distance to the diffuser line in the downstream direction.
nozzle angle relative to diffuser axis.

density difference.

horizontal angle between the diffuser line and the flow direction.
vertical angle between diffuser nozzles and the horizontal.
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