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Abstract. The thermal discharge from power plants adversely affects its surrounding
ecological environment, so it is of practical significance to study the diffusion characteristics of
the thermal discharge as the global ecological environment problem becomes more and more
serious. The change of the temperature and velocity of the buoyant jet with different inclination
in the co-current environment were studied. The main conclusions are as follows: the jet
velocity and temperature decay rapidly near the orifice, and the region with the largest change
of velocity is also the region with the greatest dilution of temperature. The influence range is
mainly within 80 times diameter of the nozzle. The smaller the jet angle is, the slower the
change of velocity and temperature decay.

1. Introduction

After the thermal discharge from power plants into the water environment, it may mix and disperse in
the receiving water which forms thermal pollution. Therefore, the study on the process and distribution
of thermal water drainage in the receiving waters has been taken seriously by thermal pollution
researchers [1]. It is of great theoretical and practical significance to study the flow field
characteristics of turbulent buoyant jets [2,3], which has become one of the hot spots of current
research.

Since the 1920s, many scholars have carried out a great deal of research work on the buoyant jet
and have made great progress in the theory of the buoyant jet [4,5]. Zhang et al [6,7] discussed the
research progress of numerical simulation of warm water drainage in recent years, and gave the main
bibliography. Edmund A P [8] carried out co-current buoyancy jet test in the open channel and it was
found that the width of the lateral expansion between rough bottom hot water and smooth hot water is
of difference. Naudas-cher E and Zimmermann C [9] carried out a model test for the thermal discharge
of a nuclear power plant on the Rhine. Due to the uncorrected roughness, it was found that the
stratification in the vicinity of temperature diffusion and diffusion range did not correspond to the
actual situation; On the smooth bed surface, the lateral expansion induced by the density lead to the
rapid broadening of the thermal jets and the turbulence that occured on the rough bed prevents the
development of the delamination. The reason for the above-mentioned phenomenon can be attributed
to the role of secondary flow of roughness bed surface. Huai W X [10] used the Reynolds stress model
to simulate the secondary flow and the transference of contaminants in the double open channel. Huai
W X [11] and others main studied the nozzle Froude number on the flow characteristics; on this basis,
the numerical verification of the buoyancy jet shore occurred critical adsorption conditions. After a
long period of research [12-14], a series of achievements under different floating conditions had been
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studied.

The current study of thermal buoyant jet mainly focuses on the co-directional flow and vertical
orifice discharge methods. However, few work has been done on the influence of the inclination angle
on the thermal drainage admixture in the previous literature [15,16]. Therefore, the temperature and
velocity attenuation characteristics were investigated with the different inclination angles in this paper,
the dilution characteristics of the thermal pollution with different inclination angles of the orifice in
the co-current ambient fluid were experimentally studied, and the thermal diffusion characteristics
were obtained. The temperature of the thermal drainage in the experiment was close to the drainage
temperature of the power plant, which was a typical positively buoyant jet. A straight channel with
rectangular section was used in this paper. Although the cross-section shape and bed roughness are
still very different from the real river channel, the available experimental data are provided for the
simple empirical and integral models. The experiment gives an initial estimation of the discharge
conditions in a short time and it is useful for the design purpose of discharge structures.

2. Experimental system

The mixing characteristics between the thermal discharge and the ambient water and the distribution
of flow field and temperature field near the drainage port in the co-current orifice with different
inclination are studied. The temperature of thermal discharge was 40°C, the temperature of ambient
fluids was 20°C, the angles between ambient water flow direction and thermal discharge direction of
the orifice were 10< 20< 30 “respectively, the jet velocity of orifice flow was 1.2 m/s, and the velocity
ratio R was 6.
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Figure 1. Test system diagram.

The experiments were performed in the test hall of Institute of Environmental Science, Xi'an
University of Technology. Test system diagram is shown in figure 1. The test devices mainly include
mobile devices, hot water tank device, flow rate measurement system and temperature measurement
system.

The experiment was carried out in an poly methyl methacrylate (PMMA) sink, with the length of
30 m, the width of 0.8 m, and the depth of 0.5 m. The water flowed in a closed loop system. The sides
of the sink were plexiglass walls for viewing and taking pictures. The bottom of the sink was a straight
steel plate with white paint for visual observation of the jet flow. The left of sink was connected to the
circulating pump, and the velocity of ambient water flow in the sink can be adjusted through the
adjustment of the pump velocity. There was a water tank with hot water, with the size of 1.0 m*0.8 m
*(0.25 m. The hot water tank was above the sink. Hot water was supplied from the electric water heater
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to the water tank through the hot water pipe. The bottom of the hot water tank was connected with a
tube to provide jet power. The hot water was driven by gravity energy difference between the water
tank and the environmental water body. There was a baffle inside the water tank. The excess water in
the water tank was drained to the outside through the overflow pipe at the top of tank to ensure the
water level inside the water tank. The baffle was to keep gravity energy difference constant, so as to
ensure the stable outflow of the jet orifice. The jet pipe was submerged in the water, with a distance of
5 cm from the the bottom of the tank. The jet pipe was connected with the orifice through a rotor flow
meter, which could record the jet orifice flow velocity accurately and adjust the velocity from the rotor
flow meter finely.

Experimental section diagram was shown in figure 2. The coordinate origin was in the center of the
jet orifice, the X-axis was horizontally arranged in line with the direction of the incoming flow, the
Y-axis was perpendicular to the sink center line, and the Z-axis is perpendicular to the XY- plane with
the direction upwards. The temperatures of fluid were gauged by 0.2-mm diameter standard
thermocouples. The experimental data which were collected by data acquisition system were saved in a
personal computer. All the experimental apparatus were calibrated before measurement. The max
estimated uncertainties in the experiment were summarized in table 1. Experimental section structure is
shown in figure 3.

Table 1. Uncertainties in measured and calculated parameters.

Parameter Absolutely  Minimal measured Maximal uncertainty
Uncertainty Value

Ambient mass flow rate(kg/s) 1.0%

Jet flow rate (1/s) 1.0%

Fluid temperature (°C) 0.4 20 2.0%
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Figure 2. The test coordinate system.
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Figure 3. Test section physical model.
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3. Results and discussions

3.1. The influences of jet angle on the distribution of velocity and temperature

The vertical distributions of flow velocity and temperature at different outflow angles at X/D = 10 and
X/D = 20 cross sections are shown in figure 4. X/D is the ratio of the coordinate x of a point on the
central axis to the diameter D of the jet orifice.
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Figure 4. Effect of different outflow angles on cross-section velocity and temperature
distribution. (a) Vertical velocity distribution and temperature at different outflow angles
for X/ D =10 and (b) Vertical velocity distribution and temperature at different outflow
angles for X / D = 20.

The Y-axis in the temperature change figure is the temperature dilution. The definition of
temperature dilution is expressed as:

_ATm  T-To

Rmm = =
ATe Tj—-To

M)

Where, T is the temperature of the jet centerline at any point of the temperature, Ty is the ambient
temperature, Tj is the temperature of the jet outlet. The dimensionless velocity is expressed as the ratio
of the velocity U at any point on the jet centerline to the velocity Uj at the jet orifice.

From the figure 4, the distribution trend of the two sections is similar, the temperature and the
velocity are decaying faster and faster with the increase of the jet angle, and the larger the angle is, the
larger the influence range in the longitudinal direction is, the more obviously the maximum
cross-section temperature and velocity is. This shows that the larger the outflow angle is, the more
fully the pollutants diffuse, and the affected area is larger, the buoyant jet easier to reach the water
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surface.

The vertical velocity of 30° jet is 2.89 times bigger than that of 10° at jet opening. It can be found
that vertical coordinates of maximum velocity of 30° is greater than that of 10° or 20° at the same
section. The vertical coordinates of maximum temperature have a similar characteristics. Due to the
impact of ambient water flow, the jet core couldn’t linearly increase. Additionally, the vertical
coordinates value of maximum temperature is greater than that of maximum velocity with the same
section and jet angle.
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Figure 5. Temperature and velocity attenuation along azimuth at each inclination angle, (a)
the variety of velocity and temperature with the jet of 10< (b) the variety of velocity and
temperature with the jet of 20and (c) the variety of velocity and temperature with the jet of
30<
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3.2. The distribution of velocity and temperature along the Z direction on each characteristic cross
section with the same outflow angle

The distributions of velocity along the Z direction at different positions on the axis of X at different
angles are shown in figure 5. In the case of angular outflow, the jet lifts up obviously and the contour
of the section velocity becomes a “sharp angle” shape, so the maximum of the velocity of each section
is not on the horizontal axis. The initial momentum of the jet near the orifice is a main factor.
However, outside the range of 20 times diameter, it can be seen that due to the decrease of the initial
momentum of the jet, the mainstream area gradually disappears and the flow velocity profile become
more uniform until the buoyant jet well mixed with the ambient fluid. When the jet angle is 10°or 20°,
velocity distribution at the section x/d=5, 10, 20, 50 is approximately symmetrical. The velocity of
angle10° is greater than that of 20°, and the velocity of 20° is greater than that of 30° at the section
x/d=5. At x/d=50, the discrepancy of velocity with the jet 10°, 20°, and 30° becomes smaller. It can be
seen that the penetration distance of horizontal direction is not increased, even if the horizontal
velocity of 10° is bigger than that of 30°. At x/d=50, the extension width of jet 10° in the vertical
direction is significantly bigger than that of jet 20° and 30°, and the temperature at the center of the jet
tail is higher than that of 20° and 30°. According to the temperature curves with the different jet angles,
temperature spread is more unfavorable at 10°.

3.3. Comparison of flow field characteristics with different outflow angle
The jet trajectory is an important parameter to describe the jet, and the Macro characteristics of jet
movement can be understood by studying the jet trajectory.

The trajectories of jet with different outflow angles are shown in figure 6. The jet trajectories with
jet angle of 10°, 20° and 30° are more obviously where the distance is 5 times diameter of the
downstream the jet. The jet trajectory uplift response amplitude when the jet angle increases from 10°
to 20°. In the range of more than 5 times caliber, the magnitude of jet trajectory lift gradually decrease
as the jet angle increases.
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Figure 6. Jet trajectory at different outflow angles
(relative position).

The non-dimensionalized form of velocity is:
U-Uo
Ui—Uo

Where, U is the velocity at any point on the axis of the jet, U; is the flow velocity at the outlet of jet
orifice, and Uy is the flow velocity of ambient water. The attenuation of the velocity on the axis with
different outflow angles is shown in figure 7. The jets flowing from the orifice interact with the
ambient fluid. The turbulent kinetic energy near the orifice is very large, so the degree of entrainment
is very high. The gradient of the velocity attenuation at the orifice is very large because the outflow
angles are different. Therefore, the changes of the velocity attenuation zone are mainly concentrated in
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the range of less than 45 times diameter of outlet. As the horizontal distance from the orifice increases,
the turbulent kinetic energy of the jet decreases and the jet velocity decreases exponentially as the
horizontal distance increases.

The attenuation of the temperature on the axis with different outflow angles is shown in figure 8.
From the figure, we can see that the law of temperature attenuation along the central axis is very
similar to the velocity attenuation, and the temperature decays rapidly near the orifice. With the
increasing distance, the decay velocity decreases, the curve gradually develops into a horizontal line.
Temperature decay mainly appeared within the range of less than 80 times diameter of outlet.
Although the flow angle has changed from 10 to 30, the attenuation law has not changed, it can be
seen from the change of the jet angle with the angle of 10° to 30° in the figure that the distance of the
temperature decay is gradually shortened. The jet velocity and temperature decay rapidly near the
orifice and the influence range of the jet is mainly within the 80 times aperture. The result is similar to
Jiang’s report [17], which experimentally investigated the mixing behavior of 45° inclined dense jets
in unbounded co-flowing. Horizontal distance from the jet orifice is at the same location. The curve
with a small outflow angle is always above the curve with a large outflow angle, which was obtained
that the smaller the angle of the jet is, the more gradually the attenuation velocity and temperature
change.
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Figure 7. Jet velocity axis attenuation. Figure 8. Jet temperature axis attenuation.

4. Conclusions

@ Jet velocity and the temperature decay rapidly near the orifice outlet, and the area where the
velocity of flow changes most is the area with the greatest temperature dilution.

® The larger the outflow angle is, the more obviously the trajectory of the jet rises. The lift of the
jet trajectory gradually decreased in the range of 5 times diameter of outlet.

® The influence range of velocity is mainly within the range of 50 times diameter of outlet; the
influence range of temperature is mainly within the range of 80 times diameter of outlet; the
smaller the jet angle is, the slower the attenuation of velocity and temperature changing.
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