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a b s t r a c t

In this study, effects of shallow water depths on initial dilution levels of heated water discharge from 
thermal effluent outfalls concerning water surface boundary effects using an inclined circular port 
were investigated. Receiving water environment was selected as stagnant and uniform characteris-
tics. The inclination angle of discharge port was θ = 60°. Normalized port depths, H/dF, which was 
obtained from water depth (H) over port diameter (d) multiplied by densimetric Froude number (F) of 
jet defined as dF, were calculated for experimental set-ups. H/dF values were 3.871, 1.545, 1.160, 0.774, 
and 0.388 from deep to shallower depths, respectively. Rhodamine B was used as tracer of experi-
ments. Normalized forms of impingement point horizontal distance values, xi/dF, and vertical dis-
tance values, yi/dF were decreased according to decreased water depths, H/dF. According to obtained 
results of this study, jet impingements occurred in the upper boundary of the receiving water body 
and they got closer to the nozzle when H/dF values decreased. In addition, the decreasing H/dF val-
ues caused a decrease in dilutions of horizontal distances for both complete jet centerlines (especially 
impact points compared to experimental) and VP estimates of free jet conditions. According to this 
study, VP dilution estimations were found very close to experimental impingement point dilutions 
no matter how VP software originally designed for only free jet conditions. This study suggests VP 
UM3 model can calculate realistic and conservative jet centerline dilutions at the impingement point 
in very limited depths in the range of normalized water depth ratio H/dF between 0.388 and 1.545.
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1. Introduction

Thermal effluents into natural water bodies (rivers, 
lakes and seas) are discharged from some industries such 
as power plants by means of outfalls and diffusers. These 
effluents change ambient water temperature, and cause 
detrimental effects to aquatic creatures due to the limited 
temperature tolerance of most of the aquatic species [1–3]. 
The heated wastewater forms a vast majority of thermal 
discharges (of course, the other part of thermal discharges 

are cold wastewaters) and it is released from the open cycle 
cooling water systems of power plants and industrial facil-
ities [4,5]. Power plants discharge more heated wastewater 
than any other industrial facilities because they use a lot 
of water during the cooling process [6]. After the cooling 
water is used at thermal power plants, it is discharged as 
heated wastewater into the receiving water body. When 
this heated wastewater mixes with the receiving ambient 
water body, creates a thermal plume. The heated wastewa-
ter can increase the receiving ambient temperature which 
can cause adverse effects to living organisms [7].
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In order to prevent these undesired effects, temperature 
change effects in the receiving water body must be limited 
and regulated. To obey these regulation limitations efficiently, 
initial dilution and mixing by multiport diffusers should be 
used in heated water marine outfall systems. The mixing of 
thermal discharge in the receiving ambient water body is 
influenced by ambient turbulent shear and boundary inter-
action including flow impingements and dynamic attach-
ments. There are two mixing process, near-field and far-field, 
for discharging the wastewater into the receiving ambient 
water. An initial near-field mixing process consists of turbu-
lent jet mixing followed by mixing due to buoyancy effects. 
Far-field mixing occurs after the effluent field has moved 
out of the influence of near port jet and momentum effects 
have stabilized at the trapping depth, or reached the surface. 
This includes continued dilution due to buoyant spreading 
and passive diffusion depending on turbulent shear force in 
the ambient flow. Buoyancy delays the transition to far-field 
passive diffusion and mixing is relatively small in buoyant 
spreading. Therefore, a comprehensive understanding of 
hydrodynamic initial mixing processes including boundary 
interactions of discharged wastewaters is prerequisite for 
controlling wastewater discharges into, and minimizing the 
impact on, the aquatics environment [1,8].

The surface boundary interaction is an important pro-
cess for heated wastewater dilutions especially in shallow 
locations. Contrary to this importance, there is limited 
literature on surface boundary impact and thermal dis-
charges into the receiving water body. Because of eco-
nomic reasons, discharge depths of heated wastewater 
can be desirable at shallow locations. At this condition, 
the discharged heated wastewater will be hitting the jets 
at the upper boundary of receiving ambient water sur-
face earlier than in deeper conditions. However, the ini-
tial dilution performances of heated wastewater jets at the 
impingement point are not well known, they need to be 
investigated. Therefore, in this study, effects of the water 
surface boundary interactions on initial dilution levels of 
heated wastewater discharge were investigated at differ-
ent shallow water depths. All the experimental data sets 
were also compared to dilution results of UM3 model of 
US EPA surface water discharge model system software, 
Visual Plumes (VP), for free thermal jet conditioned iden-
tical cases of the performed experiments.

2. Materials and methods

In this study, a series of heated wastewater jets from 
inclined single port at an inclination angle, θ = 60°, were 
discharged into stagnant and uniform receiving water body 
with ΔT0 = +5°C initial temperature change by an inclined 
circular port in the experimental tank which was located in 
studied laboratory. Port depths were selected as H = 5, 10, 
15, 20, 50 cm. Rhodamine B was used as tracer to observe the 
heated wastewater behaviors. The sketch of the discharging 
port is given in Fig. 1. Analysis of positively buoyant flow 
regime and some discharge characteristics such as kine-
matic fluxes of volume, momentum, and buoyancy have 
been reported in previous studies by Sezgin [3] and Toy-
oshima and Okawa [9]. All normalized jet parameters are 
summarized in Table 1. Also, densimetric Froude number 

(F) to which dilution and jet geometrical features depend 
on, are defined using the following Eq. (1) and Eq. (2):
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where u: jet exit velocity, d: discharge nozzle diameter, g: 
gravitational acceleration, ρ0: effluent density, ρa: ambient 
density and Δρ: difference of water densities. By using Eqs.
(3)–(5) local jet centerline dilutions Sm were obtained: 

S T Tm m= Δ Δ0 /  (3)

ΔT0 0= T Ta–  (4)

ΔTm m aT T= –  (5)

where ΔT0 is the temperature difference at discharge noz-
zle, Ta is temperature of ambient water, and T0 is discharged 
water temperature, ΔTm is the maximum temperature dif-
ference in any of local cross section of the jet centerline. The 
initial temperature change values were all set at ΔT0 = +5°C 
in this study. The length scale parameters, such as H, x, y, 

Fig. 1. Sketch of 60° inclined heated jet discharge.

Table 1
Experimental parameters in normalized form

Definitions Parameters

Depth of nozzle center H/dF
Local jet centerline horizontal distance from 
nozzle center

x/dF

Local jet centerline vertical distance from 
nozzle center

y/dF

Horizontal distance of impact point from 
nozzle center

xi/dF

Local dilution in jet centerline Sm/F
Impact point dilution Si/F
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and xi were divided by dF (port diameter (d) multiplied by 
densimetric Froude number) for normalization. Other nor-
malized parameters without length scale were only divided 
by densimetric Froude number, F as shown in Table 1.

The heated water mixed with Rhodamine B tracer was 
discharged by pumping it into the experiment tank filled 
with fresh water. Rhodamine B concentration was 0.1 g/L. 
Firstly, the heated water jet was allowed to reach water sur-
face freely and the flow was photographed when a stable 
regime was obtained. Then, a series of temperature sensors 
connected to a mobile mechanism were immersed into the 
jet to determine temperature distribution in the jet cross-sec-
tion and the jet centerline coordinates via a scanning 
method. In these measurements, seven PT100 temperature 
sensors with 4 mm diameter and 3 cm length were placed 
within 10 cm distance to each other with a Lufft Opus 200 
device. Heating process was prepared by PolyScience dig-
ital water bath, where initial density measurements were 
made by an Anton Paar DMA 4500 device. The dimensions 
of the experiment tank were 76.5 cm × 196 cm × 119.5 cm 
(width × length × height). The top surface of the tank was 
open while the other surfaces were made of transparent 
Plexiglas. Discharge port was placed on one of the tank wall 
at 60º. Discharge flow rate was set by McMillan S-112 digital 
flow-meter and flow was maintained by Cole-Parmer Mas-
ter flex pump. Jet centerline coordinates and dilution values 
were obtained by immersed temperature probes into the 
heated jet bodies. The summary of the experimental set-up 
of the conducted 15 experiments is given in Table 2 [10].

Experimentally obtained jet centerline dilutions and 
their impact point distances were compared with US EPA 
surface water dilution software Visual Plumes (VP), UM3 
model jet centerline. Characteristic discharge parameters of 
all experiments were entered in VP. All VP obtained results 
were represented as free jet conditions as reported by Frick 
et al. [11]. Water depth limited experimental heated jet 
impingement point normalized vertical position is defined 

as yi/dF. yi/dF values were adopted as H/dF for VP trajec-
tory estimations, because of the fact that lack of impinge-
ment point solutions in VP as reported in its manual user 
guide [11].

3. Results and discussion

In this study discharges of heated water from inclined 
nozzle (θ = 60°) were evaluated in two main stages; 1. Jet 
geometry, 2. Dilutions.

3.1. Jet geometry

As shown in Fig. 2, all conducted heated discharges 
for five different port depths were positively formed in the 
buoyant jets, as expected. According to Fig. 2, jet impinge-
ments occurred in the upper boundary of the water body 
and they got closer to the nozzle when H/dF values 
decreased. After impingement, jets formed density currents 
on the water surface, and they freely moved without any 
interaction at the bottom of the tank even in the shallowest 
conditions.

Local maximum temperature differences and their loca-
tions through the experimental tank were determined by 
three dimensionally scanned cross-sectional temperature 
measurements in the heated water jets. It was seen that the 
local maximum temperature difference points were located 
in middle of the heated water jets. These jet trajectories were 
defined as jet centerline. The normalized jet centerlines for 
different water depths and VP created free jet centerline as 
shown in Fig. 3. The direction changing positions of heated 
water jet trajectories at the water surface were found as the 
impingement points and the inside of these points were 
marked as white color, Fig. 3. Impinge point horizontal 
distance values, xi/dF and vertical distance values, yi/dF 
decreased with decreasing water depths, H/dF as shown 

Table 2
Experimental set-up summary (Flow regimes as L: Laminar, T: Turbulent) [10]

Experiment 
No

T0 

(°C)
Ta 

(°C)
d 
(cm)

H 
(cm)

H/dF F ρa 

(kg/m3)
ρ0 

(kg/m3)
q 
(mL/min)

u0 

(m/s)
Re Flow 

Regime

FD-60-01-A 28.4 23.4 0.5 50 3.869 25.84 997.757 996.493 240 0.2037 1269 L
FD-60-01-B 28.4 23.4 0.5 50 3.869 25.84 997.757 996.493 240 0.2037 1269 L
FD-60-01-C 28.5 23.5 0.5 50 3.876 25.79 997.733 996.464 240 0.2037 1269 L
FD-60-02-A 28.3 23.3 0.5 20 1.545 25.89 997.781 996.522 240 0.2037 1269 L
FD-60-02-B 28.3 23.3 0.5 20 1.545 25.89 997.781 996.522 240 0.2037 1269 L
FD-60-02-C 28.3 23.3 0.5 20 1.545 25.89 997.781 996.522 240 0.2037 1269 L
FD-60-03-A 28.3 23.3 0.5 15 1.158 25.89 997.781 996.522 240 0.2037 1269 L
FD-60-03-B 28.5 23.5 0.5 15 1.160 25.79 997.733 996.464 240 0.2037 1269 L
FD-60-03-C 28.4 23.4 0.5 15 1.163 25.84 997.757 996.493 240 0.2037 1269 L
FD-60-04-A 28.4 23.4 0.5 10 0.773 25.84 997.757 996.493 240 0.2037 1269 L
FD-60-04-B 28.6 23.6 0.5 10 0.775 25.75 997.708 996.435 240 0.2037 1269 L
FD-60-04-C 28.5 23.5 0.5 10 0.776 25.79 997.733 996.464 240 0.2037 1269 L
FD-60-05-A 28.4 23.4 0.5 5 0.387 25.84 997.757 996.493 240 0.2037 1269 L
FD-60-05-B 28.6 23.6 0.5 5 0.388 25.75 997.708 996.435 240 0.2037 1269 L
FD-60-05-C 28.6 23.6 0.5 5 0.388 25.75 997.708 996.435 240 0.2037 1269 L
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in Fig. 3. In addition, all experimental xi/dF values did not 
match exactly VP estimated free jet trajectory. This can be 
attributed to the heated water jet interaction with the water 
surface, where the experimental xi/dF values are slightly 
higher than VP estimated free jet x/dF values at the same 
vertical positions. Similar relations were also observed for 
water surface obstructed heated jet xi/dF and x/dF values 
of free experimental jet at same heights. The comparison 
between H/dF and yi/dF are given in Table 3. From Table 3, 
yi/dF were found to be lower than H/dF values because of 
limited water depth effects on buoyant jets. 

3.2. Dilution

The heated jet centerline dilution comparisons are given 
in Fig. 4 for different water depths. VP estimated free jet 
centerline dilutions of horizontal distances are also pre-
sented in Fig 4. It was shown that, decreasing H/dF val-
ues caused a decrease of dilutions in horizontal distances 
for both complete jet centerlines (especially impact points 
compared to the experimental) and VP estimates free jet 

 
a. H=50cm 

 
b. H=20cm 

 
c. H=15cm 

 
d. H=10cm 

 
e. H=5cm 

Fig. 2. Heated water discharged at 60° at different water depths.

Fig. 3. Average heated water jet trajectories (white markers are 
impingement points).
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conditions. Impact point dilutions, Si/F, were measured as 
lower values comparing free jet conditioned experimental 
results. However, VP dilution estimations were kept lower 
than free jet and even depth limited experimental results in 
the range 0.388–1.160 of H/dF, Table 4. For experimental 
results, the rate of impingement point dilution difference 
between obstructed and free jet, ΔSi/F, were calculated in 
the range of –4.16% to –18.00% as shown in Table 4. 

Comparison of impact point dilutions for obstructed 
and free jet conditions along y = x line for both experi-
mental and VP UM3 model estimations is shown in Fig. 5. 
Because of the fact that H/dF = 3.871 was not free jet at 
its impingement point, Fig. 5 was only obtained for H/dF 
values from 0.388–1.545 range. Fig. 5 shows that low S/F 
values of VP dilution estimations are pretty conservative in 
shallow water conditions.

4. Conclusion

Heated wastewater outfalls with inclined nozzles can 
be widely applied to prevent bottom interactions even in 
positively buoyant jet condition. Because of the economic 
reasons, heated wastewater discharges can be done in shal-
low water conditions. However, there are many concerns 
about water surface impingement related to initial dilution 
decrease in shallow water conditions. In order to account 

Fig. 4. Comparison of normalized initial dilutions of heated wa-
ter jet centerlines for horizontal distances at different discharge 
depths.

Fig. 5. Comparison of impact point dilutions for obstructed and 
free jet conditions.

Table 3
Experimental port depth and impinge point parameters 
relations

Experiment No H/dF xi/dF yi/dF Si/F

FD-60-01-A 3.869 1.39 3.862 0.64
FD-60-01-B 3.869 1.32 3.846 0.69
FD-60-01-C 3.876 1.28 3.851 0.59
FD-60-02-A 1.545 0.80 1.529 0.42
FD-60-02-B 1.545 0.79 1.536 0.43
FD-60-02-C 1.545 0.83 1.185 0.39
FD-60-03-A 1.158 0.58 1.143 0.35
FD-60-03-B 1.160 0.62 1.046 0.34
FD-60-03-C 1.163 0.54 1.142 0.36
FD-60-04-A 0.773 0.36 0.750 0.22
FD-60-04-B 0.775 0.40 0.587 0.23
FD-60-04-C 0.776 0.42 0.557 0.24
FD-60-05-A 0.387 0.22 0.371 0.14
FD-60-05-B 0.388 0.24 0.344 0.14
FD-60-05-C 0.388 0.21 0.371 0.14

Table 4
Mean values of impingement point parameters comparison with free jet conditions

Experimental VP (Free jet)

H/dF xi/dF yi/dF Si/F S/F Free jet Δ Si/F (%) xi/dF Si/F

3.871 1.39 3.853 0.65 – – 1.32 1.13
1.545 0.81 1.417 0.41 0.50 –18.00 0.74 0.40
1.160 0.58 1.111 0.35 0.37 –5.40 0.59 0.30
0.774 0.39 0.631 0.23 0.24 –4.16 0.42 0.21
0.388 0.22 0.362 0.14 0.16 –12.50 0.22 0.11
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for these extreme conditions of very high value of port 
inclinations were investigated. In this study, heated water 
discharges were performed at different depth of receiving 
ambient water body with ΔT0 = +5°C and the port inclina-
tion was selected as θ = 60°, which is a very steep angle 
for this type of arrangement. Water depth decrease effects 
on initial dilution at 60° inclined heated water discharges 
were also investigated in this study. Because of water sur-
face boundary effects on heated water jet trajectories, their 
impingement point related to geometrical parameters were 
experimentally defined, as well. In order to arrange a useful 
solution for thermal outfall designers, experimental dilu-
tion results were compared to US EPA Visual Plumes UM3 
model results for more realistic dilution estimations.

According to this study, there were initial dilution differ-
ences between free jet and surface boundary limited jet con-
ditions at impingement points. Obstructed heated water jet 
initial dilutions were all taken at lower values in the range 
of –4.16% to –18.00% compared to free jet conditions. On the 
other hand, this study also clearly shown that centerline dilu-
tion values of US EPA Visual Plumes UM3 model are very 
close to obstructed initial dilution values in the range of nor-
malized water depth ratio, H/dF between 0.388 and 1.545. 
This results shows that Visual Plumes UM3 model impinge-
ment point dilution estimations are very conservative and 
very reliable in shallow water conditions for heated water jets.
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