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Abstract: Thermal pollution raises the water source temperature and thus 

causes a change in the physical, chemical, and biochemical properties of 

water. That makes limitations for designing cooling systems, which 

increase its cost. Single port submerged diffuser is used for the disposal 

of hot water. It is a form of once-through cooling systems, and it is 

between the surface discharge and the multi-port submerged diffuser in 

comparison with cost and dilution of temperature. A new method was 

used to increase the dilution of Single-port submerged diffuser 

discharging hot water in ambient temperature. The diffuser was clogged 

by a free rotating propeller, to study its effect on temperature distributions 

experimentally, a model with 18 m long and 2 m was constructed. The 

results were confirmed using numerical simulations. An experimental test 

was carried on for three different Reynolds number Ratios Rer (0.4, 0.21, 

and 0.13). Adding propeller at (L = 0.1), the plume centre temperature 

ratios were decreased by 22.62%, 46.23% and 48.57%. There was an 

agreement between experimental and numerical results for temperature 

distributions through the model. Clogging single port submerged diffuser 

increase dilution of the thermal plume. 
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Introduction  

Many industries use cooling systems, which use 

water as a cooling fluid, like thermal power stations 

and many other applications. Most of these industries 

use a once-through cooling system, which causes 

thermal pollution. Thermal pollution raises the water 

temperature and thus causes a change in its physical, 

chemical, and biochemical properties, which affect 

aquatic life and disturb the environment. That makes 

limitations for designing a cooling system, which 

increases its cost. Single port submerged diffuser is in 

between the surface discharge and the multi-port 

submerged diffuser in comparison with cost and 

dilution of temperature. George and Panayotis (1989), 

studied dilution of water discharged from around 

vertical jet blocked by a thin concentric disc in salted 

water, the results showed that blocking the outlet of 

single round port submerged diffuser with a disc 

increase dilution rate in the region behind the disc. 

Lilun and Jiin-Jen (1996) studied the mixing process 

of jet blocked with a pierced disc, and the results 

showed that using jet obstructed by pierced disc increases 

the dilution rate of injected fluid. Wen-Xin et al. (2006b) 

studied the buoyant jet from a square diffuser blocked with 

a square disc discharge in static ambient. In this research 

work, a new method was used to increase the dilution of 

Single-port submerged diffuser discharging hot water in 

ambient temperature. The propeller is rotating due to the 

water speed discharged from the diffuser. The effect of the 

propeller on temperature was studied experimentally, and 

the results were confirmed with numerical simulations. 

Materials and Methods  

An experimental model was built in hydraulic 

research institute to study the effect of clogging Single 

port submerged diffuser by a free rotating propeller. 
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Figure 1 shows a single port submerged diffuser 

clogged with a propeller. The experimental model consists 

of three parts entrance, main body, and exit. The entrance 

consists of a receiving tank (3 m long, 0.5 m wide, 1.5 m 

height), to dissipate the energy of water and excessive 

turbulence, a weir with (0.4 m height), and (2 m wide) and 

screen box field with large stones were used. Main body; 

model bed made from concrete and it is (18 m) long and 

(2 m) wide, model exit; model exit consists of a 

revolving tailgate used to control the water level in 

model manually by adjusting the height of the gate. Two 

pumps were used to deliver water to the model; the main 

pump used to deliver ambient water to the model, it has 

the flowing specification (Discharge (Q) = 0.07 m3/s, 

Head (h) = 10 m.), electromagnetic flow meter was used 

to measure ambient water flow rate. The second pump 

used to deliver ambient water to the electric water heater 

and then pumped to the model, it has the flowing 

specification (Discharge (Q) = 0.012 m3/s, Head (h) = 12 

m). Ultrasonic flow meter was used to measure hot water 

flow rate, it is inserted on two-inch pipe, which delivers 

hot water to the model.  

Electric water heater was used as a source for hot 

water. The temperature of the water is controlled by 

electric switches and thermostats. 

Flow similarity (Amer, 2005), Reynolds number (Re) 

model ≥ 2000, and this means that internal friction force 

can be neglected so that the gravity force is dominant 

and that can be expressed by Froude number for the flow 

in model Fr <1. Thus similarity between open channel 

flow and rigid boundaries model is attained. Figure 2 

shows the model schematic diagram.  

CFD Three-dimensional unsteady state simulation 

was used to confirm the result of experimental work. 

Finite volume was used as a discretization method for 

partial differential equations. 

Experimental Procedures 

Experimental work was accomplished to study 

temperature distributions of single port submerged 

diffuser discharging hot water in ambient temperature 

clogged by a free rotating propeller. The diffuser consists 

of two parts; first part was a horizontal pipe with (0.25 m 

long and 0.05 m diameter), the second part was (0.25 m 

long and 0.05 m diameter) and inclined with an angle of 

(30°) with horizontal direction and (20°) with the vertical 

direction. The propeller was placed at the outlet of the 

diffuser at a distance 
pipe

l
L

d

 
 

 
 

 equal (0.1). Water 

depth above diffuser was one-time pipe diameter, the 

difference between the ambient water and hot water 

discharged was (Δ T = 10°C). Three Reynolds number 

ratios (Rer) between ambient water and hot water flow 

were considered (0.4, 0.21, and 0.13). Hot water 

temperature and ambient water temperature were 

continuously measured and, hot water temperature 

adjusted as necessary. The surface temperature 

distribution was measured across the model using 

thermistors after steady-state conditions had been 

reached. The surface temperature distribution was 

measured upstream and downstream from a single port 

submerged. Temperature readings were taken at the 

selected positions for each experiment. At each run, data 

acquisition was set to measure temperature three times at 

each position. Each time scanned in two minutes.  

 

 

 
Fig. 1: Single port submerged diffuser clogged with a propeller 
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Fig. 2: Model schematic diagram 

 

Numerical Model 

Three-dimensional unsteady state simulation was 

used to confirm the result of experimental work. Finite 

volume was used as a discretization method for partial 

differential equations. Piecewise linear function was 

used to describe density as a function of temperature. (k-

ε) turbulence model was used in this research work as a 

turbulence model. Pressure Implicit with Splitting of 

Operators algorithm (PISO algorithm) was used for 

pressure-velocity calculation. Meshing is part of the 

simulation process, which has influences on the 

accuracy, convergence, and speed of the solution. Mesh 

generator is used to create structured tetrahedral mesh 

cells with advanced size function at curvature and 

Proximity. An independent mesh study was made, four 

different mesh with different size were created to study 

mesh size effect on the solution. Using the boundary 

condition of one of the experimental tests and 

compare the results with the result of the simulation 

for each mesh size. Table 1 shows the number of cells 

and nodes for each mesh. Mesh (c) was used for the 

rest of the study. Figure 3 shows mesh (C) for flow 

domain and propeller. 
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Fig. 3: Mesh (C) for flow domain and propeller 

 
Table 1: Number of cells and nodes for each mesh 

Mesh Number of cells Number of nodes Plume centre temperature Actual plume centre temperature Error (%) 

A 1123538 220578 0.91 0.71 28.17 

B 9909369 1863560 0.86 0.71 21.12 

C 15695699 3554809 0.785 0.71 10.5 

D 19976060 3692854 0.78 0.71 9.86 

 

Results and Discussion 

The diffuser was tested without a propeller. The 

temperature distribution was measured on the water 

surface for Rer (0.4, 0.21, and 0.13). Temperature 

difference ratios were plotted in upstream and 

downstream of the diffuser as (Tf/T), in the 

longitudinal direction and transverse direction. Figure 4 

shows temperature distribution for Rer (A at Rer = 0.4, B 

at Rer = 0.21 and C at Rer = 0.13). As Reynolds number 

ratio decrease, plume centre temperature increased by 

14% and 17.5%, the average temperature at the end of 

measurements increased 104.4% and 155.5%. 

Temperature distributions through the model increased, 

temperature dilution decreased. Table 2 shows the Plume 

centre temperature ratio, average temperature ratio at the 

end of measurements. 

Placing propeller at (L = 0.1), Temperature 

distribution was measured on water surface for Rer 

(0.4, 0.21 and 0.13). The temperature difference was 

plotted in upstream and downstream of the diffuser as 

(Tf/T), in the longitudinal direction and transverse 

direction. Figure 5 shows Temperature distribution for 

diffuser with propeller for Rer (A at Rer = 0.4, B at Rer 

= 0.21 and C at Rer = 0.13). When adding propeller, 

plume centre temperature decreased by 22.62%, 

46.23%, and 48.57%, temperature ratios at the end of 

measurements decreased by 22.63%, 46.43%, and 

48.57%. Temperature distribution through the model 

was reduced due to adding propeller. Clogging single 

port submerged diffuser with propeller increases 

dilution of temperature. Table 3 shows the plume 

centre temperature ratio, average temperature ratio at 

the end of measurements for diffuser with a propeller. 

Figure 6 shows a comparison for plume centre 

temperature dilution through the model for the 

diffuser with and without propeller. The temperature 

dilution increase due to the rotation of the propeller, which 

increases mixing and reduce temperature distributions. 

0.000 1.500 3.000 m 

0.750 2.250 
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Fig. 4: Temperature distribution for Rer (A at Rer = 0.4, B at Rer = 0.21 and C at Rer = 0.13) 
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Fig. 5: Temperature distribution for diffuser with propeller for Rer (A at Rer = 0.4, B at Rer = 0.21 and C at Rer = 0.13) 

 
Table 2: Plume centre temperature ratio, average temperature ratios at the end of measurements. 

Reynolds number ratios Plume centre temperature ratio Average temperature ratio at the end of measurements 

0.4 0.71 0.137 
0.21 0.83 0.28 
0.13 0.86 0.35 

0.63 

0.59 

0.55 

0.51 

0.47 

0.43 

0.39 

0.35 

0.31 

0.27 

0.23 

0.19 

0.15 

0.11 

0.07 

0.03 

-0.01 

-0.05 

-20   -10      0     10     20     30    40     50    60     70    80     90   100   110   120  130   140 

Longitudinal direction (x/D) 

A 

36 
 

30 
 

24 
 

18 
 

12 
 

6 
 

0 

W
id

th
 (

y
/D

) 

0.74 
0.7 
0.66 
0.62 
0.58 
0.54 
0.5 
0.46 
0.42 
0.38 
0.36 
0.3 
0.26 
0.22 
0.18 
0.14 
0.1 
0.06 
0.02 
-0.02 
-0.06 
-0.1 
0.81 
0.77 
0.73 
0.69 
0.65 
0.61 
0.57 
0.53 
0.49 
0.45 
0.41 
0.37 
0.33 
0.29 
0.25 
0.21 
0.17 
0.13 
0.09 
0.05 
0.01 

-20   -10      0     10     20     30    40     50    60     70    80     90   100   110   120  130   140 

Longitudinal direction (x/D) 

B 

-20   -10      0     10     20     30    40     50    60     70    80     90   100   110   120  130   140 

Longitudinal direction (x/D) 

C 

36 
 

30 
 

24 
 

18 
 

12 
 

6 
 

0 

W
id

th
 (

y
/D

) 

36 
 

30 
 

24 
 

18 
 

12 
 

6 
 

0 

W
id

th
 (

y
/D

) 



Ahmed Ashmawy et al. / American Journal of Engineering and Applied Sciences 2020, 13 (2): 182.190 

DOI: 10.3844/ajeassp.2020.182.190 

 

188 

Comparing experimental results and numerical results 

for the diffuser with a propeller at (L = 0.1), it was found 

that there was an agreement between temperature 

distributions through the model for experimental results 

and numerical simulations. The difference between plume 

centre temperatures ratios for experimental results and 

numerical simulations when adding propeller, were 

15.4%, 13.7%, and 8.64%. The numerical simulation 

confirmed that adding propeller increases plume dilution. 

Figure 7 shows a comparison between temperature 

distribution through the model for Rer = 0.4 for 

experimental result and numerical simulation result for 

diffuser with a propeller at (L = 0.1), Fig. 8 shows a 

comparison between temperature distribution through the 

model for Rer = 0.21 for experimental result and 

numerical simulation result for the diffuser with a 

propeller at (L = 0.1), Fig. 9 shows a comparison between 

temperature distribution through the model for Rer = 0.13 

for experimental result and numerical simulation result for 

the diffuser with a propeller at (L = 0.1). 
 

 
 

Fig. 6: Comparison for plume center temperature dilution for diffuser with and without propeller 

 

 
 
Fig. 7: Comparison between temperature distribution through the model for Rer = 0.4 for experimental result and numerical 

simulation result for the diffuser with a propeller at (L = 0.1) 
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Fig. 8: Comparison between temperature distribution through the model for Rer = 0.21 for experimental result and numerical 

simulation result for the diffuser with a propeller at (L = 0.1) 
 

 
 
Fig. 9: Comparison between temperature distribution through the model for Rer = 0.13 for experimental result and numerical 

simulation result for the diffuser with a propeller at (L = 0.1) 

 
Table 3: Centerline temperature ratio, average temperature ratio at 

the end of measurements for diffuser with propeller 

Reynolds the centerline Average temperature ratio at  

number ratios temperature ratio the end of measurements 

0.4 0.65 0.106 

0.21 0.73 0.15 

0.13 0.81 0.18 

 

Conclusion 
 

 For diffuser without propeller as Reynolds number 

ratio decrease, centerline temperature ratios 

increased by 14% and 17.5%, the average 

temperature at the end of measurements increased 

104.4% and 155.5% 

 Adding propeller at (L = 0.1), the plume center 

temperature ratios decreased by 22.62%, 46.23%, 

48.57% 

 Adding propeller at (L = 0.1), average Temperature 

ratios at the end of measurements decreased by 

22.63%, 46.43%, 48.57% 

 The difference between plume centre temperatures 

ratios for experimental results and numerical 

simulations when adding propeller, were 15.4%, 

13.7%, 8.64% 

 The numerical simulation confirmed that adding 

propeller increases temperature dilution  

 Clogging single port submerged diffuser increase 

dilution of the thermal plume due to the rotation of 

the propeller, which increases mixing and reduce 

temperature distributions 
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Nomenclature 
 
Rec: Reynolds number for 

ambient water flow 

Reh: Reynolds number for hot 

water flow 

Rer: Ratio between Reynolds 

number for ambient water 

and hot water flow 

T: Difference between hot water 

temperature and ambient 

water temperature 

Tf: Difference between the 

temperature at any point and 

ambient water temperature 

Fr: Froude number 

L: The distance between the exit 

of diffuser and propeller 

L: Ratio between the distance of 

propeller and diffuser diameter 

Plume centre temperature: Maximum temperature of the 

plume. 

Average temperature ratio: The sum of temperatures 

divided by the number of 

temperatures 
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