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Background 

Ideal Jet Mixing Process of Vertical 
and Horizontal Inlets 
Okita and Oyama, (1963) 

Negatively 
buoyant jet 

colder Warmer 

Stored water 
warmer 

Stored  
water  
colder 

Stored  
water  
colder 

Adapted from Grayman, et al. 
(2004) 

Positively buoyant 
jet 



Poor Mixing  
Affects Water Quality 

• High water age 
– Low chlorine residuals 

• Increased microbial activity 
• Nitrification 

– DBP formation 
 



• Literature review of mixing behavior 
• Select tanks 
• Modeling 

– Compartment models 
– Elementary CFD software 

• Full Scale Testing at Varying Depths 
– Temperature Profile 
– Disinfection residual measurement 

• Evaluation of Data and Report 
• 2011 Extension of Scope 

 

Tank Mixing - Scope 
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H:D: 0 - 0.5 15% (25) 
Avg. H:D: 0.30 

Avg. Ht. (ft): 22 
Avg Dia. (Ft): 82 

H:D: 0.5 - 1 26% (44) 
Avg. H:D: 0.75 
Avg. Ht. (ft): 29 
Avg Dia. (Ft): 40 

H:D: 1 - 2 23% (39) 
Avg. H:D: 1.39 

Avg. Ht. (ft): 35 
Avg Dia. (Ft): 27 

H:D: 2 - 4 23% (39) 
Avg. H:D: 2.82 
Avg. Ht. (ft): 53 
Avg Dia. (Ft): 19 

H:D: >4 14% (24) 
Avg. H:D: 5.96 

Avg. Ht. (ft): 94 
Avg Dia. (Ft): 17 

Distribution of At-Grade Tanks by H:D category 
Rural Water Tank Survey Rural Water Tank Survey Rural Water Tank Survey 



Tank selection - characteristics of 
the selected long term tanks 

H:D 
Category  

Tank 
Name  

Capacity 
(gal)  

Height 
(ft)  Dia. (ft)  H:D 

Ratio  

Common 
Inlet/Outle

t  

SCADA 
for 

Water 
Level  

Artificial 
Mixer 

Installed  

0-0.5  A  948,000  24  81  0.30  Y  Y  N  

0.5-1  B  559,000  38  50  0.76  N  Y  N  

1-2  C  65000  28  20  1.41  Y  Y  N  

2-4  D  175,000  75  20  3.75  Y  Y  Y  

>4  E  140,000  86  14  6.14  Y  Y  Y  

1-2 F 55,000 34 17 2.00 N Y N 

1-2 G 140,000 44 24 1.83 N Y N 



Sampling 
Tubes 

Thermocouples Data 
Logger 

Sampling 
Tubes and 
Lead Wire 

Weight 

Long Term Temperature and Water Sampling 



Methods - Long term temperature 
and water sampling 

Data logger Temperature cable and sampling 
tubes 
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Thermocouple Cable 
and Sampling Tubes 

Long Term Temperature and Water Sampling 



Aspect Ratio Category  0-0.5  
Capacity 948,000 gal 
Height 24 ft 
Diameter 81 ft 
H:D Ratio  0.3 

Tank A 
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Approximate Height in Tank (ft) 

October 21, 2010 

Total Chlorine Monochloramine Free Ammonia Nitrite Nitrate Temperature 



Aspect Ratio Category  >4.0  
Capacity (gal)  140,000 
Height (ft)  86 
Diameter (ft)  14 
H:D Ratio  6.14 

Tank E 
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Approximate Height in Tank (ft) 

Water Quality Prior to Any Changes 

Total Chlorine Monochloramine Free Ammonia Nitrite Nitrate Temperature 
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Approximate Height in Tank (ft) 

Water Quality - October 20, 2010 

Total Chlorine Monochloramine Free Ammonia Nitrite Nitrate Temperature 



Evaluation of Hydraulic Parameters 

• Theoretical time to mix tanks 
• Change in water volume during fill cycle to mix tanks 
• Hydraulic retention time (assuming complete mix) 
• Reynolds number 
• Inlet momentum 
• Critical temperature difference to cause stratification 
• Densimetric Froude number 
• Momentum needed to overcome thermocline 
• Modeling tanks (CFD or systematic) 

 



• Change in water volume during fill cycle to mix 
tanks 
– Related to inlet and tank diameters, as well as water 

depth and volume 
• Densimetric Froude number 

– Ratio of inertial force to buoyant force caused by 
density differences 

– Required densimetric Froude number related to inlet 
orientation and diameter, as well as water depth 
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Key Hydraulic Parameters 



Volumetric Exchange – Tank A 



Volumetric Exchange – Tank E 



Densimetric Froude # – Tank A 
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Densimetric Froude # – Tank D 
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• Tanks can be poorly mixed leading to water 
quality concerns 

• Tanks with low aspect ratios do not all 
behave similarly 

• Stratification in standpipes is most prevalent 
when the ambient temperature is above 15 
degrees C  

• Designing and operating tanks to meet 
certain hydraulic parameters can enhance 
mixing 
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Conclusions 



• Operation of tanks should maximize volumetric 
exchange during fill cycles to enhance mixing 

• Inlet momentum should be maximized to 
promote mixing 

• Tanks may be drained into the system before 
disinfectant concentrations decrease to levels of 
concern (and refilled with fresh water) 

• Analyzing water samples collected at the tank 
inlet/outlet may not measure water quality 
throughout the entire depth of the tank. 
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Recommendations for tank design and 
operation 



Project Extension - 2011 

• Instrument two additional tanks with H:D 2:1 
– One in the shade of trees 
– One painted light blue 

• Continue monitoring tanks C, D, and E – more 
frequent to collect info on water quality decay 

• Conduct Short-term tests on two tanks with 
passive mixing systems 

• Include microbial monitoring (total coliform 
and heterotrophic plate count) 
 



Tank D – temperature profile 



Long term tank D – initial water quality 
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Approximate Height from Tank Bottom (ft) 

Total Chlorine Temperature 



Tank D – before tank was drained 



Long term tank D:  temperature profile 
through tank draining 
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Tank D – four days after tank drain 
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Approximate Height from Tank Bottom (ft) 

Total Chlorine Monochloramine Free Ammonia Nitrite Nitrate Temperature 



Tank D – water quality throughout the 
summer 



Tank E – temperature profile 



Tank E – initial water quality 



Tank E – before tank was overflowed 



Tank E – temperature profile 
throughout tank during overflow event 



Tank E – after tank was overflowed 



Tank E – water quality throughout summer 
below thermocline 



 Tank E – water quality throughout summer 
above thermocline 



Total Coliforms 

 
 
 Throughout the sampling the total coliform tests       

showed the trend that there were zero coliform 
colonies /100 ml for all of the tanks. 

 



Heterotrophic Plate Count 
Heterotrophic Plate Count (MPN/ml) for Stratified Tanks 
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Long Term Tank D: 
Below Thermocline 0 0 4 6 10 0 0 2 0 0 

Long Term Tank D: 
Above Thermocline 1.2 0.4 0 2 15.8 4 1.6 2.4 1.6 0.8 

Long Term Tank E: 
Below Thermocline 1 2 0 6 0 0 0 0 0 0 

Long Term Tank E: 
Above Thermocline 2 1.6 0 2 3.6 4 1.2 2.4 0 0.4 





Tank F – temperature profile 



Tank F – initial water quality 



Tank F – water quality last sampling 



Tank G – temperature profile 



Tank G – initial water quality 



Tank G – water quality last sampling 



Volumetric turnover – Tank G 



Densimetric Froude # – Tank G 





Short term tank 9 

Inflow Pipe 
(8”) 

Inlet (3”) 75 ft 

15 ft 

5 ft 

Note:  Diagram is not to scale. 
25 ft 



 Data collected for a 
period of one to 
four weeks 

 Temperature at 
several points and 
water level data 
collected 
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Short term tank 9 – temperature profile 



Short term tank 9 – temperature and 
depth profile 



Volumetric turnover – tank 9 



Densimetric Froude # – Tank 9 



Summary 

• Thermal stratification occurs in taller tanks 
• Chlorine decay can result in nitrification 
• Chlorine residual can be restored through 

deep cycle or overflow 
• Passive mixing systems can prevent 

stratification 
 

• ? 
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