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SIDE-BY-SIDE TESTING OF VERTICAL-SHAFT DRIVEN MIXERS FOR 
ACTIVATED SLUDGE TREATMENT 

 
Carollo Engineers- Sudhan Paranjape, P.E., Randal Samstag, P.E. Rod Reardon, 

P.E., Erica Stone, Ph.D., P.E.,  
Orange County Utilities- Larry Tunnell, P.E., Alan Gay, P.E., John Haak,      

Tim Madhanagopal, P.E., Tom Tompkins 
 
Platform-mounted, vertical-shaft mechanical  mixers  are commonly  used to mix anaerobic 
zones, anoxic  zones,  and swing  zones  in activated  sludge  plants.  Several  manufacturers  
offer  ragless impeller   designs   to  improve   and   maintain   the   efficiency   of  the   
mixing   while   reducing mechanical  wear and  power  consumption over  the  life of  the 
mixer.  Orange  County  Utilities (OCU), Orlando, Florida, owns and operates  the South  
Water Reclamation  Facility (SWRF)  that uses  mechanical  mixers  to  mix  the anoxic  
zones  in one  of  their three  treatment  trains  at  the facility.  
 

Almost a decade ago, the Southwest 
treatment train at SWRF was 
converted from a 7.5 mgd oxidation 
ditch to a 20.5 mgd step-feed 
Modified Ludzack-Ettinger (MLE) 
configuration. The mixers in the 
anoxic and swing zones have 
hydrofoil type impellers with 10 
horsepower (hp) motors and  right-
angle gearboxes. In recent years, the 
mechanical mixers have experienced 
severe ragging requiring extensive 
maintenance. In some instances, 
vibration caused by unbalanced forces 
on the shaft from accumulated rags 
has damaged  anchor bolts at the 
mixer support.  
 
Before embarking on a program to 

replace the mixers with newer, ragless mixers, OCU decided to field test the newer style mixers 
to verify the claims of true ragless performance. Four leading manufacturers of vertical-shaft 
mechanical mixers were asked to participate in side-by-side field tests of their mixers. The 
manufacturers were provide the details of the mixing zone and other requirements and were 
asked to size the mixers accordingly. The manufacturers designed and constructed appropriately 
sized mixers including impellers, shafts, base plates, and drive motors, and shipped the units to 
the project site for installation within the existing basin for the field-testing. The manufacturer of 
the original mixers had developed a ragless impeller, and so they shipped a new ragless impeller 
to replace the ragging impeller on one of the existing mixers for the testing. OCU had already 
purchased two ragless mixers from one of the other manufacturers, and so the testing included 

Exhibit 1 – Severe ragging seen on existing mixers at 
the Southwest Basin at SWRF 
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one of the existing mixers from this manufacturer. Two existing mixers were removed and 
replaced with the mixers from the two remaining manufacturers. 
 
Field tests were conducted over a 60-day period including: solids profile tests, residence 
time distribution (RTD) tests, and velocity profile tests. The solids profile tests were 
conducted to determine the maximum deviation of solids concentration from the average 
concentration across the tank in the zone of influence of the mixers. The RTD tests were 
conducted to determine the best fit of a tanks-in-series model to slug dye test results for each 
of the four mixers. The velocity profile tests were conducted to compare velocity magnitudes 
for the four mixer zones. At the end of the 60-day period, each mixer was visually inspected 
to determine the amount of rags that were accumulated over the lower shaft and the ragless 
impeller. 
  
This paper summarizes the results of the field tests and findings of the mixer evaluation study. 
 
Table 1 provides the specifics of the mixers supplied by the four manufacturers for the side-by-
side testing.  
 

Table 1 – Characteristics of Full-Scale Mixers Tested Side-by-Side at SWRF 
Mixer 
Characteristic 

Manufacturer A Manufacturer B Manufacturer C Manufacturer D 

Mixer Motor HP 10 1.5 5 7.5 
Type of Impeller Ragless 

Hydrofoil 
Ragless 
Hydrofoil 

Hyperboloid Ragless 
Hydrofoil 

Diameter of 
Impeller 

96 inches 108 inches 98 inches 89 inches 

Impeller Material 316 SS  316 SS  Fiberglass 316 SS  
Dimensions of 
Mixing Zone 

59’ long, 27’ 
wide, 14’ SWD 

59’ long, 27’ 
wide, 14’ SWD 

38’ long, 27’ 
wide, 14’ SWD 

59’ long, 27’ 
wide, 14’ SWD 

Volume of 
Mixing Zone 

166,800 gallons 166,800 gallons 107,500 gallons 166,800 gallons 

 
Figure 1 provides the layout of the test basin and the location of the mixers during the side-by-
side testing. The following sections summarize the results of the field tests and findings of the 
mixer evaluation study. 
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Figure 1 Test Basin Overall Plan 

 

RESULTS OF FIELD TESTS 
Field tests of the four mixers with ragless impellers were conducted during September and 
October of 2012. The following paragraphs describe the three field tests conducted. 

1.1 Solids Profile Tests 
Solids profile tests were conducted using an Insite Instrumentation Group Model 3150 optical 
solids probe. Initially, three grab samples were taken and TSS concentrations were measured in 
the laboratory using the Standard Methods procedure. Probe measurements were then calibrated 
by comparison with the grab samples and by measurement of the TSS concentration in a bucket 

Mixer by 
Manufacturer 
C (Existing 
Mixer) 

Mixer by 
Manufacturer 
A (New 
Impeller) 

Mixer by 
Manufacturer 
C 

Mixer by 
Manufacturer 
B 
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of clear water prior to each test. The general approach for all mixers was to take three sets of 
samples on the downstream side of the mixer walkway at five different depths and two sets of 
samples at five depths on the upstream side of the mixer walkway (avoiding the central sample 
location, which would be too close to the mixer to be used.) A schematic of the sample locations 
for a representative mixer is shown in Figure 2.  
 

 
Figure 2 Schematic of Sample Locations 

 
Results of the TSS sample measurements for all five mixers are presented in Table 2. The table 
shows the measured TSS concentrations at each location and depth. The bottom line in the table 
includes the average TSS concentration for all samples for a given test and the absolute value of 
the maximum deviation (positive or negative) from the average for each mixer. This maximum 
deviation gives a single index of mixer effectiveness. 
 
The data show that the Manufacturer A mixer had the lowest maximum deviation of TSS 
concentrations from the average concentrations. Figure 3 presents contour plots for each of the 
mixers in the EDC section view shown in Figure 2. The figures suggest that the Manufacturer A 
mixer produced the most uniformly mixed TSS profile. The other three mixers produced 
relatively well-mixed conditions in the tanks. The results for Manufacturer C indicated some 
accumulation of solids at the bottom of the tank. 
 
  

Flow 
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Table 2 – Total Suspended Solids Profile Data 

Sam
ple 

L
ocation 

Sam
ple D

epth 
(ft) 

Manufacturer 
A 

Manufacturer B Manufacturer 
C 

Manufacturer D 

T
SS (m

g/l) 

%
 

D
eviation 

T
SS (m

g/l) 

%
 

D
eviation 

T
SS (m

g/l) 

%
 

D
eviation 

T
SS (m

g/l) 

%
 

D
eviation 

A 1 2,960 1.46% 2,850 -0.51% 2,930 1.58% 2,970 2.41% 
 2 2,890 -0.94% 2,790 -2.60% 2,870 -0.50% 2,920 0.69% 
 5 2,920 0.09% 2,880 0.54% 2,890 0.19% 2,970 2.41% 
 10 2,960 1.46% 2,850 -0.51% 2,800 -2.93% 3,030 4.48% 
 12 3,000 2.83% 2,900 1.24% 2,850 -1.20% 3,060 5.52% 

B 1 2,960 1.46% 2,870 0.19% 2,830 -1.89% 2,990 3.10% 
 2 2,840 -2.66% 2,810 -1.90% 2,750 -4.66% 2,960 2.07% 
 5 2,900 -0.60% 2,830 -1.20% 2,750 -4.66% 2,970 2.41% 
 10 2,810 -3.68% 2,820 -1.55% 2,800 -2.93% 2,910 0.34% 
 12 2,960 1.46% 2,870 0.19% 2,900 0.54% 3,050 5.17% 

C 1 2,890 -0.94% 2,920 1.94% 2,950 2.27% 2,980 2.76% 
 2 2,980 2.14% 2,910 1.59% 2,960 2.62% 2,810 -3.10% 
 5 2,970 1.80% 3,000 4.73% 2,750 -4.66% 2,830 -2.41% 
 10 2,980 2.14% 3,000 4.73% 2,850 -1.20% 2,870 -1.03% 
 12 2,980 2.14% 2,950 2.98% 3,100 7.47% 2,950 1.72% 

D 1 2,990 2.49% 2,900 1.24% 2,900 0.54% 2,840 -2.07% 
 2 2,850 -2.31% 2,840 -0.86% 2,850 -1.20% 2,780 -4.14% 
 5 2,880 -1.29% 2,620 -8.54% 3,000 4.00% 2,760 -4.83% 
 10 2,910 -0.26% 2,600 -9.23% 2,900 0.54% 2,760 -4.83% 
 12 2,860 -1.97% 2,960 3.33% 3,100 7.47% 2,900 0.00% 

E 1 2,940 0.77% 2,810 -1.90% 2,950 2.27% 2,880 -0.69% 
 2 2,920 0.09% 2,840 -0.86% 2,800 -2.93% 2,890 -0.34% 
 5 2,870 -1.63% 2,890 0.89% 2,750 -4.66% 2,910 0.34% 
 10 2,910 -0.26% 2,920 1.94% 2,850 -1.20% 2,940 1.38% 
 12 2,950 1.11% 2,930 2.29% 2,950 2.27% 3,020 4.14% 
Average/ 

Maximum 2,918 3.68% 2,865 9.23% 2,885 7.47% 2,900 5.52% 
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Figure 2 Solids Profile Contours for Section View EDC

Manufacturer  A Manufacturer B 

Manufacturer C Manufacturer D 
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1.2 Residence Time Distribution Tests 

The second field test conducted at SWRF was a residence time distribution (RTD) test. The aim 
of the RTD test was to determine the character of each mixer zone relative to an equivalent 
number of tanks-in-series between the extremes of 1.0 for a completely mixed tank to infinity for 
a plug flow tank. Using this number as an index of mixing, the mixer zone with the closest 
approximation to a 1.0 tanks-in-series RTD fit would be the most effectively mixed.  

The RTD test was conducted using Rhodamine WT fluorescent dye and a Turner Designs 
AquaFluor® handheld fluorometer. A slug of Rhodamine WT was added to each mixer zone at a 
location upstream of the mixer and samples were withdrawn at intervals from a location 
downstream of the mixer. 

The RTD theory is described in detail by Levenspiel (1972). It theory recognizes that:  

“Elements of fluid taking different routes through the reactor may require different lengths of 
time to pass through the vessel. The distribution of these times for the stream of fluid leaving the 
vessel is called the exit age distribution, E, or the residence time distribution, RTD of the fluid.” 
(p. 255)  

The exit age distribution can be thought of as the ratio of the measured dye concentration from 
the tank divided by the concentration resulting from instantaneous mixing of the dye slug into 
the tank volume.  

The exit age distribution, E, is typically plotted against the relative hydraulic residence time, θ, to 
illustrate the RTD of the tank. The relative residence time is the expired time for a given dye 
sample divided by the theoretical hydraulic residence time (HRT) for the tank volume. The HRT 
is the tank volume divided by the flow through the tank. For the tests at SWRF, the combined 
mixed liquor flow to the Southwest Basin, including the influent flow and the return activated 
sludge flow, was provided by plant staff for the time of each dye sample withdrawal. The 
average combined flow through the tank was in the range of 25.5 to 26 mgd for the four tests. 
The tests were conducted at approximately the same time on separate days to ensure that no 
residual dye from a previous day’s test was included in the flow. The mixer zone volume for the 
mixer manufacturers A, B, and D was approximately 167,000 gallons, yielding an HRT of 
approximately 9.5 minutes. The mixer zone volume for the mixer manufacturer C was 
approximately 108,000 gallons resulting in a HRT of approximately 6 minutes. 

For each mixer RTD, a least-squared best fit was made to a tanks-in-series model of the tank. A 
tanks-in-series model assumes ideal (instantaneous) mixing for a single tank and considers the 
real tank as a series of ideal tanks operating in series. In this kind of model, hold-up of dye from 
a slug dose is produced by the fact that effluent from each individual tank-in-series requires time 
equal to the HRT of the individual tank to reach the exit of the tank. 

Best-fit tanks-in-series indices for the five mixers varied from 1.7 to 2.3 as shown in Table 3. 
This relatively close grouping of the RTD characteristic probably indicates that flow-through 
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velocity and upstream mixing conditions have as much to do with the RTD characteristic as the 
mixer. For this reason, it was suggested that results from this test be given less weight in the 
comparison of mixers than the solids and velocity profile tests, which measured mixing 
characteristics directly adjacent to each mixer. 

 

Table 3 Test Results from RTD Tests 

Manufacturer Motor Power (hp) No. Tanks-in-Series 
A 10.0 2.0 
B 1.5 2.3 

C 5.0 1.7 

D 7.5 1.7 

1.3 Velocity Profile Tests 

On October 25 and 26, 2012 velocity measurements were recorded in the mixer zones using a 
Hach Model FH950 velocity meter. Velocity measurements in the horizontal and vertical 
direction were taken at the approximate locations of the TSS profile measurements for each 
mixer. The velocity magnitude is the square root of the sum of the squares of individual 
horizontal or vertical velocity measurements at each location. As such, the magnitude is non-
directional; the velocity magnitude is the absolute value of the average velocity at each sample 
point.  

The average of all velocity magnitudes for each mixer is shown in Table 4. The Manufacturer A 
mixer had the highest average velocity at 0.73 feet per second (ft/sec). This mixer showed a 
strong downward velocity in the center of the tank cross section with upward velocities on either 
side near the tank walls. The mixers by Manufacturers B, C and D showed the next highest 
average velocities in the range of 0.50 to 0.38 ft/sec. 

 

Table 4 Test Results from Velocity Profile Tests 

Manufacturer Motor Power (hp) Velocity Magnitude (ft/sec) 

A 10 0.73 

B 1.5 0.50 

C 5 0.38 

D 7.5 0.36 
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1.4 Visual Observations 

At the end of approximately 60 days of continuous operation, each mixer was inspected for 
ragging on the impeller. The mixers were lifted out of the basin for visual inspection. No evident 
ragging was observed around either the impeller or the shaft of the mixers by Manufacturers A 
and D. Some ragging was observed around the shaft of the mixer by Manufacturer B. On the 
other hand, significant ragging was observed on the mixer by Manufacturer C. The flow to the 
entire basin was shut down prior to lifting out the mixer by Manufacturer C. Rags were observed 
to have accumulated around the shaft at the liquid surface that eventually caught on the impeller 
as the mixer was lifted out; however, it was not possible to discern if the entire mass of rags 
formed at the surface. The mixer by Manufacturer C was purchased by OCU in 2008 and had 
been in operation without cleaning since that time. Figures 3 through 6 are photos of the mixers 
immediately after they were pulled out of the basin for inspection. 

 
Figure 3 Photo of Mixer by Manufacturer A During the Inspection 
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Figure 4 Photo of Mixer by Manufacturer B During the Inspection 

 

 
Figure 5 Photo of Mixer by Manufacturer C During the Inspection 
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Figure 6 Photo of Mixer by Manufacturer D During the Inspection 

 

1.5 Comparison of Mixers 

Table 5 presents a comparison of the mixer test results showing their relative power input 
required to produce equivalent uniformity of mixing. The power required for each mixer was 
converted to an estimated power per unit volume required to produce a deviation of mixer solids 
of 10 percent. The mixer unit power draw required to achieve a 10 percent deviation was 
calculated from the test results by a assuming a directly proportionate ratio. This ratio is based on 
the assumption that power and mixing intensity for a given mixer are directly proportional. The 
comparison shows that the mixer by Manufacturer B had the lowest power requirement to 
achieve the 10 percent deviation at less than 7 horsepower per million gallons of mixer zone 
volume (hp/MG). The other mixers all have a required unit power at least twice as high as 
Manufacturer B.  

Table 6 presents a similar comparison for velocity magnitude. For this comparison, the average 
velocity magnitude of 0.5 ft/sec was taken as the target value for good mixing. By this 
measurement, the mixer by Manufacturer B had the best ranking. The testing indicates that a 
power level of 7 hp/MG would be required for this mixer to achieve an average velocity level of 
0.5 ft/sec across the mixer profile. Based on the testing, the other mixers would require at least 
three times as much unit power to achieve the same result.  
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Table 5 Comparison of Mixer Total Suspended Solids Profile Test Results 

Manufacturer 

Motor 
Nameplate 
Power (hp) 

Measured 
Power Draw 

(hp) 
Volume 

(gal) 

Unit 
Power 

(hp/MG) 
% TSS 

Deviation 

Equivalent 
Power for 

10% Deviation 
(hp/MG) 

A 10 6.8 166,800 41 3.7% 14.9 
B 1.5 1.2 166,800 7 9.2% 6.6 
C 5 2.9 107,500 27 7.5% 20.1 
D 7.5 6.5 166,800 39 5.5% 21.5 

 

Table 6 Comparison of Mixer Velocity Profile Test Results 

Manufacturer 
Measured 

Power 
Draw (hp) 

Volume (gal) 
Unit 

Power 
(hp/MG) 

Average 
Velocity 

Magnitude 
(ft/sec) 

Required Unit Power 
for 0.5 ft/sec Velocity 
Magnitude (hp/MG) 

A 6.8 166,800 41 0.73 27.9 
B 1.2 166,800 7 0.50 7.2 
C 2.9 107,500 27 0.38 35.9 
D 6.5 166,800 39 0.36 53.5 

QUALITATIVE EVALUATION CRITERIA 

A list of six non-economic and economic factors were identified (see Table 7) to use for 
comparing the mixers. Information presented in Table 7 was revised based on input received 
from OCU at a workshop meeting. The industry standard for acceptance of mixing equipment is 
based on percent deviation of total suspended solids within the mixing zone. Since residence 
time distributions and velocity profiles are indirect indicators of the mixing within the mixing 
zone, they were eliminated from the list of evaluation criteria. Therefore, the evaluation 
considered only four key parameters. 

Evaluation criteria were assigned weighted values from one to four based on the overall 
significance of the criterion to mixer selection. The criterion with the most significance received 
a weight of four and the criterion with the least significance received a weight of one. Each 
mixer was individually scored on a scale of one to five depending on how the mixer performed 
against that criterion with one being the least favorable and five being the most favorable.  

The qualitative criteria were scored based on the subjective opinion of the Carollo team with 
input from the OCU staff. The numeric scores for these criteria were then included in the scoring 
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table. The score for each mixer was multiplied by the weighted criteria value. Each 
multiplication product was added to calculate the overall score for each mixer.  

Based on the scoring matrix presented in Table 7, the mixers as manufactured by all four 
manufacturers were recommended to be included in the technical specification for vertical, shaft-
driven, mechanical mixers as the only acceptable mixers for all future OCU projects. It was 
further recommended that the “or equal” clause not be used in the bid specification. 
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Table 7 Mixer Ranking Scoring Sheet 

No. 

Potential 
Screening 
Criterion 

Weighting 
(1 – 4) 

Mixer Manufacturer A 
Mixer Manufacturer 

B 
Mixer Manufacturer 

C Mixer Manufacturer D 
Raw 

Score 
Weighted 

Score 
Raw 

Score 
Weighted 

Score 
Raw 

Score 
Weighted 

Score 
Raw 

Score 
Weighted 

Score 

1 Total Suspended 
Solids Profile 4 5 20 4 16 4 16 4 16 

2 Visual Inspection 
(Ragging) 2 5 10 1 2 1 2 5 10 

3 No. of 
Installations 1 2 2 2 2 5 5 4 4 

4 20-year NPW 
Cost 3 2 6 5 15 4 12 2 6 

TOTAL SCORE   38  35  35  36 
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