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DESIGN AND OPERATION OF FIELD-SCALE CRYSTALLIZER 

Design of the Field-Scale Crystallizer 

 The continuous laboratory-scale crystallizer system for phosphorus removal was scaled up to 

a design useful for testing on a hog farm.  The design is exhibited in Figure 45, which is a schematic 

representation of the system showing principal components only.  The lagoon pump draws raw 

lagoon liquid through a foot valve and pumps it through pressure regulators to the bottom of the 

crystallizer cone (the main cone) and to the bottom of dissolver cone.  The lagoon liquid flowing 

toward the dissolver cone receives a metered flow of CO2 arriving from a pressurized tank and passes 

through a float valve before entering the dissolver cone.  Mg solution overflows the dissolver cone, 

which is equipped with a ball valve and drain, into the surge tank.  The Mg solution is moved from 

the surge tank by the Mg pump through a meter into the bottom of the crystallizer cone, where it is 

injected into the raw lagoon liquid entering that cone.  Ammonia being fed from a pressurized tank 

through a meter also is injected at the bottom of the crystallizer cone.  Treated liquid overflows from 

the top of the crystallizer cone.  The crystallizer cone is equipped with a product chamber and basket, 

and both cones have plug valves. 

Additional description of the main components is provided below.  Appendix C presents a 

detailed list and description of all components. 

The capacity of the system, 117 gallons (gal) per h (443 L/h) of lagoon water, was estimated 

to accommodate one thousand hogs of 150 pounds (68 kg) each.  The capacity estimate is equal to 

17,850 gal (67,650 L) per week, the average weekly volume of manure slurry (feces, urine, and 

excess water) produced by that quantity of hogs in a flush system (Barker et al., 1994), inflated by 

10% to allow for occasional interruptions in crystallizer operation.  It was assumed that the 

crystallizer would treat only the stream of lagoon water going to irrigation, which would have to 

average the same volume rate as the manure slurry entering the system if there are no other net  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: Schematic Representation of Field-Scale Crystallizer, Showing Principal Components 
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inflows.  Water for flushing was assumed to be recycled from the lagoon, resulting in no net inflow 

for flushing. 

Net rainfall (rainfall minus evaporation) was assumed to be zero to approximate the condition 

of a covered lagoon.  For an open lagoon, the calculation would need to recognize net rainfall onto 

the lagoon.  As an example, if 20,000 square ft (1,859 square meters, or m2) of lagoon surface were 

attributed to the one thousand hogs, rainfall were estimated at 125 cm per year and evaporation at 100 

cm per year, then an additional 15.3 gal per hour (58.0 L/h) of capacity would be needed.  The 

additional capacity would amount to a 13% increase. 

Dimensions of the Main Cone 

 The scaled-up capacity, 117 gal per h (443 L/h), is equal to nine times the flow rate at which 

the laboratory system operated during the testing in the first stage.   Assuming the same particle size 

distribution in the bed material, the liquid upflow velocity needed to fluidize the bed to the same 

degree needs to be the same as that used in the laboratory cone.  Because the upflow velocity varies 

inversely with the square of the diameter of the cone, a flow nine times greater in volume per time 

flowing through a cone three times the diameter will yield the same upflow velocity.  Therefore, to 

achieve the same range in upflow velocity, the minimum and maximum diameters of the field scale 

unit would need to be triple those of the laboratory scale cone.  Also, to approximate the same 

character of liquid flow in the cone, the pitch of the slope of the side would need to be the same.  The 

result is that the field scale cone would measure 1.5 in. (3.81 cm) and 12 in. (30.5 cm) in. diameter at 

the bottom and top respectively and 47 in. (119.4 cm) in height. 

 Rather than targeting the same fluid flow characteristics as those observed in the laboratory, 

however, it was preferred to reduce the tendency toward channeling observed in the laboratory 

system.  Because a more gradual increase in diameter with height was thought likely to reduce the 

tendency, two changes were made to reduce the pitch of the sides.  First, the top diameter was 
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reduced from 12 in. (30.5 cm) to 10 in. (25.4 cm), and second, the height was increased from 47 in. 

(119.4 cm) to 60 in. (152.4 cm).   

The principal concern associated with these changes is that the narrowing of the cone and 

resulting increased upflow velocity at the cone top could elevate the bed top, risking overflow of bed 

material with the exiting liquid.  However, the concern is ameliorated by three factors. 

First, the changes increase the upflow velocity at the top to the velocity that would otherwise 

have existed less than one-fifth of the way down into the cone.  The bed top in the laboratory cone 

reached near this height only during periods of abnormal bed buildup due to lack of product 

discharge, a problem unlikely to arise in the field unit.   

Second, according to the plug-flow liquid, mixed bed (PLMB) model, which best predicted 

the observed behavior of the laboratory unit, two-thirds less mass of bed material than that resulting 

from a volumetric scale-up of the cone and bed is required to achieve the lab-observed phosphorus 

reduction.   According to the model, the extent of reaction will be the same if the surface area is 

increased in proportion to the liquid flow rate.  Therefore, only nine times as much bed mass 

(assuming equal particle size distribution) is required because the flow is nine times greater, as 

opposed to a volumetric scale-up, which would require 27 times the bed mass (by cubing the one-

dimensional scale-up factor of 3).   Volumetric scale-up would result in a bed-top height in the field 

unit at about the same percentage of total cone height as observed in the laboratory unit.  The scale-up 

by flow rate (factor of nine) results in a bed only one-third the mass, so its top height would be 

expected to be lower, because the bed height in the laboratory system was observed to lower with less 

bed mass.  Therefore, the reduced bed mass in the field unit in comparison with the overall cone 

volume provides additional safety margin against bed material overflow resulting from reducing cone 

top diameter.  In fact, bed mass could be allowed (and was allowed) to build beyond the factor of 

nine—that is, up to a point more than halfway up the cone, but not so high as to threaten overflow—

to achieve even greater contact time than that in the laboratory.   
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Third, the increase in cone height increases the cone volume, further reducing the height to 

which a bed of a given mass and density would fill the cone.  The height of 60 in. (152.4 cm) was 

selected because it was judged to be the maximum that would still permit easy access to the cone top 

using a small stepladder.  

Mg Portion of the System  

The Mg portion of the system was designed around the process that the preliminary Mg tests 

suggested was best suited for producing Mg-supplementing liquid; that is, infusion of a bed of feed-

grade calcined magnesite with carbonated lagoon water.   (Due to the challenges involved in 

laboratory handling of CO2, the laboratory system did not use it but rather used HCl to simulate its 

effects.)  For flexibility and economy, a cone of the same dimensions as that used for the crystallizer 

was specified for this function in the field-scale system.  As seen in Figure 45, from the flow of 

lagoon liquid feeding the crystallizer, the design provided for drawing of a small stream of the liquid, 

mixing it with CO2 flowing from a pressurized cylinder, and feeding it into the bottom of the Mg-

dissolving cone (“dissolver”).  In the cone, it flows through the magnesite bed, and then overflows 

into a tank from which it is fed into the bottom of the crystallizer.  

The Mg portion of the system can also accommodate brine of magnesium chloride or other 

Mg salts as the Mg source.  In this case, the brine is placed in the overflow tank and then fed into the 

crystallizer in the same manner as would carbonated, magnesite-exposed lagoon water. 

Other Aspects of the Cones 

Both cones were equipped with plug valves, easily accessed and operated from the cone top.  

These valves permit operators to close the bottom of each cone easily to support the bed when the 

liquid flow is shut off.  Both cones were manufactured to specifications by laying up unsaturated 

polyester resin with fiberglass reinforcing.  Ultraviolet (UV) stabilizers were incorporated to reduce 

degradation induced by sunlight.  Fiberglass was applied in a manner preserving as much 

transparence as possible, to permit easier viewing of the bed top and bed behavior.  Flexible drain 
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piping was adapted to the flange on the overflow connection on both cones.  The cones were 

supported by an aluminum framework provided with rubber cushions at the contact points. 

The crystallizer cone was designed with a stainless steel product chamber having an acrylic 

window on one side and a removable door on the other.  A stainless steel product collector basket was 

designed in such a way as to allow being placed into and removed from the chamber through the 

removable door and viewed through the window.   

Ammonia Delivery 

The ammonia delivery into the crystallizer cone bottom was also specified to be 

accomplished through feed from a pressurized cylinder.  A perforated bell attachment for the exit end 

of the ammonia delivery tube was provided to diffuse the ammonia into small bubbles, thus 

encouraging faster dissolution and pH reduction. 

Standard Components 

The remaining components, necessary for transporting and controlling the flows of the liquids 

and gases, were more common items and therefore could be specified as stock items from 

manufacturers.  The most important of these were pumps, conduits, valves, meters, pressure 

regulators, and strainers. 

Two pumps were specified.  The main liquid pump is a centrifugal pump of the type used for 

water wells.  This design is appropriate for drawing liquid from a level below the pump, which is the 

case here.  The pump for feeding liquid from the Mg tank is a variable speed gear pump, suitable for 

maintaining rather low flows of liquid at a specified level. 

The conduits for the lagoon liquid and Mg solution were PVC pipe where rigid conduit was 

acceptable, and high-pressure rubber hose where flexibility and ability for easy disconnect and re-

connect were required.  The gases flowed through high-pressure tubing made of UV-stabilized linear 

low-density polyethylene. 
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Valves for the liquids were placed at crucial points for controlling flow and isolating 

components when necessary.  The valves were threaded-stem gate valves except for two ball valves 

in piping under the cones, where quicker activation may be necessary.  Valves for the gases were of 

standard type for pressurized gases and were incorporated into the gas pressure regulators and meters, 

discussed below.  A float valve was used on the Mg tank for maintaining a proper level.  A check 

valve was provided at the bottom of the dissolver to prevent backflow during periods of operation 

when Mg solution flow was low or zero to prevent overfilling of the Mg tank.  A check valve was 

also provided at the intake in the lagoon to retain liquid in the suction line while the system is shut 

down, thus obviating the need to re-prime the main pump each time the system is re-started. 

Two liquid flow meters of the float-and-tube type were used.  One indicated the flow rate of 

raw lagoon liquid into the crystallizer, and the other indicated the flow rate of Mg solution into the 

crystallizer.  Two gas flow meters were used—one on the ammonia and the other on the CO2.  Both 

incorporated a floating ball-in-tube for flow indication and a needle valve for flow control. 

Two pressure regulators were used for the feeding of raw lagoon liquid.  One regulator 

stepped the pressure down from the lagoon pump discharge pressure to a lower, constant pressure to 

allow easier control over the flow rate into the crystallizer with a simple gate valve and flow meter.  

The other regulator stepped the pressure down further to that required for accepting the CO2 feed.  

The CO2 and ammonia cylinders were each fitted with a pressure regulator to reduce the pressure 

from that in the tank to the constant, lower pressure required downstream. 

A coarse strainer was provided at the end of the hose drawing liquid from the lagoon.  Finer 

strainers were provided just upstream of each liquid pressure regulator. 

Operating Method for the Field Scale Crystallizer 

 Operation of the system requires procedures for startup, shutdown, and product removal.  

Each of these sets of procedures is described in Appendix D. 
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Results 

 Results for the test runs and the factorial experiments are reported below.  In the test runs, the 

raw lagoon water ranged in pH from 7.84 to 8.25 and contained 40-49 ppm Mg, 107-123 ppm TAN, 

22-30 ppm OP, and 54-69 ppm TP.  In the factorial experiments, it ranged in pH from 7.69 to 7.72 

and contained 53-66 ppm Mg, 176-180 ppm TAN, 38-46 ppm OP, and 82-93 ppm TP.  

Test Runs 

 The system was operated in fifteen test runs, each lasting 0.5 to 29.5 h.  These runs aimed to 

test whether the system would operate as planned, to develop ability to run smoothly in preparation 

for factorial experiments, and to obtain some limited data on variation of phosphorus reduction 

performance with Mg and ammonia addition.  The results of the test runs are summarized in Table 17. 

 
Table 17:  Results from Test Runs with Field-Scale System 

 
Total Phosphorus (TP) Orthophosphate 

Phosphorus (OP) 
Bed height 

(cm) 
Run # Dura- 

tion 
 (h) Raw 

(ppm)  
Treat-

ed 
(ppm) 

Reduc- 
tion 

Raw 
(ppm) 

Treat-
ed 

(ppm) 

Reduc-
tion  

Begin end 

Product 
removed 

(kg) 

Esti-
mated 

Mg 
added 
(ppm) 

1 1 62.4 33.3 47 % 29.4 20.2 31% 90 90 0 29 
2 4.5 56.3 25.9 54 % 25.4 15.4 39 % 90 86 0 60 
3 6 63.1 31.2 51 % 29.1 14.5 50 % 86 86 0 46 
4 5 68.7 21.9 68 % 27 17.8 34% 86 90 0 33 
5 4 59 20.3 66 % 22.1 16.7 24 % 90 97 0.66 28 
6 4 58 27.5 53 % 25.4 19.7 22 % 88 93 0 24 
7 6 57.7 28 51 % 22.2 16.7 25 % 93 98 0 19 
8 29.5 60.2 27.1 55 % 25.2 16.3 35 % 98 112 3.42 7 
9 24 54.1 40.8 25 % 25.7 16.4 36 % 80 119 1.6 10 

10 5 54.6 37.3 32 % 29.7 13.4 55 % 114 116 0 11 
11 6.4 59.5 38.2 36 % 33.6 14 58 % 116 117 0 11 

12* 2 61.5 46.2 25 % 27.2 15.2 56 % 116 115 0 20 
13 1.5 60.4 28.6 53 % 30.3 13.1 57 % 115 114 0 Off 

14* 2.8 61.6 58.7 5 % 28 25.5 9 % 114 113 0 Off 
15* 0.5 65.2 62.6 4% 27.7 23.8 14 % 117 117 0 17 

* Ammonia was off for runs 12, 14, and 15.  

 
 
The crystallizer was initially loaded with a small bed, consisting of 2.1 pounds (0.95 kg) of 

product from the laboratory-scale crystallizer.  During the first 9 runs, product was removed at the 
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end of a run if the level had risen to two-thirds the height of the crystallizer, to lessen the risk of bed 

carry-over into the treated liquid.  Also, if the bed had become heavy enough that channeling was 

observed, product was drained to achieve more homogeneous fluidization.  In the remaining runs, the 

bed was allowed to build to around 75% of the crystallizer height, and no channeling was observed. 

For the first eleven runs, the targeted Mg supplementation was 30 ppm and ammonia was 

added to raise pH 0.75 points.  For runs 12 and 15, ammonia was turned off while Mg continued; for 

run 13, Mg was off while ammonia flowed; and for run 14, both were turned off.  Augmentation in 

TAN averaged 40 to 45 ppm as nitrogen when ammonia was being added, with TAN in raw liquid 

ranging from 107 to 124 ppm and ranging from 140 to 175 ppm in the treated liquid. 

Samples of the raw liquid, treated liquid, and Mg solution were collected at times evenly 

spaced out across each run.  The samples were blended into one sample for each run (with the 

exception of run 8, for which two blended samples were produced) and analyzed for TAN, TP, OP, 

and Mg.  Analysis results for run 8 appearing in Table 17 are the average of the two blended samples.  

 In the 11 runs with ammonia and Mg both flowing, TP reduction ranged from 25% to 68%, 

with 7 runs achieving greater than 50% reduction.  When ammonia or Mg or both were off, TP 

reduction ranged from 4% to 53%.  In 8 of the 11 runs with ammonia and Mg flowing, the TP 

reduction was greater than can be explained solely by precipitation of dissolved OP.  In these cases, 

the percentage reduction in TP exceeded the percentage of TP accounted for by OP in the raw liquid, 

sometimes by wide margins.  For example, in test runs 4 and 5, only 39% and 37%, respectively, of 

the TP in the raw liquid is accounted for by OP, but TP reduction was 68% and 66%, respectively.  

This comparison suggests, as did similar comparisons on results with the laboratory-scale unit, that 

another phosphorus removal mechanism may occur. 

 The system operated in general as planned; however, fluctuations in pH and Mg flow, 

possibly causing the inconsistencies observed in phosphorus reduction, were experienced.  The 

fluctuations were traced to two difficulties that needed to be addressed. 
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First, scaling of the diffusing bell, through which the ammonia flowed into the lagoon liquid 

at the dissolver bottom, obstructed the flow of the ammonia.  To maintain the target pH rise, the 

ammonia pressure needed to be continually raised to compensate for the obstruction.  Eventually, 

obstruction was complete and no ammonia could flow.  The obstructed bell was replaced with a clean 

one, but the scaling occurred again.  To solve the problem, the bell was removed, leaving a plain-

ended tube to admit the ammonia to the liquid.  Despite the absence of the diffusing bell, the 

ammonia dissolved well into the liquid, and the system was therefore operated without it.    

The other problem was that the Mg-dissolving system proved difficult to control closely.  The 

regulator controlling the liquid pressure to the carbonating area operated unsteadily, slowing and 

speeding the flow over cycles lasting an hour or more, rather than reaching and holding a steady flow.  

The flow cycling resulted in cycling of pH in the liquid entering the dissolver and thus also in Mg 

content of the Mg-supplementing liquid. The system was designed to achieve about 300 ppm Mg in 

the supplementing solution, but through the test runs the actual content achieved ranged from 68 to 

599 ppm.  This fluctuation resulted in actual supplementation ranging from 7 to 60 ppm.  The Mg 

system was operated in this manner through the test runs, and with some improvements could suffice 

in the future for extended operation where fine control, as for experimentation, is not required.  

However, it was decided after completing the test runs that, to achieve fine control for the factorial 

experiment to follow, Mg solution would be made by mixing Mg chloride into lagoon liquid in the 

Mg surge tank and fed with the Mg pump and flowmeter at the flow rate required to achieve 

prescribed levels of Mg supplementation in the crystallizer. 

Factorial Experiment 

Methods 

 An experiment was conducted to test the extent of phosphorus removal at three Mg addition 

rates (addition of 0, 30, and 60 ppm), addition of ammonia to raise pH by three increments (none, 0.5 

point rise, and 1.0 point pH rise), and two liquid flow rates  (90 gal, or 341 L, per h; and 150 gal, or 
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568 L, per h).  The experiment was organized into a randomized complete block design, with each 

block being conducted on a separate day.  

In each block, the system was run in all eighteen combinations (in random order) of the levels 

of the three variables.  For each combination, the levels were set and the crystallizer allowed to run 

through at least two residence times to ensure changes resulting from setting the levels had worked 

through the system.  Then a sample of the treated liquid was collected for TP and OP analysis.  

During each block, samples of the raw liquid were also taken and blended into a single large sample 

representing the raw liquid for that block.   

Product was removed between blocks to keep the bed height nearly constant. Bed height 

ranged from 97 to 108 cm at the lower liquid flow rate and from 110 to 119 cm at the higher flow 

rate.  Mg addition was by magnesium chloride solution, made by mixing magnesium chloride solid 

into lagoon liquid in the surge tank and acidifying with sufficient HCl to keep pH below 6.7 to avoid 

struvite precipitation in the tank. The solution was fed by the Mg pump, using the Mg flow meter to 

achieve the flow rate required for the prescribed Mg addition level.  Ammonia was admitted into the 

liquid through a plain-ended tube with no diffusing bell. 

Results 

Operation was smooth through all three blocks, and pH and Mg flow were well controlled.  

Ammonia addition in ppm TAN was not monitored.  However, the ammonia flow meter settings 

required to achieve the pH reductions were in the same range as those observed in the test run, when 

50 to 100 ppm TAN of ammonia addition was achieved.  Reduction in TP ranged from -4.9 % to  

81.9 %, and reduction in OP ranged from 3.7 % to 87.1 %.  When ammonia and Mg were being 

added, TP reduction averaged 70.2% and OP reduction averaged 77.3%. Again, the degree of TP 

reduction cannot be explained solely by dissolved OP precipitation, because OP constituted only 64% 

of the TP in the raw liquid, on average.   Table 18 shows the TP and OP content of the raw liquid for 

each block and the reduction from those levels achieved at each condition set.   



 159

Table 18:  Detailed Results from Factorial Experiment with Field-Scale System 

 BLOCK 1 BLOCK 2 BLOCK 3 
 TP OP TP OP TP OP 
Raw liquid 91.8 ppm 54.7 ppm 85.9 ppm  53.6 ppm 87.7 ppm 61.4 ppm 
Reductions in treated 
liquid at 90 gal/h 
(341 L/h) 
pH rise Mg added 

 

None None -0.9 % 16.8%  -4.9 % 4.7 % 6.6 % 16.8 % 
None 30 ppm 15.1 % 20.3 % 19.9 % 15.7 % 9.1 % 32.1 % 
None 60 ppm 12.5 % 24.3 %  29.2 % 17.0 % 28.4 % 31.9 % 
0.5 None 57.1 % 61.6 % 61.0 % 53.2 % 60.2 % 67.3 % 
0.5 30 ppm 61.0 % 73.5 % 70.4 % 67.7 % 77.2 % 78.0 % 
0.5 60 ppm 68.3 %  77.7 % 63.6 % 81.2 % 74.1 % 87.1 % 
1.0 None 64.7 % 66.9 % 62.8 % 66.2 % 65.1 % 69.9 % 
1.0 30 ppm 81.9 % 79.0 % 76.4 % 72.4 % 81.3 % 81.8 % 
1.0 60 ppm 70.4 % 78.4 % 78.5 % 71.8 % 68.6 % 77.8 % 
Reductions in treated 
liquid at 150 gal/h 
(568 L/h) 
pH rise Mg added 

 

None None 8.7 % 9.9 % 9.4 % 3.7 % 1.6 % 24.3 % 
None 30 ppm 12.3 % 15.7 % 9.8 % 14.7 % 13.9 % 34.5 % 
None 60 ppm 9.2 % 20.7 % 5.4 % 23.7 % 29.0 % 37.3 % 
0.5 None 36.9 % 50.6 % 35.8 % 49.6 % 52.9 % 67.8 % 
0.5 30 ppm 50.5 % 61.4 % 69.7 % 70.2 % 69.6 % 80.0 % 
0.5 60 ppm 63.4 % 78.1 % 63.9 % 75.6 % 74.5 % 81.4 % 
1.0 None 55.8 % 61.6 % 66.4 % 60.4 % 66.9 % 70.0 % 
1.0 30 ppm 72.6 % 79.9 % 71.0 % 77.6 % 80.5 % 86.4 % 
1.0 60 ppm 71.2 % 81.2 % 73.5 % 74.8 % 74.1 % 82.9 % 

 
 
Figures 46 through 49 summarize the data graphically.   Figure 46 shows, for the lower liquid 

flow rate, TP reduction versus amount of Mg added for the three pH adjustment levels, while  

Figure 47 shows OP reduction for the same conditions.  Figures 48 and 49 show the data for the 

higher flow rate.  In the figures, each point represents the average of all three results (one from each 

block) for the specified condition set (liquid flow rate, pH adjustment level, and Mg addition rate).   

The data were also analyzed statistically by conducting analyses of variance and regressions.  

Table 19 shows the results of a complete analysis of variance, treating TP reduction as the dependent 

variable.  The analysis included the effects of the three independent variables (flow rate; Mg level; 

and pH level, identified as “ammonia” in the tables) as well as all quadratic and interaction effects of  
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Figure 46: TP Reduction (%) vs. Magnesium added (ppm)
 at Lower Flow Rate (341 L/h)
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Figure 47: OP Reduction (%) vs. Magnesium added (ppm)
 at Lower Flow Rate (341 L/h)
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Figure 48: TP Reduction (%) vs. Magnesium added (ppm)
 at Higher Flow Rate (568 L/h)

0

10

20

30

40

50

60

70

80

0 10 20 30 40 50 60 70
Magnesium  added (ppm)

TP
 R

ed
uc

tio
n 

(%
)

pH adj. = 1 pt rise
pH adj. = 0.5 pt rise
no pH adj.

 

Figure 49: OP Reduction (%) vs. Magnesium added (ppm)
 at Higher Flow Rate (568 L/h)
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Table 19: Analysis of Variance for Field-Scale TP Reduction, 
Including All Effects of Independent Variables 

 (significant effects, with p-value 0.02 or less, indicated in bold type) 

Source Sum of 
Squares 

Degrees of 
Freedom 

Mean 
Square 

F value p-value 

Block 419.6 1 419.6 12.3 0.0013 
Block x block 4.0 1 4.0 0.1 0.7354 
Ammonia 31648.4 1 31648.4 926.1 <0.0001 
Flow 220.4 1 220.4 6.4 0.0158 
Magnesium 1759.8 1 1759.8 51.5 <0.0001 
Ammonia x magnesium 62.1 1 62.1 1.8 0.1866 
Flow x magnesium 1.7 1 1.7 0.0 0.8231 
Ammonia x flow 0.1 1 0.1 0.0 0.9549 
Ammonia x ammonia 4856.2 1 4856.2 142.1 <0.0001 
Magnesium x magnesium 450.2 1 450.2 13.2 0.0009 
Ammonia x ammonia x 
magnesium 

50.0 1 50.0 1.5 0.2348 

Ammonia x ammonia x flow 128.9 1 128.9 3.8 0.0604 
Ammonia x magnesium x 
magnesium 

96.6 1 96.6 2.8 0.1019 

Ammonia x flow x magnesium 105.0 1 105.0 3.1 0.0886 
Flow x magnesium x 
magnesium 

3.0 1 3.0 0.1 0.7676 

Ammonia x ammonia x 
magnesium x magnesium 

5.6 1 5.6 0.2 0.6880 

Ammonia x ammonia x flow x 
magnesium 

263.0 1 263.0 7.7 0.0089 

Ammonia x flow x magnesium 
x magnesium 

5.7 1 5.7 0.2 0.6864 

Ammonia x ammonia x flow x 
magnesium x magnesium 

26.7 1 26.7 0.8 0.3826 

Error  1161.9 34 34.2 -- -- 
 
 

the independent variables.   Table 20 shows the results of an analysis of variance, including only the 

effects that complete analysis indicated were significant.  Table 21 shows the results of a regression 

of TP reduction against those effects.  Tables 22, 23, and 24 present the results of the same analyses, 

treating OP as the independent variable rather than TP reduction. 
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Table 20: Analysis of Variance for Field-Scale TP Reduction, 
Including Only the Significant Effects of the Fixed Independent Variables 

Source Sum of 
Squares 

Degrees of 
Freedom 

Mean 
Square 

F value p-value 

Ammonia  31648.4 1 31648.4 650.9 < 0.0001 
Flow 220.4 1 220.4 4.53 0.0384 
Magnesium 1759.8 1 1759.8 36.19 < 0.0001 
Ammonia x ammonia 4856.2 1 4856.2 99.87 < 0.0001 
Magnesium x magnesium 450.2 1 450.2 9.26 0.0038 
Error 2333.9 48 48.6 - - - - 

 
 
 

Table 21: Regression of Field-Scale TP Reduction 
Against Significant Effects of the Fixed Independent Variables 

Parameter Estimate Standard Error of Estimate 
Intercept  10.95 4.348 
Ammonia 139.77 8.381 
Flow -0.0673 0.032 
Magnesium 0.641 0.140 
Ammonia x ammonia -80.46 8.052 
Magnesium x magnesium -0.00681 0.002 

 
 
 

Table 22: Analysis of Variance for Field-Scale OP Reduction, 
Including All Effects of Independent Variables 

(Significant effects, with p-value 0.02 or less, indicated in bold type) 
 

Source Sum of 
Squares 

Degrees of 
Freedom 

Mean 
Square 

F value p-value 

Block 622.5 1 622.5 40.5 <0.0001 
Block x block 647.8 1 647.8 42.2 <0.0001 
Ammonia 26400.8 1 26400.8 1717.9 <0.0001 
Flow 5.4 1 5.4 0.4 0.5567 
Magnesium 2202.7 1 2202.7 143.3 <0.0001 
Ammonia x magnesium 1.9 1 1.9 0.1 0.7255 
Flow x magnesium 32.1 1 32.1 2.1 0.1575 
Ammonia x flow 0.9 1 0.9 0.1 0.8100 
Ammonia x ammonia 6239.6 1 6239.6 406.0 <0.0001 
Magnesium x magnesium 230.0 1 230.0 15.0 0.0005 
Ammonia x ammonia x 
magnesium 

172.4 1 172.4 11.2 0.0020 

Ammonia x ammonia x flow 60.3 1 60.3 3.9 0.0557 
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Table 22 (continued) 
 
Ammonia x magnesium x 
magnesium 

45.8 1 45.8 3.0 0.0935 

Ammonia x flow x magnesium 7.0 1 7.0 0.5 0.5030 
Flow x magnesium x 
magnesium 

2.6 1 2.6 0.2 0.6827 

Ammonia x ammonia x 
magnesium x magnesium 

20.4 1 20.4 1.3 0.2572 

Ammonia x ammonia x flow x 
magnesium 

8.3 1 8.3 0.5 0.4683 

Ammonia x flow x magnesium 
x magnesium 

18.0 1 18.0 1.2 0.2868 

Ammonia x ammonia x flow x 
magnesium x magnesium 

0.7 1 0.7 0.0 0.8282 

Error  522.5 34 15.4 -- -- 
 
 
 

Table 23: Analysis of Variance for Field-Scale OP Reduction, 
Including Only the Effects Indicated as Significant in the Complete Analysis 

Source Sum of 
Squares 

Degrees of 
Freedom 

Mean 
Square 

F value p-value 

Ammonia  26400.8 1 26400.8 591.09 < 0.0001 
Magnesium  2202.7 1 2202.7 49.32 < 0.0001 
Ammonia x ammonia 6239.6 1 6239.6 139.70 < 0.0001 
Magnesium x magnesium 230.0 1 230.0 5.15 0.0278 
Ammonia x ammonia x 
magnesium 

2407 1 24.7 0.55 0.4603 

Error 2143.9 48 44.7 - - - - 
 

 
Table 24: Regression of Field-Scale OP Reduction 

Against the Effects Indicated as Significant in the Complete Analysis 

Parameter Estimate Standard Error of Estimate 
Intercept 10.13 2.308 
Ammonia 145.37 8.032 
Magnesium 0.580 0.139 
Ammonia x ammonia -89.26 8.150 
Magnesium x magnesium -0.00486 0.00214 
Ammonia x ammonia x 
magnesium 

-0.0650 0.0874 
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Trends can be discerned in Figures 46 through 49.  These trends often can be identified in the 

statistical analyses, also.   

In each of the four figures, it can be seen from the way the three lines stack that increasing 

the pH adjustment level increases the phosphorus removal.  This trend appears in Tables 19, 20, 22, 

and 23 in the form of low p-values for the effect of ammonia, indicating that the effect is significant. 

It appears in Tables 21 and 24 in the form of positive estimates for regression coefficients, indicating 

the correlation is positive.  The effect in going from zero pH adjustment to 0.5 pH points, however, is 

much greater than the effect seen in going the remaining step, to the highest pH level.  This attribute, 

which may be interpreted as a “diminishing return” on ammonia addition, causes the top line in each 

figure to be closer to the middle line than is the bottom line.  This phenomenon can be seen in Tables 

19, 20, 22, and 23 as low p-values for the quadratic effect of ammonia (ammonia x ammonia), 

indicating that the effect is significant, and in Tables 21 and 24 in the form of negative estimates for 

the regression coefficients, indicating the effect is negative. 

Similar phenomena for Mg can be seen by comparing among Mg levels.  The phosphorus 

reduction generally increases as Mg addition increases, and the effect is greater in going from the 

lowest Mg level to the middle level than in going from the middle to the highest level.  These 

attributes cause each line to rise toward the right overall, but to rise more sharply in going from zero 

to the middle Mg level than they do in going from the middle to the highest Mg level.  The statistical 

tables reflect these trends for Mg in the same way they reflected the ammonia trends. 

Another trend, most pronounced in the OP figures (Figures 47 and 49), is that the tendency 

for the middle line to be closer to the top line than to the bottom line is strongest at the right side of 

the graphs.  This attribute means that the return (in the form of additional OP reduction) gained for 

adding more ammonia diminishes more severely at higher Mg levels.  In Figure 47, the middle line 

even crosses the top line at the right side of the graph.  This characteristic can also be seen in  
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Table 22 in the form of a p-value low enough to indicate significance for the quadratic ammonia by 

Mg (ammonia x ammonia x Mg) effect.   This trend, however, is the weakest (has the highest p-value) 

of those indicated as significant by the complete analysis of variance for OP reduction, and is not 

even indicated as being significant in the complete analysis for TP reduction.  Furthermore, in the 

analysis of variance for OP reduction, using only the effects indicated as significant in the complete 

analysis, the (ammonia x ammonia x Mg) effect no longer shows up as a significant effect. 

The practical implication of the simple and quadratic effects of ammonia and Mg is that 

adding more of either will improve the phosphorus removal, but the improvement slows, stops, or 

even reverses itself beyond a certain point.  The analysis suggests there may be a maximum 

reduction, possibly around 80 to 85% for TP and 85 to 90% for OP that cannot be surpassed.  

Reductions near the maxima may be achieved by adding moderate amounts of Mg and ammonia, but 

additional gains will be comparatively small regardless of how much additional Mg and ammonia are 

added. 

It can be seen in comparing Figures 46 and 48 that higher TP reductions were achieved at the 

lower liquid flow rate.  This difference is reflected in Table 19 by the low p-value for flow, indicating 

that flow does have a significant effect on TP reduction.  The effect of flow is not significant for OP 

reduction.  Because TP is the parameter of interest for waste treatment and environmental protection, 

the practical implication is that a flow rate nearer the lower rate used in this experiment may be 

preferred where high phosphorus removal is required.  Because only two flow rates were tested, it is 

impossible to conclude from the experiment whether the optimum flow rate is below the lower rate 

tested or between the two rates tested. 

Table 19 shows a low p-value for the effect of blocks and Table 22 shows low p-values for 

the block and quadratic block effects.  These effects are not discernible in Figures 46 through 49 

because the effects constitute differences in phosphorus reduction among blocks, and in the figures 

show only data that are averaged across the three blocks.  The low p-values for the effects indicate 
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that the reduction, averaged across all eighteen condition sets, varied significantly among the three 

days on which the experiment was conducted.  The difference may have resulted from day-to-day 

differences in weather, phosphorus content of the raw liquid, some unidentified condition that varies 

from day to day, or some combination of these factors.  The variation can be regarded as a random 

effect, because there is no known controllable parameter of interest that was set at a different level for 

each block. 

The regressions summarized in Tables 21 and 24 for TP and OP reduction, respectively, can 

be rendered as equations: 

     TPR = 11.0 + 140(AP) - 0.0673(FL) + 0.641(MG) - 80.5(AP)2 - 0.00681(MG)2              (45) 

and 

     OPR = 10.1 + 145(AP) + 0.580(MG) - 89.3(AP)2 – 0.00486(MG)2 – 0.0650(AP)2(MG) ,          (46) 

where TPR is the percent reduction in TP, OPR is the percent reduction in OP, AP is the amount of 

pH adjustment by ammonia addition, FL is the liquid flow rate in the crystallizer expressed in gal/h, 

and MG is the amount of Mg added expressed in ppm.   

 The (ammonia x ammonia x Mg) effect, which was indicated as significant in only one of the 

two analyses of variance treating OPR as the independent variable, can be seen in equation (46) to 

contribute a relatively small effect to OPR.  Throughout the range tested, its contribution to the 

predicted OPR ranges from zero to only 3.9%. 

 Equation (45) can be optimized to find the conditions needed to yield the highest predicted 

reduction in TP.  Differentiating the equation with respect to AP, FL, and MG reveals the optimum 

conditions to be ammonia addition to achieve 0.87 points of pH rise and Mg addition of 47 ppm.   

The equation is linear with respect to FL, with a negative coefficient, and therefore the optimum with 

respect to flow is at its lowest possible value, which is zero.  Because there are no interaction terms, 

at any given non-zero flow, the optimum with respect to the other variables remains 0.87 pH rise and 

47 ppm Mg addition.  The predicted TP reduction at the optimum is 87.0%.  However, this optimum 
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is at zero flow, which is outside the tested range.  The greatest predicted TP removal within the range 

tested would be at the same values of ammonia and Mg, with flow at the lowest tested (90 gal/h, or 

341 L/h).  At this set of conditions, predicted TP reduction is 80.9%. 

 Equation (46) can be optimized to find the conditions needed to yield the highest predicted 

reduction in OP.   The optimum point, defined only by ammonia and Mg addition since flow is not a 

factor in the equation, is at 55 ppm Mg addition and ammonia addition to achieve a pH rise of 0.78.  

This optimum, which is within the range tested, yields a predicted OP reduction of 83.9%.  


