Caution—Advanced Digestion Processes

Steven R Reusser
Madison Metropolitan Sewerage District      

INTRODUCTION   

In 2000 the Madison Metropolitan Sewerage District completed a facility plan for expansion of the District’s anaerobic digestion facilities at the Nine Springs Wastewater Treatment Plant.  Loadings had exceeded mesophilic digestion capacity and frequent winter foaming problems were causing serious operational difficulties.  As a result of facility planning, associated bench scale digestion studies at the District, and subsequent bench scale studies by Santha, et al, at Iowa State University during pre-design, the selected plan for expansion was to operate a “batch” TPAD digestion system.  The process was described in a publication by Fronek et al. The operation would consist of batch, fill and draw cycles at 12 hour intervals from three existing reactors operated at the thermophilic temperature of 135 degrees F, then recover heat in the process of reducing the temperature in transfer to a new, single mesophilic reactor.  The sludge would then be transferred to three smaller existing mesophilic digesters.  The goal of the digestion system design was to produce a Class A sludge within the digestion system itself.  Thus any portion of the sludge could be dewatered and used to create a dry product for recycle.  The District has operated a successful liquid land application program for over 30 years.  The need for additional winter storage, and narrowing windows of time for land applying the liquid product were making the production of a dry Class A product within the digestion system a cost justifiable alternative.

The Nine Springs Wastewater Treatment Plant is a biological nutrient removal plant, which uses a variation of the UCT process.  A schematic of the secondary biological treatment system is shown in Figure 1.  The typical operating SRT for the secondary system is approximately 9.0 days.  The average effluent total phosphorus concentration from the system over the last 10 year period has been 0.35 mg/l, and ammonia nitrogen has been 0.08 mg/l.  

The waste activated sludge is thickened in DAF flotation thickeners to approximately 4.2% solids, and pimary sludge is thickened in gravity thickeners to 4.5% solids.  The thickened sludges are combined and fed to the anaerobic digesters.  Current 2009 waste sludge production averages approximately 49,000 lbs/day, and primary sludge production approximately 61,000 lbs/day.

Design of upgrades for the anaerobic digestion facilities was completed in 2003. A schematic of the digestion system as designed is shown in Figure 2.  Start-up of the advanced digestion system was begun in February, 2006.  Design data for the system is given in Table 1.

The selected operational strategy included pre-heating the sludge to 135 degrees by pumping through two tube and shell heat exchangers in series.  The tube and shell heat exchangers became the first operational problem as, even though the level of grease in the District’s raw wastewater is not considered atypical, the heat exchanger tubes would rapidly coat with grease and the heat exchanger capacity would drop 40% or more within several hours and prohibit pre-heating to required thermophilic temperatures.  Because of this the digestion system was never started-up as designed.  A process alternative incorporating acid phase digestion was implemented as part of the advanced digestion system in order to mitigate the grease problem.  The grease problem, though, was only one of several unanticipated problems encountered with advanced digestion system operation.  These problems included:

Grease in the primary sludge and primary skimmings quickly coated the heat exchanger tubes as described above.
The new 6 mm fine screens at the plant headworks were not removing rags to a high enough degree to prevent plugging in these same raw sludge heat exchangers
Headlosses in the raw sludge heat exchanger were much higher than vendor predictions
When the digesters were batched for an extended time, gas would accumulate in the pipes.  The gas would bind the centrifugal pumps upon withdrawal causing the operators to spend much time bleeding gas from the pump volutes.
Struvite (magnesium ammonium phosphate) precipitation occurred at a greatly accelerated rate in the recovery exchanger, pumps and piping downstream from the thermophilic digesters.  The District’s biological nutrient facility provides an excess of phosphorus for struvite precipitation.  The struvite accumulation, which has always been a problem in the District’s anaerobic digestion system, became a much more pronounced problem.
Vivianite (ferrous phosphate) formation in the second stage heat exchanger reduced heat exchange capacity due to iron added to the plant recycle streams.  This iron dosage had been part of the District’s strategy for the last ten years to reduce phosphorus recycle to the biological phosphorus treatment system, and to help prevent struvite problems in the anaerobic digestion system.
Foaming problems continued to plague the digestion system.
Operation at higher digestion temperatures resulted in much higher moisture content in the digester gas, and higher resultant H2S and siloxane levels.  This resulted a major failure of one of the District’s generator engines. 
Significant odors resulted from conversion of digester 7 to an acid digester.

The new “step down” mesophilic digester shown in Figure 2 was converted to an acid digester to hydrolyse grease and allow heating of the sludge in two stages to alleviate heat exchanger problems and to assure foaming would not occur in the thermophilic digesters.  The system thus became a three stage, acid-thermo-meso system.  See the revised process schematic in Figure 3.

From Sept, 2006 through July, 2008 the District operated the modified three stage system.  Strategies were developed and changes implemented to deal with problems encountered.  This paper will describe those strategies and the results of those efforts.  Eventually, though, mixing problems in the retrofitted acid digester interfered with operation to the degree the system was returned to single stage mesophilic operation.

The following are the periods of operation which will be discussed:
	
September, 1, 2006 to mid-November, 2006 – Start-up of the acid digester and two of the three thermophilic digesters; acid digester problems in mid-November
December 1, 2006 to April 1, 2007 – Interim operational mode with acid digester out of service for mixer repair; all three thermophilic digesters were in service
April 1, 2007 to about September, 2007 – Continuous period of acid/thermo/meso operation; acid digester problems beginning mid-July
September, 2007 to February 2008 – Interim operational mode with acid digester totally out of service from December 1 until February 1, 2008
February, 2008 to July, 2008 – Acid/thermo/meso process in operation until abandoned because of acid digester failure. Single stage mesophilic digestion re-implemented starting in July

Process performance of the three stage system was as good or better than anticipated from a bacteriological standpoint with indicator fecal coliform levels generally less than 20 mpn/100 ml on a weight wet basis, and volatile solids reduction exceeding 60%.  This is even with total detention times less than 12 days total and 2 hour batch times.  It was found the three stage system could perform quite well from a process standpoint, but many materials handling factors must be carefully considered in the design of such a system.   
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TABLE 1
DIGESTION DESIGN INFORMATION

					   2002			     2020 
Sludge Flow (gpd)			233,000		 389,000
Solids Feed (lbs/day)			 91,000		 153,000
Thermophilic SRT (days)		      13.0		         7.4
Mesophilic SRT (days)		      13.2		         7.9
Solids Loading Rate (Lbs VSS/cf)	        .08		       .135
Minimum VS Destroyed (%)		         55		          55
Maximum VS Destroyed (%)		         63		          63			

HEAT EXCHANGER TESTING PRIOR TO STARTUP

Heat exchanger start up and testing was originally performed in February, 2006.  The testing was performed when the sludge was being pumped through two heat exchangers in series.  A picture of the tube and sheel heat exchangers is shown in Figure 4.  The February testing revealed significant shortcomings with heating capacity and was repeated in April and May, 2006.  In the May testing a progressive cavity pump for recycling flow through the first stage heat exchanger, and macerator on the influent flow to the heat exchangers were installed in order to reduce viscosity, increase flow rate through the heat exchanger, and thus increase the heat exchange capacity.   It was hoped this would reduce grease build-up in the tubes.  Heat exchange capacity was evaluated using inlet and outlet sludge and hot water temperatures to calculate the log mean temperature difference (LMTD) and estimate the U value, the estimated overall heat exchange coefficient.  At higher velocities, the U value should increase.

			                         Figure 4
Tube & Shell Heat Exchanger for Raw Sludge, 2nd Stage, and Heat Recovery


The following Figure 5 shows partial results from 2/28 and 5/9/06 over a single day of operation and testing. 

					Figure 5



Heat exchangers 9 & 10 were identical and alternate first stage heat exchangers, and 11 & 12 were identical and alternate second stage heat exchangers.  The target influent feed sludge flow was 200 gpm on both test days in February and May.  The flow rate through heat exchanger 10 was increased to 340 gpm with recirculation on 5/9/06.  The results show significant decline in the U value during testing on both days, with a faster rate of decline on 2/28 through both the first and second stage heat exchangers.  Second stage heat exchanger 11 & 12 U values start at approximately the same level on both test days, while in May, with recirculation flow and use of an influent macerator, the first stage heat exchanger started at a higher initial U value.  

Summary results are shown in Table 2.  Within a 10 hour period of starting up, the heat transfer capacity of both first and second heat exchangers fell below specified performance levels.  Headlosses through the heat exchangers were higher than specified.






					Table 2
Tube & Shell Heat Exchanger Start-up Test Data

                      Spec      Predicted   Test     Test  Start    Test End       Spec      Observed
	          Flow      U Value    Flow    U Value       U Value        Loss	     Loss
	             (gpm)		     (gpm)			            (ft)	      (ft)
1st Stage 2/28     170	   106	       200          136  	      62		10	      45
1st Stage 5/9       340	    202	       330          169           106	 	35	      57
2nd Stage 2/28    170	   126	       200          160	      84		10	      51
2nd Stage 5/9      170	   126	       180          153	    109 	            10	      39

When the velocity through the 1st stage heat exchanger tubes was doubled from 2.4 to 4.8 ft/sec (170 to 340 gpm) the U value was predicted to nearly double.  The U value increased, but did not double.  Also, the observed headlosses through the heat exchanger did not increase with the square of velocity because of the thixotropic properties of the raw sludge being pumped through the heat exchangers.  There was an initial benefit to operating the macerator  and recirculating sludge through HEX 10 on 5/9, but it does not seem to have retarded the rate of decline as compared to HEX 12 where no recirculation was used.  

Upon opening the heat exchangers during and after testing it was found there was more than a single cause for the poor performance.  Grease had coated the walls of the 2 mm stainless steel tubes and rags had plugged turn chambers on the ends of the exchangers.   The photograph in Figure 6 shows the plugging.  Because the plugging  and coating with grease had occurred so rapidly it was impossible to determine if the heat exchangers could meet specified conditions.  The macerator used during the May testing to a large degree alleviated the problem with rags, but not with grease. 

		                                       Figure 6
Rags Plugging Turn Chambers in Tube & Shell Heat Exchangers



Rag plugging problems were not anticipated because the District had finished starting up rotating drum screens at the headworks with  6 mm openings approximately 6 months prior to the February testing.  The screens were specified to remove between 80 and 85% of material and it was anticipated the screening would clean up the District’s sludge.  The screens were inspected to look for problems, but none were found. It was also postulated that residual material in the digesters from before screening was to blame.  Subsequent operation during the next two years confirmed that the 6 mm screens were not able to prevent concentration of raggy material in the sludge, and the problem was not due to previously accumulated rag material.  A muffin monster was permanently installed on the raw sludge feed to the heat exchangers in January, 2008.

A FOG (fats, oil, grease) analysis was performed on the District’s raw sludge and the information did not seem out of line with typical values for raw sewage.  The following are the results of analyses:

				            Table 3
Sludge Grease Analyses

		     SLUDGE		TS (%)      FOG (mg/kg, dry weight basis)
		Primary Sludge 	7.0		67,000
		Waste Activated	3.8		26,000
		Primary Skimmings   11.2		74,000

The skimmings from the primaries have a high grease content and are sent to the DAF thickeners for thickening with the waste activated sludge.  This, though, is not thought to be the main source of grease, as the District has always observed grease accumulation in the suction and discharge piping from the pumps for gravity thickened primary sludge.  This has been particularly the case in the winter with colder wastewater temperatures.  On several occasions the District had hired a local contractor to high pressure jet the lines to remove the grease, but eventually this was discontinued.  It seemed that the grease would quickly re-coat the piping, but then pipe velocities would become high enough that little additional deposition would occur.  Other municipalities have noted this problem, of note is York, Pennsylvania which will be referred to later in this paper in a section on heat exchanger cleaning.

PROCESS MODIFICATION TO ACID PHASE

Operation during early 2006, and prior to conversion to thermophilic digestion, showed that in addition to the grease problem, the higher headlosses through the heat exchangers due to the thixotropic properties of the raw sludge coupled with rag plugging were going to cause problems with thickening processes.  The sludge concentrations were kept thinner than normal target concentrations, but pumps still frequently tripped out on high discharge pressure when trying to pump through two heat exchangers in series.  This caused the District to look for alternative operational schemes.   It was decided to convert the “step down” mesophilic digester, digester 7, to an acid phase digester as shown in Figure 3.  Raw sludge would then be pumped through only one exchanger into digester 7 at 95 deg F, thus eliminating the problem of the thickener pumps being required to pump through two heat exchangers in series.  Acid sludge from digester 7 could be recirculated in with the raw sludge to prevent or retard grease build-up in the 1st stage heat exchanger.  Existing pumps could be used to transfer acid sludge from digester 7 through the second stage heat exchanger to the thermophilic digesters.  The thermophilic digesters could still be batched as intended, as acid digestion could break down the grease to improve heat exchanger performance in both stages. Acid digestion ahead of the thermophilic digesters would possibly mitigate potential foaming problems.  Piping changes could be made relatively quickly to accommodate this option.  

The process was started-up in September, 2006.  The acid digester was started up first, and within a week the pH in the digesters had dropped to 5.2 and the VFA  (volatile fatty acid) concentration was over 3000 mg/l.  Because of sludge thickening constraints, and minimum mixing levels in digester 7, the VS loading was somewhat lower than desired  (1 lbVS/CF) and the detention time somewhat higher (2.4 days).  In spite of this the acid digester seemed to be stable.  Start-up of the first thermophilic digester began in mid-September.  The feed was significantly reduced and the temperature raised as quickly as possible, approximately 2 degrees per day.  After reaching a temperature of 128 degrees F, the feed was slowly increased and performance was monitored.  Incorporation of the acid digestion phase was making it possible to heat the sludge to 128 degress F without grease inhibiting heat transfer.  Thermophilic operation seemed stable by early October, so raising the temperature of the second digester to the thermophilic range was begun.   While raising the temperature the digester was continually seeded with sludge from the first thermophilic digester, so the digester did not need as long of a lag time before feeding was resumed.

During this initial start-up phase the recovery exchanger was not being utilized since there was no heat to recover from a good portion of the sludge still at mesophilic temperatures.  Thus the heating demand was quite high during the start-up phase.

ACID PHASE DIGESTION PROBLEMS -- 2006

Operation of the acid phase digester was without problems in September and October, 2006, but in mid-November the pH began rising, volatile acid concentrations dropped, and methane gas production increased.   This is shown in Figure 7.  Significant foam appeared above the sludge level in the digester and the centrifugal transfer pumps were gas binding from gas entrained in the sludge.    The problems became serious with failure of the transfer pumps because the level could not be maintained in digester 7 and foam was close to plugging the gas piping and pressure relief valve.  Temperature profiles showed the incoming raw sludge was short-circuiting and two of the seven pressure gages associated with the IDI gas mixing guns showed they were not properly operating.  These were the mixers closest to the influent feed.  It was thought a good portion of the raw sludge was short-circuiting and dead zones in the digester were likely promoting methanogenisis.


					   Figure 7

  


Digester 7 was removed from service as an acid digester in December, 2006, and an intermittent operational mode begun.  The third planned thermophilic digester, digester 4, was raised to thermophilic temperatures as planned in spite of the problems.  Digesters 1,2,3, & 7, though, were operated as first stage mesophilic digesters from December, 2006 until April, 2007, and digesters 4,5,&6 operated as first stage thermophilic digesters.  Because of significant foaming and heating problems, a portion of the waste activated sludge was thickened to approximately 4.5% solids separately on a gravity belt thickener and bypassed directly to winter storage tanks and combined with thickened digested sludge.  This allowed long term digestion of the waste activated sludge and die-off of pathogens to occur over the winter months.  A schematic of the interim operating mode is shown in Figure 8.  Interestingly, this mode did not significantly affect total sludge production because the sludge fed to the digesters had a higher primary sludge proportion.  This sludge thickened better on the gravity belt than the digested sludge which is normally fed 100% of the WAS and primary sludge.







					Figure 8




INTERIM GREASE CLEANING MODE

An inadvertent discovery was made during the winter of 2006-2007, for cleaning grease from the heat exchangers.  It was anticipated there would be significant problems maintaining thermophilic temperatures in digesters 4,5,&6 because of the unavailability of the acid digester.  During startup and testing, cleaning the grease out of the tube and shell heat exchangers had proven to be a formidable task.  Various brushes and chemicals had been used with only limited success.  It was soon discovered, though, that when the mesophilic digesters were being fed, and if the hot water pumps continued circulating hot water through the tube and shell heat exchangers, the hot water temperatures in the heat exchanger would rise to boiler output temperatures of approximately 190 degrees F.  This high temperature on the thin walls of the tubes seemed to melt off the grease, and after this forced rest period while the mesophilic digesters were fed, the heat exchange capacity was recovered.  The heat exchange capacity would thus cycle, dropping during the feeding cycles and with recovery during the rest cycle.  The 24-hour operational graph in Figure 9 shows this cycling by a plot of continuously calculated U values by the process control system.  After heating of the tubes the U value would rise to between 70 and 80, then fall to approximately 40.  The mesophilic digesters would again be fed, the tubes would heat up and “melt” accumulated grease off the tubes.

Heating of pipes conveying primary sludge has been previously documented as a grease control measure.  Hoffman (1962) reported a severe grease accumulation problem in raw sludge piping feeding the primary digester.  The rise in discharge pressure was unacceptable for the pumping units.  Heating of the pipes was found to be an inexpensive solution to the problem.  The York, Pennsylvania treatment plant staff reported problems with grease in primary sludge lines feeding the digester.  The following is an excerpt from their website documenting the problem:

“For years the plant staff struggled to keep grease from building up in the primary sludge line leading to the anaerobic digesters. After experimenting with several different systems (chemical and physical), the plant staff settled on a very simple solution. Heat approximately 600 gallons of water to 180 degrees, pump it into the pipe, and melt the grease from the inside walls. This system has performed beyond our expectations. Pumping rates went from 100 gpm to 200 gpm with just three cleanings.”

These experiences and ours show that grease accumulation in a raw sludge heat exchanger should not be unexpected.  Two methods we found to mitigate the problem were 1) to recirculate digested sludge, and 2) stop sludge flow to allow the heat exchanger tubes to heat up to approximately 190 degrees F for a 30 to 60 minute period.
			  
					Figure 9
Minute by Minute Trend of U Values on Process Screen



 

RE-START OF ACID/THERMO/MESO PROCESS IN 2007

Cleaning and mixer repair in acid digester 7 was expedited and completed by a contractor in March, 2007, at a cost of approximately $40,000.  Rags were found plugging three of the gas mixing bubble generating chambers. While the digester was empty the digester feed piping was modified to redirect the raw sludge up.  It was feared it was too easy for the cold raw sludge to sink directly to the bottom, bypass the gas mixing guns, and be drawn to the center draw-off point for sludge recirculation and transfer to the thermophilic phase.  

The process was re-started on April 1, 2007, and the full process was immediately in service since the thermophilic digesters were already at temperature.  The longest successful operation of the process was from April 1, 2007, until about mid-September, 2007.  The following were operational parameters:

			             Table 4

	Acid digester detention time		  2.4 days
	Acid digester VS loading		 0.9 lbs VS/CF
	Acid digester temperature		95 degrees F
	Thermophilic detention time		10.5 days
            Thermophilic batch time		   90 minutes
            Thermophilic operating temp		 128 degrees F
	Mesophlic detention time		  5.5 days
	Mesophlic temperature		106 degrees F
	Polymer demand for GBT		40 lbs/ton versus 24 lbs/ton with mesophilic
						(liquid polymer ~40% active)
	Thickened sludge concentration       	6.5% versus 5.5% with mesophilic (GBT)
	Volatile fraction in digested sludge    0.61 versus 0.64  with meophilic 
	VS reduction				~61%
	Fecal Coliform in GBT sludge	 frequently <20 mpn/100ml (weight basis)

Fecal coliform results in the GBT thickened sludge were excellent in spite of lower temperatures and significantly lower batch times than originally planned.  Batching at 135 for 12 hours and creating a Class A product by time/temperature did not seem to be feasible with the heating constraints discovered and detailed in the following sections. Figure 10 shows the results of fecal coliform testing of GBT thickened sludge.  All results were less than 1000 mpn/g during this period in 2007.  With these results it was decided to contract with the University of Wisconsin to research the possibility of producing a Class A product by alternative 3 or 6 of the EPA 503 regulations.  

Heating in the raw sludge heat exchanger went well during this time period without the need to shut off sludge flow and heat up the tubes.  The recycling of acid sludge at a rate of 50% to 100% seemed adequate to maintain heating capacity.  A plot of the U values for the first stage heat exchanger is shown in Figure 11.

					Figure 10


					Figure 11

OPERATIONAL EXPERIENCES DURING 2007 WITH  3-STAGE OPERATION

Sludge Transfer from the Thermophilic to Mesophilic Stage

Transfer of sludge was to be rotated between digesters 4,5,&6 after the batching stage.  Since sludge would sit in the suction pipe from each digester and produce gas during the feeding and batching of the digester, as soon as the withdrawal was started the centrifugal pump would gas bind.   This interfered immediately with heat recovery and heating of the raw sludge.  Batch times were limited to 90 minutes in part because of this problem.  Various strategies for venting gas were considered and tried to mitigate the problem without success so it was decided to replace the centrifugal transfer pumps with progressive cavity pumps.  This benefited the process in another way because struvite deposition in discharge piping was causing high pressure problems with the transfer.  There were many times the centrifugal pumps could not keep up with sludge production because of the pumps reaching shut off head.

Struvite in Recovery Exchangers, Thermophilic to Mesophilic Tansfer Pumps and Piping

The process of reducing the temperature of the thermophilic sludge to mesophilic temperatures included pumping the sludge through the tube and shell recovery exchanger, then through a spiral heat exchanger in series to further reduce the temperature.  Sludge was then routed to a centrifugal booster pump for pumping approximately 400 feet to the second stage mesophilic digesters.  Struvite (magnesium ammonium phosphate) accumulation became a significant problem.  The tube and shell heat exchanger required cleaning approximately every 4 to 6 weeks.  The spiral heat exchanger required weekly cleaning.  The booster pump required cleaning about every three weeks.   Piping closer to the mesophilic digesters was not glass lined and required frequent jetting, with plug valves and elbows being particularly troublesome.  Even glass lined pipe experienced problems as shown in Figure 12.  The District has had struvite problems for many years, and the problem became somewhat more troublesome when biological phosphorus removal was implemented in 1997.  But problems this severe had not been experienced.   It seemed the cooling of the thermophilic sludge was causing significant problems.  The upper tubes in the recovery exchanger, where the sludge was more cooled, experienced significantly more scaling with struvite on the tube walls.  Cleaning struvite was accomplished by physical methods.   High pressure jetting was used in pipes, while low pressure jetting and physical brushing was used in the heat exchangers.  The ferric chloride dose in the recycle from the GBT thickener was held at 0.6 lbs FeCl3/ton of digested sludge (480 gallons/day) until early August.  At that time the dose was increased  to approximately 0.8 lbs FeCl3/ton of digested sludge (630 gallons/day).  As can be seen in the graph in Figure 13, the U value in the recovery exchanger rose during the period when the ferric chloride dose was increased.  This increase, though, accelerated vivianite scaling in the second stage heat exchanger and ferric chloride dosing was turned off totally on August 31.  The recovery heat exchanger began scaling at an accelerated rate when the ferric chloride was turned off, as shown by the rapid drop off in U value.

				                Figure 12
Struvite in Glass-Lined Piping



					  Figure 13  



It should be noted that when the process was returned to single stage mesophilic operation in July, 2008, the severe struvite scaling problems immediately disappeared.  

Vivianite accumulation in the Second Stage Heat Exchangers

During this period of operation the efficiency of the 2nd stage heat exchanger began slowly dropping   The graph in Figure 14 shows the trend in the second stage heat exchangers based on local readings of temperatures and flows.  The two second stage heat exchangers were rotated to try and attenuate the loss in heat transfer efficiency, but the efficiency continued dropping.   When the heat exchangers were opened and inspected a bluish-gray scale was discovered and determined to be vivianite (ferrous phosphate).  The scale was extremely difficult to remove from the tubes.  The inlet hot water temperatures were continually being increased to keep the thermophilic digesters at 52 deg C (128 deg F).  Unfortunately this seemed to further aggravate the vivianite formation in the tubes. The worst vivianite scaling was forming in the hotter tubes closer to sludge exit.  A picture of this scale is shown in Figure 15.  Cleaning methods of low pressure jetting and brushing which had worked for struvite were not working for vivianite.


				  Figure 14



				              Figure 15
Vivianite in Second Stage Heat Exchanger




Finally in August more drastic measures for cleaning the heat exchanger tubes were undertaken.  Citric acid was first tried by filling the heat exchanger, then draining and brushing.  This had only marginal success.  Finally hydrochloric acid in a 4% solution was utilized.  The graph in Figure 16 shows that heat exchange capacity was recovered with acid cleaning.  After cleaning the hot water temperature into the heat exchanger was limited to 160 degrees F maximum, and on August 31, the ferric chloride dosing was turned off totally for over one month.  Figure 16 shows these measures seemed to mitigate the problem, but as previously shown, struvite problems accelerated in the recovery exchanger.  

It seemed difficult to find a ferric chloride dosing method to prevent both struvite scaling in the recovery exchanger and vivianite scaling in the second stage heat exchanger.  Iron and other metals entering the acid digester were solubilised and available for re-precipitation with the right temperature and pH.  A better iron dosing point would likely have been directly into the thermophilic digester, but considerable piping would have been required to implement this option.  The following are comparisons of soluble concentrations in the acid digester versus the downstream thermophilic digester:
                                      
		Acid Digester	(mg/l)	Thermophilic  (mg/l)  (sampled 8/6/2007)  
Mg		      160			   6				
Ca		      214			  18	
P		      572			192 	
Fe		        77			    2 
NH4		       460		          1098             		
		   		 

 Figure 16


Rag Accumulation in the 1st Stage Heat Exchanger

This problem continued to some degree, but was diminished in the first stage heat exchanger because recirculation of acid sludge with the raw sludge prevented grease coating of the tubes.  Higher velocities resulted in higher U values and slowed the plugging with rags.  Unfortunately a muffin monster for the feed sludge to the digesters was not available until January, 2008.

Acid Digester Odors

Gas produced in the acid digester was extremely odorous.  When the digester was operating well the gas would not burn (<20% methane) in the gas flare and it was difficult and undesirable to waste good gas from the other digesters to burn with the odorous gas.  A bio-trickling filter for the odorous gas was constructed, but was unable to control the odors.  A polyethylene line was installed and a temporary small blower was used to disperse the gas through a PVC pipe about six feet below the surface of one of the aeration tanks.  This seemed to work somewhat, so a more permanent solution was implemented in 2008, by placing stainless steel Sanitaire D-24 coarse bubble diffusers approximately 12 feet below the surface of an aeration tank.   This method of dispersion seemed to cure neighborhood odor complaints, but the job of cleaning heat exchangers inside the building was still extremely odorous for the building and grounds crew.



Gas Utilization

Approximately 85 to 90% of the gas was produced in the thermophilic stage.  Gas at 135 degrees can hold almost three times as much moisture as gas at 95 degrees F.  The higher moisture content also results in higher siloxane levels, a problem digester gas constituent which the District has seen increasing over the last few years, but increased significantly when thermophilic operation was initiated.  Silicon in the engine oil analyses has been an indicator of gas siloxane levels.  The graph in Figure 17 shows the sudden increase in engine oil silicon analyses with the start-up of thermophilic digestion.  Digester gas siloxane analyses yielded a result of 3,001 ppm total siloxanes when operation was 100% mesophilic, to a maximum of 4,607 ppm when the gas was primarily produced in the thermophilic digesters.  Higher temperatures also result in higher concentrations of H2S in the gas because of the change in equilibria concentrations.  The H2S concentrations increased from approximately 200 ppm by volume to over 300 ppm. 


Figure 17


The operators immediately began having problems keeping up with draining condensate traps when digester temperatures were raised to thermophilic levels.  Boiler and engine regulators began having significantly more problems at the higher temperatures, and in December, 2005, generator engine #1 experienced a catastrophic failure due to the high moisture levels in the gas and silicon deposits in the engine.  Approximately 3 months later generator engine #2 failed, although not as significant a failure as generator engine #1.   A methane gas engine also drives a blower, but the blower engine is located over 500 feet away from the thermophilic digesters, so the distance allowed more moisture to condense and be removed in condensate traps.  

Neither generator engine was returned to service until a gas treatment system was designed, built and placed in service by Applied Filter Technologies  (AFT) in May, 2008.   To help alleviate moisture problems to the boiler regulators, insulation was stripped away from the outside thermophilic gas piping to allow more moisture to condense during colder temperatures and be removed in foam separators in the building.

The treatment system has adequately controlled moisture with a chiller and heat exchange system.  H2S levels have been controlled to non-detectable with an iron sponge system, A proprietary carbon filter has adequately controlled siloxane levels.  Silicon levels in the engine oil have dropped to non-detect levels. Media change has not yet been required for either H2S removal or siloxane removal after one year of operation.

Acid Phase Digestion Problems -- 2007

In late August, 2007, the pH began slowly rising in digester 7 and the volatile acid concentrations dropped.  The graph in Figure 18 shows the deterioration in performance.  The deterioration was slow until mid-August, 2007, when the acetic acid concentrations dropped drastically, gas production increased, and the foaming problems became serious.  Various level control measures and mixing strategies were implemented to try and bring the digester back into acceptable acid operation.  In early October, though, foam surged out the top of digester 7 and ran uncontrollably down the side of the digester.  This is shown in Figure 19.  The temperature in digester 7 had risen from 95 degrees in April to 103 degrees in July.  This temperature rise was necessary to provide enough of a heat sink in the raw sludge for reducing the thermophilic sludge to mesophilic temperatures.

					  Figure 18

			
					Figure 19
Acid Digester Foaming out the Top of the Digester



An attempt was made to pump the digester down to a low level, re-fill it, and re-start in late November again as an acid digester, but foam again surged out the top of the digester on December 1, 2007.   The acid digester was removed from service, and operation was similar to the winter of 2006-2007.  Approximately 40% of the waste activated was thickened and diverted directly to winter storage with the thickened digested sludge.  Rather than feed digesters 1,2,3, &7 as mesophilic digesters, though, all sludge feed continued to the thermophilic digesters.  Two to four times per day the feed pumps shut down automatically for 35 minutes, to allow the hot water temperatures to rise to above 180 degrees in the tube and shell heat exchangers and melt grease off the tube walls.  This again allowed heating of the raw sludge to be maintained during the winter of 2007-2008 without the acid digester in service.  Digester 7 was removed totally from service over the winter and pumped down to as low of a level as possible without contracting for cleaning.

LAST TRY ACID/THERMO/MESO OPERATION IN 2008 

The recurrent problems with the acid digester were thought to be due to a combination of poor mixing, too long of a detention time, and too low of a volatile solids loading.  The gas mixing system was unable to maintain complete mix conditions. A possible solution was to thin the sludge being pumped to the digesters.  A thinner less viscous sludge could improve mixing conditions and lower the detention time.  The easiest way to do this was to pump the sludge from the bottom of the gravity thickeners at a faster rate.  The operating acid digester temperature was maintained at 87 degrees F, with a 1.8 day detention time. In addition, the ferric chloride dose was switched from the GBT thickener recycle flow to the feed to digester 7.  It was calculated that if the dose were increased and fed directly to digester 7, the acid in the ferric chloride could help maintain acid conditions in digester 7. There was, though, the potential for vivianite problems to once again become pronounced in the second stage heat exchanger with the direct feed to digester 7.  The strategy was to keep the inlet hot water temperature to the second stage heat exchanger less than 160 degrees F in order to prevent vivianite formation.

Digester 7 was dewatered as far as practical in January 2008, then refilled with thinner raw sludge for restart by the 1st of February.  Approximately 40% of the waste activated sludge was still being separately thickened and pumped with the thickened digested sludge to winter storage.  

Initially the results of re-start were quite good, with excellent acid conditions being maintained along with a digester pH of 5.0.  Foaming problems in the thermophilic digesters diminished considerably when fed the thinner acid digested sludge.   Heat exchange capacity was adequate for heating in spite of the higher flow rates because thinner sludge and higher flow rates enhanced heat exchange capacity.  

It became obvious the second stage heat exchangers would experience vivianite scaling in spite of maintaining low inlet hot water temperatures (155-160 deg F).  The heat exchangers were scaling faster and a thicker scale was forming.  This is shown in Figure 20, and in a trend of the U values in Figure 21.  The higher ferric chloride dose of nearly 1.2 lbs FeCl3/ton of digested sludge required switching the ferric chloride dose back to the GBT recycle flow and at a lower dose, approximately 1.0 lb FeCl3/ton of digested sludge.  This was done about the 1st of April.  The pH in digester 7 rose from 5.0 to about 5.3, but performance still seemed acceptable.

					Figure 20
Thick Vivianite Scale in Tube & Shell Heat Exchanger Tubes




Figure 21



					Figure 22

On April 21, the diversion of WAS to winter storage was ended.  With a process feed that contained considerably more WAS, the pH again began rising in the acid digester, volatile acid concentrations decreased, methane content in the gas increased, and foam levels in acid digester 7 began rising.   The trend of performance degradation is shown in Figure 22.  The acetic concentrations dropped to low levels again in June, 2008, and the decision was made to revert to single stage mesophilic digestion.

Discussion concerning acid digestion operation and failure

A few observations can be made concerning the three acid digestion failures:
1)  The problems did not seem to be simply due to short-circuiting, even though short-circuiting was definitely part of the problem in 2006.  In each failure of the acid digestion system, when acetic acid concentrations dropped dramatically the propionic and other fatty acid concentrations did not drop commensurately.  In batch tests with combined WAS and primary sludge it was found that propionic acid concentrations will not reach 1000 mg/l until after three days.  Each time the acetic acid concentration fell the propionic concentration stayed around 1000 mg/l.  If acetic acid was low because raw sludge was short-circuiting to the effluent, the other VFA concentrations should have been quite low as well.
2)  Acetic acid utilization by methanogens started at pH’s less than 5.5.  Conklin, et. al., in the May, 2006 WEF Research Journal found these bacteria would be methanosarcina, rather than methanosaeta.  Methanosarcina have a higher substrate utilization rate at higher VFA concentrations.  They are not as susceptible to inhibition at high VFA levels.  Normally the predominating organisms in a conventional lightly loaded, nearly continuously fed system, would be methanosaeta which would not adapt to the lower pH range and high VFA concentrations.  The detention time in the acid digester would, though, need to be long enough to prevent washout of the methosarcina organisms.
3)  The WAS (waste activated sludge) in the feed sludge seemed to be an important component for development and maintenance of the methanogens.  The WAS feed seemed to be associated with development of foam in the acid digester.  Digester foaming problems in Madison have been associated with microthrix bacteria in the WAS.  Sampling of the acid digester foam for total solids yielded a result of 5.5%.  When the foam problems became serious there was at least 15’ of foam above the sludge level by bubbler indication.  This would have resulted in a much longer effective SRT for growth of methanosarcina organisms.   An SRT of well over 5 days would have been possible with the digester head space filled with thick viscous foam.  This would be similar to how foaming problems become entrenched in an activated sludge system.  Unless the digester was pumped out thoroughly enough to eliminate the trapped foam layer, the methanogenic culture could not be eliminated.
4)  The acid digester operated well, but also failed at three different temperatures, at about 95 degrees, 103 degrees, and at about 88 degrees F.  Temperature did not seem to impact operation of the acid digester.
5)   The factors which seemed to contribute to failure took time to develop.  These factors were development of a foam layer and an actual SRT much longer than calculated based on tank volume, and development of a methanosarcina culture which could predominate in the low pH and high VFA environment.
6)  Due to the tendency of the combined WAS/primary sludge mixture to foam, gas mixing systems are likely to have problems maintaining optimal conditions for acid digestion once a foam layer develops.


DISCUSSION AND SUMMARY

The advanced digestion process implemented in Madison went through several iterations of problems and solutions.  Grease coating the tubes of raw sludge heat exchangers was initially the problem to overcome, and an acid phase digester was employed to mitigate the problem.  A muffin monster was installed ahead of the heat exchangers because new 6 mm opening band screens at the headworks were not adequately removing raggy material plugging the heat exchangers.  Gas binding of centrifugal pumps made batching the thermophilic digesters difficult because of gas production in the suction pipes when sludge was not being withdrawn.  The centrifugal pumps were replaced with progressive cavity.  Struvite and vivianite scaling in heat exchangers, pumps, and pipes became an extreme problem and was related to the biological phosphorous removal process employed at the plant.  This problem was much more severe than with single stage mesophlic digestion previously employed at the plant.  The District was unable to resolve this problem with current ferric chloride dosing locations, but if acid digestion problems had not forced shutdown of the process, piping changes would have been made to add ferric chloride directly to the thermophilic digesters.  The impacts that this change would have made are not known.   Moisture, siloxanes, and hydrogen sulfide contaminants in the gas caused problems with digester gas utilization in the District’s two generator engines and blower engine.  A proprietary gas treatment system was fast-tracked and started up to alleviate these problems.  

The process was ultimately discontinued because the District was unable to keep a retrofitted digester operating as an acid digester.   As performance continued to be problematic it was decided to pursue a facility plan to decide on future upgrades to the digestion system and to provide capacity to the year 2030.  Alternatives for digestion and producing a Class A product are again being considered.  Planning is being carried out with consideration of the problems encountered while implementing the three stage advanced digestion system.  
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HEX 10 Recovery Exchanger, 2007 Performance

0

20

40

60

80

100

120

140

160

180

6/15/2007 6/22/2007 6/29/2007

7/6/2007

7/13/2007 7/20/2007 7/27/2007

8/3/2007

8/10/2007 8/17/2007 8/24/2007 8/31/2007

9/7/2007

9/14/2007 9/21/2007 9/28/2007

U Value

HEX 8

HEX 9


image14.wmf
Secondary Exchanger
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HEX 11 & 12 U values, 2007 Operation
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Startup #2 -- Apr, '07 to Nov, '07
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2nd Stage Lackeby Performance 

from February 1, 2008 until May, 2008
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