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I.  Introduction


Small scale biodiesel processing creates a sustainable model for local fuel production that individuals, farms, businesses, municipalities, and other organizations can use to meet or offset fuel needs.  By producing fuel on a small scale, we can become more directly responsible for meeting our own needs, and less reliant on fluctuating global energy markets.

In an effort to promote local fuel production, the Collaborative Biodiesel Project at Appalachian State University (ASU) has designed an innovative biodiesel processor than can serve as a model for small scale biodiesel processing.  The facility is also intended to serve as a resource for valuable information related to biodiesel production.
II.  Description and Implementation

The ASU processor is a 90 gallon batch processor with sufficient storage capacity to produce approximately 400 gallons of biodiesel per week.  It is constructed with high quality materials to ensure long life, and provide for safe operation.  The processor includes a solar thermal system to provide the heat necessary for operation, and methanol distillation equipment to recover excess methanol from the product.

Heating System

In favorable weather, the heating system for the facility is designed to provide all of the heat to drive the biodiesel reaction from the sun.  The sun’s energy is collected by 144 ft2 of solar thermal panels mounted to the roof of the building.  The water heated in these panels is stored in a heavily insulated 30 gallon tank.  When heat is needed in the process, a distribution pump circulates this water through heat exchangers in the process tanks.  A system of solenoid controlled valves allows us to control which tank(s) receive that heat.  In cold weather, we can burn biodiesel or vegetable oil in a boiler to provide more heat if the panels are insufficient.  Our boiler has a built in heat exchanger in the top of the tank that originally served to heat potable water.  We circulate our heat transfer fluid through that heat exchanger to heat the system in cold weather.
A heating system schematic, and further specifications are provided in appendix A.  Updated drawings and plans are also available at www.biodiesel.appstate.edu.  

Heat collection and storage

Solar heat is harvested by four flat-plate solar thermal collectors mounted to the roof of the building, and is stored in a heavily insulated 30 gallon tank of water.  A small amount of propylene glycol is added to the water storage for corrosion resistance.  A small (Taco 008) pump draws water from the bottom of the tank, and pumps it through the collectors, which are plumbed in parallel.  The heated water is returned to the top of the tank.  When the collection pump is not operating, all of the water drains back into the storage tank.  All of the plumbing for the heat collection is in ¾” or 1” copper tubing.
Heat Distribution

A dedicated heat distribution pump (Grundfos UR12) draws water from the bottom of the storage tank, and circulates it through heat exchangers in the process tanks.  The water is returned to the top of the tank.  All of the plumbing for the heat distribution is done with ½” PEX tubing.  Each tank has its own internal heat exchanger, as described in table 1.

	Tank
	Heat exchanger description

	Reaction vessel
	30’ long, 1” diameter SS tubing

	Wash tanks
	50’ long, 3/8” diameter aluminum tubing

	Settling tank
	50’ long, 3/8” diameter aluminum tubing

	Oil storage
	30’ long, 3/8” diameter copper tubing


Table 1:  Description of heat exchangers in process tanks.

Backup Heating

The fuel oil boiler that provides backup heating contains an internal heat exchanger that is cast into tank.  Another small (Taco 003) pump draws heat transfer fluid from the bottom of our storage tank, and pumps it through this heat exchanger when the backup heating system is operating.  This system heats the same storage tank that is heated by the solar thermal system during sunny weather.  Plumbing for this part of the system is also done in ½” PEX.
Control

Because all of the tanks in our processor system are heated, we designed a system to control the distribution of heat transfer fluid into the various tanks.  This control system allows the heat distribution system to efficiently store solar heat without making it necessary for a human operator to be present.  Heat collection is controlled separately by a differential controller (Goldline GL-30).


Using a computer, and National Instruments (NI) 1200 series Data Acquisition (DAQ) board, we measure and log temperature data on each tank in the system.  The same board signals relays to activate motorized valves (Honeywell V8043F) that direct the flow of heat transfer fluid through the processor heat exchangers.


Temperature measurements are made using thermistors and the simple voltage divider shown in figure 2.
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Data acquisition is controlled by a labview program, which samples each thermistor and calculates a temperature value every second.  These values are averaged and written to a file, with time and date information every minute.  The labview program and a complete schematic of the data acquisition system are provided in Appendix C.
Methanol Distillation


Excess methanol is generally used to drive the biodiesel reaction to completion.  Recovery of this excess reactant prevents reduces operation cost, and prevent the escape of hazardous methanol fumes.

Our design utilizes a vacuum pump to reduce pressure in the reaction vessel sufficiently that methanol will vaporize at our reaction temperature of 120°F (48.9°C).  This requires a reduction in pressure of 6.6 psi.  After mixing is complete, a vacuum is drawn on the methanol collection vessel, which is connected to the reaction vessel through a 3/8” copper condensing coil immersed in a cold water bath.  A schematic of the methanol distillation system is provided in Appendix D, along with a graph of vapor pressure vs. temperature for methanol.
Processor System

The processor system consists of eight tanks for mixing, settling, washing, drying and storing fuel and oil.  A photograph of most of the system components is shown in figure 3, and a system schematic and further specifications are provided in Appendix E.
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Figure 3:  Photograph of the ASU Collaborative Biodiesel Project processor.
The most important system components are briefly described below:
· Reaction vessel: The oil and catalyst are combined in a 120 gallon sealed stainless steel (SS) tank with a slightly conical bottom

· Methoxide tank:  The catalyst (KOH) and methanol are combined in a 30 gallon HDPE conical bottom tank.  The KOH is placed in a SS basket suspended inside the tank, and methanol is pumped over it through a spray nozzle.

· Settling tank:  Another 120 gallon SS conical bottom tank serves as a settling tank to separate biodiesel and glycerin.  This tank is open topped.

· Wash tanks:  A fine mist of water is sprayed over the settled fuel in 280 gallon dished-bottom wash tanks.  We have two large wash tanks to prevent bottlenecks in this time consuming process.

· Drying tank:  Biodiesel is heated and circulated in the drying tank to allow excess moisture from the washing process to be evaporated.

· Oil storage:  Oil is stored in 55-gallon drums.

III.  System Operation

The operation of the biodiesel processor system is as follows:

Oil Processing

Oil is stored in 55-gallon drums outside the processor building in a well insulated passive solar greenhouse where it can be directly pre-heated by the sun.  When oil arrives at the facility, it is pumped and coarsely filtered (to 250-500 microns) into the oil storage tanks.  Using passive solar gain and collected heat, we keep the barrels between 80° and 100°F.  This facilitates settling of the oil, and separation of water.  A dedicated oil transfer pump then pumps the oil through finer filtration (100 microns) into the reaction vessel.

Reaction

In the reaction vessel, we heat the oil to our reaction temperature of 120°F.  We then slowly pump the catalyst, prepared in the methoxide tank, through a baffled static mixing tube that aides in mixing catalyst and oil.  The introduction of the catalyst requires about 20 minutes, and the mixing pump continues to circulate the mixture for about 45 minutes after all the methoxide is introduced.  After shutting off the mixing pump, the fuel is either pumped into the settling tank immediately, or allowed to settle in the processor.

Methanol recovery

After the reaction, while the mixture is settling, we continue heating the reaction vessel, and use a vacuum pump to pull approximately 2-3 psi of vacuum on the tank.  This lowers the vaporization temperature of the excess methanol in the reaction vessel, which is pulled through a condensing coil and collected in another container.
Settling and washing

After settling for at least four days at about 80° -100°F, we drain the glycerin from the settling tank, and transfer the biodiesel through a 10 micron filter to a wash tank, where a fine mist of water is sprayed over the fuel to absorb impurities.  We also bubble the water through the fuel with air stones for more efficient washing and water use.  After another day of heated settling, the water is drained, and the wash process is repeated if necessary.

Drying

Finally, we circulate the washed fuel inside an open, heated tank to allow excess moisture to evaporate from the finished fuel.  When it is clear, we pump the fuel through a 5 micron filter into final storage.
IV.  Testing 


In order to quantify the performance of this design, we have carried out several tests of the processor, heating, and methanol recovery systems.
Processor


We made three batches of biodiesel using this design.  The parameters for each batch are described below.
	Batch
	Volume (gallons)
	Oil Titration (g KOH/ml oil)
	Total KOH used (kg)
	Total Methanol used (gallons)
	Reaction Temperature

(°F)

	1
	55
	3
	1.854
	11
	120

	2
	57
	3.53
	2.056
	11.4
	110

	3
	71.5
	3.37
	2.536
	14.3
	120


Each batch was mixed for one hour, except the second batch, which was mixed for 1 ½ hours because of its lower reaction temperature.
Heating System

Using our data acquisition system, we recorded temperature data on each tank whenever they were being heated for reaction, settling, or washing.  In addition to providing measurements of system performance, this data will allow us to determine whether the heat exchangers in the system are properly sized to efficiently and quickly transfer heat into the process tanks.  In order to better understand sizing considerations for the system, we developed a computer model to predict system performance, and compared these predictions with measured data.  Our analysis includes the effects of heat exchanger geometry and material on heat transfer rates.
Methanol Recovery

We experimented with methanol recovery twice on the third batch of biodiesel by pulling a vacuum on the processor and actively heating the batch.  The first experiment was made immediately after mixing was complete, and the second experiment was performed on the following day.
V.  Data

Processor System

At this date, we have successfully made three batches of fuel with this processor, totaling 195 gallons of fuel.  We have tested the fuel in three vehicles, a 1985 Volkswagon Jetta, a 1982 Isuzu P’up, and a 1985 Mercedes 300D, all with good results.  We did experience increased smoking in the VW, and slight cold starting problems in the Isuzu with unwashed fuel from the second batch.  Washed fuel did not exhibit these problems.


Preliminary gas chromatography results are shown in figure 4.  This test is an unwashed sample from the first batch of biodiesel.  The secondary peaks spread out from 18 minutes to 22 minutes are caused by residual glycerol in the sample.  The intensity of these peaks indicates a glycerol concentration of 0.28% according to Dr. Ramey in the chemistry department.  This is a reasonable value for unwashed fuel, and comparable to the ASTM standard of 0.2% total glycerin content (Howell, Weber, 1995).

[image: image4]
Figure 4:  Gas chromatography results.  The large peaks at ~13.00 and 14.85 min are from ester groups.  The peaks from 18 to 22 min indicate the glycerol concentration within the sample.
Heating System

System performance


The heating system has demonstrated exceptional performance, providing all necessary heat for the first two batches of fuel we made.  The third batch, made on a cloudy afternoon, was heated by burning one gallon of B20 in the boiler.  Further testing is necessary to determine if the boiler can burn higher concentrations of biodiesel, although we are optimistic about that possibility.

Peak power transfer of heat into the processor has been measured at 6,307 btu/hr (averaged over 2.5 hours) and the highest temperature achieved in the processor was 154°F.  Peak power collection was measured at 21,400 btu/hr (averaged over 47 minutes).
System sizing – Heat transfer rates


We collected 136 hours of useful temperature data on the reaction vessel, and 41 hours of useful data on the wash tank.  More data is necessary to effectively characterize these heat exchangers, but we were unable to collect it due to logistical problems, such as not having electricity installed in our facility during the semester.

A sample data set is shown in figure 5.  The remaining data and calculations are provided in Appendix F.
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Figure 5:  Temperature data for the reaction vessel as it is heated with the oil burner.  At 7:30pm, the heat distribution is turned off, and at 9:15pm it is turned on again.  The following morning, the solar thermal system begins re-heating the water storage and the processor.


The rate of heat transfer for the reaction vessel heat exchanger is calculated using the following steps.

1. Total heat gain of the reaction vessel is calculated by isolating a heating curve (such as the one between 3:45pm and 7:30pm in figure 5), and using the following equation.

equation 1:
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Where Q is the total heat gain (Btu), m is the mass of the oil in the reaction vessel (lb) , c is the specific heat of oil (0.4 Btu/lb/°F) and 
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 is the temperature gain of the reaction vessel for the duration of the heating curve (°F).

2. Heat lost by the processor during that period is added to the heat gain calculated above to determine the total heat gain of the tank.  Rate of heat loss is calculated by recording the cooling curve of the unheated reaction vessel (between 11pm and 11am in figure 5).
3. The temperature differential between the active heat exchanger and reaction vessel is quantified by multiplying their difference in temperature by the duration of time of the heating curve.  Essentially, we are integrating the area between the heat exchanger temperature curve and the temperature curve of the tank (figure 6).  This gives us a measure of the number of the number of heating degree hours received by the reaction vessel.
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Figure 6:  The area between these two curves is proportional to the total energy transferred into the reaction vessel by the heat exchanger.
4. Finally, the rate of heat transfer is calculated by dividing the number of degree hours calculated above into the total heat gain, Q.  The heating rates calculated with the data we have collected so far vary between 90 Btu/°F/hr and 251 Btu/°F/hr.  This relatively wide range of values indicates the need for more data.
System sizing – Computer modeling

We developed a theoretical computer model to predict the performance of the heating system, using both Excel and Matlab.  The MatLab code for this model is included in Appendix G, and the Excel model is available at www.biodiesel.appstate.edu.


We used the following equation to model heat transfer through a heat exchanger:

equation 2: 
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Where Q is the energy transferred through the heat exchanger (joules) over a period of time, t (sec); A is the area over which heat is transferred (m2); k is the thermal conductivity of the heat exchanger material (W/m/°K); L is the thickness of the heat exchanger wall; and TH and TL are the hot and cold side temperatures, respectively.
In order to accurately model the rate of heat transfer, complicated fluid dynamics and heat transfer issues must be taken into account, such as the stratification of temperature inside the tank, and the non-uniform temperature distribution of fluid flowing through the heat exchanger.  In order to create a more easily understood model, I attempted to determine whether a simple coefficient could be used to modify the theoretical heat transfer rate, as given by equation 2, and make it agree with experimental data.  That coefficient, defined as the ratio of the actual heat transfer rate and the rate given in the above equation, could be called heat exchanger effectiveness.  My experimentally determined values for heat exchanger effectiveness vary from 1.7% to 3.2% for the reaction vessel heat exchanger.

The following graph indicates the correlation between the experimental data and the computer model using a value of 1.0% for heat exchanger effectiveness.  There is a very close correlation between the model and data for the reaction vessel heating curve.  I have not developed a particularly accurate model for the solar thermal heating inputs, and the model doesn’t match the data for the water storage particularly well.  The drastic drop in temperature of the reaction vessel at 2:19pm, when the heat distribution was shut off, is likely due to the addition of methoxide while batch number two was being made.  I cannot fully account for the rapid drop in the water storage temperature between 3:45pm and 4:30pm.  There were leaks in the system at that time, and it is possible that cold water  was added to the system to make up for fluid loss.


I have very few data sets without special events of this kind interrupting the data, and so I have not yet attempted to correlate my computer model with any other data sets.  When construction is finished at the site, and permanent power is installed, the facility will be more conducive to uninterrupted data collection.
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Figure 7:  Correlation of experimental data with computer model.
Methanol Recovery

We recovered approximately one gallon of methanol from the third batch of biodiesel that we made.  This represents 7% of the total methanol used in the batch.  Our vacuum pump was too small to maintain the desired level of vacuum on the reaction vessel while sustaining a high enough flow rate to make the process feasible.  Using our original pump, the distillation of one gallon of methanol required approximately 15 hours.

VI.  Conclusions and Recommendations

The processor and heating system performance was quite good, producing high quality fuel, with no external heating inputs.  The methanol recovery system demonstrates potential, and we are optimistic about its performance with the addition of a larger vacuum pump.


We need much more data to effectively characterize the heat exchangers in this system, which can be collected as soon as power is installed in the facility.  The 136 hours of data collected on the reaction vessel only includes four heating curves, two of which lack data on the heat exchanger temperature.  The continuation of this project would be an interesting project for students in any of several technology classes utilizing the biodiesel facility in the future.
It would also be helpful to have more data collection capability in the facility to accurately measure fluid temperatures, flow rates, and other system characteristics.  The current data NI 1200 DAQ board that we are using has only eight analog inputs, which is not sufficient to accurately measure stratification of temperature within a tank.  Some of our data indicates that tank stratification or other phenomenon leads to inaccurate readings when using only one thermistor for temperature measurement on a tank.  Similarly, because solar thermal system output is weather dependent, an illumination sensor on the roof would make thermal data more meaningful.

Because measurements of heating rates and similar calculations require accurate knowledge of volumes and masses contained in each vessel, a more careful measurement and reporting scheme to track these values is recommended.  I have recently incorporated documentation of these values into the data acquisition software in order to better record this information.  Processing the data I have collected thus far has been somewhat difficult because of poor record keeping in this respect.
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Appendix A:  Heating System Specifications and Schematic
The solar thermal installation is a drainback system.  All the water in the collectors drains back into the 30 gallon storage tank at night.

Storage:
· 30 gallon conventional hot water tank, sprayed with 2” of polystyrene insulation, and then wrapped with a reflective bubble wrap material.
Pumps:
· Heat collection:  Taco 008 circulator.  Our storage tank is elevated to aid this small pump in lifting water in the tank to the roof.  A larger pump may be necessary in some systems.

· Heat distribution:  Grundfos UR12.

· Backup heating:  Taco 003 circulator.

Heat exchangers: 

	Tank
	Heat exchanger description

	Reaction vessel
	30’ long, 1” diameter SS tubing

	Wash tanks
	50’ long, 3/8” diameter aluminum tubing

	Settling tank
	50’ long, 3/8” diameter aluminum tubing

	Oil storage
	30’ long, 3/8” diameter copper tubing
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Appendix B:  Thermistor Resistance and Temperature Chart.
	ｰF
	OHMS
	ｰF
	OHMS
	ｰF
	OHMS
	ｰF
	OHMS
	ｰF
	OHMS
	ｰF
	OHMS
	ｰF
	OHMS

	-50
	491,142
	0
	85,387
	50
	19,900
	100
	5,827
	150
	2,044
	200
	829
	250
	378

	-49
	472,642
	1
	82,719
	51
	19,377
	101
	5,697
	151
	2,005
	201
	815
	251
	373

	-48
	454,909
	2
	80,142
	52
	18,870
	102
	5,570
	152
	1,966
	202
	802
	252
	367

	-47
	437,907
	3
	77,656
	53
	18,377
	103
	5,446
	153
	1,929
	203
	788
	253
	362

	-46
	421,602
	4
	75,255
	54
	17,899
	104
	5,326
	154
	1,892
	204
	775
	254
	357

	-45
	405,965
	5
	72,937
	55
	17,435
	105
	5,208
	155
	1,856
	205
	763
	255
	352

	-44
	390,966
	6
	70,698
	56
	16,985
	106
	5,094
	156
	1,821
	206
	750
	256
	347

	-43
	376,577
	7
	68,535
	57
	16,548
	107
	4,982
	157
	1,787
	207
	738
	257
	342

	-42
	362,770
	8
	66,447
	58
	16,123
	108
	4,873
	158
	1,753
	208
	726
	258
	337

	-41
	349,522
	9
	64,428
	59
	15,711
	109
	4,767
	159
	1,720
	209
	714
	259
	332

	-40
	336,804
	10
	62,479
	60
	15,310
	110
	4,664
	160
	1,688
	210
	702
	260
	327

	-39
	324,597
	11
	60,595
	61
	14,921
	111
	4,563
	161
	1,657
	211
	691
	261
	323

	-38
	312,876
	12
	58,774
	62
	14,543
	112
	4,464
	162
	1,626
	212
	680
	262
	318

	-37
	301,622
	13
	57,014
	63
	14,176
	113
	4,368
	163
	1,596
	213
	669
	263
	314

	-36
	290,813
	14
	55,313
	64
	13,820
	114
	4,274
	164
	1,567
	214
	658
	264
	309

	-35
	280,433
	15
	53,669
	65
	13,473
	115
	4,183
	165
	1,538
	215
	648
	265
	305

	-34
	270,460
	16
	52,078
	66
	13,136
	116
	4,094
	166
	1509
	216
	637
	266
	301

	-33
	260,878
	17
	50,541
	67
	12,809
	117
	4,007
	167
	1,482
	217
	627
	267
	296

	-32
	251,670
	18
	49,054
	68
	12,491
	118
	3,922
	168
	1,455
	218
	617
	268
	292

	-31
	242,821
	19
	47,616
	69
	12,182
	119
	3,839
	169
	1,428
	219
	607
	269
	288

	-30
	234,316
	20
	46,225
	70
	11,882
	120
	3,758
	170
	1,402
	220
	598
	270
	284

	-29
	226,138
	21
	44,879
	71
	11,589
	121
	3,679
	171
	1,377
	221
	588
	271
	280

	-28
	218,276
	22
	43,577
	72
	11,305
	122
	3,602
	172
	1,352
	222
	579
	272
	276

	-27
	210,716
	23
	42,318
	73
	11,029
	123
	3,527
	173
	1,328
	223
	570
	273
	273

	-26
	203,445
	24
	41,099
	74
	10,761
	124
	3,454
	174
	1,304
	224
	561
	274
	269

	-25
	196,451
	25
	39,919
	75
	10,500
	125
	3,382
	175
	1,281
	225
	553
	275
	265

	-24
	189,722
	26
	38,777
	76
	10,246
	126
	3,312
	176
	1,258
	226
	544
	276
	262

	-23
	183,248
	27
	37,671
	77
	9,999
	127
	3,244
	177
	1,235
	227
	536
	277
	258

	-22
	177,019
	28
	36,601
	78
	9,758
	128
	3,177
	178
	1,213
	228
	527
	278
	255

	-21
	171,023
	29
	35,565
	79
	9,525
	129
	3,112
	179
	1,192
	229
	519
	279
	251

	-20
	165,251
	30
	34,561
	80
	9,297
	130
	3,049
	180
	1,171
	230
	511
	280
	248

	-19
	159,696
	31
	33,590
	81
	9,076
	131
	2,987
	181
	1,150
	231
	503
	281
	244

	-18
	154,347
	32
	32,648
	82
	8,861
	132
	2,926
	182
	1,130
	232
	496
	282
	241

	-17
	149,197
	33
	31,737
	83
	8,651
	133
	2,867
	183
	1,110
	233
	488
	283
	238

	-16
	144,236
	34
	30,853
	84
	8,447
	134
	2,809
	184
	1,091
	234
	481
	284
	235

	-15
	139,458
	35
	29,998
	85
	8,249
	135
	2,752
	185
	1,072
	235
	473
	285
	232

	-14
	134,855
	36
	29,169
	86
	8,056
	136
	2,697
	186
	1,054
	236
	466
	286
	229

	-13
	130,420
	37
	28,365
	87
	7,867
	137
	2,643
	187
	1,035
	237
	459
	287
	225

	-12
	126,147
	38
	27,587
	88
	7,684
	138
	2,591
	188
	1,017
	238
	452
	288
	223

	-11
	122,030
	39
	26,832
	89
	7,506
	139
	2,539
	189
	1,000
	239
	445
	289
	220

	-10
	118,061
	40
	26,100
	90
	7,333
	140
	2,489
	190
	983
	240
	439
	290
	217

	-9
	114,235
	41
	25,391
	91
	7,164
	141
	2,440
	191
	966
	241
	432
	291
	214

	-8
	110,547
	42
	24,704
	92
	6,999
	142
	2,392
	192
	950
	242
	426
	292
	211

	-7
	106,991
	43
	24,037
	93
	6,839
	143
	2,345
	193
	933
	243
	420
	293
	208

	-6
	103,561
	44
	23,391
	94
	6,683
	144
	2,299
	194
	918
	244
	413
	294
	206

	-5
	100,254
	45
	22,764
	95
	6,530
	145
	2,254
	195
	902
	245
	407
	295
	203

	-4
	97,063
	46
	22,156
	96
	6,382
	146
	2,210
	196
	887
	246
	401
	296
	200

	-3
	93,986
	47
	21,566
	97
	6,238
	147
	2,167
	197
	872
	247
	395
	297
	198

	-2
	91,017
	48
	20,993
	98
	6,097
	148
	2,125
	198
	857
	248
	390
	298
	195

	-1
	88,152
	49
	20,438
	99
	5,960
	149
	2,084
	199
	843
	249
	384
	299
	193


Appendix C:  Data Acquisition and Control System
System Schematic:

[image: image12.emf]
Labview Code:
These screenshots provide a general idea of what the labview software we have developed looks like.  The hardware we are currently using (National Instruments 1200 series DAQ) allows for eight analog inputs, which we are using for temperature readings.  The digital input/output ports will be used for heating system control.  The complete code is available at www.biodiesel.appstate.edu.
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Above:  Front panel of the labview program we developed for data acquisition and control. 
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Above:  Partial screenshot of the Labview code for our data acquisition program.  This program takes a reading on each temperature sensor every second, averages those readings every minute, and writes the average to a file.  The control portion of the code is not yet implemented.

Appendix D:  Vapor Pressure of Methanol and Distillation Schematic
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Appendix E:  Processor Specifications and Schematic
Pumps
· Oil Transfer Pump (P1) and Water Pump (P4):  Chicago Tools 10gpm ½ hp pump.  As vegetable oil is not particularly corrosive, and has limited solvent properties, this pump is not particularly special.  High flow rates are necessary when pump viscous oil.  The pump is not rated for high temperatures, but moderate heating will improve flow rate of oil, especially through filters.

· Mixing Pump (P2):   

· Fuel Transfer Pump (P3) and Drying Pump (P5):  Clearwater 5gpm ½ hp water pump.  This easily obtainable pump is not rated for biodiesel, but is often used on biodiesel processors, and generally lasts a long time.  It is inexpensive and easily replaceable if it fails.

· Collection pump (not shown in schematic):  12V DC diaphragm pump.  This positive displacement pump is especially well suited for viscous fluids, which is important in collecting or transferring unheated oil.  The 12V DC motor allows collection of oil without access to grid power.

Plumbing

All plumbing that comes into contact with methoxide is done with ¾” stainless steel pipe for corrosion resistance.  The remaining processor plumbing is done in 1” steel pipe.  According to the Biodiesel Handling and Use Guidelines (NREL, 2004) copper and PVC are degraded by biodiesel over time.  Galvanized pipe is also not appropriate for materials compatibility reasons.  Where it is necessary to be able to see the fluid in the plumbing, we used PVC hose, which will degrade over time, and may be easily replaced.  We did use brass ball valves, except where plumbing is in contact with methoxide, where we used stainless steel valves.

Static Mixing Tube

The static mixing tube is part number S801 from www.aquaticeco.com.  It is made of polyethylene, and the plastic will likely become cloudy over time from contact with biodiesel.


[image: image17.emf] 
Appendix F:  Solar Thermal Data

Plots and meaningful calculations for solar thermal data collected thus far are provided in this appendix.  The data sets themselves are available in Excel format at www.biodiesel.appstate.edu.  Some collected data are not shown on these graphs, for the sake of clarity.
The amount of heat gained (or lost) by any particular vessel is calculated by measuring its rise (or drop) in temperature, and using the following formula
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Where m is the mass of the tank (lb), c is the specific heat of the material in the tank (Btu/lb/°F), and 
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 is the change in temperature (°F).  Heating rates are calculated by dividing the total heat delivered into a vessel by the duration of time over which it was delivered.
Net heat transfer rates into the reaction vessel or wash tank (given here in Btu/hr) account for heat loss out of the tank.  They are a measure of the capability of the entire system to deliver heat where it is needed.  Thus, if we state here that the system transfers 4,000 Btu/hr into the reaction vessel, the system is actually delivering somewhat more than that, but some of it is lost, and not reported in the net heat transfer rate figure.
3-22-06 – 3-24-06:

Using the heating curves in this data set, we have calculated heating rates for the system, including the rate at which heat is delivered into the water storage, and the rate at which it is transferred into the reaction vessel.  Using the cooling curves, we can calculate rate of heat loss for both the processor and the water storage tank.
[image: image20.emf]Solar thermal temperature data (3/22-24/06)
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Parameters
	Reaction vessel contents (3-22)
	57 gallons oil

	Reaction vessel contents (3-23)
	57 gallons biodiesel, 11.4 gallons glycerin

	Water storage contents
	30 gallons


Calculation summary
	Measurement
	Value

	Heat delivery into water storage (3-22)
	21,403 Btu/hr

	Heat delivery into water storage (3-23)
	8,457 Btu/hr

	Net heat transfer into reaction vessel (3-22)
	5,826 Btu/hr

	Net heat transfer into reaction vessel (3-23)
	3,972 Btu/hr

	Reaction vessel cooling rate (3-22 – 3-23)
	8.7 Btu/°F/hr

	Reaction vessel cooling rate (3-23 – 3-24)
	12.6 Btu/°F/hr


Notes

The extremely high heat delivery rate on 3-22 is due to the low initial temperature of the water storage that morning.  It appears that the heat distribution is cycled on and off several times during the morning of 3-23, resulting in a slower heat transfer rate into the reaction vessel that day.

3-31-06 – 4-1-06:
This data set is useful for calculating rate of heat delivery into the wash tank.

[image: image21.emf]Solar Thermal Temperature Data (3-31-06)
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Parameters
Wash Tank Contents: 30 gallons biodiesel, 20 gallons water.  (estimated)

Calculation summary
	Measurement
	Value

	Net heat transfer into wash tank(3-31)
	4,179 Btu/hr (over 2.5 hours)

	Net heat transfer into wash tank(4-1)
	7,452 Btu/hr (over two hours)

	Wash tank cooling rate (3-31 to 4-1)
	17 Btu/°F/hr


4-6-06 – 4-7-06: 

This dataset records the heating of the water storage with the boiler.  We have used this data to calculate boiler heating rates, and heat transfer rate into the processor.  Because this dataset also contains measurements of the reaction vessel heat exchanger, we can use it to calculate the heat transfer rate of the heat exchanger, as described in section V. of this document.
[image: image22.emf]Heating of Reaction Vessel with Boiler (4-6-06)
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Parameters
	Reaction vessel contents
	75 gallons biodiesel, 15 gallons glycerin

	Water storage contents
	30 gallons water


Calculation summary
	Heat delivery rate into storage (4-6)
	9,527 Btu/hr (over two hours)

	Heat delivery rate into storage (4-7)
	6,778 Btu/hr (over 2.2 hours)

	Net heat transfer rate into reaction vessel (4-6)
	3,062 Btu/hr (over 3.75 hours)

	Net heat transfer rate into reaction vessel (4-7)
	6,307 Btu/hr (over 2.5 hours)

	Reaction vessel cooling rate (4-6 to 4-7)
	9.5 Btu/hr/°F

	Heat exchanger rate (4-6)
	119 Btu/hr/°F

	Heat exchanger rate (4-7)
	210 Btu/hr/°F

	Heat exchanger effectiveness (4-6)
	1.7%

	Heat exchanger effectiveness (4-7)
	3.0%


Notes
Calculations for heat exchanger effectiveness taken from this data are described in the body of the paper.

4-8-06 – 4-10-06:

This dataset includes a heating cycle using the boiler, and a heating cycle using the solar thermal collectors.  
[image: image23.emf]Boiler and Solar Heating (4/8-10/06)
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Parameters
	Reaction vessel contents 4-8
	71.5 gallons vegetable oil

	Reaction vessel contents 4-9 and 4-10
	71.5 gallons biodiesel, 14.3 gallons glycerin

	Water storage contents
	30 gallons water


Calculations summary
	Heat delivery rate into storage (4-9)
	9,546 Btu/hr (over 2.25 hours)

	Heat delivery rate into storage (4-10)
	10,127 Btu/hr (over 2.1 hours)

	Net heat transfer rate into reaction vessel (4-8)
	3,637 Btu/hr (over 2.75 hours)

	Reaction vessel cooling rate (4-8 to 4-9)
	16.5 Btu/hr/°F

	Heat exchanger rate (4-8)
	229 Btu/hr/°F

	Heat exchanger effectiveness (4-8)
	3.2%


Notes
The clear difference between reaction vessel heating on 4-8-06 and 4-9-06, in spite of similar heat exchanger temperatures indicates insufficient instrumentation.  On 4-8, the reaction vessel was mixed during a methanol distillation experiment.  On 4-9, there was no mixing.  It is likely that the low temperature readings on 4-9 are due to stratification of temperature within the tank when there is no mixing.  A better measurement could be achieved with more temperature sensors.  Unfortunately, the current DAQ hardware is limited to eight sensors, which makes such measurements somewhat difficult.
Summary

	Measurement
	Value

	Heat delivery rate into water storage (3-22)
	21,403 Btu/hr

	Heat delivery rate into water storage (3-23)
	8,457 Btu/hr

	Heat delivery rate into storage (4-6)
	9,527 Btu/hr

	Heat delivery rate into storage (4-7)
	6,778 Btu/hr 

	Heat delivery rate into storage (4-9)
	9,546 Btu/hr

	Heat delivery rate into storage (4-10)
	10,127 Btu/hr

	Average heat delivery into storage
	10,973 Btu/hr

	
	

	Net heat transfer rate into reaction vessel (3-22)
	5,826 Btu/hr

	Net heat transfer rate into reaction vessel (3-23)
	3,972 Btu/hr

	Net heat transfer rate into reaction vessel (4-6)
	3,062 Btu/hr 

	Net heat transfer rate into reaction vessel (4-7)
	6,307 Btu/hr 

	Net heat transfer rate into reaction vessel (4-8)
	3,637 Btu/hr

	Average transfer rate into reaction vessel
	4561 Btu/hr

	
	

	Net heat transfer into wash tank(3-31)
	4,179 Btu/hr

	Net heat transfer into wash tank(4-1)
	7,452 Btu/hr

	Average transfer rate into wash tank
	5816 Btu/hr

	
	

	Reaction vessel cooling rate (3-22 – 3-23)
	8.7 Btu/°F/hr

	Reaction vessel cooling rate (3-23 – 3-24)
	12.6 Btu/°F/hr

	Reaction vessel cooling rate (4-6 to 4-7)
	9.5 Btu/°F/hr

	Reaction vessel cooling rate (4-8 to 4-9)
	16.5 Btu/°F/hr

	Average reaction vessel cooling rate
	11.8 Btu/°F/hr

	
	

	Wash tank cooling rate (3-31 to 4-1)
	17 Btu/°F/hr

	
	

	Heat exchanger rate (4-6)
	119 Btu/°F/hr

	Heat exchanger rate (4-7)
	210 Btu/°F/hr

	Heat exchanger rate (4-8)
	229 Btu/°F/hr

	Average heat exchanger rate
	186 Btu/°F/hr

	
	

	Heat exchanger effectiveness (4-6)
	1.7%

	Heat exchanger effectiveness (4-7)
	3.0%

	Heat exchanger effectiveness (4-8)
	3.2%

	Average heat exchanger effectiveness
	2.63%


Appendix G:  Computer Modeling Code.
The advantage of modeling this system with MatLab is that it allows us to more easily account for special events in the model, such as turning heat distribution on and off, computer control of the heating system, the addition of unheated material to the system, etc.  Such changes are difficult to model in Excel, because it requires manipulation of long data tables.  In MatLab, or a similar programming language, it is possible to write the code with high flexibility such that changes may be made to a few variables or function inputs to represent such events.
function [heatflow, heat, temp, deltaT] = heatingmodel()
    % this is a simple function that models heating for the reaction vessel
    % only.
    % the function 'prioritized heatingmodel.m' models a prioritization
    % scheme for the heating that would be executed by a computerized
    % control system running LabView.
    %define tank numbers.  these numbers can be used to reference
    %arrays of tank variables
    drainback = 1;
    processor = 2;
    % set tank volume (gal)
    tank_volume = [30,55];
    %calculate mass for drainback tank (lbs)
    tank_mass(1) = tank_volume(1) * 8.3;
    %calculate mass for reaction vessel (lbs)
    tank_mass(2) = tank_volume(2) * 7;
    %set tank rvalue
    tank_rvalue(1) = 20;
    tank_rvalue(2) = 2.5;
    %set tank surface area  (sq ft)
    tank_surface_area = [15.1, 38.2];
    %set length of simulation in minutes, and time of day to start
    %simulation
    test_length = 2000;
    test_start_time = '7:55 AM';
    %set ambient temperature (Deg F)
    ambient = 45;  
    temp(1,processor) = ambient;
    temp(1,drainback) = 38;
    % set heat exchanger effectiveness
    effectiveness = 0.01;
    % set heating power of solar collectors.  this number is from SRCC
    % ratings in btu/day
    collector_power = 24000;
    % generate data table to lookup amount of solar heat available
    % as a function of time of day.
    % collector power multiplied by 4 because we have four collectors.
    solar = generate_solar(4*collector_power,test_length,test_start_time);
    %thermal conductivity of heat exchanger material
    k_ss = 18;  %w/mK 
    % specific heat of oil
    c_oil = 0.4;  %Btu/lb/degF
    % define physical characteristics of heat exchangers.
    proc_ex = [15, 1, 0.002];  %length (ft), d (in), t(mm)
    proc_ex_area = heat_exchanger_area(proc_ex);
    % initialize time variable (for plotting)
    time(1) = 1;
    for (t = 2:test_length)
        %figure heat flow in Watts
        heatflow(t,processor) = k_ss*proc_ex_area/proc_ex(3)*(degC(temp(t-1,drainback))-degC(temp(t-1,processor)));
        %figure Btu's transfered from drainback tank to active tank in one
        %minute
        heat(t,processor) = effectiveness*heatflow(t,processor)*3.41/60;
       %figure conductive heat losses for each tank.  variable loss is in
       %btu
        for (i = 1:2)
            loss(t,i) = -tank_surface_area(i)*(temp(t-1,i)-ambient)/tank_rvalue(i)/60;
            if (i ~= processor && i ~= drainback)
                %the active tank and the drainback tank will be figured
                %later.  right now deduct losses from inactive tanks
                deltaT(t,i) = loss(t,i)/tank_mass(i)/c_oil;
                temp(t,i) = temp(t-1,i) + deltaT(t,i);
            end            
        end
        % figure delta T (deg F) for active tank and drainback tank
        deltaT(t,processor) = (heat(t,processor) + loss(t,processor))/tank_mass(processor)/c_oil;
        deltaT(t,drainback) = ( solar(rem(floor(t/60),24)+1) - heat(t,processor) + loss(t,drainback))/tank_mass(drainback);
        temp(t,processor) = temp(t-1,processor) + deltaT(t,processor);
        temp(t,drainback) = temp(t-1,drainback) + deltaT(t,drainback);   
        time(t) = time(t-1) + 1;
        % make an array of solar data for plotting
        solar_plot(t) = solar(rem( floor(t/60) ,24)+1);
        % make an array of time data for plotting
      %  time_plot(t) = rem(floor(t/60),24)+1;
    end
    % set up plot info
    format = ['b';'m'];
    clf;
    hold on;
    % plot each tank
    for i=1:2
        plot(time,temp(:,i),format(i,:));
    end
    legend('drainback','reaction vessel','best');
    grid on;
    % overlay solar data for reference
    plot (time,solar_plot,'r- ');
    hold off;
end
% calculate heat exchanger area given physical dimensions
% exchanger = [lenth (ft), diameter (in), thickness (mm)]
function area = heat_exchanger_area(exchanger)
    area = exchanger(1)*0.3048*exchanger(2)*.0254*pi;
end
% convert from farhenheit to celsius
function celsius = degC(far)
    celsius = 5/9*(far-32);
end
% generate multipliers to model input of solar energy into the system.
% this is not an accurate model of solar input.  I am merely using the
% SRCC value to determine the total amount of energy per day, and 
% dividing it up between the hours from 7-5, using a multiplier so
% that there is more input in the middle of the day, and less in the
% morning and evening.
function solar = generate_solar(collector, test_length, test_start)
    datev = datevec(test_start);
    daten = datenum(test_start);  
    % set a fraction for each hour of the day.  1 = maximum sun, 0 = no sun
    for i=1:24
        switch i
            case 8
                s_mult(i) = 0.75;
            case 16
                s_mult(i) = 0.75;
            case 9
                s_mult(i) = 0.85;
            case 15
                s_mult(i) = 0.85;
            case 10
                s_mult(i) = 1;
            case 14
                s_mult(i) = 1;
            case 11
                s_mult(i) = 1.25;
            case 13
                s_mult(i) = 1.25;
            case 12
                s_mult(i) = 1.3;
            otherwise
                s_mult(i) = 0;
        end
    end
% generate an array with solar energy input for each hour.
% the first element in the array corresponds to the first hour of the test
% this array allows for quick lookup of energy input while the program is
% running.  
    for i=1:24
        %4th element in the date vector is the hour        
        % matlab doesn't like a zero index into an array, so change 0 hour
        % to 1 hour.
        if datev(4) == 0
            datev(4) = 1;
        end
        solar(i) = s_mult(datev(4))*collector/9/60;
        % increment the date by one hour
        daten = daten + 1/24;
        dates = datestr(daten);
        datev = datevec(dates);
    end
end
Appendix H:  Materials Properties 

The following materials properties are used throughout this document for various calculations.
Specific Heat:

Oil: 0.4 btu/lb/°F

Biodiesel: 0.4 btu/lb/°F (assumed)

Water: 1 btu/lb/°F

Glycerin: 0.58 btu/lb/°F:  

Densities:

Oil and biodiesel:  7 lb/gallon

Glycerin: 10.4 lb/gallon

Water: 8.34 lb/gallon

http://www.armstrong-intl.com/common/allproductscatalog/cg-53.pdf

Thermal Conductivities
Copper: 400 W/m/°K

Stainless Steel:  14 W/m/°K

Aluminum: 237 W/m/°K
Figure 2: Voltage divider circuit used to measure thermistor resistance.





Thermistor = Rt


Known Resistor = Rk


Voltage Measurement = Vs





Thermistor resistance may be calculated as


Rt = (Rk*(5-Vs))/Vs





Temperature may then be determined by looking up the thermistor resistance in the table in Appendix B.
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