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ABSTRACT

A computer-based Data Acquisition and Control Sys{®ACS) capable of monitoring the temperature,
pH and gas production as well as maintaining adetermined temperature profile and feeding regime i
anaerobic reactors was developed and tested. Thievdue for the DACS was a series-based system
consisting of a host processor which drives thredutes-a digital input mode (MODULE 255), an analog
input node (MODULE 254) and a digital output nod@QDULE 253)-through a Serial Communication
Adaptor connected to the serial asynchronous coroation port of the host processor. The system was
tested using two sets of laboratory model react@mtained under two diurnally cyclic temperatuaages

of 20-40°C and 15-25°C. Hydraulic retention time was vaffi@an 10 to 25 days using the control system.
The temperature and pH of the reactors were matat 30 sec interval. Results showed that thesyst
was able to maintain the desired temperature thinvit2.5°C for the 20-40C and +1.0C for the 15-25C
cycle. It was also able to maintain the desiredifegeregime and to monitor and record the tempesapH

and gas production at the desired interval of time.
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1. INTRODUCTION viability of contained weed seeds (Engelial., 1993;
Allan et al., 2003; Eckfordet al., 2012).

Anaerobic digestion is a biological treatment Despite the advantages of anaerobic digestion, the
process in which organic materials are decomposed i system is generally relatively unstable as a resfuthe
the absence of free oxygen to yield methane jJCH high sensitivity of anaerobic bacteria to changes i
Carbon Dioxide (C@ and small quantities of other environmental conditions including: Temperature, pH
gases (hydrogen sulfide, carbon monoxide, nitrggen, and organic loading rate (Ben-Hassanal., 1991a;
(Ghaly and Al Hattab, 2012). Compared to other 1991b; Ghaly and Ramkumar, 1999; Ghetlyl., 2000).
biological treatment processes, anaerobic digestiont is, therefore, important that these parametees b
has several advantages including: (a) A useablgasio monitored and controlled continuously for successfu
that is about 60-80% methane with a fuel value of operation of anaerobic digesters.
22.4 MJ/ni is produced in the process (Ghaly and Presented in this study is a computer based data
Echiegu, 1993), (b) the digested residue is almostacquisition and control system developed for the
odourless with reduced solids content, enhancdiiziar continuous monitoring of the temperature, pH and ga
value, lower pathogenic bacteria content and loks o production of a pilot scale anaerobic digestiontesys
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having 4 digesters. The system is also designed tdt consists of an insulated chamber which formee th
control the temperature and feeding rate of thestays. ambient environment for the digesters, a refrigatat
chiller, two heaters, two cross flow heat exchasgevo
2. CONTROL SYSTEM COMPONENTS fans, temperature control transducers and ducts for
directing the circulation of aif{g. 2).

The control system consisted of a feeding unit, a On the floor of the chamber was a U-shaped
temperature control unit, a gas collection unit andata  galvanized steel duct of 100 mm inside diametesidin
acquisition and control unit. one arm of the duct were located a thermally irtedla

. . electric fan (Model 4C02A, DAYTON ELECTRICMFG
2.1. The Feeding Unit CO., Dayton, Texas, USA), a heat exchanger and a

The manure feeding unit consists of a manure stkorag 500 W heater in that order. A digital rapid cool
tank, a feed pump (peristaltic pump, Model 110-030, refrigerated bath (Series 900, POLYSCIENCE, Niles,
TAT ENGINEERING CO., North Branford, lllinois, USA) with an operating temperature rangfe
Connecticut, USA), a set of tygon tubbing connegtime -35 to 150°C and an accuracy of +0.02°C supplied
storage tank, feeding pump, solenoid valves, méhifo chilled water for the system.
and the digester$(g. 1). A submersible pump (Model 1-MA, LITTLE

The pump and the solenoid valves were used toGIANT, Fort Wayne, Indiana, USA) immersed inside th
deliver a pre calculated amount of manure into eachchiller delivered chilled water to the heat exchemgs
digester based on the desired retention time asjetermined by the signal from the host processoe. &ir
determined by the signal from the host processbe T cjrculation was a closed loop system. The fan daaw
manure was pumped from the storage tank through therom the chamber into the duct. The air circulateer
tygon tubings, the distribution manifold and the he heat exchanger and the heater and after being
automatically controlled solenoid valve to eachesigr.  qngitioned, left the duct through the perforatiomsthe
The specially designed solenoidal valve was used 9 ther side of the u-shaped duct to bath the digeste

control the amount of manure delivered to the déyest . positioned between the two arms of the U-shapet! duc

the preset time. A digital timer controlled an In  operation. the temperature transducers
synchronized the operation of the feed tank stirrer P ' P

(MODEL 5935932, Type NSI- 10R93, BODINE continuously sampled the air temperature in each of
ELECTRIC CO.,No,rth field, Illinois, USA)., the chamber compartments and transmitted the
During a typical feeding cycle, the timer started sampled s.ig_n.al through the digital input node o th
the fed tank stirer about 5 min prior to the data acquisition to the host processor. Every 31 se
commencement of the feeding of reactor #1. At thethe host processor computed the average temperature
end of this period, the timer opened the first 8old in each chamber and compared the result with the se

Valve (SV1) while simultaneously turning on thedee Values. Depending on the error signal, the host
pump. Manure was, thus, fed to reactor #1 for aProcessor generated a correction signal which eithe
predetermined time period depending on the opegatin turned the heate_rs and the chiller submersible pump
hydraulic retention time. When the feeding of tistf 0N or off, respectively.

reactor_ was completed, the timer shuts off the_t firs 2 3 The Gas Collection Unit

solenoid valve and opens the Second (SV2) while the ) ) _

feed pump and the feed tank stirrer were still Bine Y-shaped nipples fitted over the top of the digeste
procedure was continued until all the four digester provided an outlet for the evolved gas. Over ome af
were fed and the feeding cycle was completed. At th the Y-shaped nipple were fitted a rubber septuroutin

' which gas samples were drawn with a syringe. Therot
end of the cycle, the timer turned off the manure arm was fitted with flexible tubing which convey#dtk

. . Rvolved gas through a water column, a gas scrulgsr,
repeated at the next cycle. Eight feeding cyclesewe | a1 and then to storagig. 3).
carried our daily at an interval of 3 h. The gas was bubbled through 5 cm head of water
2.2. The Temperature Control Unit in the water column which was sufficient to pr0\_/ide
adequate back pressure to the head space in the
The temperature control system was designed todigester in order to maintain constant working voéu
maintain the desired temperature profile in theegligrs.  in the digester.
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Fig. 1. The schematics of the manure feeding system
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The gas was subsequently fed into the scrubbethfor
removal of hydrogen sulfide. The scrubber wastfilléth a
mixture of wood sharing and steel wool. The iroridex
reacted with the hydrogen sulfide to form iron isiglf
thereby stripping off the hydrogen sulfide from tfaes.

Montreal, Quebec, Canada) was used to pump the gas
from the bag into the gas cylinder. The pump was
operated at a speed of 10 rpm. Two propane cyknder
62 cm high and 100 cm diameter, were used to share
gas. Each cylinder can store up to 10 kg gas.

A specially designed cumulative gas meter was used

to measure gas production. The outlet of the saubb
was connected to the gas meter. An electrical esunt
was used to keep a record of the number of thengdsr
tips. The tipping chamber in the meter was fittatda
center point, with small disc-shaped magnets.
normally-opened, read switch was attached to therou
wall of the meter so that the magnet would pasi by
each tip and momentarily closes the counter cirand

A

increases the count by one. Thus, the cumulatige ga

production for any period was measured taking the
counter readings at the start and at the end oftr@od
and multiplying the number of tips by 50 mL.

2.4. Data Acquisition and Control Unit

The instrumentation for the data acquisition and
control unit consists of the temperature and pH
transducers which were mounted in holders.

2.4.1. Temperature Sensors

The temperature transducers are integrated circuit
sensors (Model LM35CZ, NATIONAL SEMI-
CONDUCTORS, Santa Clara, California, USA) with an
operating temperature range of-40 to 110°C and an
accuracy and sensitivity of 1.5°C and 10 )/

The gas released from the meters was collected in despectively. The sensors were configured to operat
temporary storage bag and then pumped to a ga@Vver a temperature range of 0-60°C with a sensitiof
cylinder. The storage bag was a polyethylene bagsof 0.15 mVFC. The Integrated circuit sensors produce a
cm height and 47 cm diameter. A pump (Cat. No. 7543 highly linear output that deviate little with tinand are
10 and serial no. 108778, COLEPARMER INST. CO., ideal for accurate temperature measurement.
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The temperature transducers were calibrated using anit provided with two recesses in its lower settibhe
refrigerated water bath (Precision 280 Series, TMER  gas let into the meter is located in such a way thea
SCIENTIFIC, Marietta, Ohio, USA). The transducer evolved gas bubbled into one of the two recessdlean
were immersed in the water bath and hooked updo th tipping unit. When this recess is filled, the imdade
data acquisition and control system. While the results in the tipping of the diamond shaped uait t
temperature of the bath was gradually increaseth fro bring the second recess into position while relegsi
2°C to 60°C the voltage (equivalent to the given the previously accumulated gas. The tipping brought
temperature recorded by the sensor) was simultaheou the field of a small magnet (embedded at the upper
recorded. The procedure was repeated while therwateend of the tipping unit) over a reed switch (Model
bath temperature was gradually lowered froniG@o MARZ-185, Hamlin, Wisconsin, USA) mounted at the
2°C. The purpose was to remove any hysteresis effectouter face of the box. A reed switch (a magnetic
on the calibration. A calibration equation of tharmh switch) closed or opened when brought into or
shown below was written for each sensor Equation 1:  removed from the effect of a magnetic field.

For the calibration of the gas meters, each metexr w
T, =a+b(mv) (1) filled with water to the desired level. Air was ped
through the meter and the volume of air (at atmesph
pressure and ambient temperature) that resultedtip
of the gas meter in one direction was noted. THerme
that required to effect a tip in another directisas also
noted and the average taken to represent the vohime
gas recorded for each tip of the meter.

2.4.2. Ph Sensors 2.4.4. Actuators

The pH transducers were double junction blue  These consisted of solenoid valves, the manure feed
glass industrial electrodes (model NO05994-22, pump, the manure mixer motor, the heaters and the
COLEPALMER, Quebec, Canada) with operating pH submerged pump in the bath of the refrigeratedeshil
and temperature ranges of 0-13 and O0°CL0 The lower end of the armature of the vertically mieal
respectively. The sensors are ideal for fluids with solenoid valve carried a horizontal metal bar which
heavy metal, organics and sulphides such anwhen the valve was in a closed position, squeeggeht
aerobically treated organic wastes. They are alsotubing feeding the reactor against a fixed platesth
suitable for compounds that react with silver. shutting off the feed inlet to the reactor. Theesoids

The pH transducers were calibrated using standardyere actuated by the digital input mode of the data
buffers of known pH values. Three buffers of 4nd 40 acquisition and control system.

(Fisher Scientific, Montreal, Quebec, Canada) vuesex.
Several milivolts readings were taken for each sens 2-4.5. TheHardware

immersed in different buffers. Similar calibration The hardware for the data acquisition and control

Where

T = Temperature measured by the sens@mdb are
constants

mV = The voltage reading imV

equation was written for the pH sensors Equation 2: system was a series-based system consisting ot ho

processor which drives three modules: A digitaluinp
pH =a+b(mV) 2) mode (MODULE 255), an analog input node

(MODULE 254) and a digital output node (MODULE
Where 253)-through a Serial Communication Adaptor
pH = The pH value a and b are the constants connected to the serial asynchronous communication
mV = The voltage reading imV port of the host processdFig. 4).

The system is controlled and the information is

2 4.3. Gas Meter received through the RS232 serial port of a pelsona

computer equipped with real time clock. Although a
The gas meters consist of plexiglass boxespersonal computer was used, any computer with such
200x200x60 mm. Each box was partially filled with serial communication port and sufficient memory
water and contained diamond shaped plexiglasshiippi (depending on the programming language) can be used
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A Serial Communication Adaptor and Reset (SCAR) the device. This arrangement worked very well wfte
was introduced because the computer language ided d4.5 mm cable used. Once the signal entered thig,nod
not support the 8-data even parity, which was mequi a resistor associated with the multiplexer conwkrte
by the Addressable Receiver and Transmitter (ART).the current to voltage. This approach required one
Data from the host processor were, therefore, re-resistor instead of 8 and eliminated the need t® us
framed to 8-data, even parity, before being serthéo  closely matched components. To select a particular
nodes and re-framed to 8-data no parity beforedein input channel, instruction must be received frora th
transmitted to the host processor. host processor. This instruction was transmittethto

The hardware solution was chosen, although it wasnode as two bytes of 8 and 7-bits, respectivelye Th
possible to solve this problem using the softwaneaif first was the node address while the second (cHanne
a better knowledge of the computer BIOS routines ar address) selected the node address to be digitindd

known. A logically separate function, the Powertbp initiated the conversion process.
ART-based nodes responded correctly after power was The Digital Output Node (Module 253) was a 10-
first applied Fig. 5). channel node which controlled the devices connetded

Each of the nodes was built around an Addressablghe switched receptacles on the receptacle parred. T
Receiver/Transmitter (ART). Each of the nodes has amicroprocessor communicated with the channels by
separate address and an independent clock butsit wasending two bytes of 8-bit and 7-bit respectivelje
possible to incorporate this function with the SCARe  first was the node address while the second adettess
Digital Input Node (Module 255) was a four-chanrel, and wrote a specific Flip-Flop (FF). The FF output
bit counter which was linked with the system thriotige ~ Would not change until the opposite value was enito
ART. The reed switches of the gas meters Wereit, or if it was hlgh, until all the FF’s were reﬂﬂsing the
connected to this counter. When any of the gas nsiete Software. Buffered FF outputs drove the low voltage
caused its reed switch to close, a 4-bit binarynteu  inputs of the Solid State Relay (SSR) which switttie
was incremented. The Host Processor accessed thidC power to devices connected to the switched
node by inputting an 8-bit node address as welhas receptacles of the receptacle panel.
dL_Jmmy byte. The. dummy did not supply the node 5 4 g Software
with any information but was necessary for format
reasons. The counter returned two consecutive bytes The software structure composed of different tasks
(of 8 bits each) each of which was decomposed (byarticulated on the CPU and regularly activated gy t
using integer division) to yield two values. Thdues internal clock of the host processor. The softwass
were converted into volume rate of gas productign b developed in QuickBasic and consisted of a main
the host processor. A de-bounce filter was provitled module which called two main types of procedure
eliminate erroneous inputs generated by mechanicalsubroutines): The internal clock activated nodizeils
Contacts bouncing when forced together. and the user-activated procedures for viewing dtdisga

The Analog Input Node is a 12-channel, 13-bit and downloading them onto removable storage devices
integrating Analog-to-Digital Converter (ADC) which There were also safety/security routines such astloat
was linked to the DACS through the ART. The ADC had turned off all devices if an error is detected.iflified
a conversion rate of 7 Hz. A multiplexer was pr@ddas  flowchart for the main module is shownkig. 6.
part of the module multiplexed 4 pH and 8 tempegatu The flowchart was implemented by entering a
channels by selecting particular temperature or pHseven-character password which allowed access to
sensors. The pH sensors had extremely high outpuprogramme. On logging on, the microprocessor checks
impedance, typically210°?. This signal must, therefore, and turns off all devices initially as a safety se.
be buffered with CMOS op amp before further This is followed by a dialogue in which the user is
processing. The op amp had typical input leakageenti  requested to enter a list of parameters. Thesedest
of 1x10™* at 25C, so the signal was not degraded. A 3- (a) The operating Hydraulic Retention Time (HRT) fo
terminal semi-conductor type temperature sensorg we the four reactors, (b) the minimum and maximum
used. Since they were intended for short lead kef@t temperature expected in the chamber, (c) time vater
small capacitance load), they were re-configured fo to check and adjust chamber temperature as required
current output by connecting an appropriately sizedand (d) time interval to display and store acquipét
resistor between the output and the common ternaihal temperature and gas production data.
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At the end of the dialogue, there is a provisiom fo Among the procedures activated by the internallcloc
making any changes to the entered data beforevere Gas Meter, Temp HSensor (temperature and pH
programme execution is started. All variables ds® a sensors),TempContol (temperature control) anéreed
initialized at this point. The main programme was System (feeding system). Gas Meter decoded the output
terminated by pressing CONTROL-Q while the stored from the Digital Input Node, converted them intosga
data were viewed by temporarily suspending programm output and displayed and stored the data in the: didve
execution using CONTROL-V. of the host processor. TempHSensor checked the
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validity, polarity and range of the converted agalo synchronized the operation of the manure mixerd fee
signals from the temperature and pH sensors. b als pump and solenoid valves as earlier described.
computed 30-min averages for each of the sensafs an The user activated procedures include ones for
displayed and stored the data at regular interi@smp  viewing stored data and terminating the programme.
Control called a host of other procedures for neg@ind  When the result-viewing procedure was activated by
computing average temperature of each chamberpressing CONTROL-V, a menu was displayed to
comparing them with set points (which are a funtid  gnaple the user select the type of result file imw

the time of the day) and turning on or off the lelil  thege included periodic or cumulative gas output
submersible pump and/or heaters in the chambed Fee

. ) iles, pH and average pH files, temperature or ager
System, when activated, started a feeding cycle an . . . .
emperature files and daily gas production files.

Login correct
password?

/Input paramet ers/

I Initialization I

Display
message

Create .
initialization file

Call routine for viewing
result, making hardcopy

; N
and dD“;I:.lOEldlIlU Turn off all
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Keys: TempHSensor = Routine for taking temperature and pH readings: GasMeter = routine for taking gas reading: TempControl =
routine for regulating the operating temperature and FeedSystem = routine for actuating the programmed feeding system

Fig. 6. Simplified flowchart for the data acquisition aodntrol system
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For each selected menu, there is a provision forautomatically if an error is detected. The natufr¢he
downloading the file and/or making hard copies whil error was displayed and must be corrected befoge th
viewing. When the programme-terminating sub- programme could be restarted.

routine is called, all devices are first turned byf the

host processor. A short output file, whighs 3. RESULTSAND DISCUSSION
used in initializing the programme when started

again was created after the programme was Evaluation of the system was carried out by using
terminated. An error check subroutine was calledthe system to maintain a diurnally cyclic temperatu
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profile in the reactor. A diurnally varying temptnse
function given by (Hill, 1983; Echiegu and Liber013)
was imputed in the computer programme used bydbke h
processor to determine temperature set points et ea
given time. The function is as shown below Equafion

Sl

2
{sin[o.2617994< i+ 13+sin 0_2617€§1+ij }

T max ~ Tami
Th= d max dmin

2

Tdmax +Tdmin
2

3)

Where

Th The hourly dry bulb temperature

Tamex = The maximum daily temperature
Tamin = The minimum daily temperature
h = The hour of day (1.00 am = hour #1)

Four continuous-mix laboratory size (25 L each)
anaerobic digesters operated on dairy manure a
fourlevels of HRT (25, 20, 15 and 10 days), twcels\of
influent total solid concentration (6.4 and 3.5%y awo
diurnally cyclic temperature ranges (15°€25and 20-
40°C) were used in evaluating the system.

Figure 7 shows the designed and measured
temperature of the chamber temperature for the twao
diurnally cyclic temperature ranges. From the fegut is
seen that temperature control system was able ftc
maintain the diurnally cyclic temperature patteattivas
desired for both the temperature ranges of 2@4énd
15-25C. In fact, the temperature was maintained to
within £2.5°C for the 20-40C and within +1.0C for the
15-25C cycles. The control was thus finer during the
lower cyclic temperature range.

Figure 8 shows typical diurnal variation in biogas
production rate as a result of the diurnally cyclic
temperature variation maintained in the reactorghey
DACS whileFig. 9 shows similar results for pH. As can
be seen from the figure, the system was able to
accurately monitor the variation of in biogas protiin
with time of day as influenced by diurnal aeratioh
temperature. The same was also obtained for pH Als
the feeding control system was able to maintain a
feeding regime that resulted in the desired hyitaul
retention times of 25 days, 20 days, 15 days anday8.
Although the system during the evaluation was
programmed to maintain two diurnally cyclic
temperature regime provided the correct temperature
function is programmed into the software.

,////4 Science Publications 325

;
%
;

g T
| HRT =254
TS =64% By
5 201 Temp=20-40°C =
& 5
;- 1)
= 139 ~
[~ i o
.% 2 3
8 L
= W 24 g
£ wl d g
=]
5[l i -
[ "
s R R 1" P I
Time of the day (h)
(@)
HRT =254
=) TS =64% Lo
§ 20{  Temp=15-25°C -
=1 lye
[ 9]
% L
= g8 bz
[
g g
3 s ©
2 10 . [ 2
E 24 E
E ‘\/\. [2
Zos 5
&

-

-
-
-
-

113

Time of the day (h)

s~ Biogas Temperature

(b)

12
H

Fig. 8. Typical variation biogas production rate with diallg
cyclic temperature as measured by the data adguisit
and control system

1.

T4

-
-
=9

1

HRT =25d
T8 =35%
Temp=20-40°C

Temperature {“C)

2 |

[ )
Time of the day (h)
(@)

4 i

AJEAS



Echiegu, E.A. and A.E. Ghaly / American JournaEafjineering and Applied Sciences 7 (3): 316-326420

5 Ben-Hassan, R.M., A.E. Ghaly and M.H. Mansour,

HAT ma8d 1991b. A microcomputer-based oxygen

:;;“p:f-;?m measurement and cqntrol system for fermentation

processes. Applied Biochem. Biotechnol., 30: 247-

263. DOI: 10.1007/BF02922029

Eckford, R.E., J.C. Newman, X. Li and P.R. Watson,
2012. Thermophilic anaerobic digestion of cattle

i manure reduces seed viability for four weed species

™ 10 Int. J. Agric. Biological Eng., 5: 71-75.

£l ~ Engeli, H., Edelmann, W., Fuchs, J and Rotterm&nn,

L
1.8

V.44

po

0
™
u: =
"
™

L bbb gl

Temperature (°C)

= 1993. Survival of plant pathogens and weed seeds
" T T L during anaerobic digestionWater Sci. Technol., 27:
Time of the day (h) 69-76.
Echiegu, E.A. and J.T. Liberty, 2013. Effluents
prnn 1] Tempernture characteristics of some selected food processing
(b) industries in enugu and anambra states of Nigeria.
Home.

Fig.9. Typical variation reactor pH with diurnally cyclic Ghaly, A. E. and M. Al Hattab, 2012. Effect of diafly
temperature as measured by data acquisition and  cyclic temperature on the performance of a
control system continuous mix anaerobic digester. Am. J. Biochem.

Biotechnol., 7 146-161. DOI:
4. CONCLUSION 10.3844/ajbbsp.2011.146.162
Ghaly, A.E. and D.R. Ramkumar, 1999. Controlling th
The data acquisition and control system gave a very  pH of acid cheese whey in a two-stage anaerobic
satisfactory performance in terms of monitoring the digester with sodium hydroxide. Energy Sources,

temperature, pH and gas production. The temperature  21:475-502. DOI: 10.1080/00908319950014623

control system maintained the desired diurnallylicyc Ghaly, A.E. and E.A. Echiegu, 1993. Kinetics of a

temperature ranges of 20%4Dto within +2.3C and 15- continuous-flow no-mix anaerobic reactor. Energy

25°C to within +1.0C during the evaluation. It equally Sources, 15: 1-17. DOt

maintained the desired feeding regime and hence thPGhallo.1:%0/0%9283é213r,r(1)|fu9rg2?378 S Sadaka and J.P
desired hydraulic retention time. Yo AL, O L o

Rochon, 2000. Effect of reseeding and pH control

on the performance of a two-stage mesophilic
5. ACKNOWLEDGEMENT anaerobic reactor operating on acid cheese whey.

- . Canad. Agric. Eng., 42: 173-183.
This study was sponsored by the Canadian . ' -
International Development Agency under the TUNS- Hill, R.S., 1983. Evolution of nothofagus cunningtia

UNN-DAE Link iect. and its relationship to N. moorei as inferred from
nkage projec tasmanian macrofossils. Aust. J. Botany, 31: 453-
6. REFERENCES 465. DOI: 10.1071/BT9830453

Allan, D., E. Katovich and C. Nelson, 2003. Feztii
value and weed seed destruction potentials of
digested manure. Paper presented at the Anaerobic
Digestion Technology Applications in Animal
Agriculture: A National Summit.

Ben-Hassan, R.M., A.E. Ghaly and M.H. Mansour,
1991a. A computer-based ph measurement and
control system for fermentation processes. Applied
Biochem. Biotechnol., 30: 233-245. DOI:
10.1007/BF02922028

////4 Science Publications 326 AJEAS



