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Abstract: Biogas yield represents a key parameter for evaluating the stability of fermentation process. In laboratory scale
anaerobic fermentation experiments, the gas flow rate is generally low and the experimental period lasts long. In order to
solve the problems of labor intensity and low efficiency caused by manual measurement, a system for online gas metering for
low gas flow rate with high resolution and friendly interface was developed following the principle of liquid displacement.
The system was designed based on the LabVIEW software. Various functions were achieved, including automatic
calibration, automatic refilling the displaced liquid to compensate the loss from evaporation, real-time pressure and
temperature compensation for volume, generating, displaying, storing accumulated gas production curve and data in real-
time, etc. Finally, fermentation experiment was conducted to validate the system’s performance. Test results showed an
average relative error of —2.30% and a maximum relative error of —3.03% compared with manual measurement, which
indicated a high measurement accuracy of the system. Moreover, the results were stable even in the continuous long run for

80 h, indicating a good performance at operational stability. In conclusion, the system can satisfy the need of real-time gas

metering for laboratory scale anaerobic digesters, and it had great practical value.
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0 Introduction

Anaerobic fermentation is one of the effective
methods of utilization of organic waste!' ', Gas
production is an important target variable of anaerobic
fermentation. It can reflect the biodegradability of

450 and  evaluate  the

[6-7]

substrate efficiency  of

methanogens The volume of laboratory scale
anaerobic reactor is low. The daily gas production is
often between several hundred milliliters and several
liters. Traditional gas flow meters can not meet the
needs of accurate measurement of low gas flow rate'®’.
Biogas produced in anaerobic fermentation is usually

methods. The

sampling sites are scattered and gas production can not

determined by manual gasometric

be continuously monitored during the fermentation

process. It is easy to miss those important points of

]

. 9 ..
fermentation'®’. In addition, manual measurement also

has other shortcomings, such as time and labor
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consuming, low efficiency. The research and

development of online gas metering system for
laboratory scale anaerobic fermentation is of great
importance.

The measurement of low gas flow rate from laboratory

scale reactors is mainly based on the liquid
displacement  method' ™"’ and the manometric
method'® ™', LIU'™/ designed a gas metering system

for methane production potential research. The system
determined the cumulative biogas production by liquid
displacement method. A small quantity of biogas is not
measured during the time taken for the flow cell to
- [16]
tip

the gravity of the flow cell is greater than the

and the gas can not be released completely when

buoyancy. KUSS et al''”’ designed a kind of optical
bubble counter device to calculate gas accumulation
during anaerobic fermentation process. It was found
that the volume of the bubbles was relatively stable

only when gas flow rate was low. TAUBER et al''®’
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designed a system for measurement of gas production in
bioreactors based on image recognition technology and
the values of measurement were easily affected by the
pattern recognition error of the bubble. SHEN et al'"’
developed an automatic gas recording system for in
vitro fermentation based on manometric method. It
makes use of electronic pressure switch to monitor the
pressure inside fermentation bottle. When the pre-set
pressure is reached, the electromagnetic valve is
triggered to release biogas. The volume of each vent
has greater volatility.

Based on the principle of liquid displacement, a new
system was designed for online metering of low gas flow
rate which can apply to anaerobic fermentation at

laboratory scale.
1 System constitution and principle

The system was composed of computer, barometric
pressure transmitter, temperature sensor, liquid level
sensors, data acquisition card, peristalsis pump, step
motor controller, pinch valve, U-shaped measuring

vessel, etc. , as shown in Fig. 1.
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Fig.1 Schematic diagram of online gas metering

system for low gas flow rate

1. Computer 2. Barometric pressure transmitter 3. Temperature

sensor 4. Temperature transmitter 5. Data acquisition card
6. Stepper motor controller 7. Stepper motor driver 8. Liquid storage
bottle 9. Peristaltic pump 10. Gas inlet 11. Pinch valve

12. Liquid discharge port 13. Gas outlet 14. U-shaped measuring

vessel 15. Liquid level sensor 1 ~ 16. Liquid level sensor 2

The volume of U-shaped measuring vessel was about
130 mL. The inner diameter of the left and right
vessels were 50 mm and 6 mm, respectively. The
liquid storage bottle was a reagent bottle of 250 mlL..

Pinch valve is two-position three-way magnetic
valve. Electronic signal controls extrusion or release of
flexible tube to complete the switch of intake and
exhaust. Before measurement, the initial liquid adding
program was started to add liquid to the measuring
vessel until the liquid level reached sensor 2. In the

normal situation, the pinch valve is inactivated. Gas

flows to the measuring vessel through gas inlet. The
sensor 1 outputted high-level signal when the liquid
level reached it. When the signal was detected by the
acquisition card, the computer started to calculate,
display and save the cumulative gas production. At the
same time, the pinch valve was activated for a period
of several seconds, allowing the gas to be released from
the gas outlet competently. Then the pinch valve was
deactivated and the measurement cycle repeated.
Ambient temperature and pressure were real-timely
monitored by and barometric

temperature sensor

pressure transmitter, respectively. The computer
collected the data when the pinch valve was activated
and the gas volume was normalized by it. After the gas
was discharged competently, system judged the fluid
should be added or not based on the signal of liquid
level sensor 2. When the signal was low-level, the
acquisition card outputed a single pulse signal to start
the peristalsis pump to compensate the loss from
evaporation. The liquid discharge port was opened in

order to empty liquid at the end of measurement.
2 System hardware design

The system was built by host-guest model. The host
selected computer as a platform for completing the data
collection, display and conserve, etc. The guest

selected data acquisition card and step motor
controller, which can realize data acquisition and
control on actuators. The host-guest maintained real-
time communication through the USB interface. The

hardware diagram of system is shown in Fig. 2.
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Fig.2 Hardware diagram of online gas metering system

for low gas flow rate

2.1 Signal detection
PT100 resistance thermometer was selected as

temperature measuring element. The output signal was
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converted to 4 ~ 20 mA standard signal by the
temperature transmitter. The barometric pressure was
measured by DQY -
transmitter, which covers a pressure range of 800 ~

1 100 hPa with 4 ~ 20 mA output. HPQ — T2 liquid

level sensors with PNP output were used to detect the

TS barometric  pressure

liquid level.
2.2 Data acquisition card

The data acquisition card selected was USB — 7660DN
DAQ board made by Zhongtai Yanchuang Company. It
offers 24 differential analog inputs, 12-bit resolution,
up to 50 kHz sampling rate, 16 digital /0 lines,
50 mA output drive capability.
2.3 Output control

The pinch valve selected was Baike 100P3 typed
solenoid valve with operating current of 300 mA.
Energy saving module was CC24060L, which is an
energy-saving temperature-reducing device. It dropped
the current to “hold” current automatically after the
pinch valve was activated. The stepper motor controller
was (€S20 — 1 with 4
programmable NPN inputs. The output signal polarity

single axis controller
of the liquid level sensor 2 needs to be reversed first

and then connected to the controller.
3 System software design

The software of system was developed based on
LabVIEW platform, which consisted of front panel and
block diagram. Front panel was the man-machine
interface of the system, which had the function of input
and output. Block diagram was the implementation
process of the system function, and it was a kind of
graphical programming structure.

3.1 Front panel

The front panel was shown in Fig. 3, including
functions such as parameters setting, real-time display
of execution state, monitoring data and cumulative gas
production curve, path selection of calibration file,
start and stop. The front panel could be accomplished
by input and output controls.

3.2 System program

Functional modules were designed based on modular
thinking. The major functions of the system were
equipment initialization, system calibration, data
acquisition, output control, data management, etc.

The flow chart of main program was shown in Fig. 4.
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Fig.4 Flow chart of main program

3.2.1 Module of equipment initialization and system
calibration

Equipment initialization included establishing the
communication connection between computer and data
acquisition card and starting the stepper motor
controller. The OpenDevice function was called to
determine  whether the communication between
computer and the acquisition card was normal. The
function return value was - 1, indicating that the
communication was fault and alarm indicator was
lighted. The system called GetLastErr function to query
reasons and terminate running. The function return
value was 0, indicating that the communication was
succeed. Then using the digital output function of the
acquisition card, the single pulse was input to the

starting port of the stepping motor controller and the
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controller was started.

The system was calibrated by means of injecting air
to the U-shaped measuring vessel. Because the
injected volume was usually not integer multiple of
calibration value so that a small amount of gas could
not be included and it needed to subtract the volume

When

calibrating, the main VI statically called calibration

and then calculate the calibration value.
sub VI. Sub VI automatically recorded the activated
times of the pinch valve and transferred it to the main
VI in real time by means of global variable. After
calibration, the prompt user input express VI was
called, dialog box popped up on the front panel to
prompt the user to input the height of liquid column in
the thin tube and the volume of injected gas. The
program could automatically calculate the calibration
value. After 6 calibrations, the results could be
calculated by using standard deviation and variance
VI. The results were stored in the Excel file with the

write to spreadsheets file VI. The calibration program

was shown in Fig. 5.
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Fig.5 Block panel of calibration program

3.2.2 Data acquisition module

Driver library USB7660. dll of the data acquisition
card contains all the functions of data collection. Using
the call library function node in LabVIEW, the DLL
could be called to achieve the function of data
collection. Before temperature and barometric pressure
were collected, the acquisition parameters were set
first, including channel mode, sample rate, acquisition
range and so on. Output signals of transmitters were
conversed to digital form by the acquisition card. Then
it was transferred to the buffer. The data in the buffer
could be read in chunks by calling AlFifoEx function
and then converted to the corresponding temperature
and pressure values by a series of array functions and

formula node. Liquid level sensor output digital signal

and the level could be read by the DIBit function to
judge whether the liquid level reached the measuring
position of sensor. Fig. 6 showed the block panel of
and  barometric real-time

temperature pressure

acquisition and display program.
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Fig.6  Block panel of temperature and barometric pressure
real-time acquisition and display program

3.2.3 Output control module

The output control included two parts; the control of
pinch valve and liquid addition. The DOBit function
was called to set output state of the corresponding
channel and control the on-off of pinch valve to realize
switch of intake and exhaust. The stepper motor had
advantages of easy control, no accumulated error,

[20]

quick start and stop and so on It was used as

power source of peristaltic pump. The control system of
pump

acquisition card and

peristaltic consisted of computer, data

stepper motor  controller.

Subroutines of initial liquid adding and liquid
supplement in the later could be edited by shift, speed
assignment, automatic stop and other instructions of the

controller. When the liquid should be added, the

control instruction came from the computer was
converted to digital signal by acquisition card and sent

After the

signal was scanned, the corresponding subroutine was

to programmable input port of controller.

called to realize the function of adding liquid, as shown
in Fig. 7.
3.2.4 Data management module

(1) Data processing: a variety of noise existed in
the test environment. In order to improve the accuracy
of test results, it was necessary to make filtering. The
mean VI was called in LabVIEW to carry out arithmetic
mean filter processing to collect data. This method
could make results smooth and eliminate the effect of
random disturbance signal '’

Temperature and pressure influence the volume of
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Fig.7 Flow chart of liquid adding program

gas. The content of saturated water vaporin biogas is

different at different temperatures. For easy to
compare, the measured value should be adjusted to
standard condition (1 atm, 0°C and zero water
content) ', Tt could be assumed that the gas had
been cooled to room temperature when measured,
because the measuring vessel was small and had no
heat preservation. The equation for adjusting the
measured gas volume to standard condition based on

the ideal gas law as

P, T,
Vv ey (1)
The pressure of gas at the moment when pinch valve
was activated could be calculated as'* =
Py =Pa tPgh =P, (2)

p,=6.112 lexp ( (18’ 678 ‘2325 )257. 1TzI+ T, )

(3)
where V, is gas volume adjusted to standard condition,
mL; V, is measured gas volume, mL; p, is pressure of
gas at the moment when pinch valve was activated,

kPa; p, is ambient pressure, hPa; T, is ambient

temperature, “C; p, is standard pressure, 101.325 kPa;
T is standard temperature, 273.15 K; p is liquid
density , kg/m’ ; g is acceleration of gravity, 9. 8 N/kg; h
is height difference of liquid level between left and right
tubes at the moment when pinch valve was activated, m;

p, is saturated water vapor pressure ,hPa.

(2) Data display: the display module could present
the execution state and measuring results. Execution
state could be displayed by using the LED control. The
measuring results were displayed on the front panel in
the form of values and curves by means of numeric
indicator and waveform chart control.

(3) Data storage: the data needed to be stored for
subsequent analysis. The storage cycle could be set on
the front panel. The data storage program was placed
in a separated loop, running in parallel with the
acquisition program. The data was transmitted between
them by global variable. Time and data were converted
to strings with string functions. Using the build array
function and the write to spreadsheets file VI, strings
would be integrated into a two-dimensional array and
stored in the excel file. The file path sub VI was
designed. Its input was a string and output was a path.
New file could be created in the specified folder by
calling it. Fig. 8 showed the block panel of data display

and storage program.
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4 System performance test

4.1 Calibration experiment

(1) Experimental  equipment; single syringe
infusion pump (KDS100, KD Scientific Inc. ) and the
designed online gas metering system for low gas flow
rate.

(2) Experimental method: the syringe was fixed to
the syringe holder of infusion pump. The outlet of
syringe was connected to gas inlet of metering system.
Injection volume (total amount of gas injection) and
flow rate were set up before each calibration and started
infusion pump to inject air to the measuring vessel.
The calibration value ( gas volume measured per

measuring cycle ) was calculated according to 3.2.1
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section. Injection volume was set to 50 mlL in all

experiments and flow rates were 5 mL/h, 25 ml/h,

175 mL/h and 200 mL/h, respectively. Repeated 6

times with the same flow rate and the data were shown

50 mL/h, 75 mL/h, 100 mL/h, 125 ml./h, 150 mL/h, in Tab. 1.

Tab.1 Calibration data

Flow rate/ Calibration values/mL Average/ Relative standard
(mL-h™") 1 2 3 4 5 6 mL deviation/ %
5 0.991 0.985 0.983 1. 001 0.995 0.992 0.991 0. 66
25 0.998 1. 001 0. 986 0.991 0.995 1. 001 0.995 0. 60
50 1. 001 1.011 0.995 0. 996 0.998 1. 006 1. 001 0.62
75 1. 005 0.998 0.99%4 1. 007 0.991 1. 005 1. 000 0. 66
100 1. 000 0.997 0.993 1.012 1. 010 1. 008 1. 003 0.77
125 1.010 1. 005 1. 002 1.011 1. 006 1.014 1. 008 0.44
150 1.014 1. 021 1.012 1. 007 1.012 1.013 1.013 0.45
175 1.014 1.013 1. 008 1. 027 1. 025 1.017 1.017 0.72
200 1.024 1.028 1.014 1.017 1.021 1.012 1.019 0. 60

The calibration values of online metering system
were between 0. 991 mL and 1. 019 mL when flow rate
was from 5 mL/h to 200 mL/h, as shown in Tab. 1.
The relative standard deviation was less than 1% ,
indicating that the system had good reproducibility and
reliable.  The

increased with the increase of flow rate. By analysis,

data was calibration values were
the main reason was that there was a certain response
time from the high level output signal of liquid level
sensor was detected to the pinch valve acted. At the
same time, the actual injected gas was increased with
the increase of flow rate.
4.2 Verification experiment

In order to verify the performance and reliability of
the online gas metering system, anaerobic fermentation
experiment was carried out. The measured values were
compared with the manual measuring results.
4.2.1 Experimental material

Glucose was used as the substrate. The inoculum
obtained from the

sludge was laboratory  scale

continuous stirred tank reactor ( CSTR). pH value,
total solids (TS) and volatile solids (VS) were (8.23 £
0.21), (7.25 £0.01)% and (3.47 £0.01)%
respectively.
4.2.2 Experimental method

Batch
conducted. Totally 160 mL sludge and 8 ml glucose

anaerobic fermentation experiment was
solution with concentration of 0. 1 g/mL were added to
the 250 mL serum bottles. The bottles were flushed for
2 min with N, to remove air and then incubated at

(35 +1)%C in electrothermal water bath for 80 h.

Shaking the bottles every 1 ~2 h to ensure that the

substrate  was  fully  contacted  with  sludge.
Quadruplicate bottles were used in the experiment. Gas
production from three of those bottles was manually
measured with glass syringe every 4 h'”’and the data

were modified according to the following equation

p.—p, T,
V=V
) " p.s' T&' + T(l

Three replicates were set and the average was taken

(4)

as the result. Gas produced from the other one through
the water-sealed bottle entered into the online system
for metering. In order to reduce the diffusion of CO,,
acidified saturated NaCl solution ( pH value was less
than or equal to 3.00) was used as the filled
liquid .
4.2.3 Analysis method

TS was determined by drying to constant weight in
an oven at 105°C. VS was determined by igniting to
constant weight at 550°C. pH value was determined by

FE20 pH meter ( Mettler-Toledo instruments
(Shanghai) Co. , Lid. ).
4.2.4 Results and discussion

Cumulative gas production data during the

fermentation process was shown in Tab. 2. Compared
with the manual measured results, the average relative
error was — 2.30% and maximum relative error was

-3.03%.

accuracy and could meet the requirement of real-time

It showed that the system had higher

gas metering for low gas flow rate. The result of the
system was lower compared with that measured by

manual method. It might be because a small amount of



No. 10

Pang Changle, et al; Online Gas Metering System for Laboratory Scale Anaerobic Fermentation Based on LabVIEW 7

gas leaked out from the hose connection. The relative
error was large at early stage of the experiment. It
might be because a small amount of CO, in the biogas
dissolved in the liquid. The results were stable in the
continuous long run for 80 h, which indicated that the

system had high stability.

Tab.2 Fermentation experiment data

Manually measured System measured

Time/ Relative
L cumulative gas cumulative gas eror/%
production/mL production/mL
4 11.63 11.28 -3.03
8 34.59 33.70 -2.58
12 76.58 74.50 -2.72
16 121.43 118.00 -2.83
20 167.77 162.93 -2.88
24 213.09 206. 86 -2.92
28 253.89 247.09 -2.68
32 286. 46 279.26 -2.51
36 317.19 309. 68 -2.37
40 346. 15 337.34 -2.55
44 372.20 364.48 -2.08
48 395.79 388. 01 -1.97
52 418.99 409. 45 -2.28
56 441.90 432.92 -2.03
60 461.76 452.71 -1.95
64 481.98 474.23 -1.61
68 499.53 490. 70 -1.77
72 513.22 503. 45 -1.90
76 523.83 515.11 -1.66
80 528.28 519.18 -1.72

5 Conclusions

(1)Online gas metering system could realize high
sensitivity measurement with a resolution of about
1 mL. It could satisfy the requirement of precise
measurement of gas production from laboratory scale
digester. The system could collect the ambient
temperature and barometric pressure in real time and
the measured volume could be adjusted to standard
which

accuracy of the data.

condition , ensured the normalization and

(2) The system could continuously and automatically
It had the

characteristics of good real-time performance and high

collect, display and store the data.
automation. It effectively avoided tedious manual
measurement process.

(3) The results of anaerobic fermentation experiment

showed that the average relative error was — 2.30%

and the maximum relative error was — 3.03%. It
showed that the system had high accuracy and good
stability. The system could be used as an online gas
anaerobic

metering device for laboratory scale

fermentation.
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Online Gas Metering System for Laboratory Scale Anaerobic
Fermentation Based on LabVIEW
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Abstract: Biogas yield represents a key parameter for evaluating the stability of fermentation process. In
laboratory scale anaerobic fermentation experiments, the gas flow rate is generally low and the
experimental period lasts long. In order to solve the problems of labor intensity and low efficiency caused
by manual measurement, a system for online gas metering for low gas flow rate with high resolution and
friendly interface was developed following the principle of liquid displacement. The system was designed
based on the LabVIEW software. Various functions were achieved, including automatic calibration,
automatic refilling the displaced liquid to compensate the loss from evaporation, real-time pressure and
temperature compensation for volume, generating, displaying, storing accumulated gas production curve
and data in real-time, etc. Finally, fermentation experiment was conducted to validate the system’s
performance. Test results showed an average relative error of —2.30% and a maximum relative error of
-3.03% compared with manual measurement, which indicated a high measurement accuracy of the
system. Moreover, the results were stable even in the continuous long run for 80 h, indicating a good
performance at operational stability. In conclusion, the system can satisfy the need of real-time gas
metering for laboratory scale anaerobic digesters, and it had great practical value.

Key words: anaerobic fermentation; low gas flow rate; online monitoring; LabVIEW
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