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Abstract

A combustion pressure measurement system is a major unit used to study combustion characteristics of an alternative fuel
compared to a baseline fossil fuel. Many previous studies have used a Kistler make transducer connected to a Kistler charge
amplifier to detect the combustion pressure inside the cylinder, but the prices are very high, more than 5,000 USS.
Consequently, this technical paper provides some tips to properly assemble a combustion pressure measurement system with
a much lower price and apply theoretical functions to convert raw data into combustion output variables. An AutoPSI pressure
sensor connected with a charge amplifier and a PicoLog 1012 data logger was chosen, and the total cost was 2,250 US$. The
pressure measurement unit was used to detect the combustion pressure of producer gas in a diesel engine operated in dual fuel
mode. A venturi and a U-tube manometer were designed and fabricated to read producer gas flow rates based on the Bernoulli
principle. Three different engine loads (i.e., 35%, 53%, and 70%) with gas flow rates (i.e., no gas, 10 kg/h, and 20 kg/h) were
controlled to test the combustion pressure measurement system and the gas flow reader. The results highlighted that the
combustion characteristics of the present study are in the same trends as those of existing studies. The combustion peak occurs
lower and later with a higher gas flow rate, but an increase in engine load raises the peak pressure. This study contributes to

offering technical tips to design a low-cost research facility.
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1. Introduction

An increase in fossil fuel price, petroleum reservoir
depletion, and air pollution have caused a growing interest in
research of alternative fuel exploitation for internal
combustion (IC) engine to diminish diesel and gasoline
dependency and reduce atmospheric pollutant emissions.
Compressed natural gas (CNG), liquefied petroleum gas
(LPG), Hydrogen (Hz), and liquefied or gaseous biofuels
have been extensively utilized to study the engine
performances and emissions and then compared with the
gasoline or the diesel as the baseline [1-8], and other some
literature studied the reduction in fuel gas emissions [9-10].
Investigation of engine performance and emission
characteristics does not require any internal modification of
an engine [11-12]. However, the study of engine combustion
characteristics needs a pressure sensor or pressure transducer
installed on the cylinder head to firstly detect combustion
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pressure that is recorded by a data acquisition system. Then,
the raw combustion pressure data are converted into the
profiles of combustion pressure, net heat release rate
(NHRR), cumulative heat release (CHR), ignition delay, and
combustion duration [6, 13]. Correspondingly, the
combustion characteristics of alternative fuels can be
investigated and compared with fossil fuels considered as the
baselines. Many previous studies have used a Kistler make
transducer connected to a Kistler charge amplifier to study
the combustion characteristics. However, the prices of this
toolkit are very high, more than 5,000 US$. Many academics
and graduate students in developing countries are unable to
purchase these tools for research and experiment. Therefore,
this study introduces another pressure sensor connected with
a charger amplifier and a medium speed data acquisition
system at a much lower price. The authors also show how to
assemble the combustion pressure measurement system and
visualize the combustion output variables.



448

Engineering and Applied Science Research October — December 2020;47(4)

Figure 2 Drilling a hole: a) on the top of the cylinder head, and b) on the bottom of the cylinder head

Producer gas or syngas is a gaseous fuel converted from
biomass through a thermochemical process. This gas is
considered a renewable technology for the exploitation of
agricultural residues. In our study, producer gas was used to
partially replace diesel fuel to study the combustion
characteristics of a dual fuel mode and compared with the
neat diesel mode. Gas flow rates have a significant impact on
combustion characteristics [11, 13-15]. However, the gas
flow rate reader is not commercially available. Many
previous studies have investigated the combustion
characteristics at the maximum diesel replacement rate [7,
15-16]. Therefore, this technical report provides some
technical tips to design a gas flow rate reader based on the
Bernoulli principle. Based on the existing literature, there is
no study of designing a reader for producer gas flow rates.
The contribution of this study is twofold: 1) an assembly of
a combustion pressure measurement system with a much
lower price and 2) the design of a gas flow rate reader. This
article is highly expected to be informative for graduate
students in developing countries having research budget
constraints for the study of alternative fuels and internal
combustion engines. Furthermore, the concept of designing
a gas flow rate reader can also be applied for a reader for
other gaseous fuels such as biogas, natural gas, and LPG. The
novelty of this study is the provision of technical tips to
design a low-cost research facility for the study of the
combustion characteristics of alternative gaseous fuel.

2. Installing a pressure sensor on a cylinder head

2.1 Specifications of the pressure sensor

An AutoPSI pressure sensor connected to a charge
amplifier was taken to design a low-cost research facility to
study engine combustion characteristics because the price is
only 2,000 US$. The pressure sensor is presented in Figure
1. The sensor element was coupled to an enclosure through
an optical fiber. The enclosure houses all the electronic
circuitry and consists of leads coded in four colors to
terminate a power source and a data acquisition system. The
function of each wire is described as follows [17]:

o  White: Sensor output signal;

e Green: Diagnostic, static calibration;
e Red: Power; and

e Black: Ground (power and signal).

Something surrounded by the biggest black hose is the
charge amplifier of the sensor, as seen in Figure 1 (left). The
specifications of the sensor are detailed in Appendix 1. The
pressure sensor mounted on the engine cylinder head to
measure the dynamic combustion pressure is described in the
next subsection.

2.2 Mounting the pressure sensor on the engine cylinder
head

The pressure sensor was mounted on the cylinder head
of a KM 168 diesel engine. The technical specifications of
the engine are detailed in Appendix 2. The thickness of the
cylinder head casing is approximately 17 mm. The cylinder
head, beforehand, was removed out of the engine. In the
beginning, an 8-mm drilling bit was used to drill the casing
of air cooling above the cylinder with a through-hole, as
illustrated in Figure 2 (left). Then, the cylinder head was
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Figure 4 The photographic view of mounting the pressure sensor on the cylinder head: a) drilling a hole, b) making a thread,
¢) mounting a pressure sensor, and d) a hole for a pressure sensor tip

drilled through using a 2-mm drilling bit from the bottom
surface. Subsequently, a 4.5-mm drilling bit was used to drill
the same hole of the cylinder head from the air cooling
casing. The depth of drilling the cylinder head is 14 mm for
making the thread (as illustrated in Figure 3).

After that, an M5-0.5 hand tap was used to make the
thread (see Figure 4, top right corner), and the pressure
sensor was threaded in the hole (see Figure 4, bottom left
corner). Look at the red oval circles highlighted on the figure
(bottom right corner), the mounted pressure sensor is close
to the intake valve, and the fuel combustion pressure is
detected by the pressure sensor fixed to the 2-mm diameter
drilled hole.

3. Connecting a pressure sensor and a crank angle sensor
to a data acquisition system

Combustion pressure and crank angle must be recorded
simultaneously. Therefore, the combustion pressure can be
plotted in terms of the crank angle.

3.1 Pressure sensor

The pressure sensor was used to measure the dynamic
pressure of fuel combustion. The green color wire was not
used because it is designed for static pressure calibration.
Figure 5 presents the connection of each wire to a data
logger's terminal board and a power supply. The red color
wire was connected to a 12V DC power supply, the black
wire was fixed with the ground port of the terminal board and
the ground wire of the power supply, and the white color-
coded lead was screwed to channel 1 of the terminal board.
The terminal board was directly interfaced with the data
logger connected to a laptop using the communication cable.
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Figure 6 An inductive type sensor mounted on a fan casing to detect fan blades

3.2 Crank angle sensor

An inductive type speed sensor was mounted on the
casing of the engine fan blades to detect the fan blades, as
illustrated in Figure 6. The voltage source of the sensor is 12
V DC. The terminal board of the data logger is designed for
a sensor with a power output of 0 through 2.5 V. A voltage
divider was used (see Figure 7); otherwise, the sensor cannot
be connected directly to the terminal board.

3.3 Data acquisition system

The data acquisition system is composed of a terminal
board, a data logger, and a USB cable (as illustrated in Figure
8). The terminal board allows the sensor wires to attach the
data logger without soldering. In this technical article, we
used a PicoLog 1000 series, 1012 modal data logger to record
data. The cost of the data logger was approximately 250 US$
(tax included). The PicoLog data logger is designed to record
data at medium speed with multichannel voltage-input. The
data logger is connected to a personal computer (PC) that can
visualize the data in terms of time. This data logger can be
used to record the dynamic combustion pressure and crank
angle simultaneously. The specifications of the data logger
are listed in Appendix 3.

4. Design and fabrication of a producer gas flow reader

A venturi and a U-tube manometer were designed to
measure gas flow rates. The gas is compressible, but it was
assumed to be a non-compressible fluid as its flow rate was
low, roughly 12.14 m3/h [18]. Additionally, the streamline is
inviscid and steady. It is possible to apply the Bernoulli
equation between any two points on the streamline:

PV} P | VF
24+ +h =2+2+h 1
y+2g+ 1 y+2g+ 2 1)

where  P;: Static pressure at position (1) (N/m?)
P, Static pressure at position (2) (N/m?)
y: Specific weight (N/m3)
g: Gravity acceleration (9.81 m/s?)
h,: Height at position (1) (m)
h,: Height at position (2) (m)
V,: Fluid velocity at position (1) (m/s)
V,: Fluid velocity at position (2) (m/s)

I V12 _ V22 — 2g(P,—Py) — 2(P,—Py)
% P
but Py — Py = py,09h (2
D2
V2 = _1V1 (3)
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where  p: Producer gas density (kg/m3)

h: a different height of manometric fluid (m)

2 _ (D% 2 _ 2(puy09h)
@ v-(gn) =T
_ b \ [2(pH,09h)

v h= \/ () [ )

., _ mD? b} \ [2(pH,09h)
= V= TJ (575) |22 ©®)
=S m=pV (6)
where V : Volumetric flow rate (L/min)

m : Mass flow rate (kg/h)

The water at a temperature of 20°C was used as the
manometric fluid in our study, and its density is p =

998.2 kg/m?3 [19]. The density of the gas was assumed to be
constant because its relative pressure was low, based on the
pre-test of our study. Furthermore, the varied percentage of
the gas density at the atmospheric pressure compared to that
of the actual pressure was less than 1.5% only when the gas
flow rate was maximum. The presentation of the producer
gas as an example based on the ideal gas law is shown below:

_ m Papsotute
P V = mRgpeciricT => ific =5 = (7
absolute specific Pspecific V. RspecificT )

R
Rspecific = (8)

where R = 8.314 Nm/K mol is the ideal gas constant. For
the producer gas, My, oqucer gas 1S the molar mass of the
producer gas. The gas was assumed to be composed of
17.50% CO, 12.5% Hz, 15% COz, 3% CHa4, and 52% N2[18].

_ (17.50XC0)+(12.5XH) +(15XC02)+(3XCH4) +(52XN3)

Mproducer gas — 100
9)
M _ (17.50%28)+(12.5%2)+(15%44)+(3x16)+(52x28) _
producer gas — 100 -
26.79 g/mol
— _ 8314Nm/Kmol _ _
=> Rspecific = m =0.310 Nm/gk =310 Nm/kg K

According to the pre-test, the different height of the
manometric water in the U-tube manometer at the maximum
engine load is 40 mm, and the corresponding gas temperature
was 30°C. Thus, the absolute pressure is 100,933 N/m?,
according to equation (10) below.

Pabsotute = PHzogh (10)

100,933 N/m?

_ 100,933N/m* _ 3
310 Nm/kgk x303K 1.075kg/m

=> Popecific (Producer gas) =

but pgem (producer gas) = 1.09kg/m3

= Patm (producer gas)—pspecific (producer gas) _ 1.09-1.075
patm (producer gas) 1.09

=137%

The venturi and the U-tube manometer were designed to
read the producer gas flow rate, and the water was used as
the manometric fluid, as mentioned earlier. The density of
the gas at 27°C was assumed to be 1.09 kg/m?3 [18]. This
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Figure 9 A venturi and U-tube manometer

Table 1 Volumetric and mass flow rates of producer gas

h(mm) V(L/min) m(kg/h)

0 0.00 0.00
0.5 38.64 2.53
1 54.64 3.57
15 66.93 4.38
2 77.28 5.05
3 94.65 6.19
4 109.29 7.15
6 133.85 8.75
8 154.56 10.11
10 172.80 11.30
12 189.29 12.38
14 204.46 13.37
16 218.58 14.29
18 231.84 15.16
20 244.38 15.98
22 256.30 16.76
24 267.70 17.51
26 278.63 18.22
28 289.15 18.91
30 299.30 19.57
32 309.11 20.21
34 318.63 20.84
36 327.86 21.44
38 336.85 22.03
40 345.60 22.60
42 354.13 23.16
44 362.47 23.70
46 370.61 24.24
48 378.59 24.76
50 386.39 25.27
52 394.04 25.77
54 401.55 26.26
56 408.92 26.74
58 416.16 27.21
60 423.27 27.68
62 430.27 28.14
64 437.15 28.59
66 443.93 29.03
68 450.61 29.47
70 457.19 29.90
72 463.67 30.32

assumption was informative to calculate gas flow rates
because the gas properties can be known after the
experiment. Figure 9 shows the drawing and the photos of
the designed venturi and U-tube manometer for gas flow rate
measurement. The respective diameters are 16.5 mm and
51 mm at positions (1) and (2).

According to equations (5) and (6), the volumetric and
mass flow rates of the producer gas as a function of height,
h, are shown as equations (11) and (12). The volumetric flow
rates and mass flow rates in terms of h are displayed in
Table 1.

V =1728vh (L/min) (11)
m = 113vh (L/min) (12)

5. Recorded combustion pressures and engine fan blades
in terms of millisecond

After the combustion pressure acquisition system had
been installed, the experimental work was conducted to test
the system. The raw data are shown in Figure 10. The blue
and red profiles are the combustion pressure and the detected
fan blades in voltage values, respectively. However, analysts
are able to understand combustion characteristics after the
raw data are converted into combustion pressure in terms of
the crank angle. First, we must know the cylinder pressure
profile of the engine in terms of crank angle without
combustion, and this baseline profile can be gained from the
engine manual. After that, we identify the factor value of
how to convert voltage value into the bar value of the
combustion pressure. As mentioned earlier, the combustion
pressure and detected fan blades were simultaneously
recorded with regard to the millisecond. The rotation of one
round is equal to 360° of the crank angle. Finally, we use
Microsoft Excel spreadsheets to convert the fuel combustion
pressure from voltage values into bar values in terms of crank
angle, as shown in Figure 11. The combustion profile in
Figure 11 is an example of the neat diesel mode operation at
53% engine load and 3,000 rpm engine speed.

6. Combustion characteristics
After installing the combustion pressure measurement

system, the diesel engine was connected to the gasifier unit
to run the engine on producer gas-diesel dual fuel mode.
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Jatropha seed was used as the feedstock for the gasifier. The
Jatropha-derived producer gas was introduced into the
engine to partially replace diesel. Three different producer
gas (PG) flow rates (i.e., zero gas, 10 kg/h, and 20 kg/h) and
three different engine loads (i.e., 35%, 53%, and 70%) were
controlled. The zero gas flow rate refers to the neat diesel
operation mode. The producer gas flows through the
designed venturi, and a ball valve was used to control the
flow rates. A U-tube manometer was used to read gas flow
rates (see Figure 9 and Table 1). The schematic diagram of
the experimental setup is illustrated in Figure 12. The engine
was operated at a constant engine speed of 3,000 rpm and an
injection timing of 9 degrees before top dead center (BTDC).
The combustion pressure profiles are illustrated in Figure
13. The pressure profiles were the average of 20 consecutive
cycles of combustion. As apparent from the figure (left side),
the combustion peak occurred lower and later with an
increase in gas flow rate due to an increased ignition delay
during the premixed combustion phase. The same findings
were reported [13, 20]. An increase in engine load improves
the peak pressure as a result of an increased pilot diesel
quantity that expands the ignition sources and centers (see
Figure 13, right side). It was also corroborated in [13, 15].

The combustion pressure in terms of crank angle is the
prerequisite used to calculate other combustion output
variables, i.e., net heat release rate (NHRR) and cumulative
heat release (CHR).

The NHRR is calculated using the equation below [21]:

4Qn _ v AV, 1 ,dp
a6~ y-1Yde ' y-1 VdG (13)
where p is in-cylinder pressure, V' is cylinder volume, & is

NHRR (J/degree), y is specific heat ratio (i—”) and 0

v

signifies crank angle (degree). The cylinder volume in terms
of the crank angle is shown in Appendix 4.

Figure 14 presents the NHRR profiles. As evident from
the figure (left side), the NHRR peak occurred highest and
earliest for the zero producer gas flow rate. The peak
occurred later with an increase in gas flow rate. The same
empirical finding was also seen in [13, 15]. After the NHRR
peak, the net heat release rate was observed higher with an
increase in gas flow rate. This implied that the producer gas
was combusted during the diffusion combustion phase due to
an increased ignition delay period [1, 13, 20]. As can be seen
from Figure 14 (right side), the NHRR peak was found
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higher with an increase in engine load on account of an
increased pilot diesel as the ignition source. The same
finding was found in the studies of [13, 15].

Cumulative heat release (CHR) is calculated from the
integration of NHHR with respect to the crank angle [6].
Figure 15 depicts the CHR in terms of the crank angle. As
shown in the figure (left side), the CHR was found higher for
the neat diesel mode during the premixed combustion phase
due to late combustion of the dual-fuel mode. However, the
CHR of the neat diesel mode was found lower during the
diffusion combustion phase, as compared to the dual-fuel
mode. The same finding was found in [13]. The CHR profiles
of the dual-fuel modes were observed higher than that of the
neat diesel mode. This indicates an excessive use and
inefficiency of producer gas combustion in the dual-fuel
mode. See Figure 15 (right side), the CHR of dual fuel mode
was observed higher with increased engine load. The CHR
profiles of 53% and 70% engine loads were very comparable.
This implies that the dual-fuel engine should be operated at
the maximum engine load but not at the maximum gas flow
rate to minimize dual-fuel combustion inefficiency.

7. Conclusions and recommendations

This technical article provides some technical tips to
design a low-cost research facility (i.e., an assembly of a
combustion pressure measurement system and a gaseous fuel
flow reader) for the study of combustion characteristics of
producer gas on dual fuel mode. An AutoPSI pressure sensor
connected with a charge amplifier and a PicoLog 1012 data
logger was installed, and the total cost was 2,250 US$ only.
A venturi and a U-tube manometer were designed and
fabricated to read producer gas flow rates based on the
Bernoulli principle. After installing the combustion pressure
measurement system and the gas flow rate reader, the engine
was operated at different producer gas flow rates (i.e., no gas,
10 kg/h, and 20 kg/h) and engine loads (i.e., 35%, 53%, and
70% loads) to test the installed toolkit. The results
highlighted that the empirical findings of this study are very
comparable with those of existing literature. The combustion
pressure peak occurred lower and later with an increase in
gas flow rate, but the peak was found higher when the engine
load increased. The NHRR of the dual-fuel mode was found
lower during the premixed combustion phase but higher
during the diffusion combustion phase, compared to the neat
diesel mode. The CHR was observed higher for the dual fuel
mode relative to the neat diesel mode during the diffusion
combustion phase, which implied less efficient combustion
of the dual-fuel mode.

This technical article is informative for graduate
students and academics having research budget constraints

(specifically in developing countries) to study the technical
feasibility of combustion characteristics of alternative fuels.
Furthermore, the concept of designing the producer gas flow
reader can also be generalized for other gaseous fuels such
as biogas, LPG, and mixed-gases. Future research should
focus on the technical feasibility of gaseous fuel converted
from various biomass types through different technologies to
increase the capacity of agro-waste utilization.
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Item

Description

Over pressure
Non-linearity and hysteresis

Diaphragm resonant frequency
Frequency range

Sensor housing temperature range
Cable operating temperature

2 X Pressure Range (typical)

+ 0.5% FS under non-combustion condition, under constant
temperature

+ 1% FS under combustion conditions, i.e., varying temperature
within one combustion cycle

120 kHz min

1.0 Hz to 25 kHz
—40°C to 380°C
—40°C to 200°C

Fiber optic cable length 1.5m (5")
Fiber optic cable min
Bending radius 5mm (3/16")

Sensor type
Interface unit

Pressure output signal
(Analog)

Diagnostic output signal
(Analog)

Power supply voltage

Current draw
Interface temperature range

Pressure media
Vibration
Guaranteed lifetime

Sealed gauge

Integrated with sensor

9 — 18V DCinput: 0.5 —-4.5V
5V DCinput: 0.5 — 4.5V

9 — 18V DCinput: 0.5 -25V
5V DCinput: 0.5 — 4.5V

9 — 18V DCor 5V DC

85 mA Max, 50 mA Typical
AutoPSI-S, A, TC: —20°C to 60°C

AutoPSI-S, A, TC: —20°Cto 125°C

Gaseous or Liquid
100G
1, 2, or 3 years
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Appendix 2 Main specifications of the engine

457

Item

Model

Engine type
Borexstroke
Connecting rod length
Displacement
Compression ratio
Diesel injection timing
Rated output power
Engine speed

Single cylinder, 4-stroke, air-cooled, direct injection, naturally aspirated, diesel engine

BTDC 9° of crake angel

Appendix 3 Specifications of a PicoLog 1000 Series, 1012 Modal, Data Logger [22]

Item

Description

Maximum Sampling Rate
Continuous streaming
Block mode

Buffer Size

Analog Inputs
Analog Bandwidth (—3dB)
Input Type
Input Voltage Range
Linearity (at 25°C)
Resolution
Accuracy
Overload Protection
Input Coupling
Input Impedance

Digital Outputs (DO ... D3)

Digital Outputs (PWM)
Period
Duty Cycle

Digital Output (all)

Logic Low Voltage
Logic High Voltage
Current Limiting

Power Output for Sensors

Ground Fault Current Protection

1/0 Connector

Environmental Operating Condition
For Quoted Accuracy
General Operation
Relative Humidity

Compliance

PC Connection

Dimensions

Weight

100 kS/s single-channel

1MS/s single-channle

8k samples, shared by all channels
12

DCto 70 kHz

Single-ended, unipolar

Oto +2.5V

1LSB

10 bits

1%

+ 30 V to ground

DC

1 MQ

2

None

100ps to 1 800us

Adjustable from 0% to 100% in 1% steps

100 mV (typical)

33V

1 kQ resistors in series with outputs
2.5V @ 10 mA, current-limited

0.9 A thermal self-resetting fuse
25-way D female

20°C to 50°C for quoted accuracy

0°C to 70°C overall

50°C to 80°C RH

CE (EMC) class A emissions & immunity FCC emissions
USB 2.0

45 mm X 1000mm X 140 mm

(1.77" x 3.94” x5.51")

< 200g (7.05 0z)

Appendix 4 Volume of engine cylinder in terms of crank angle

V(8) = Ve +Vp = Ve + 2-X(0)
X(0) = (L— L)+ (r—r)

Butr' =rcos8 " =rsin@

z
X(0) = L(l— 1—(5511:19) )+r(1—c059)

=V(@) =V + “n:D; [L(l — ’1— (Esinﬁ)z) +r{1— cosﬁ)]

L' =12 = (rsin8)?

’c Compression vohime
4 Displacement volume
D Bore
S  Stroke
r
L
o

Crank radius
Rodlength
Crank angle

WV
v
X(8)Position of piston




