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Chapter
Shock Tube Combustion Analysis

Claudio Mavrcio Santana and Jose Eduardo Mautone Barros

Abstract

The shock tube is a metal tube that the gas at low pressure and high pressure are
separated by a diaphragm. When the diaphragm (make of material copper and
aluminum) breaks on predetermined conditions (high pressure in this case)
produces shock waves that move from the high-pressure chamber (known the
compression chamber or Driver section) for low pressure chamber (known the
expansion chamber or Driven section). The objective of this work is the correlate
the ignition delay times of convectional Diesel and Biodiesel from soybean oil
measured in a shock tube. The results were correlated with the cetane number of
respective fuels and compared with the ignition delay times of Diesel and Biodiesel
with cetane numbers of known. The ignition delay time of biodiesel from soybean
oil was approximately three times greater than the ignition delay time of convec-
tional Diesel. The contribution of this work is that it shows why pure biodiesel
should not be used as substitutes for Diesel compression ignition engines without
any major changes in the engines.

Keywords: diesel ignition delay time, biodiesel ignition delay time, shock tube,
diesel cetane number, biodiesel from soybean oil cetane number

1. Introduction

Shock tube is an equipment used to study gas flow in different areas of engi-
neering and operating conditions, such as: shock wave movement, aerodynamic
flows under different temperature and pressure conditions, gas compressibility and
fuel combustion. The equipment is constructed by a metal tube separated by a
diaphragm, which divides the equipment into two sections. The high-pressure
section is called the driver section while the low-pressure section is called the driven
section. The diaphragm separating the two sections is designed to withstand a
certain pressure, when that pressure is reached the diaphragm breaks and a com-
pression wave is formed and moves towards the driven section. Instantly an expan-
sion wave is formed and propagates towards the driver section. This movement of
the gas mass inside the shock tube causes an increase in pressure and temperature in
the driven section and a reduction in pressure and temperature in the driver section,
[1, 2]. The Figure 1 shows the driver and driven sections of shock tube before the
rupture of the diaphragm.

After the diaphragm rupture is formed inside the shock tube, the contact sur-
face, a region that did not feel the passage of the shock wave, a second region that
felt the effects of the passage of the shock wave, a third region that did not feel the
passage of the expansion wave and a fourth region that felt the effects of the
expansion wave passage, [2, 4]. The Figure 2 shows the contact surfaces and four
regions formed after the diaphragm rupture.
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Figure 1.

Driver and driven sections of the shock tube before rupture of the diaphragm (adapted from [3]).

4 <— 3 . 2 - 1
Exmansion Shock Wave Contact Surface Compression Shock Wave
Interface between gases

Figure 2.
Contact surfaces and four vegions formed after the diaphragm rupture (adapted from [3]).

The incident shock wave is reflected and propagates towards the driver section
when it reaches the closed end of the shock tube driven section. The reflected shock
wave superimposes the motion of the incident shock wave, this superposition
increases temperature and pressure in the driven section. The reflected shock wave
is responsible for causing the dissociation and ionization of the gas inside the shock
tube, [2, 4]. The Figure 3 shows the propagation shock wave, reflected wave,
expansion wave, reflected expansion wave and the contact surface after the dia-

phragm rupture shock tube.

The shock force is determined by the pressure ratio (P4/P1) and speed of sound
propagation (a4/al) between the driver and driven sections, [3]. The Figure 4
shows the conditions of pressure and temperature in the driver and driven sections

before the diagram rupture.

In the front of the shock and expansion waves the pressure, density and tem-
perature do not varied in relation to the initial conditions in the driver and driven
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Figure 3.

Shock wave, reflected wave, expansion wave, reflected expansion wave and the contact surface after the

diaphragm rupture shock tube.
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Figure 4.
Condition of pressure and temperature in the driver and driven sections before the diagram ruptuve (adapted

from [3]).

sections, these sections are not affected by the passage of the shock and expansion
waves. Behind the shock wave, pressure, density and temperature increase, while
behind the expansion wave these variables decrease, [3]. The Figure 5 shows the
conditions of pressure and temperature in the driver and driven sections after the
diagram rupture.

The Figure 6 shows the conditions of shock tube after reflection shock wave and
reflection expansion wave.
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Figure 5.
Condition of pressure and temperature in the driver and driven sections after the diagram rupture (adapted

from [3]).
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Figure 6.
Conditions of shock tube after veflection shock wave and reflection expansion wave (adapted from [3]).
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2. Analytical solution shock tube for ideal gas
The speed of sound for each state gas must be calculated using the Eq. (1).
a = +/yRT (1)

Where vy is the ratio of specific heats of the gas, R is the universal gas constant
and T is the gas temperature in the respective regions of the shock tube. The Mach
number can be determined using the Eq. (2), [3].
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Where Ms is the shock wave Mach number, the subscript 1 denotes the proper-
ties of the driven section and the subscript 4 denotes the properties of the driver
section. The pressure ratio (P2/P1) on both sides of the shock wave can be
calculated using the Eq. (3), [3].

P, 2y, 2
214+ (-1 3
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The pressure ratio (P2/P1) can be used to determine the temperature ratio (T2/
T1) on both sides of the shock wave using the Eq. (4), [3].
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The shock wave reflected Mach number Mg depend the velocity of the incident
shock wave and can be calculated by the Eq. (5), [3].
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The increased pressure of the shock wave reflected P5 depend the speed of the
incident shock wave, this ratio can be calculated by the Eq. (6), [3].

P 2
_5:1+ 71
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(Mg —1) (6)

The Eq. (7) shows the relationship of the motion of the mass gas behind the
shock wave and the reflected shock wave, [3].

2a4 1 24, 1
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The calculations involving speed of the gas molecules can be determined by the
Eq. (8), [3].

Mach M = g (8)
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The calculation of the speed of the shock wave can be determined by the

Eq. (9), [3].
VR = MRﬂz — V2 (9)

To determine the relationship between reflected shock wave pressure and inci-
dent shock wave pressure using the Eq. (10), [3].
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With the ratio compression known the ratio reflected shock wave temperature
and incident shock wave temperature can be determined by Eq. (11), [3].
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The temperature and pressure behind the reflected shock wave can be calculated
knowing only the Mach number of the incident shock wave. This value can be
determined from the velocity of the gas driven and wave velocity, [3].

3. Works carried out in shock tube

[5] used a shock tube to measure the ignition delay times of mixture with
ethanol, n-heptane and iso-octane and mixture with ethanol, iso-octane, n-heptane
and toluene. The tests were performed at temperatures ranging from 690 to 1200 K
and pressures at 10, 30 and 50 bar. For testing mixture with ethanol, n-heptane and
iso-octane were found delay times ranging from 120 to 6230 microseconds, for
testing mixture with iso-octane, toluene, n-heptane and ethanol were found delay
times ranging from 28 to 8731 microseconds and for testing mixture with iso-
octane, toluene and n-heptane were found ignition delay times ranging from 180 to
1060 microseconds. [6] also used a shock tube to measure the ignition delay times
of mixture with n-heptane and n-butanol. The tests were performed at tempera-
tures ranging from 1200 to 1500 K, pressures at 2 and 10 atm and equivalence ratios
at 0.5 and 1. For testing with pure n-heptane were found delay times ranging from
90 to 1230 microseconds, for testing mixture with pure n-butanol were found delay
times ranging from 120 to 950 microseconds and for testing mixture with n-heptane
and n-butanol were found ignition delay times ranging from 30 to 1010 microsec-
onds. [7] also conducted shock tube tests with n-heptane, iso-octane and ethanol.
The tests were performed at temperatures ranging from 690 to 1200 K and pres-
sures at 10, 30 and 50 bar. For testing at 10 bar and mixture with n-heptane, iso-
octane and ethanol were found ignition delay times ranging from 181 to 2870
microseconds. For testing at 30 bar and mixture with n-heptane, iso-octane and
ethanol were found ignition delay times ranging from 172 to 7800 microseconds.
For testing at 50 bar and mixture with n-heptane, iso-octane and ethanol were
found ignition delay times ranging from 115 to 7690 microseconds. For testing at
10 bar and mixture with n-heptane, iso-octane, toluene and di-isobutylene were
found ignition delay times ranging from 245 to 4600 microseconds. For testing at
30 bar and mixture with n-heptane, iso-octane, toluene and di-isobutylene were
found ignition delay times ranging from 191 to 8320 microseconds. For testing at
10 bar and mixture with n-heptane, iso-octane, toluene and di-isobutylene were
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found ignition delay times ranging from 149 to 10100 microseconds. [8] also
conducted shock tube tests with n-heptane and were found ignition delay times
ranging from 1220 to 10600 microseconds. The tests were performed at tempera-
tures ranging from 651 to 823 K, pressures at 6.1 and 7.4 atm and equivalence ratio
of 0.75. [9] also conducted shock tube tests with propane and were found ignition
delay times ranging from 100 to 11000 microseconds for testing at 6 atm. Were
found ignition delay times ranging from 200 to 11000 microseconds for testing at
24 atm and were found ignition delay times ranging from 300 to 600 microseconds
for testing at 60 atm. The tests were performed at temperatures ranging from 980 to
1400 K and equivalence ratio 0.5. [10] also conducted shock tube tests with methyl
butanoate and were found ignition delay times ranging from 19630 to 24180
microseconds for testing at 10.2 atm. The tests were performed at temperatures
from 985 K and equivalence ratio 0.3. [11] also conducted shock tube tests with
methyl octanoate, n-nonane and methylcyclohexane. The tests were performed at
temperatures ranging from 1263 to 1672 K, pressures at 1.5 and 10 atm and equiva-
lence ratio 0.5, 1 and 2. For tests with equivalence ratio 0.5 at 1.5 atm were found for
methyl octanoate ignition delay times ranging from 40 to 1000 microseconds, for
n-nonane were found delay times ranging from 100 to 1100 microseconds and for
methylcyclohexane were found delay times ranging from 100 to 1200 microsec-
onds. For tests with equivalence ratio 0.5 at 10 atm were found for methyl octanoate
ignition delay times ranging from 110 to 800 microseconds, for n-nonane were
found delay times ranging from 90 to 900 microseconds and for methylcyclohexane
were found delay times ranging from 90 to 1050 microseconds. For tests with
equivalence ratio 1 at 1.5 atm were found for methyl octanoate ignition delay times
ranging from 120 to 1000 microseconds, for n-nonane were found delay times
ranging from 90 to 1100 microseconds and for methylcyclohexane were found
delay times ranging from 120 to 1100 microseconds. For tests with equivalence ratio
1 at 10 atm were found for methyl octanoate ignition delay times ranging from 80 to
1000 microseconds, for n-nonane were found delay times ranging from 80 to 1100
microseconds and for methylcyclohexane were found delay times ranging from 150
to 1100 microseconds. For tests with equivalence ratio 2 at 1.5 atm were found for
methyl octanoate ignition delay times ranging from 100 to 900 microseconds, for
n-nonane and for methylcyclohexane were found delay times ranging from 100 to
1100 microseconds. For tests with equivalence ratio 2 at 10 atm were found for
methyl octanoate and methylcyclohexane ignition delay times ranging from 90 to
1000 microseconds, for n-nonane were found delay times ranging from 100 to 1100
microseconds. [12] also conducted shock tube tests with methyl stearate, methyl
oleate, methyl linoleate, methyl linolenate, and methyl palmitate and were found
ignition delay times for all fuel testing ranging from 200 to 90000 microseconds for
testing at 13.5 bar. The tests were performed at temperatures from 700 to 1100 K
and equivalence ratio 1. [13] also conducted shock tube tests with jets fuels, rocket
propellants, diesel fuel and gasoline fuel and were found ignition delay times for all
fuel testing ranging from 100 to 1900 microseconds for testing at pressure from 6 to
60 atm. The tests were performed at temperatures from 1000 to 1400 K and
equivalence ratio 0.85 and 1.15. [14] also conducted shock tube tests with mixture of
biodiesel with diesel fuel and were found ignition delay times for all fuel testing
ranging from 60 to 2600 microseconds for testing at pressure at 0.12 Mpa. The tests
were performed at temperatures from 1174 to 1685 K and equivalence ratio 0.5, 1
and 1.5. [15] also conducted shock tube tests with diesel fuel and alternative hydro
processed jet fuels. The tests were performed at temperatures from 650 to 1300 K,
pressures from 0.8 to 80 atm and equivalence ratio 0.25 to 1.5. For testing with jet
fuels were found ignition delay times ranging from 60 to 8000 microseconds and
for testing with diesel fuels were found ignition delay times ranging from 90 to
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4000 microseconds. [16] also conducted shock tube tests with conventional and
alternative jet fuels, alcohol to jet, direct sugar to hydrocarbon, biodiesel-like fuel,
n-heptane, n-dodecane, m-xylene and iso-dodecane. Were found ignition delay
times for all fuel testing ranging from 20 to 3200 microseconds. The tests were
performed at temperatures from 980 to 1800 K, pressures at 16 atm and equiva-
lence ratio at 0.5.

4. Experimental measuring the ignition delay times of the convectional
diesel and biodiesel from soybean oil using a shock tube

The experiments were conducted in the heated shock tube facility of the Mobil-
ity Technology Center (CTM) of Federal University of Minas Gerais (UFMG). The
shock tube has a 3 m long driver section and a 3 m long driven section with an
internal diameter of 97.20 mm. Aluminum diaphragm of 0.4 mm thickness divided
the driver and driven sections before each experiment. The experiments were
carried out with convectional Diesel and pure biodiesel from soy oil. The convec-
tional Diesel used in this study is normally fuel found at gas stations and it has a
cetane number of 43. The pure biodiesel used in this study was derived from a
process of refining oil from soy oil and it has a cetane number of 38. The instru-
mentation within the shock tube used for the experiment included three pressure
sensors (P1, P2 and P3), two temperature sensors (T3 and T1), a luminosity detec-
tion sensor (L1) and a fuel injector (FI). In the present work a mixture of the
Nitrogen (N,) and Argon (Ar) gases was used as the driver gas to obtain a longer
test time. The Figure 7 shows the position of the sensors, fuel injector, aluminum
diaphragm location and mixture of the Nitrogen and Argon inlet in the shock tube.

The pressure sensor P3 (located at 1700 mm before the aluminum diaphragm)
was used to monitor the pressure in the driver section and the diaphragm rupture
pressure. The pressure sensor P2 (located at 700 mm after the aluminum dia-
phragm) was used to indicates the moment of passage of the shock wave after
diaphragm rupture. This information is used to control and define the fuel injection
timing. The pressure sensor P1 (located at 2700 mm after the diaphragm) was used
to indicates the moment of passage of shock in region 1 where combustion occurs.
For monitor the temperature in the driver section was used an analog temperature
sensor T3. For monitor and control the temperature in the driven section was used a
temperature sensor T1 with the same characteristics that the temperature sensor T3
used in driver section. The luminosity detection sensor L1 was used to indicates the

Driver Section Driven Section
Pressure Sensor Pressure Sensor Pressure Sensor
FI P2 P1
| L L
& Fl
Fuel
T T T T Injector
T T T T Inlet
N2 and Ar Mixture T3 Aluminum Diaphragm T1 L1
Inlet Temperature Location Temperature Luminosity
Sensor Sensor Sensor

Figure 7.
Position of the sensors, fuel injector, aluminum diaphragm location and mixture of the nitrogen and argon inlet
in the shock tube (adapted from [17]).
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moment of combustion. At the moment of ignition, the voltage of this sensor
decreases in function of flame in shock tube. This information together with the
pressure signal of P1 sensor was used to calculated the ignition delay time. The fuel
injector FI injects fuel into the shock tube when the sensor pressure P2 detects the
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Figure 8.
Ignition delay time of diesel in air at shock reflected pressure of 24.2 bar, equivalence ratio of 1 and temperature
of 1260 K (adapted from [17]).

Incident shock Reflected shock Ignition delay time
P2 (bar) T2 (K) P5 (bar) T5 (K) T (ps)
14.2 932 24.6 1150 362
14.2 945 24.3 1162 342
14 962 24.2 1260 329
13.7 874 23.6 940 603
14.2 912 23.8 1065 316
14.1 918 24.6 1082 418
13.9 915 231 980 443
13.4 902 24.2 1008 439
13.2 874 24.7 972 518
13.9 862 24.3 965 780
13.6 854 24.7 903 856
14 862 241 920 790
14.2 840 24.2 972 680
13.9 798 24.8 995 648
13.8 823 24.5 1040 490
13.6 890 23.8 1120 412
14 944 239 1243 325

Table 1.
Measured ignition delay times for convectional diesel in air (adapted from [17]).
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passage of shock wave. The ignition delay time was calculated by the time differ-
ence between the passage of the shock wave by the P1 sensor and the start of the
ignition detected by the luminosity detection sensor L1. The Figure 8 shows a result
of calculation of the ignition delay time of diesel measured in shock tube in air at
shock reflected pressure of 24.2 bar, equivalence ratio of 1 and temperature of
1260 K.

The Table 1 listed the measured ignition delay time 7 for convectional diesel. All
measurements were carried out equivalence ratios 1. The experiments were
performed in the temperature range of 903 to 1260 K and target pressures were
approximately 24 bar. Were found ignition delay times ranging from 316 to 856
microseconds.

Incident shock Reflected shock Ignition delay time
P2 (bar) T2 (K) P5 (bar) T5 (K) T (ps)
14.6 942 24.7 1125 1356
14 918 24 .4 960 1636
14.1 965 24.2 1150 945
13.2 932 23.6 995 1635
14.7 885 241 940 1525
14.3 948 245 1060 1567
13.9 935 23.2 1095 1470
13.4 842 24.7 916 1782
13.7 880 24.5 926 1678
14.7 982 24.8 1210 640
14.8 947 24.7 1180 982

Table 2.
Measured ignition delay times for pure biodiesel from soybean oil in air (adapted from [17]).
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Figure 9.
Ignition delay times for diesel and biodiesel from soybean oil in present study (adapted from [17]).
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The Table 2 listed the measured ignition delay time t for pure biodiesel from
soybean. All measurements were carried out equivalence ratios 1. The experiments
were performed in the temperature range of 916 to 1210 K and target pressures
were approximately 24 bar. Were found ignition delay times ranging from 640 to
1782 microseconds.

The Figure 9 compare the ignition delay times for diesel and biodiesel from
soybean oil measured in present study.

The ignition delay times measured in this study are consistent with those found
in the literature. For convectional Diesel fuel were found times ranging from 316 to
856 microseconds and for biodiesel from soybean oil fuel were found times ranging
from 640 to 1782 microseconds. These measured values are consistent with expec-
tations since convectional Diesel has a higher cetane number than biodiesel from
soybean oil. Convectional Diesel have a cetane number 43 while biodiesel from
soybean oil have cetane number 38. This study confirm that the ignition delay time
decreases with increasing cetane number. Fuel with a high cetane number has a
short ignition delay time and the best quality in the combustion process.
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