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The laminar burning velocity of ethanol premixed com-
bustion enriched with liquefied petroleum gas (LPG) has 
been studied experimentally. The  study was conducted in 
a  cylindrical combustion chamber, and combustion model 
was spherically expanding flame. The  results showed that 
the laminar burning velocity of ethanol enriched with 5–10% 
LPG is higher than that of pure ethanol and that of pure LPG. 
This is due to the formation of H and OH radicals in the pre-
heating zone, where the reaction occurs to form H2O and re-
lease heat. It raises temperature in the preheating zone which 
contributes to increase in the laminar burning velocity.
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INTRODUCTION

Ethanol was renewable fuel as a potential substitute 
for fossil fuels [1]. This was due to the availabili-
ty of abundant raw materials, and its production 
process was simple, easy and cheap [1–4]. For that 
reason the combustion characteristics of ethanol 
are important to understand, both as pure ethanol 
fuel or blended with other fuels. In this study, eth-
anol was enriched with LPG because it has a flash 
point and atomic weight almost the same as etha-
nol, in addition to a high combustion energy con-
tent. Several studies related to the combustion of 
ethanol and LPG have been done. Liao et al. [5] 
investigated the laminar burning velocity in pre-
mixed combustion of pure ethanol with increase 
in the initial temperature. Research on the com-

bustion of pure ethanol was also carried out by 
Egolfopoulos  [6]. The  research was carried out 
by comparison of combustion in pure ethanol 
in experiments with numerical calculation re-
sults. Research on the combustion of ethanol and 
iso-octane mixture done by Broustail  et  al.  [7] 
was examined by using sphericallly expanding 
flames in a  cylindrical combustion chamber. 
Turner  et  al.  [8] examined the  performance of 
the combustion of ethanol mixture with gasoline. 
Al-lwayzy  et  al.  [9] examined the  diesel engine 
performance fuelled with microalga oil and eth-
anol blended. Patra  et  al.  [10] studied combus-
tion characteristics of kerosene ethanol blend. 
Research on pure LPG combustion performed 
by Razus  et  al.  [11] compared between experi-
mental and computational results. Liao et al. [12] 
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also conducted a study to determine the Mark-
stein numbers and laminar burning velocity for 
combustion of LPG-air. Yun et al. [13] perform 
numerical analysis of catalytic converter on liq-
uefied petroleum gas engine. Lee et al. [14] ex-
amined the combustion characteristics of lique-
fied petroleum gas – biodiesel mixed fuel. From 
the previous experimental studies, almost none 
results are found on the combustion character-
istics of ethanol-LPG mixture. Therefore, this 
study discusses the  laminar burning velocity of 
ethanol combustion enriched with liquefied pe-
troleum gas (LPG). The  objective of this study 
was to measure the laminar burning velocity of 
ethanol-LPG enriched combustion with photo-
graphic technique using a  high speed camera. 
The research was conducted to provide informa-
tion about the combustion of ethanol enriched 
with LPG.

EXPERIMENTAL METHODS

Experimental equipment
The combustion of premixed fuel–air was done 
in a cylindrical combustion chamber as illustrat-
ed in Fig. 1a. The combustion chamber the dia-
meter and length of which was 10.8  cm and 
17 cm, respectively, was made of PVC material. 
One side of the chamber was closed with acrylic 

material that served as a spy hole for a high speed 
camera Casio EXILIM EX-FC100, which was set 
at a  speed of 420  fps, while the  other side was 
mounted a moveable cover. The camera has been 
calibrated using a laboratory method by compar-
ing the captured image and actual size. The res-
olution of the high speed camera was 224 × 168 
pixels. From this resolution it was found that 
the deviation of radius measured from the pho-
tographs was 1.5%. Figure  1b presents the  ar-
rangement of the test equipment. The premixed 
air–fuel was filled into the combustion chamber 
through the safety valve. A high voltage coil sys-
tem with a battery power supply was used to pro-
duce a spark in the combustion chamber. Flame 
diameter measurements were performed when 
the  flame began to occur until the  diameter of 
50 mm; it was intended to reduce the influence 
of the  wall. Electrical resistance due to chang-
es in the  number of radicals was measured by 
an ion sensor. It consisted of two parallel plates 
within 1  mm having the  width and length of 
8 × 45 mm. The ion sensor was connected to an 
electronic circuit to convert electrical resistance 
into voltage and then connected to the computer 
as the processing and data storage.

Fuel tested in this study was ethanol enriched 
with liquefied petroleum gas (LPG) of 0% (E100), 
5% (E95), 10% (E90), 15% (E85), 20% (E80), and 

Fig. 1. Scheme of experimental apparatus: (a) combustion chamber, (b) arrangement of test equipment
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100% LPG. LPG composition is shown in Table 1, 
while ethanol used had the purity of 99.7%.

Ta b l e  1 .  LPG composition

Items C2H6 C3H8 C4H10 C5H12

Volume fraction % 0.15 51.2 47.3 1.35

Calculation of laminar burning velocity
Laminar burning velocity in the  spherically ex-
panding flames can be derived from the results of 
a high speed camera photography. The stretched 
flame speed (Sn) can be derived from the increase 
in the radius of the flame divided by increment of 
time [15]:

Sn = dru/dt, (1)

where ru is the radius of the flame and t is the time. 
Flame stretch rate (α) is defined as [16]:

α = d(lnA)/dt

α = (dA)/(A.dt), (2)

where A is a  spherical area, so the rate of flame 
stretch could be simplified to

α = (2/ru)(dru/dt)= 2Sn/ru. (3)

There is a  linear relationship between flame 
speed and stretch length Markstein Lb expressed as

SL-Sn = Lb α, (4)

where SL is unstretched flame speed which equals 
Sn at α = 0. Unstretched burning velocity UL is de-
rived from SL as

UL = SL(ρb/ρu), (5)

where ρb is the burned gas density and ρu is the un-
burned gas density.

RESULTS

Figure 2 is a photographic image of a stoichiomet-
ric mixture of LPG, E100, E90, E80. It is shown 
that the  flame radius increased with increasing 
time.

Combustion started at 2.4 ms and continued 
to evolve with time. Stretched flame speed was 
estimated from the radius of the spherical flame 
divided by time. Figure  3 shows the  stretched 
flame speed for different fuel compositions, with 
equivalent ratios from 0.8 to 1.4.

Fig. 2. Flame propagation in a stoichiometric mixture of (a) LPG, (b) E100, (c) E90, (d) E80
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The flame speed of pure ethanol (E100) is 
higher than the flame speed of pure LPG (LPG). 
Fuels with other compositions have flame speed 
between LPG and E100, except for the composi-
tions E95 and E90 which have higher flame speed 
than E100.

Figure  4 shows Sn versus α. For the  mixture 
with the equivalent ratio (ϕ) of 0.8, 1.0, and 1.2, 
the  gradient of Sn/α for all fuel compositions is 
negative. This means that the flame speed increas-
es with the increase in diameter of the flame. In 

contrast, a rich mixture with the equivalent ratio 
(ϕ) of 1.4 has a positive gradient of Sn/α, except 
for E90 and E95 which have a negative gradient of 
Sn/α even with a very small angle.

The unstretched flame speed (SL) was ob-
tained from the value of Sn at α = 0 as in Fig. 4 (see 
Eq. (4)). Then, the laminar burning velocity (UL) 
was estimated from equation (5) as in Fig. 5.

Figure 5 shows that the lowest burning veloc-
ity occurred in pure LPG and the higher burning 
velocity was in E90. This is in accordance with 

Fig. 3. Stretched flame speed (Sn) of various fuel compositions

Fig. 4. Stretched flame speed (Sn) versus stretch rate (α): (a) LPG, (b) E100, (c) E90, (d) E80

Fig. 5. Laminar burning velocity(UL) of various fuel compositions

(a)

(c)

(b)

(d)
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those shown in Fig. 4. Fuel with the highest lami-
nar burning velocity occurred at E90 followed by 
E95. While the fuel with other compositions had 
laminar burning velocity between ethanol and 
LPG.

The present data along with the data from oth-
er experiments is shown in Fig. 6. It is shown that 
the  laminar burning velocity of ethanol is high-
er than that of LPG. The data of Liao et al. [5] is 
greater than the  present data. The  LPG laminar 
burning velocity of Liao et al. [12] is higher, due 
to the higher initial temperature.

ration between pure fuels, except for E90 and E85. 
E90 has the  highest of radicals concentrations, 
exceeding LPG, conversely E85 has the  lowest 
of radicals concentrations compared with other 
compositions.

DISCUSSION

From above data it is clear that combustion char-
acteristics of LPG and ethanol were somewhat 
different, due to the presence of hydroxyl group 
(OH)  [17] in ethanol which was not found in 
LPG. During combustion, premixed flame sheet 
thickness which is in the  order of magnitude 
of 1 mm is composed by the preheat zone and 
the reaction zone, as can be seen in Fig. 8a [18]. 
The  distribution of fuel, product, temperature 
and number of reactions are represented by 
the solid line. The combustion of fuel containing 
C and H bonds tends to break up on C-C, C-H, 
and O = O, whereas that containing C, H, and O 
bonds tends to break up on C-C, C-OH, C-H, 
and O = O, respectively [19]. Since the bonding 

Fig. 6. Laminar burning velocity (UL) for pure fuel

The relationship between the concentration of 
radicals (in volts) and equivalent ratios is shown 
in Fig. 7. It shows that for pure fuel, LPG radicals 
concentration is higher than that of ethanol. Eth-
anol enriched with LPG has the radicals concent-

Fig. 8. Laminar flame structure: (a) existing structure, Mahal-
way [12], (b) proposed structure

Fig. 7. The relationship between radicals concentration and equiv-
alent ratio
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energy of these elements is widely varied; there-
fore, the flame was proposed to be divided into 
three zones, as illustrated in Fig. 8b. The 1a zone 
is also called the  preheat zone, in which there 
were external heating and chemical bonds dis-
sociation. The 1b zone is called the partial pre-
heating zone. In this zone, internal heating also 
occurs due to chemical reactions. The 2 zone is 
the reaction zone, where massive reaction takes 
place which releases a  large amount of energy 
followed by the formation of flame.

In Fig. 8b, the existing structure is represent-
ed by the dash line and the proposed structure 
is represented by the solid line. Ethanol contains 
a hydroxyl group (OH). Thus, the dissociation of 
C-C and C-OH bonds occurs in the 1a zone be-
cause in CnHmOH chemical structure, C-C has 
the  lowest bond energy compared with others, 
followed by C-OH bond  [17]. The  C-H bond 
was broken in the 1b zone due to the energy re-
quired to break the bond higher than C-C and 
C-OH [17], followed by the reaction of H with 
OH to produce H2O which releases heat ener-
gy. As a  result, temperature (T) increases, and 
the amount of fuel-oxidizer decreases at the pre-
heat zone as shown by the solid line in Fig. 8b, 
while the  number of reactions (m) in the  pre-
heat zone is higher than the existing structure. 
Therefore, the  burning velocity of ethanol is 
higher than that of LPG. The  radicals in etha-
nol combustion are lower than in LPG, because 
the H and OH radicals are reduced to form H2O. 
In the LPG combustion process, the partial pre-
heating zone (1b zone in Fig. 8b) does not oc-
cur because of the  absence of hydroxil group 
(OH). Consequently, the  number of radicals is 
higher than in ethanol. This causes the combus-
tion speed of LPG to be lower than that of eth-
anol. The combustion characteristics of ethanol 
enriched with LPG are affected by phenomena 
that occur in zone 1b. In E95 and E90 compo-
sitions, the  influence of the  H2O formation is 
more dominant, but in E80 and E85 composi-
tions the influence is smaller. Therefore, E95 and 
E90 compositions have a burning velocity high-
er than pure fuel, whereas E80 and E85 compo-
sitions between pure fuels. This seems to show 
that additional LPG (more than 10%) absorbs 
more heat energy that inhibits the formation of 
H2O. However, further intensive research with 

more precise instrumentation is required to give 
a more detailed insight into this phenomenon.

CONCLUSIONS

The main conclusions of this study are:
1. The premixed combustion of ethanol con-

taining a  hydroxyl group takes place in three 
zones. The dissociation of C-C and C-OH bonds 
occurs in the  preheat zone due to low bonding 
energy. The  C-H bond dissociates in the  partial 
preheat zone due to a  higher bonding energy 
followed by the  reaction of H with OH to pro-
duce H2O which releases heat energy. This makes 
the burning velocity of ethanol higher than that 
of LPG.

2. In the  LPG combustion process, the  par-
tial preheating zone does not occur because of 
the absence of the hydroxil group. Consequently, 
the number of radicals is higher than in ethanol 
and the combustion speed of LPG is lower than 
that of ethanol.

3. The radicals in ethanol combustion are low-
er than in LPG, because the H and OH radicals 
are reduced to form H2O.

4. The combustion characteristics of ethanol 
enriched with LPG are affected by additional heat 
energy that is released during the  formation of 
H2O in the partial preheat zone. Additional LPG 
(more than 10%) absorbs more heat energy that 
inhibits the formation of H2O therefore reducing 
additional heat energy.
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ETANOLIO, PRATURTINTO SUSKYSTINTOMIS 
GAMTINĖMIS DUJOMIS (SGD), LAMINARINIS 
DEGIMO GREITIS

Santrauka
Eksperimento metu buvo vertinamas etanolio, pra-
turtinto suskystintomis gamtinėmis dujomis (SGD), 
laminarinis degimo greitis. Vertinimas atliktas ci-
lindrinėje degimo kameroje, o degimo modelis buvo 
sferiškai besiplečianti liepsna. Rezultatai parodė, kad 
etanolio, praturtinto 5–10 % SGD, laminarinis degi-
mo greitis yra didesnis nei gryno etanolio ar SGD. Tai 
nutinka dėl H ir OH radikalų formavimosi pašildymo 
zonoje, kur reakcijos metu susiformuoja H2O ir išsi-
skiria šiluma. Tai pašildymo zonoje kelia temperatūrą, 
kas didina laminarinio degimo greitį.

Raktažodžiai: etanolis, SGD, laminarinis degimo 
greitis, išankstinis degimas


