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Abstract

The lean-burning limits of hydrogen-enriched Liquefied Petroleum Gas (LPG) have been
studied using a Bunsen burner. The lean-burning limits under different conditions are
important design considerations in developing gas-fired domestic appliances. In this study,
the lean-burning limits of hydrogen-enriched LPG have been obtained across a wide range of
Reynolds numbers (600 to 1800) and H; volumetric fractions (0% to 25%). The results show
that the lean-burning limit is increased, on average, by 4.0% to 7.2% for every 5% increment
of Hy volumetric fraction under different Reynolds numbers. A numerical simulation carried
out in CHEMKIN using the USC Mech Il reaction mechanism, and the observation of flame
characteristics show that the increase in lean-burning limit with increasing H, content is due
to the higher burning velocity of LPG-H, mixtures compared with pure LPG. More fuel is
required to offset the effect of increased burning velocity under the same Reynolds number,
leading to an increase in the lean-burning limit. To facilitate the visualization of the variation
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of the lean-burning limit with increasing H, volume fraction in the mixed fuel at different
Reynolds numbers, a lean-burning limit map is developed based on correlations obtained. The
results of this study provide reference values for the lean-burning performance of hydrogen-
enriched LPG fuel for practical domestic use.
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1. Introduction

Gaseous hydrocarbon fuels, including natural gas, town gas, and liquefied petroleum gas (LPG),
dominate both domestic and commercial use in China as they are conveniently available, safe to
use, and reliable [1]. LPG is also one of the main domestic fuels in other Asian countries such as
India, Indonesia, and Thailand. Commercial LPG consists mainly of propane (CsHs) and butane (CsH1o)
and may also contain small concentrations of some unsaturated components such as propene (CsHe)
and butene (C4Hs) [2]. LPG is regarded as a clean domestic fuel; however, the emission of toxic gases
such as carbon monoxide (CO), unburned hydrocarbons (HC), and nitrogen oxides (NOy) are still of
concern when it comes to indoor combustion of LPG [3, 4]. The emission of carbon dioxide (CO>), a
major combustion product of LPG, is also of great concern as it is one of the principal greenhouse
gases contributing to global warming [5].

In this study, the focus is to investigate Hydrogen (H;) enriched LPG as an alternative domestic
fuel designed to address some of the concerns related to the direct burning of LPG. H, is a zero-
carbon energy source and is the subject of increasing research due to its favorable properties [6]. It
is lightweight (2 g/mol) and has a high calorific value of 120 - 142 MJ/kg - roughly three times that
of propane and butane. The fact that its only combustion product is harmless water vapor (H;0) is
the most important characteristic that makes hydrogen a superior fuel compared to hydrocarbon
fuels. However, H; is not yet a feasible option for domestic use because of the high risk of leaks,
low-energy ignition, high flammability, and the consequential risk of explosion. These risks can be
minimized by blending H, with LPG, a process that also results in a blended fuel with enhanced
combustion characteristics. Several research studies have been carried out into the combustion,
thermal and emission characteristics of H, enriched LPG [7-10].

The physical and chemical properties of H, and LPG, shown in Table 1, have a major impact on
the combustion process and emission formation of the blended fuel. It should be noted that, since
LPG is a mixture of gases, the composition of LPG used in different regions of the world is generally
different. For example, the United States requires the volumetric percentage of propane in LPG to
be at least 85%, while in Hong Kong, the requirement is that LPG contains about 30% propane and
about 70% butane by volume. Therefore, the properties of major constituents of LPG (propane and
butane) are given separately in Table 1.

Page 2/17



JEPT 2022; 4(2), doi:10.21926/jept.2202016

Table 1 Physical and Chemical Properties of H, and the Major Constituents of LPG.

Physical/Chemical Properties Hydrogen (H2) Propane (CsHg) Butane (CaHio)
Calorific Value (MJ/kg) 142 50 49.5

Specific Gravity (Air = 1) 0.0696 1.5503 2.09
Auto-ignition Temperature (°C) 500 455 405

Adiabatic Flame Temperature (°C) 2127 1980 1970
Stoichiometric Air/Fuel Ratio (by 9.4:1 23.8:1 31:1

volume)

Flammability Limit (% by volume) 4%-75% 2.1%-9.5% 1.8%-8.4%
Minimum Ignition Energy (m)J) 0.017 0.26 0.26

Hydrogen enrichment has been used to modify gaseous hydrocarbon fuels to enhance
combustion and reduce harmful emissions. Aravind et al. [7] carried out a numerical study of the
effect of hydrogen addition in the range 0 - 50% on the combustion characteristics of LPG-air
mixtures under different propane and butane fractions, temperature (300 K to 450 K) and pressure
(1 bar to 10 bar). Their results showed that hydrogen addition improves the burning ability of the
LPG-air mixture by linearly increasing the laminar flame speed independent of the mixture
components’ fraction, pressure, and temperature. The experimental and numerical studies
reported by Wei et al. [11] also demonstrated that the laminar burning velocities of biogas increased
almost linearly with an increase in hydrogen volume fraction. Tutak et al. [12] reported an
experimental study of hydrogen-enriched diesel fuel and a natural gas mixture for a dual fuel diesel
engine. They found that the addition of hydrogen increased maximum combustion pressure and
combustion temperature and accelerated the natural gas combustion process. All the studies
described point to the positive effect of H, enrichment on the combustion process of various fuels.

An important indicator of domestic gaseous fuel performance is the lean-burning limit, which is
used to assess both combustion performance and safety. The lean-burning limit is the boundary
composition of the fuel-air mixture at which a gas [mixture] can be ignited and maintain stable
combustion [13]. There are two burning limits, the upper or rich-, burning limit and the lower, or
lean-, burning limit, referring to the highest (fuel-rich) and lowest (fuel-lean) fuel concentration in
the mixture, respectively. If a fuel-oxidizer mixture is to ignite, its composition must lie within the
burning limits described by the volumetric fraction of the fuel. A second parameter known as the
flammability limit is more widely used to quantitatively describe the boundary composition of a
flammable fuel-air mixture [14, 15]. The flammability limit is normally measured using one of the
two standard methods, the first of which uses a glass tube that allows visual observation of the
flame propagation, while the second uses a closed spherical explosion vessel with a rise in pressure
used to determine whether flame propagation has occurred [16]. Fundamental flammability data
for pure hydrogen (H,), methane (CHa4), and propane (CsHs) are widely obtained by the second
pressure rise method [17, 18], and the flammability limits of some mixtures of H, and other gaseous
fuels are also reported in the literature. The flammability of hydrogen-enriched methane has been
studied intensively [16, 19]. Miao et al. [15] measured both the upper (UFL) and lower (LFL)
flammability limits of hydrogen-enriched natural gas (rather than pure methane) using a constant
volume combustion chamber and a high-speed schlieren photographic system. The experiments
were conducted for H, fractions ranging from 20% to 80%, and the results showed that with
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increasing H» fractions, the flammable range of hydrogen-enriched natural gas extends as the UFL
increases even though there is no obvious change in the LFL. Wang et al. [20] conducted a numerical
study of the adiabatic burning velocity of H, enhanced LPG + air flames under different H; fractions
(0% to 45%) and dilution factors (21% to 16%). The results of their simulation showed that the lean-
burning flammability limits are extended by H; addition. However, no experimental validation has
been reported. The recently published experimental work by Jithin et al. [21] shows that H; addition
causes an increase in laminar burning velocity for all methane-oxygen mixtures because of the
combined effect of N/CO, dilution and H, addition.

The use of Hydrogen-enriched hydrocarbon fuels in internal combustion engines has also been
studied. Ho Choi et al. [22] investigated the effects of hydrogen enrichment of LPG on exhaust
emission, thermal efficiency, and performance of an LPG-fueled engine. Their results showed
reduced emission of unburned hydrocarbons but a rise in NOx emission compared with pure LPG. In
another study, researchers investigated the effect on engine performance of hydrogen enrichment
of LPG together with changing the location of fuel injection [23]. They reported improved brake
thermal efficiency and a considerable reduction in CO, and hydrocarbon emissions. Wang et al. [24]
investigated the combustion characteristics and extension of ignition limits of a micro free-piston
engine in a study that showed that the hydrogen enrichment of methane advances the ignition time
of the mixture and expands the ignition limit as the heat released by the combustion of hydrogen
can accelerate ignition and combustion of the unburned methane. There have been several other
research studies that have demonstrated the positive effects of H, enrichments of gaseous fuels on
engine performance and emission reduction [25-27]. The study of the lean-burn limits of various
mixed fuels used in internal combustion engines has also been the subject of extensive research, as
lean combustion is an effective method for enhancing thermal efficiency and reducing emissions.
Akram et al. [28] investigated the lean-burn limits and burning characteristics of n-heptane blended
with Hz in a study that showed that the lean-burn limits of n-heptane increased with the addition of
H,. They determined through a theoretical investigation that the formation of the H radical and
CH,0 played a substantial role in improving the lean-burn limits. Gong et al. [29] conducted an
experimental investigation of the lean-burn limits of hydrogen-enriched methanol used to fuel a
dual-injection spark-ignition engine with methanol late injection. Their study also found an increase
in the lean-burn limit with increasing hydrogen content.

In addition to the studies on the characteristics of hydrogen-enriched LPG described above, there
have been further studies focusing on laminar burning velocity [8, 30], pollutant emissions [9, 31],
and flame stability [10]. Experimental studies of the flammability limits of blended fuel mixtures
have been done using standard closed chambers or combustion tubes methods. However, for
practical domestic use, it is important to use instead a Bunsen burner to establish the lean-burning
limits of the hydrogen-enriched LPG as this closely mimics the actual combustion process in
domestic gas appliances (the Bunsen burner was the forerunner of the modern gas-stove burner
and the gas furnace). There is very little work reported in the literature focusing on investigating the
lean-burn limits of hydrogen-enriched LPG using a Bunsen burner. This study aims to correct this. In
addition, as the effect of the Reynolds number on the combustion performance is another
important factor to consider when developing domestic gaseous fuels, this study investigates and
determine the lean-burning limits of hydrogen-enriched LPG under a wide range of both H;
volumetric fractions (0% to 25%) and Reynolds numbers (600 to 1800). The range of the Reynolds
numbers has been selected based on the laminar flame speeds normally used in domestic
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appliances, with the lower limit (600) being based on the practical limit for sustaining a stable flame
(which a preliminary study revealed proved difficult for Reynolds numbers below 600), and the
upper limit (1800) being set to include the full range of laminar flow. The volume fraction of H;
enrichment was capped at 25% based on the findings of prior research [9] that showed that there
was a significant change in the flame temperature and emissions for fuel mixtures with an H, volume
fraction greater than 30%. The findings of the present study should provide useful reference data
for improving the safety and efficient use of hydrogen-enriched LPG for domestic applications.

2. Experimental Setup and Method

The experimental test rig was based on that described by Wei et al. [32] and Zhen et al. [9, 33,
34] in their research studies on the characteristics of biogas-hydrogen premixed flames. Lee et al.
[35] used a similar setup for their investigation of the flame stability of Landfill Gas (LFG) and LFG-
mixed fuels. As the focus of this study is the lean-burning limits of hydrogen-enriched LPG, the
stability of the flame with lean mixtures of fuel is an important consideration. The stability of the
flame with lean mixtures is characterized by the process of ‘flashback’ [36], which -is the upstream
propagation of flame back into the burner. This is a behavior associated with the laminar burning
velocity of the fuel and the flow velocity of the fuel exiting the burner port. When the velocity of
the fuel exiting the burner port falls below the laminar burning velocity, flashback occurs, which can
lead to flame pulsation and explosion. In this study, the onset of flashback triggered by decreasing
the fuel flow rate of the various components of the LPG-H;, blends was used to establish lean-
burning limits at various Reynolds numbers.

The experimental test rig (shown in Figure 1) consisted of two high-pressure gas cylinders (LPG
and H;), an air compressor, a Bunsen burner, and a data acquisition system. The LPG used in this
study was a commercial gas (Shell Hong Kong Limited, 16 kg LPG) containing at least 29.7% CsHs,
69.3% C4H1p, and less than 1% CsHeg and CsHs. Filters were used to remove impurities and moisture
from the LPG and air streams. After passing through the pressure gauge (range from 0 to 2 bar) and
flow meter, the LPG and H, were mixed before then being mixed with the air before being fed into
the Bunsen burner. The burner was of the standard type, consisting of a mixing chamber and a
nozzle with a long cylindrical tube. The tube had an outer diameter of 10 mm, an inner diameter of
7.86 mm, and a length of 275 mm. The burner length was selected to be long enough to ensure a
fully developed flow at the nozzle outlet. Steel wool and steel mesh were placed inside the mixing
chamber to ensure good mixing of the fuel and air. They also acted as a safety precaution by
preventing potential upstream propagation of flame during flashback. A gasket ring was installed
between the mixing chamber and the bottom of the burning nozzle to prevent gas leakage.
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Figure 1 Schematic diagram of the experimental setup.

The flow rates of the air and fuel were regulated and recorded by an integrated data acquisition
system. Three PID-based electronic flow controllers were used, one each to control the volumetric
flow rate of air, H,, and LPG, respectively. The specifications of the flow controllers are given in Table
2. The input signal and output signal are both RS-232 serially encoded. HyperTerminal software was
used to control the flowmeter settings directly via the RS-232 port of the computer connected to
the flowmeters. During the experiment, all gases were maintained at 1 bar.

Table 2 Specifications of the flow controllers used in the experiments.

Gas Brand Catalog number Flow range Accuracy
Air GY-32907-71 0.1to 10 Ipm .
+ 0,
H2  Cole-Parmer GY-32907-67 0.01to 1 lpm ;8'2; ?Jl[iigl'gg'
LPG GY-32907-69 0.05to 5 Ipm e

The experimental procedure to determine the lower burning limit (lean-burning) of H, enriched
LPG was as follows: first, the air and fuel supply was set to a stoichiometric ratio, @, of 1, and then,
set the air/fuel jet to the given Reynolds number while keeping the same air/fuel ratio. Next, the
mixed fuel was ignited at the burner outlet to see if a stable open flame could be maintained. If the
mixture could be ignited and a stable flame was maintained, the fuel flow was reduced (Reynolds
number remaining unchanged) until flashback occurred, and the flowrates of the fuels and air at
that time were recorded. This process was repeated three times and averaged to estimate the lean-
burning limit of the LPG-H, mixture under any given Reynolds number.
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3. Parameters Setting and Definition

Reynolds number was varied from 600 to 1800 in increments of 200 and is calculated based on
the fuel-air mixture at room temperature as follows (Equation 1):

_ Pmix vexitd

Hmix

Re (D)
where pmix is the density of the fuel-air mixture (kg/m?3); vexit is the exit flow velocity from the
burner (m/s); d is the inner diameter of the nozzle, (m); and mix is the dynamic viscosity of
gaseous mixture (N.s/m?).

H, fraction was set at 0% (pure LPG), 5%, 10%, 15%, 20% and 25%. The hydrogen volumetric
percentage in the LPG-H; mixture was calculated using Equation 2:

Vi,

H,% = ————
2 Vi, + Vire

x 100% 2)

where Vips and Vi, are the volumetric flowrates of LPG and Hy, respectively (m3/s).
The lean-burning limit (LBL) was calculated from volumetric flowrates according to Equation 3.
It was experimentally determined for each set of conditions.

Vipe +V,
LBL = 1p¢ + Vi,
Vipg + Vi, + Vair

x 100% 3)

where Vipg, Vi, and V,ir are the volumetric flowrates of LPG, H,, and air, respectively (m3/s).
Finally, the equivalence ratio is defined as in Equation 4.

(%)
Z actual
A stoichiometric
where (5) is fuel-to-air ratio under actual conditions and (E) is the fuel-to-air
A/ actual A/ stoichiometric

ratio under stoichiometric conditions.
4. Validation

To validate the results in this study, we have compared the measured lean-burning limit of the
LPG-air mixture with other published data. As there is little published data on the lean-burning limit
of LPG-air mixture used with a Bunsen burner, reported flammability limits are instead used for
comparison and validation. The results of the comparison are presented in Table 3. They show that
the results of the present study match those reported by Hamidi and Iiminnafik [37] but are higher
than those reported by Mishra and Rahman [14] by 33.9%, which is outside the usual acceptable
error range in the comparative verification process (+10%). The difference can be attributed to two
reasons: 1) the fractions of butane and propane in the LPG used by Mishra and Rahman are very
different from those used in the present study and by Hamidi and lIminnafik, and 2) the test
methods used for each research study are different. The results of the comparison show that in
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practical applications, the expected lean-burning limit of gaseous fuel is different from its
flammability limit obtained from standard tests, and, in general, the lean-burn limit is higher than
the lower flammability limit.

Table 3 Comparison of flammability/lean-burning limit of LPG-air mixture reported in
the present study and the literature.

LPG components  Flammability Method Ref Absolute  Relative
/Lean- error error
burning limit
(by volume)
29% butane and 1.81% Flammability tube [14] 0.93% 33.9%
70% propane +Visual observation
50% butane and 2.7% Combustion bomb [37] 0.04% 1.5%
50% propane +Visual observation
69.3% butane and 2.74% Bunsen burner Present NA NA
29.7% propane +Visual observation study

5. Results and Discussion

Using the results of the experimental studies detailed above, the influence of H, addition (0% to
25%) and Reynolds number (600 to 1800) on the lean-burning limit of LPG-H; mixed fuel were
analyzed, and regression analysis was used to obtain the correlations of the lean-burning limit,
which were then used to plot a lean-burning map of hydrogen-enriched LPG.

5.1 Influence of H> Addition on the Lean-burning Limit of LPG-H; Mixed Fuel

Figure 2 is a plot of lean-burning limits versus H; fraction at various Reynolds numbers. It can be
seen from Figure 2 that the lean-burning limit generally increases with the increasing H; fraction at
all Reynolds numbers. Thus, the lowest lean-burning limit (2.74%) occurs when no H; is added at Re
= 600. With the increase in H; fraction from 0% to 25%, the lean-burning limit increases almost
linearly from 2.74% to 3.72% at that same Reynolds number. This trend is reproduced across all the
other Reynolds numbers. The lean-burning limit increases by, on average, 4.0% to 7.2% for every 5%
increment of H, volumetric fraction under different Reynolds numbers ranging from 600 to 1800.
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Figure 2 Influence of H; fraction on the lean-burning limit of LPG-H2 blends at a range
of Reynolds numbers.

The increase in the lean-burning limit by adding more H; into LPG can be attributed to the
increase in the laminar burning velocity of the mixed fuel. A numerical simulation was performed to
guantitatively investigate the effect of H, addition on the burning velocity of the LPG-H, mixture.
CHEMKIN software (ANYSYS) was used with a USC Mech Il reaction mechanism model, which
incorporates 111 species and 784 reactions [7]. For verification, the simulation results were
compared with the data published by Jithin & Velamati [38] under the same inlet temperature and
atmospheric condition. The simulation results agreed well with the published data, with a maximum
discrepancy of 6.6% in predicting laminar burning velocity.

Figure 3 shows the simulation results. As can be seen, the highest fuel burning velocity occurs at
the stoichiometric condition (® = 1), increasing linearly from 40.75 cm/s to 42.34 cm/s as the H;
fraction is increased from 0% to 25%. The flame could maintain sustained burning only when the
burning velocity matched the fuel flow velocity. When the burning velocity is higher than the fuel
flow velocity, flashback occurs, while flame lift takes place when the burning velocity is less than the
fuel flow velocity. Adding H; into LPG increases the burning velocity of the mixed fuel. Thus, more
fuel is required to offset the effect of increased burning velocity under the same Reynolds number,
increasing the lean-burning limit.
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Figure 3 Influence of the H; fraction on the burning velocity of LPG-H; blends at a range
of equivalence ratios (®).

A study of the flame height also provides evidence for increased burning velocity resulting from
the addition of H,. Figure 4 shows images of the flames and measured heights of the reaction cone
for different H; fractions at Re = 800 and ® = 1.0. As can be seen, the height of the reaction cone
falls as the H» fraction is increased. For a stable premixed flame, the perpendicular component of
the fuel jet velocity should be equal to the burning velocity at all points along the flame front [39].
When hydrogen is added to LPG, the kinematic viscosity of the air/fuel mixture increases. Therefore,
the air/fuel mixture volume flow rate and the mean exit flow velocity must increase proportionally
to maintain a constant Reynolds number. It would be expected, then, that the conical flame front
would increase in height to match the increased flow velocity if the laminar burning velocity remains
unchanged. However, the measurement shows that the reaction cone height has, instead, reduced,
which provides clear evidence that the hydrogen addition has, rather, increased the burning velocity
of the blended fuel. The same behavior was observed at all the other Reynolds numbers for the
same equivalence ratio. This observation is consistent with that reported by Zhen et al. [40] in their
study of LPG-H; mixed fuel conducted at Re = 1500 and © = 1.0.

Re 800
®=1.0

AR AR KA

0% H2 5% H2 10% H2 15% Ha 20% H2 25% H2

H» fraction in fuel blends 0% H» 5% H» 10% H> 15% H> 20% H» 25% H»
Flame reaction cone height (mm)  20.36 20.34 19.74 19.72 19.70 19.09

Figure 4 Images of flames and measured heights of the reaction cone for the given H;
fractions at Re =800 and ® = 1.0.
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Figure 5 shows the variation in flame shape for a range of equivalence ratios at Re = 800. A visual
comparison of flame images for 0% H, and 25% H; shows that the overall flame shapes and the
characteristics remain almost the same. This supports the contention that there is a good blending
of the LPG and H; in the fuel jet, even though the physical properties of LPG and H; are quite
different. The yellow tips visible in the flames of H,-rich mixtures are characteristic of incomplete
burning.

Re 800
0% H2

Re 800
25% H:

=09 &=10 =11 ®=12 ®=15 =20 ®=25 P=3.0

Figure 5 Flame shapes with 0% and 25% H, addition for a range of equivalence ratios
and Re = 800.

5.2 Influence of Reynolds Number on the Lean-burning Limit of LPG-H; Mixed Fuel

Figure 6 shows a plot of lean-burning limit versus Reynolds number for a range of H, fractions.
As can be seen, the lean-burning limit increases with increasing Reynolds number for all H, fractions.
Without H; addition (for pure LPG), the lean-burning limit increased from 2.74% to 4.32% when the
Reynolds number increased from 600 to 1800. The mixed fuels showed a similar trend. This increase
in the lean-burning limit with the increasing Reynolds number can be attributed to the increased
burning velocity. Fu et al. [41] reported that an increase in Reynolds number enhances the laminar
burning velocity due to the flame stretch effect caused by the high flow velocity associated with
high Reynolds numbers. A richer mixture of fuel is therefore needed to maintain a stable flame.
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Figure 6 Influence of Reynolds number on the lean-burning limit of LPG-H; blends for a
range of H; fractions.

Overall, it can be concluded that the lean-burning limit of hydrogen-enriched LPG is greater than
that of pure LPG due to the combined effect of increasing hydrogen fraction and Reynolds number
of the air/fuel jet.

A cubic polynomial regression analysis was used to obtain correlations of the lean-burning limit
of LPG-H; mixture under different H; fractions, and the results are summarized in Table 4. All the
correlations apply within the Reynolds number range of 600 < Re < 1800 and return coefficients of
determination (R?) values of between 0.94949 and 0.99715, indicating the high credibility of the
correlations. These correlations can be used as empirical formulae to predict the lean-burning limit
of hydrogen-enriched LPG for a range of H; fractions.

Table 4 Correlations of the lean-burning limits of LPG-H, mixtures obtained by
regression analysis.

fraI;'tzion Correlation R? Applicability
= -11Re3. -8RA 2

0% 3).06;335 >1<7140:ng + gizéf: 191%2 R 099715
= -12Ra3. -8R a2

> :?.192'1124 251902;& 0581416'22264 “IORET 097489
- -12 3 -9 2

10% ?5.537;:!1611013{2 +I;{).eo2+42.86051 x 10°Re 0.94949 o e
= -12Rp 3. 9p .2

1% c1D.8_2:7615 15150:;((; 0582595.28601 “OTET oseos 1800
= -12p a3 8pa2.

20% 23.60;.93113]:.122;.(;)+ 533;62.51148 x 10°Re 0.99199
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5.3 A Lean-burning Limit Map for Hydrogen-enriched LPG

Based on the correlations given in Table 4, a lean-burning map for hydrogen-enriched LPG can
be plotted (Figure 7). The lean-burning map with its series of lean-burning limit isolines can serve as
a useful visualization tool for researchers, engineers, and technicians who need to check the lean-
burning limit of LPG-H; blended fuel under certain Reynolds numbers and H; fractions. Considering
the applicability of the applied correlations, 600 < Re < 1800, the isolines with Reynolds numbers
lower than 600 are expressed by dash lines to indicate the lack of real data.

Lean-burning limit=3%

25 —— Lean-burning limit=3.3%
T . \ Lean-burning limit=3.6%
\ . o 2
\ —— Lean-burning limit=4%
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Figure 7 A lean-burning limit map for hydrogen-enriched LPG.

6. Conclusions

This paper presents the results from an experimental study to investigate the lean-burning limit
of hydrogen-enriched liquefied petroleum gas (LPG) with a Bunsen burner under a wide range of
Reynold numbers (600 to 1800) and hydrogen (Hz) volumetric fractions (0% to 25%). Also presented
are correlations of the lean-burning limit of LPG-H, mixtures obtained by regression analysis. The
main findings can be summarized as follows:

1. The lowest lean-burning limit of LPG-air mixtures measured in this study using a Bunsen
burneris 2.74%. This value is higher than the lower flammability limits obtained from standard
test methods for LPG with a similar composition.

2. The lean-burning limit of hydrogen-enriched LPG measured by a Bunsen burner generally
increases with increasing hydrogen fraction at all Reynolds numbers ranging from 600 to 1800.
The lean-burning limit is increased by, on average, 4.0% to 7.2% for every 5% increment in the
H> volumetric fraction.

3. The lean-burning limit of hydrogen-enriched LPG measured by a Bunsen burner increases with
increasing Reynolds number for all H; fractions (0% to 25%). Correlations of the lean-burning
limit of hydrogen-enriched LPG versus Reynolds number obtained by cubic polynomial
regression analysis return R? values ranging from 0.94949 to 0.99715.
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4. A lean-burning limit map of hydrogen-enriched LPG has been developed. The lean-burning
map with a series of lean-burning limit isolines can serve as a useful visualization tool to check
the lean-burning limit of LPG-H; fuel mixtures at a given Reynolds number and H; fraction.

This study has used the Bunsen burner, the forerunner of the modern gas-stove burner and the
gas furnace, to obtain the lean-burning limits of LPG-H, mixtures. The results of this study provide
reference values of the lean-burning performance of hydrogen-enriched LPG fuel for practical
domestic use, such as for cooking or heating. Further investigation is necessary for the safe and
reliable utilization of hydrogen-enriched LPG as a domestic fuel. Some of the areas for future
investigation include the effect of intermediate species on the combustion process, a gas
interchangeability analysis of various domestic LPG gas appliances in the market to assess their
readiness to use hydrogen-enriched LPG, the thermal characteristics of the impinging flame, the
optimal hydrogen-blending ratio for practical use, and the development of proper guidelines for
fuel blending, delivery, usage and safe handling for domestic use.
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