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ABSTRACT: Garbage and biomass contain more chlorine, which reacts with H, to form HCI gas during
combustion or gasification, resulting in corrosion of metal walls. In this paper, based on the chlorine mechanism in
Ansys Chemkin-Pro, the laminar combustion characteristics of H,/Cl, are simulated with different diluents CO,/N,
under an initial temperature of 298 K, equivalence ratio range of 0.6—1.4, and initial pressure of 0.1—0.5 MPa. The
results show that the laminar burning velocity of H,/Cl, decreases significantly with the increase of dilution gas
ratio, and the effect of diluent CO, is more significant than that of N,. Due to the dilution effect, the fuel and
oxidation components are reduced. Through sensitivity analysis, reaction R2: Cl + H, = HCI + H is the main
reaction of HCI formation. On improving the initial pressure, the laminar burning velocity is slightly lowered, and
the thermal diffusivity of the fuel mixture increases with the increase of the initial pressure. According to the
sensitivity analysis of the velocity, reactions R2, R9, and R10 are the main reactions that affect the laminar burning
velocity, and the product HCI will be generated with a delay with the increase of the initial pressure.

1. INTRODUCTION particularly in the case of mixtures whose Lewis number
(Le) deviates substantially from unity.

Chlorine constitutes a large proportion of most solid fuels
(including coal and biomass).”" The chlorine concentration in
biomass fuels depends on the nutrient cycle and life parts of
biomass materials. Generally, the chlorine content in wood is
usually lower than that in coal, while the chlorine content in
herbaceous biomass, fruits, and crops is considerably higher
than that in coal.>* Biomass, garbage, and other fuels contain a
certain amount of chlorine. At present, in a combustion
furnace of biomass power plants and garbage power plants, a
certain amount of hydrogen will be formed due to the
decomposition of water, and the combination of chlorine and
hydrogen will form a certain amount of hydrogen chloride,

Incineration is often used to treat liquid organic waste. As an
essential part of hazardous liquid organic waste, chlorinated
hydrocarbons have attracted considerable attention owing to
their combustion characteristics.'~~ Several studies have
focused on hydrogen/chlorine flame.*~"* Chlorine chemical
fuels must be considered for solid combustion and gasification.
We must consider both the emission of pollutants and the
corrosiveness of chlorine.'® Chlorinated hydrocarbons (e.g.,
chloromethane (CH,Cl)), hydrogen chloride (HCI), or alkali
chlorides (mainly KCl) are primarily used in the pyrolysis
process of chlorine. During combustion, chlorine and hydro-
gen combine to produce a large amount of HCI. Because HCI

is generally a product of chlorine in the combustion process, it

. . 3 . which will strongly corrode the boiler and its tail flue.
is often removed in the fluidized bed combustion process. Therefore, studying the reaction of hydrogen and chlorine is of
Chlorine often affects the production of pollutants during ’ ying yaros

combustion.'® Generally, chlorine inhibits fuel oxidation.'” ™’ greatlsigrlliﬁcance for controllir}g the forma‘t fon of hydroge.n
However. chlorine is n’0t as effective as other halogens 2 chloride in the furnace. In addition, the main components in
Chlorine, in fuel gas affects the formation of aromatic itr};e f:teogrfsﬂ?;ereNaz t?:: (i:?lz' d’f:eesﬁ ;rrlledrtciall(s;iisnzave a greater
hydrocarbons and soot”** as well as the emission of nitrogen P . yarog o

s o , oo Only some studies have targeted the effect of diluents on the
oxides.” Additionally, chlorine affects the distribution of trace busti h - £ hvd hlori h
metals.”**” The high chlorine content can inhibit ignition 28 combustion. characteristics of hydrogen/chlorine; however,

. )

reduce flame speed, and promote flame extinguishment.
Rozlovskii,”® Slootmaekers and Van Tiggelen,8 and Corbeels
and Scheller'* experimentally measured the laminar combus-
tion rate of hydrogen/chlorine. Recently, studies on flame
theory and the experimental measurement of laminar
combustion velocity have proved that Bunsen flame technol-
ogy is affected by macrodynamic stretching effects,””
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diluents have different effects in our practical applications.
Giurcan et al.>*7¢ studied the influence of inert gas on fuel
combustion characteristics. The laminar burning velocity has a
vital influence on combustion characteristics and affects flame
combustion stability. Thus, the effect of varying diluent
contents on the hydrogen/chlorine laminar burning velocity
was studied.

2. NUMERICAL CALCULATION

In this study, Ansys Chemkin-Pro was used to emulate the
laminar flame characteristics of H,/Cl, under different

Table 1. Calculation Settings

variables range
fuel H,
oxidant Cl,
initial temperature (T) 298 K
initial pressure (p) 0.1-0.5 MPa
diluent N, and CO,
fraction of diluent (u) 0—-50%
equivalence ratio 0.6—1.4

diluents. The PREMIX®” and EQUIL*® codes in the Chemkin
package were used to emulate the free propagation of the
laminar premixed flame of hydrogen and chlorine. This
calculation used the chlorine chemical®” reaction mechanism,
which involved 102 reactions and 25 substances. To meet the
calculation requirements and achieve zero gradients for all
variables, an adaptive grid with a GRAD and CURV of 0.02
was used in the current simulation. The right and left sides of
the calculation domain were 10 and —0.2 cm, respectively, and
the number of grids was 1000. In the presence of hydrogen, the
Soret effect and multicomponent transport model were
deemed to determine the completely convergent flame velocity
prediction in this simulation.

To evaluate the effect of diluents on H,/Cl,, different
proportions of N,/CO, were added to the mixture. The fuel
diluent method"™* was used to determine the diluent
concentration, in which y% was the diluent content and
(100 — )% H, was burned in CL,.

N
ﬂ% — diluent

Ndiluent + nHz

1
where p% represents the diluent content, ngy,, is the mole
fraction of the diluent in the mixture, and ny, is the mole

fraction of hydrogen in the mixture. Based on the existing
work, the initial temperature and pressure were 298 K and
0.1—0.5 MPa, respectively, and the upper limit of the diluent
proportion was 50%. Table 1 lists the initial calculation
settings.

3. RESULTS AND DISCUSSION

3.1. Mechanism Verification. Studies on H,/Cl,
combustion are limited. In Figure 1, the experimental data in
the literature' are compared with the simulation results. This
figure indicates that the laminar burning velocity was
satisfactory. We used the chlorine mechanism in the simulation
calculation.

3.2. Effect of the Diluent Content on LBV and
Adiabatic Flame Temperature. Laminar burning velocity
(LBV) often describes the basic parameters of fuel reactivity,
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Figure 1. Comparison between the predicted LBVs and experimental
data.

heat release, and thermal diffusivity. The adiabatic flame
temperature (AFT) refers to the temperature at which the fuel
can reach the equilibrium (or the highest temperature) without
losing any heat under the same pressure.*” Figure 2 presents an
alternative distribution of the LBV and AFT for hydrogen and
chlorine combustion under different diluents calculated using
Ansys Chemkin-Pro. Additionally, STANJAN™® was used to
estimate the thermal diffusivity under various diluent ratios. As
the diluent concentration increased (at the same equivalence
ratio), the thermal diffusivity lessened considerably. The N,
diluent showed a higher thermal diffusivity than the CO,
diluent.

Moreover, the AFT increased remarkably when the
equivalence ratios were 0.6—1.1, reaching a peak at ~1.1.
Then, the AFT decreased at equivalence ratios of 1.1—1.4
(Figure 2c,d). As the diluent proportion increased, the AFT
decreased considerably. As a diluent, N, achieved a higher
AFT than CO,. In Figure 2a,b, to find the inflection point of
the laminar burning velocity, we increased the equivalence
ratio range. It can be clearly observed that when N, is used as
the main diluent, the maximum laminar burning velocity
appears at about 1.45 equivalence ratio. When CO, is used as
the main diluent, the maximum laminar burning velocity
appears at about 1.55 equivalence ratio. The N, diluent
achieved a higher laminar burning velocity than the CO,
diluent. According to laminar burning velocity theory,™ S| o
(aRR)1/2, the laminar flame velocity is directly proportional
to thermal diffusivity (a) and AFT (T,) and directly
associated with the reaction rate (RR). In the process of H,/
Cl, combustion, the adiabatic flame temperature decreases
when the equivalence ratio is 1.1, the thermal diffusivity
increases as the equivalence ratio increases, and the laminar
burning velocity changes trend similar to the thermal
diffusivity. According to the above formula, in H,/Cl,
combustion, the thermal diffusivity has a greater influence on
the laminar burning velocity than the adiabatic flame
temperature. Based on a previous study, increasing the inert
gas content will reduce the laminar burning velocity and the
adiabatic flame temperature, which is due to the increase of
thermal capacity and the change of thermal performance of
hydrocarbon fuels.”® Currently, the combustion of hydrogen
and chlorine varies. Enhancing the inert gas content mainly
reflected the dilution effect and decreased the fuel and
oxidation components.

3.2.1. Sensitivity Analysis. To explore the influence of the
concentration and type of diluents on the laminar burning

https://doi.org/10.1021/acsomega.1c07313
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Figure 2. Mechanism validation: (a, b) laminar burning velocity, (c, d) adiabatic flame temperature, and (e, f) thermal diffusivity of H,/ClL/N,/
CO, mixtures at different fuel compositions.
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Figure 3. Sensitivity analysis of different H,/Cl,/N,/CO, mixtures: (a) N, and (b) CO,.
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Figure 4. Mole fraction of H,/Cl,/N, flames at a temperature of T = 298 K and a pressure of P = 0.1 MPa: (a) 0% N,, (b) 10% N,, (c) 20% N,,

(d) 30% N, (e) 40% N, and (f) 50% N,.

velocity, the normalized sensitivity coeflicients were emulated
using the PREMIX code in the Chemkin package. Figure 3
presents the normalized sensitivity coefficient of the diluents
with respect to the laminar burning velocity of hydrogen and
chlorine. When N, was used as the diluent, the primary
reaction affecting the laminar burning velocity was R2: Cl + H,
= HCl + H (Figure 3a); this reaction generated massive
quantities of HCI and H. The second reaction was R9: 2CI +
M = Cl, + M, which produced large quantities of Cl,. Another
reaction R10: Cl, + H = HCI + Cl occurred, which had less
impact; this reaction also generated HCI and CI. Alternatively,
when CO, was used as the diluent, reactions R2, R9, and R10
slightly differed from those in the case where N, was used as
the diluent. Reaction R80: CO + OH = CO, + H inhibited the
laminar burning velocity. Under diverse diluent concentrations,
the influence of the laminar burning velocity also varied
considerably. In the absence of a diluent, reactions R10 and
R80 did not occur; however, the sensitivity coefficients of

reactions R2 and R9 reached the maximum values. When the
N, diluent content was increased, the sensitivity coeficient of
reaction R2 decreased. Moreover, the sensitivity coefficient of
reaction R9 first decreased, then increased, and subsequently
decreased. The maximum sensitivity coeflicient of reaction R9
was achieved at an N, content of 40%. Further, the sensitivity
coefficient of reaction R10 increased as the content of the N,
diluent increased. When the CO, diluent content was
increased, the sensitivity coefficient of reaction R2 decreased,
while the maximum sensitivity coefficient of R9 was achieved
when the CO, content was 50%. Based on the sensitivity
analysis of the laminar burning velocity, the contents of H,, Cl,
and H radicals were found to have the greatest influence on the
laminar burning velocity.

3.2.2. Chemical Kinetic Structures. A numerical simulation
was performed to study the detailed chemical kinetic structure
of hydrogen and chlorine flame under different diluents using
the chlorine mechanism. For each fuel composition, the

7353 https://doi.org/10.1021/acsomega.1c07313
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Figure 5. Mole fraction of H,/Cl,/CO, flames at a temperature of T = 298 K and a pressure of P = 0.1 MPa: (a) 10% CO,, (b) 20% CO,, (c) 30%

CO,, (d) 40% CO,, and (e) 50% CO,.

substance mole fraction, productivity, and net reaction rate
were plotted as follows. First, when N, was used as the diluent,
combustion mainly occurred at distances of 3.9—4.1 cm
(Figure 4). During this period, massive quantities of HCI gas
were generated. Moreover, the amount of chlorine gas
increased slightly and then decreased sharply. The H content
first increased, then decreased, and finally increased, which was
associated with a decrease in the H, content, particularly, when
the diluent concentration was high. N, also increased slightly
and then decreased slightly. Figure 4c,d shows that the change
in the mole fraction of N, is more obvious. With the increase
of N,, the molar fraction of the H radical decreases, which has
a great influence on the laminar burning velocity. When CO,
was used as the main diluent, the mole fraction of each
substance became more complex. Figure 5 indicates that with
increasing diluent content, the combustion advanced, which
was more obvious when the CO, diluent content was 50%.
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Additionally, H,O was formed before other substances.
Perhaps, water inhibited the laminar burning velocity, implying
that the laminar burning velocity of the N, diluent was greater
than that of the CO, diluent. As the diluent content increased,
the mole fractions of H and Cl radicals decreased.
Consequently, an increase in the diluent content decreased
the flame laminar burning velocity based on LBV sensitivity
analysis. N, was used as the main diluent for the production of
each substance (Figure 6). Clearly, with increasing diluent
content, the production rate of each substance decreased but
the combustion distance increased. Compared with the N,
diluent, the production rate of each substance was lower when
the same concentration of the CO, diluent was used; however,
the combustion distance increased further (Figure 7). The
overall trend was the same in the case of both diluents. Figure
8 shows the net reactions using the N, diluent, i.e, R2, R9, and
R10. Overall, reactions R2 and R10 showed nearly the same
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Figure 6. Production rates of H,/Cl,/N, flames at a temperature of T = 298 K and a pressure of P = 0.1 MPa: (a) 0% N,, (b) 10% N,, (c) 20% N,,

(d) 30% N,, () 40% N,, and (f) 50% N,.

trends; both reactions initially increased and then decreased. A
large amount of HCl was generated during this period; hence,
reactions R2 and R10 were mainly responsible for generating
HCL RO first decreased and then increased, during which a
small amount of Cl, was produced, promoting reaction R10.
With increasing N, diluent content, the net RR reduced
considerably. At a N, content of 50%, the decrease in the net
reaction rate was ~89%. Figure 9 shows that the overall trend
of CO, was similar to that of N,. The net reaction rate was
lower when using CO, as the main diluent compared with
when N, was used as the main diluent. Compared with N,
diluent, CO, diluent increased R80: CO + OH = CO,+H.
3.3. Effect of Pressure on the Laminar Burning
Velocity. Figure 10 indicates the effect of diverse initial
pressures (0.1, 0.3, and 0.5 MPa) and equivalence ratios on the
laminar burning velocity of H,/Cl, using a 50% CO,/N,
diluent. The laminar burning velocity decreased slightly with
increasing initial pressure. Compared with hydrocarbon fuels,
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the laminar burning velocity change was not apparent. Because
the thermal diffusivity of the fuel mixtures increased with
increasing initial pressure, at higher pressures, the laminar
burning velocity tended to have an equivalence ratio greater
than about 1.4.** This observation is discussed in more detail
in Sections 3.3.1—3.3.3.

3.3.1. Laminar Burning Flux. According to a study by Law
and Sung,30 the laminar burning flux, f° = p,s;, is the essential
parameter of flame propagation. It mainly shows the reactivity,
diffusivity, and exothermicity of the fuel mixture. Figure 11
presents the laminar burning flux of H,/Cl, using the 50%
CO,/N, diluent under different initial pressures. As the initial
pressure increases, the laminar burning flux increases and the
laminar burning velocity decreases; this result is consistent
with the conclusion obtained by Law.* Law reported that an
increase in density induces a phenomenon, where the laminar
burning velocity decreases with an increase in the initial
pressure. Based on the research by Law et al,,”” we know that
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Y ~ [(A/cp)owp)"*/py, indicating that laminar flame responses
rely on the flame dynamics of the characteristic reaction rate wy,
as well as transport processes based on the density-weighted
transport coefficient (4/cp),. For the study, density is very
important because it determines the meaning of the part of
diffusive transport as well as that of the mass flow rate.*
3.3.2. Sensitivity Analysis. To study the most significant
elemental reactions affecting the laminar burning velocity
varying initial pressures, a sensitivity analysis was conducted on
the laminar burning velocity of H,/Cl, at different pressures
using the S0% N,/CO, diluent (Figure 12). When the initial
pressure was increased, the number of collisions between
molecules and free radicals increased and the reaction became
more complex. The positive sensitivity coefficient of reactions
R2 and RI10 increased with a change in the initial pressure.
This can be verified based on the increasing trend of the
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laminar burning flux, which increased with the initial
pressure.'* Conversely, reaction R9 decreased as the initial
pressure increased. Generally, R2 was the primary reaction
responsible for HCI formation. A previous related literature®’
revealed that as the initial pressure increased, the termination
of the reaction became extremely critical. Therefore, the delay
impact was assessed for the entire combustion reaction. Such
end reactions could supersede the central part of the branching
reaction, particularly in the case of three bodies, the rate of
which increased considerably with increasing pressure.

3.3.3. Chemical Kinetic Research. Figure 13 shows that the
different initial pressures changed for the H, Cl, and HCI mole
fractions using the 50% CO,/N, diluent. The formation of H,
Cl, and HCl was delayed as the pressure increased. When the
diluent was 50% N,, the initial pressure of H radicals in
equilibrium was 0.3 MPa, which was the maximum value.
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Furthermore, the initial pressure of H radicals in equilibrium
was 0.5 MPa when the diluent was 50% CO,, which was the
maximum value. The maximum mole fraction was observed at
an initial pressure of 0.1 MPa when Cl and HCl were in
equilibrium, signifying that the formation of the main product
HCI was delayed with increasing initial pressure when H,/Cl,
was combusted.

4. CONCLUSIONS

Herein, Ansys Chemkin-Pro is used based on the chlorine
mechanism to study the different combustion characteristics of
H,/Cl, under different diluents and initial pressures. The
thermal diffusivity, laminar burning velocity, adiabatic flame
temperature, free radicals, intermediate substances, and
sensitivity analysis of velocity are analyzed.

(1) The maximum laminar burning velocity of H,/Cl, is
observed when the equivalent ratio is about 1.4. The
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)

(3)

laminar burning velocity and adiabatic flame temper-
ature of the N, diluent are higher than those of the CO,
diluent. H,/Cl, combustion of the diluent is mainly the
dilution effect, which reduces the fuel and oxidation
components.

Based on the sensitivity analysis of the laminar burning
velocity, mainly for R2: Cl + H, = HCl + H and R9: 2Cl
+ M = Cl, + M, the contents of H,, Cl, and H radicals
are found to have the greatest influence on the laminar
burning velocity. The addition of the CO, diluent makes
the combustion more complicated, and numerous free
radicals are generated, resulting in unstable combustion.

The laminar burning velocity decreases slightly with an
increase in the initial pressure, and the laminar burning
flux increases with the initial pressure. The initial
pressure increases, leading to the delayed production
of the main product HCL.
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