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Abstract

The effects of Soret diffusion on premixed syngas/air flames at normal and elevated temperatures and
pressures are investigated numerically including detailed chemistry and transport. The emphasis is placed
on assessing and interpreting the influence of Soret diffusion on the unstretched and stretched laminar
flame speed and Markstein length of syngas/air mixtures. The laminar flame speed and Markstein length
are obtained by simulating the unstretched planar flame and positively-stretched spherical flame, respec-
tively. The results indicate that at atmospheric pressure the laminar flame speed of syngas/air is mainly
reduced by Soret diffusion of H radical while the influence of H2 Soret diffusion is negligible. This is
due to the facts that the main reaction zone and the Soret diffusion for H radical (H2) are strongly (weakly)
coupled, and that Soret diffusion reduces the H concentration in the reaction zone. Because of the enhance-
ment in the Soret diffusion flux of H radical, the influence of Soret diffusion on the laminar burning flux
increases with the initial temperature and pressure. Unlike the results at atmospheric pressure, at elevated
pressures the laminar flame speed is shown to be affected by the Soret diffusion of H2 as well as H radical.
For stretched spherical flame, it is shown that the Soret diffusion of both H and H2 should be included so
that the stretched flame speed can be accurately predicted. Similar to the laminar flame speed, the Mark-
stein length is also reduced by Soret diffusion. However, the reduction is found to be mainly caused by
Soret diffusion of H2 rather than that of H radical. Moreover, the influence of Soret diffusion on the Mark-
stein length is demonstrated to decrease with the initial temperature and pressure.
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Keywords: Soret diffusion; Syngas/air; Laminar flame speed; Markstein length
1540-7489/$ - see front matter � 2012 The Combustion Instit
http://dx.doi.org/10.1016/j.proci.2012.06.048

⇑ Corresponding author at: State Key Laboratory for
Turbulence and Complex Systems, Department of
Mechanics and Aerospace Engineering, College of
Engineering, Peking University, Beijing 100871, China.
Fax: +86 (10) 6275 7532.

E-mail address: cz@pku.edu.cn (Z. Chen).
1. Introduction

Mass diffusion is essential in laminar flames and
it strongly affects, or even determines, the funda-
mental combustion processes such as ignition, flame
propagation, and extinction [1,2]. The dominant
mode of mass transport is the Fickian diffusion,
which is due to the appearance of concentration
gradient. In the modeling of multi-component
ute. Published by Elsevier Inc. All rights reserved.
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reactive flow, usually only the Fickian diffusion is
considered. However, in the presence of very light
or heavy species and steep temperature gradient,
Soret diffusion [1–3], which drives light (heavy) spe-
cies toward (away from) the hot zone, is also impor-
tant for the mass transport.

The effects of Soret diffusion on laminar flames
have been extensively studied in the literature.
Except the work on heavy species such as metal
particle [4], soot [5], and n-heptane [6], most of
the studies are focused on the Soret diffusion of
light species. For examples, Ern and Giovangigli
[7,8] studied the influence of Soret diffusion on
the flame structure and extinction of hydrogen/
air and methane/air mixtures; Bongers and De
Goey [9] investigated the effects of Soret diffusion
on the laminar flame speed of hydrogen/air and
methane/air mixtures; Grcar et al. [10] examined
the Soret effects in lean hydrogen/air premixed
flames; and Yang et al. [11,12] presented a mech-
anistic interpretation on Soret diffusion in hydro-
gen/air and n-butane/air flames. In these studies
[4–12], discernable effects of Soret diffusion were
observed.

However, to our knowledge, in the literature
there is no study investigating the effects of Soret
diffusion on syngas/air flames. Currently, syngas
(synthesis gas) is expected to play an important
role in future energy production, particularly for
stationary power generation using Integrated Gas-
ification Combined Cycle (IGCC) systems [13].
However, there are gaps in the fundamental under-
standing of syngas combustion characteristics,
especially at elevated temperatures and pressures
that are relevant to practical combustors. Syngas
is primarily composed of H2 and CO, and usually
it has high concentration of light species, hydrogen
[13]. Therefore, it is expected that Soret diffusion
will affect syngas/air flames. Previous studies [4–
12] only examined the Soret diffusion at normal
temperature and pressure. Therefore, the influence
of Soret diffusion at high temperatures and pres-
sures remains unknown. Since syngas combustion
in gas-turbine occurs at high temperatures and
pressures, it is of interests to understand the effects
of Soret diffusion at elevated temperatures and
pressures as well as at normal conditions.

The objective of this study is to computation-
ally assess and interpret the effects of Soret diffu-
sion on syngas/air flames at normal and elevated
temperatures and pressures. Two most important
parameters of premixed syngas/air flames are
investigated: one is the laminar flame speed (or
laminar burning flux) and the other is the Mark-
stein length. The laminar flame speed is defined
as the propagation speed of an adiabatic planar
flame relative to the unburned gas [1,2] and it
affects the fuel burning rate in combustion
engines. The Markstein length characterizes the
variation in the local flame speed due to the influ-
ence of external stretching [14]. It determines the
flame instability related to preferential diffusion
and is one of the basic input physicochemical
parameters in certain turbulent combustion mod-
els [14]. In the next section, the problem specifica-
tion and numerical methods are presented. Then
in Section 3, the effects of Soret diffusion on the
laminar flame speed and Markstein length of syn-
gas/air mixtures are discussed. Finally, the conclu-
sions are given in Section 4.
2. Problem specification and numerical methods

Two premixed flame configurations are considered
in this study: one is the unstretched freely-propagating
planar flame and the other is the positively-stretched
propagating spherical flame. The laminar flame speeds
of syngas/air mixtures at different conditions
(equivalence ratio, temperature, and pressure) with
and without Soret diffusion are obtained by simu-
lating the one-dimensional propagating planar
flame using the CHEMKIN–PREMIX code [15].
In all simulations, the detailed chemical mecha-
nism for syngas oxidation developed by Davis
et al. [16] is used and it consists of 13 species and
38 elementary reactions. The number of grid points
is always kept to be above 800 so that the flame
structure is well resolved and the results are grid-
independent.

In order to get the Markstein length of syngas/
air mixtures, the one-dimensional expanding pre-
mixed spherical flame is simulated using the in-
house code A-SURF [17,18]. A-SURF solves the
conservation equations of one-dimensional, com-
pressible, multi-component, reactive flow in a
spherical coordinate using the finite volume
method [17,18]. The CHEMKIN packages [19]
are incorporated into A-SURF to calculate the
temperature- and component-dependent thermo-
dynamic and transport properties as well as the
reaction rates based on the detailed chemistry of
Davis et al. [16]. A-SURF has been successfully val-
idated and used in previous studies [17,18,20,21].
Details on the governing equations, numerical
schemes, and code validation can be found in Refs.
[17,18] and thus are not repeated here. The compu-
tational domain is set to be 0 6 r 6 50 cm and a
multi-level, dynamically adaptive mesh is used.
The propagating spherical flame is initiated by a
small hot pocket (1–2 mm in radius) of burned
product surrounded by static fresh mixture at ini-
tially specified temperature and pressure.
3. Results and discussion

3.1. Effects of Soret diffusion on unstretched
laminar flame speed

In order to assess the effects of Soret diffusion
on the laminar flame speed of syngas/air mixtures,
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laminar flame speed and (b) laminar burning flux of
stoichiometric syngas/air mixture at different tempera-
tures and pressures (H2:CO = 50%:50% vol.).
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we compare the laminar flame speeds evaluated
with and without including Soret diffusion of all
species. The results are shown in Fig. 1. It is seen
that activating Soret diffusion leads to a reduction
in the laminar flame speed. The same observation
is found in previous studies on hydrogen/air and
methane/air mixtures [7–9,11] and the mechanistic
interpretation on the reduction of laminar flame
speed by Soret diffusion will be provided later.
According to Fig. 1, the influence of Soret diffu-
sion on the laminar flame speed increases with
the equivalence ratio and hydrogen content in
syngas. This is reasonable since the influence of
Soret diffusion is mainly caused by the light
species, H2 and H [11].

Soret diffusion is resulted from temperature
gradient, and the steepness of the temperature dis-
tribution in a premixed planar flame is known to
be strongly affected by the initial temperature
and pressure. Therefore, the influence of Soret dif-
fusion is expected to depend on the initial temper-
ature and pressure. In the following we only focus
on the stoichiometric syngas/air mixture with
equal amounts of H2 and CO (i.e. H2:CO =
50%:50% vol.). The laminar flame speeds at differ-
ent temperatures and pressures are presented in
Fig. 2(a). The inclusion of Soret diffusion is shown
to always reduce the laminar flame speed. Regard-
ing to the initial temperature effect, it is observed
that the influence of Soret diffusion on the laminar
flame speed monotonically increases with the ini-
tial temperature. However, different from the ini-
tial temperature, the increase in pressure is
shown to reduce the influence of Soret diffusion:
at atmospheric pressure (1 atm), the reduction of
the laminar flame speed by Soret diffusion is in
the range of 10–20 cm/s, while at P = 25 atm, it
is in the range of 2–4 cm/s. Noticing that for the
laminar planar flame propagation the eigenvalue
is the laminar burning flux (m = quSu, where qu

is the unburned gas density) instead of the laminar
Fig. 1. The influence of Soret diffusion on the laminar
flame speed of syngas/air mixtures at Tu = 298 K and
P = 1.0 atm (u is the equivalence ratio).
flame speed (Su) [2], we plot the laminar burning
fluxes at different initial temperatures and pres-
sures in Fig. 2(b). It is seen that the influence of
Soret diffusion on the laminar burning flux
increases with the pressure. Therefore, the results
in Fig. 2 demonstrate that the influence of Soret
diffusion depends on the initial temperature and
pressure.

To further demonstrate the effects of the initial
temperature and pressure, we plot the reduction in
laminar burning flux (dm) caused by including
Soret diffusion of different species in Fig. 3. It is
seen that the influence of Soret diffusion is mainly
caused by H2 and H. At P = 1 atm, Fig. 3 shows
that the reduction caused by H Soret diffusion
dominates over that by H2 Soret diffusion. How-
ever, with the increase of the pressure, the reduc-
tion caused by H2 Soret diffusion monotonically
increases while that caused by H Soret diffusion
changes non-monotonically. Therefore, unlike
the observation at atmospheric pressure [11], at
elevated pressures the laminar burning flux is
affected by the Soret diffusion of H2 as well as H.
Figure 3(b) indicates that at normal and elevated
temperatures, the reduction in laminar burning
flux slightly increases with the initial temperature.
(The relative reduction in the laminar flame speed
or burning flux is found to change slightly with the
initial temperature and decrease with the pres-
sure.) In the following we shall provide a mecha-
nistic explanation on this observation.

Before interpreting the effects of the initial tem-
perature and pressure, we need first understand
how Soret diffusion affects the laminar flame speed
of syngas/air mixture at normal temperature and



Fig. 3. The reduction in laminar burning flux due to
Soret diffusion at different (a) pressures and (b) initial
temperatures.
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pressure (298 K and 1 atm). Using the same strat-
egy of Yang et al. [11] (to separately suppress or
activate Soret diffusion of individual species in
simulation), we find that at P = 1 atm the change
in the laminar flame speed of syngas/air mixture
is mainly caused by Soret diffusion of H radical,
and that the influence of H2 Soret diffusion is much
smaller (also demonstrated by Fig. 3(b)). To inter-
pret this phenomenon, we present the Fickian and
Soret diffusion fluxes of H and H2 in Fig. 4. The
temperature profiles are superimposed for refer-
ence. For H radical, it is seen that the Fickian dif-
fusion is negative first and then becomes positive,
and that the Soret diffusion flux mainly spread in
the interval of negative Fickian diffusion flux.
Unlike Fickian diffusion, Soret diffusion makes
more H radical transport to the high temperature
region (downstream), leading to the reduction of
the H radical concentration in the reaction zone.
However, for H2, Fig. 4(b) shows that both the
Fickian diffusion and Soret diffusion move H2

downstream.
In the unstretched planar flame, enthalpy con-

servation is maintained and the adiabatic flame
temperature is not affected by Soret diffusion.
Therefore, the influence of Soret diffusion on the
laminar flame speed is mainly due to the resulting
change in the chemical reaction rates. In the oxida-
tion of syngas, the main reactions related to H and
H2 are the chain branching and chain propagation
reactions: H + O2 = OH + O (R1), H2 + O =
H + OH (R2), and H2 + OH = H + H2O (R3)
[2]. The rates of these reactions together with the
reaction H + O2 + M = HO2 + M (R12) are
plotted in Fig. 5. It is seen that they are obviously
affected by Soret diffusion. Since it is the coupling
between Soret diffusion and major reactions that
leads to the reduction of the laminar flame speed,
we demonstrate the coupling in Fig. 6. In order to
illustrate the major reaction zone, we choose (R1)
and (R3) as the major relevant reactions for H rad-
ical and H2, respectively. At the temperature region
between two vertical lines shown in Fig. 6, the reac-
tion rate is above 50% of its peak value and this
region is referred to as the main reaction zone. It
is seen that for H radical, the peak Soret diffusion
flux occurs in the main reaction zone, while for
H2, the Soret diffusion flux is biased towards the
upstream of main reaction zones. Since the main
reaction zone for (R2) is on the right side of that
for (R3) as shown in Fig. 5, the Soret diffusion flux
of H2 is decoupled with the main reaction zones of
H2-relevant reactions (R2 and R3). Consequently,
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the influence of H2 Soret diffusion on the laminar
flame speed of syngas/air is negligible. Different
from H2, the H Soret diffusion is demonstrated by
Fig. 6(a) to be strongly coupled with the main reac-
tion zone of the chain branching reaction (R1).
Therefore, the coupling shown in Fig. 6 for
P = 1 atm basically explains why the laminar flame
speed of syngas/air mixtures is mainly affected by
Soret diffusion of H radical.

The effects of initial temperature and pressure
can also be interpreted by the coupling between
Soret diffusion flux and major reaction rates. With
the increase of the initial temperature (from 298 K
to 500 K), Fig. 6 shows that the Soret diffusion
fluxes of both H and H2 become larger (explained
later in Fig. 7(a)) while the coupling remains
unchanged. Therefore, at higher temperature, the
laminar burning flux, m = quSu, is more strongly
influenced by Soret diffusion (see Figs. 2(b) and
3(b)). With the change of the pressure from
1 atm to 5 atm, Fig. 6 shows that the Soret diffu-
sion fluxes of both H and H2 increase greatly
(explained later in Fig. 7b). Therefore, the reduc-
tion in laminar burning flux (dm) caused by H
Soret diffusion and that caused by H2 Soret diffu-
sion both increase with the pressure, which is con-
sistent with results in Fig. 3(a). With the increase
of the pressure from 5 atm to 10 atm, Fig. 6 shows
that the Soret diffusion flux of H radical changes
slightly while that of H2 increases significantly.
Consequently, similar changes (as observed in
Fig. 3(a)) happen to the reduction in laminar
burning flux caused by H Soret diffusion and that
caused by H2 Soret diffusion. Moreover, Fig. 6
shows that the increase in the Soret diffusion
caused by increasing the initial temperature is
much less than that by increasing the pressure.
This explains the dependence of the reduction in
laminar burning flux on the initial temperature
and pressure shown in Fig. 3.

Now we explain why the Soret diffusion flux of
H radical increases with the initial temperature
and pressure, which is observed in Fig. 6(a).
According to transport theory [1–3], Soret diffu-
sion flux is proportional to the temperature gradi-
ent normalized by temperature itself, grad T/T (it
is d ln(T)/dx for one-dimensional case), which is
referred to as the “driving force” of Soret diffusion
[11,12]. Only in the region where the “driving for-
ce” and concentrations of light species are both
large, is the Soret diffusion flux non-negligible.
Figure 7 shows the effects of initial temperature
and pressure on the “driving force” as well as the
mole fraction of H radical. According to
Fig. 6(a), the Soret diffusion flux of H radical
peaks around 1200–1400 K. Near this temperature
region, Fig. 7(a) demonstrates that the “driving
force” is almost unaffected by the initial tempera-
ture. Since the mole fraction of H radical increases
with the initial temperature (as shown in Fig. 7(a)),
the Soret diffusion flux of H radical should also
increase with the initial temperature. Therefore,
the increase of the H Soret diffusion flux with the
initial temperature shown in Fig. 6(a) is caused
by the increased amount of H radical in the reac-
tion zone. In fact, Fig. 7(a) shows that the “driving
force” decreases with the initial temperature at the
low temperature regime (T < 1000 K) in which the
Soret diffusion flux is consequently reduced (see
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Fig. 6(a)). Though steeper temperature gradient
occurs at higher initial temperature, the driving
force, d ln(T)/dx, actually becomes smaller. This
is because the increase in T is greater than the
increase in dT/dx when the initial temperature is
increased from 298 K to 500 K. At an elevated
pressure (5 atm), Fig. 7(b) shows that the “driving
force” is greatly improved while the mole fraction
of H radical is reduced. In the temperature region
of 1300–1500 K, the improvement in the “driving
force” is shown to be much larger than the reduc-
tion in the mole fraction of H radical. As a result,
the H Soret diffusion flux also increases with the
pressure, as shown in Fig. 6(a).

3.2. Effects of Soret diffusion on stretched flame
speed and Markstein length

Unlike the unstretched premixed planar flame,
in practical combustion process of sygnas, the
flame propagation speed and stability are strongly
affected by stretch rate. In the following we shall
examine the influence of Soret diffusion on
stretched flame speed and Markstein length of
syngas/air mixtures.

Figure 8 shows the change of the flame propa-
gation speed, Sb, with the flame radius, R. When
the compression-induced flow [22] is negligible,
the stretched flame speed with respect to the
burned gas is Sb = dR/dt (the flame front, R, is
defined in simulation as the position where the
maximum heat release rate occurs). The results in
Fig. 8 demonstrate that the Soret diffusion of CO
has little influence while the Soret diffusion of H
and H2 strongly affects the stretched flame speed.
For an outwardly propagating spherical flame,
the stretch rate is K = 2R�1dR/dt = 2Sb/R [2]
and thereby it is inversely proportional to the
flame radius. At large flame radius (R > 3 cm in
Fig. 8 and K < 500 s�1 in Fig. 9), the stretch effect
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on the flame propagation speed is relatively small
and hence the influence of Soret diffusion is similar
to that on the unstretched planar flame. At
R > 3 cm, Fig. 8 shows that the Soret diffusion of
H2/H has weak/strong influence on the flame
speed. These results are consistent with those on
the unstretched laminar flame speed discussed in
the previous subsection.

At small flame radius (thus large stretch rate)
of 0.5 < R < 1.5 cm, Fig. 8 indicates that the flame
propagation speed is strongly affected by the Soret
diffusion of H2 as well as H. Similar to the
unstretched planar flame at high pressures, for
stretched spherical flame the Soret diffusion of
both H and H2 should be included so that the
stretched flame speed can be accurately predicted.
It is well known that for stretched spherical flame,
the enthalpy conservation is not maintained due
to the coupling between the positive stretch rate
and preferential diffusion of heat and species [2].
Since Soret diffusion modifies the diffusion flux
of H2 as well as H (see Fig. 4), the influence of
Soret diffusion is greatly promoted by the stretch
rate, especially at small flame radius (large stretch
rate).

For moderately stretched spherical flame, there
is a linear relationship between Sb and K [14]:

Sb ¼ S0
b � LbK ð1Þ

where S0
b is the flame propagation speed at zero

stretch rate. According to Eq. (1), the influence
of Soret diffusion on Sb shown in Fig. 8 can be
interpreted by examining how Soret diffusion
affects Lb. The Markstein length Lb can be ob-
tained from the linear extrapolation between Sb

and K according to Eq. (1). The flame radius
range used for linear extrapolation is from
1.0 cm to 2.5 cm so that the effects of ignition
[17], compression [22], and nonlinear behavior
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[23–25] are minimized. Figure 9 demonstrates the
effects of Soret diffusion of different species on the
change of Sb with K. It is seen that at large stretch
rate (small flame radius), the Soret diffusion of H
and that of H2 both affect the stretched flame
speed. As mentioned before, at small stretch rate
(say K < 500 s�1), the inclusion of H2 Soret diffu-
sion is shown to only slightly affect Sb, while Soret
diffusion of H radical affects Sb much more pro-
nounced. However, contrary to the laminar flame
speed at small or zero stretch rate, the Markstein
length (its value is shown in Fig. 9) is only slightly
affected by activating H Soret diffusion while
strongly affected by allowing for Soret diffusion
of H2 (the relative reduction in Markstein length
is 1 � 0.40/0.54 = 26%). It is demonstrated in
Fig. 9 that only considering H2 Soret diffusion
leads to nearly the same amount of reduction in
Markstein length as that by allowing for Soret dif-
fusion of all species, and that the Markstein length
without Soret diffusion of all species is close to
that of including only H Soret diffusion. There-
fore, the reduction of Markstein length is mainly
caused by the Soret diffusion of H2 rather than
that of H radical.

The influence of Soret diffusion on Markstein
length shown in Fig. 9 is mainly due to the depen-
dence of the Markstein length on the Lewis num-
ber. As shown in Fig. 4(b), the inclusion of H2

Soret diffusion promotes the mass diffusion of
H2 and thereby effectively increases the mass diffu-
sivity of H2. As a result, the Lewis number of H2

(inversely proportional to mass diffusivity) is
reduced when Soret diffusion of H2 is activated.
Since the Markstein length decreases monotoni-
cally with the decrease of the Lewis number
[2,14], the Markstein length is reduced by allowing
for H2 Soret diffusion. Since the Soret diffusion
flux of H is much less than that of H2 (as shown
in Figs. 4 and 6), the influence of Soret diffusion
on the preferential diffusion between heat and H
radical in a stretched flame is negligible. Conse-
quently, for Markstein length, the Soret diffusion
of H2 plays a dominant role, while the influence
of H Soret diffusion is negligible. This observation
is also consistent with the theory in Ref. [26] stat-
ing that the Markstein length is mainly affected by
the fuel Lewis number rather than the radical
Lewis number.

We also investigate the influence of Soret diffu-
sion on the Markstein length of syngas/air mix-
tures at elevated temperatures and pressures.
The results are plotted in Fig. 10. Unlike the lam-
inar flame speed/burning flux shown in Fig. 2, the
influence of Soret diffusion on the Markstein
length is shown to decrease with the initial tem-
perature and pressure. Compared with results at
normal temperature (Tu = 298 K), at higher initial
temperature (Tu = 500 K) the relative increase in
the mass diffusivity of H2 due to Soret diffusion
becomes smaller, resulting in less reduction in
the Lewis number of H2. Therefore, as shown in
Fig. 10, the reduction in Markstein length caused
by activating Soret diffusion decreases with the
initial temperature. Since the Markstein length is
proportional to the flame thickness which is inver-
sely proportional to the pressure, the Markstein
length decreases greatly with the pressure [2]. As
a result, the reduction in Markstein length caused
by activating Soret diffusion also decreases with
the pressure.
4. Conclusions

The effects of Soret diffusion on the laminar
flame speed and Markstein length of syngas/air
mixtures at normal and elevated temperatures
and pressures are studied numerically. It is found
that Soret diffusion quantitatively influences the
propagation of premixed syngas/air flame. More-
over, the influence is shown to be strongly affected
by the initial temperature and pressure.

For the propagation of unstretched planar
flame, the laminar flame speed and laminar burn-
ing flux of syngas/air mixture are found to be
reduced by the inclusion of Soret diffusion. At
atmospheric pressure, the reduction in laminar
burning flux is mainly caused by the Soret diffusion
of H radical rather than H2. This is because the
main reaction zone and the Soret diffusion of H
(H2) are strongly (weakly) coupled. With the
increase of the initial temperature and pressure,
the Soret diffusion flux of H radical is promoted
and the coupling between H Soret diffusion and
main chemical reaction remains. Consequently,
the influence of Soret diffusion on the laminar
burning flux increases with both the initial temper-
ature and pressure. However, with the increase of
the pressure, the reduction caused by H2 Soret
diffusion monotonically increases while that
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caused by H Soret diffusion changes non-mono-
tonically. Unlike the case at atmospheric pressure,
the laminar burning flux at elevated pressures is
greatly affected by the Soret diffusion of H2 as well
as H radical.

For the propagation of positively-stretch
spherical flame, it is shown that the stretched
flame speed is strongly affected by the Soret diffu-
sion of H2 as well as H, and that the influence of
Soret diffusion is promoted by the positive stretch
rate especially at small flame radius. Similar to the
laminar flame speed, the Markstein length is also
reduced by Soret diffusion. However, the reduc-
tion is mainly caused by Soret diffusion of H2

rather than that of H radical. This is due to the
facts that the mass diffusivity is increased (thus
the Lewis number is reduced) by the inclusion of
the Soret diffusion of H2 and that the Markstein
length decreases monotonically with the decrease
of the Lewis number. Furthermore, the influence
of Soret diffusion is demonstrated to decrease with
the initial temperature and pressure.
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