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Abstract

Burning velocity measurements of nitrogen-containing compounds, i.e., ammonia (NHj3), methylamine (CH3;NH,), ethylamine (C,HsNH,), and
propylamine (C;H;NH,), were carried out to assess the flammability of potential natural refrigerants. The spherical-vessel (SV) method was used to
measure the burning velocity over a wide range of sample and air concentrations. In addition, flame propagation was directly observed by the schlieren
photography method, which showed that the spherical flame model was applicable to flames with a burning velocity higher than approximately
5cms~!. For CH;NH,, the nozzle burner method was also used to confirm the validity of the results obtained by closed vessel methods. We
obtained maximum burning velocities (Syomax) Of 7.2, 24.7, 26.9, and 28.3 cm s~! for NH;, CH;NH,, C,HsNH,, and C3H;NH,, respectively. It
was noted that the burning velocities of NH; and CH3;NH, were as high as those of the typical hydrofluorocarbon refrigerants difluoromethane
(HFC-32, Syomax =6.7 cms~!) and 1,1-difluoroethane (HFC-152a, Sy max = 23.6 cm s™!), respectively. The burning velocities were compared with

those of the parent alkanes, and it was found that introducing an NH, group into hydrocarbon molecules decreases their burning velocity.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrofluorocarbons (HFCs) have been developed as alterna-
tives to chlorofluorocarbons (CFCs) because they have no ozone
depletion potential (ODP) and lower global warming potential
(GWP) than CFCs. Because of their excellent properties, HFCs
have been used as refrigerants, foaming agents, and cleaning
solvents. However, although they have lower GWP than CFCs
owing to their relatively shorter tropospheric lifetime, HFCs
have been regulated as greenhouse gases (GHGs) and target
compounds for GHG emission reduction in the Kyoto Protocol.
Because of this, natural compounds with even lower GWP than
HFCs that possess no fluorine atoms have been considered as
alternatives to HFCs. These non-fluorinated alternatives include
hydrocarbons, CO», and nitrogen-containing compounds such
as ammonia (NH3) and small alkyl amines. These alternatives
have thermodynamic properties that make them well suited as
refrigerants, since they liquefy readily under pressure. In prac-
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tice, NH3 has been used as a refrigerant for relatively large
refrigerators and icemakers. Small alkyl amines such as methy-
lamine (CH3NH3;) and ethylamine (CoHsNH>) have not been
used as refrigerants but have been widely used in industrial
fields. Except for CO,, these non-fluorinated compounds are
flammable, so assessment of their flammability is indispens-
able for predicting their combustion hazards and for ensuring
their safe use. To assess the flammability of a compound, sev-
eral fundamental properties are used, including burning velocity,
flammability limits, and heat of combustion. Among these prop-
erties, burning velocity may best characterize the potential power
of a fire accident. A considerable number of studies have been
reported on burning velocities of small alkanes. Published max-
imum burning velocities for CH4 and C3Hg fall primarily in
the range between 35 and 45cm s~!. In contrast, informa-
tion on burning velocities of nitrogen-containing compounds
has been limited. For NH3, burning velocity measurements
have been reported by several researchers [1-3]. Ronney [1]
measured the behavior of an NH3/air flame in microgravity.
Pfahl et al. [2] measured the flame behavior by the schlieren
visualization technique with a 400-L closed vessel. Recently,
Jabbour and Clodic [3] measured the burning velocity using the
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vertical tube method. From these measurements by three dif-
ferent methods, the maximum burning velocity for NH3 ranges
between 6.6 and 8.1 cms™!. Regarding alkyl amines, several
reports have presented the physical and chemical data for poten-
tial refrigerants, including CH3NH, [4,5] and CoHsNH, [4].
However, there has been no report on burning velocity data.
Because primary alkyl amines structurally resemble NH3 (an
alkyl group replaces one hydrogen atom in NHj3), the burn-
ing velocities of the amines may be expected to be between
those of NH3 and parent alkanes with an equivalent carbon chain
length.

Because of the existence of a C—N bond, CH3NH; has been
studied as a model compound for investigating NO, forma-
tion mechanisms. The thermal decomposition of CH3NH,/Ar
mixtures in shock waves was studied by Dorko et al. [6]
over the temperature range 1275<7<2400K and pressure
range 1 <P <10atm. They observed first-order decomposition
of CH3NH3 and first-order formation of NH3, with the decompo-
sition rate constant being approximately twice the formation rate
constant. According to their results, the predominant initial reac-
tion was C—N bond scission for the decomposition of CH3NH>.
Gardiner and co-workers measured the time profiles of laser
absorption spectra of CH3NH, and obtained its disappearance
rate in the reflected shock waves to investigate the reaction mech-
anisms of thermal decomposition within 1400<7T< 1820K [7]
and oxidation within 1260<7< 1600K [8]. Kantak et al. [9]
investigated modeling of CH3NH; oxidation in a flow reactor at
1160 and 1460 K and compiled experimental kinetic data from
several researchers. To our knowledge, however, there are no
reported data on the burning velocity of CH3NH,.

To understand the flammability of nitrogen-containing com-
pounds and predict the burning velocities of various types of
such compounds, the accumulation of burning velocity data is
indispensable. For burning velocity measurements, a number of
techniques have been developed, such as the burner method,
the closed-vessel method, and the vertical tube method, as has
been summarized by Andrews and Bradley [10]. In this study we
adopted the spherical-vessel (SV) method. The SV method using
a closed vessel with central ignition provides the burning veloc-
ity data from a measurement of the pressure development during
combustion by assuming a spherical flame propagation model.
To allow comparison with other techniques, the SV method
derives the burning velocity from data collected sufficiently dis-
tant from the wall of the reactor. This characteristic helps the
obtained data to be minimally influenced by the cooling effect of
the reactor and by sample adsorption with the reactor. The latter
seems important especially for amines, because a considerable
amount of the amines can be adsorbed on the reactor surface, as
will be described in the experimental section, and the concentra-
tion of the amines on the reactor surface may become higher than
the original sample concentration. We have recently reported on
burning velocities for typical alkanes and HFCs [11,12] and on
those for binary mixtures of fluoroethanes [13] as model refrig-
erant combustion reactions by applying the SV method. The
impartiality of the method enables us to compare quantitatively
the data obtained for the nitrogen-containing compounds with
those for the alkanes and HFCs.

This article reports on measurements of the burning velocities
of NH3, CH3NH;, C,H5NH;, and propylamine (C3H7NH>) in
particular with respect to their magnitude relative to typical alka-
nes. The effect of the carbon chain length in the molecule on the
burning velocity was also examined. Our approach was to carry
out experiments applying two independent techniques using
closed vessels with central ignition. The burning velocity of NH3
was measured by the SV method. Since the SV method can be
affected by the buoyancy force on a flame that has a low burning
velocity and by wrinkles that can appear on the flame surface, we
checked the validity of the spherical flame model by direct mea-
surement of the flame propagation with schlieren photography
(the SP method). For the amines, there are no burning velocity
data to compare to the data obtained by the SV method. There-
fore we also attempted burning velocity measurements using
a cylindrical burner for CH3NH,, which has a vapor pressure
(353 kPa at 298 K) sufficiently high so that the burner method is
applicable. We compared the data obtained with those of alka-
nes and HFC-32 and HFC-152a, which are typical refrigerant
compounds, to further understand the flammability of potential
natural refrigerants. Finally, structural effects on the burning
velocity characteristics of nitrogen-containing compounds are
discussed.

2. Experimental

Details of the experimental apparatus, sample preparation,
and burning velocity measurements by means of the SV method
and schlieren photography have been described previously
[11]. Briefly, a mixture of air and NH3, CH3NH,, CoHsNH>,
or C3H7NH,, which was prepared using the partial pressure
method, was introduced into a spherical vessel with an inside
diameter of 180 mm. It should be noted that since the amines
are easily adsorbed on the inner wall of the manifolds and the
vessel, the filling pressure of the amines gradually decreases
to become roughly 95% of the initial filling pressure after 1 h
has passed and then the pressure decrease becomes negligi-
ble. Therefore, to obtain accurate sample concentrations, the
filling pressure for amines was determined 2 h after introduc-
ing the amines, and then the appropriate air pressure for the
given amine concentration was introduced into the combus-
tion vessel. The sample was fully mixed by a magnetically
driven pump (gas flow rate typically 1.5Lmin~!) for 10 min.
Ignition was accomplished with an electrical spark between
electrodes placed at the center of the vessel. The duration of
discharge across the gap was 0.5ms, and the ignition energy
was approximately 100—150 mJ. The pressure development was
measured with a Kyowa PHS-10KA absolute pressure trans-
ducer and recorded with a Yokogawa DL750 analyzing recorder.
After combustion, the final products were drawn from the ves-
sel by a vacuum pump and then were passed through water
to dissolve the remaining NH3 and amines. Sample ignition
and pressure—time measurements were performed three times
for each concentration at initial pressures of about 600, 700,
and 800 Torr (1 Torr =133 Pa). The initial temperature was the
ambient temperature, which was measured with a thermocouple
(type K).
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Schlieren photography was used to observe flame propaga-
tion directly. The photography experiments were conducted in
a cylindrical vessel (inner diameter, 155 mm; length, 198 mm)
with two quartz windows for optical access. Sample prepara-
tion, ignition, pressure measurement, and treatment of the final
products in the system were the same as for the SV method. A
xenon lamp was used as a light source. The schlieren images
of the flame were recorded with an NAC Memrecam Ci digital
high-speed CCD video camera and saved on a PC. The framing
rate of the video camera was 500 Hz, and the pretrigger time was
20 ms.

For the CH3NH; measurement, a conventional cylindrical
burner with inner diameter of 9.6 mm was additionally applied.
The experimental apparatus and procedure were almost the
same as reported previously [14]. First, the burning velocity of
methane (CHy) was measured to test the reproducibility of the
results of the previous report [14]. Then the burning velocity of
CH3NH; was measured with the burner and with schlieren visu-
alization. Unfortunately, since the viscous CH3NH, adsorbed
inside of the mass flow controller, the mass flow controller soon
became sticky with amine and did not work correctly. There-
fore, we could obtain only three points for near-stoichiometric
mixtures for the burning velocity measurement for CH3NH>.

Commercially obtained NHj3; (Taiyo Nippon Sanso,
99.999%), CH3NH; (Mitsubishi Gas Chemical, 99%),
CoHsNH; (Tokyo Chemical Industry, 99.7%), C3H7NH»
(Wako Pure Chemical Industries, 98%), and CH,4 (Takachiho,
99.99%) were used without further purification.

3. Results and discussion
3.1. Burning velocity measurement

Burning velocities were determined from pressure—time data
using the technique described in detail in our previous report
[11]. Briefly, the spherical vessel was divided into two imag-
inary regions (b) and (u), as illustrated in Fig. 9 of Ref. [11]
and the adiabatic combustion of (b) region and compression of
(u) region were considered. The adiabatic expansion occurs and
changes the property of the (b) region from (rg9, Vo, 70, Po) to
(rt, Vb, Tp, P) based on equilibrium calculation. Here r¢, Vy, Ty,
and P denote radius, volume, temperature, and pressure of (b)
region, respectively. The value of rfy was decided in order that
the mass burned fraction, x, becomes equal to n/N (n=0-N, N
was normally 200). The properties x, rf, V4, the unburned gas
temperature Ty, Ty, and the specific heat ratio y, were obtained
as a function of P by spline approximation of N relations. Using
the measured P—¢ curve and the calculated P versus each prop-
erty, each of the parameters x, r¢, Vy, Ty, T, and y, was obtained
as a function of 7. Using these parameters the burning velocity
Sy for adiabatic combustion in the spherical vessel is expressed
by the following equation:

R Py 1/yu7—2/3 Py 1/vu dx
)T o
3 P P dr

where R is the inside radius of the vessel.

This technique is based on the assumption that the flame
front is smooth and remains spherical during propagation. The
spherical flame assumption is considered valid when the burning
velocity is greater than about 5cms™!. In the SV method, the
burning velocity, S, was experimentally obtained as a function
of temperature (7) and pressure (P) because the unburned region
in the closed vessel was compressed adiabatically during flame
propagation. Therefore, S, was fitted to the following empirical
equation:

Sy = S, T\ Pﬂ 2
v = (r) (P) @

where Ts =298 K, P = 1 atm, Sy is the burning velocity at T and
P, and o and B are the fitting parameters for the temperature and
pressure dependencies, respectively. At each concentration, we
took measurements at 600, 700, and 800 Torr of initial pressure
(Po). Suo was obtained by applying Eq. (2) to the results at the
three initial pressures. Figs. 1(a), 2(a), and 3 show the measured
Suo values as a function of equivalence ratio (¢) for NH3 and the
three amines. The calculations of ¢ were based on the following
overall reaction:

6n+3

C.Ha, 1 NH; + 02

o+ 3
— nCO, + 1

H;0 + 0.5N> (n = 0-3). R1)
Since Sy, @, and B depend on ¢, we performed a nonlinear least-
squares fitting of all the data measured at various concentrations

using the following equations:

Su0 = Suomax + 51(® — Pmax)® + 52( — Pmax)’, 3)
a=a+a(p—1), “
B =bi+byp— 1), )

where Sy0.max> S1, 52, Pmax,> a1, a2, b1, and by are the fitting
parameters. Syo,max 1S the maximum burning velocity at T, Ps,
and ¢max and aj and by are the values of « and B, respectively,
at ¢ =1. The cubic form of Eq. (3) represents the asymmetric
nature of the ¢ dependence of the burning velocity. In the fig-
ures, the filled symbols denote the observed values from the
measurements for each concentration, and the curves denote
Eq. (3) obtained by the above procedure. From these curves,
the maximum burning velocities Sy max and the corresponding
equivalence ratios ¢max Wwere obtained.

3.2. Burning velocity of NH3

We first measured the burning velocities for NH3z/air mixtures
by the SV method and compared the results with previously
reported values. Fig. 1(a) shows the burning velocities of
NH3s/air mixtures as a function of ¢, along with published data
obtained by a microgravity experiment [1], measurement of
the flame radius in a closed vessel [2], and the vertical tube
method [3]. We obtained a value for Syomax of 7.2cm s~!
at ¢max =1.10. We observed the flame propagation by both
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Fig. 1. Burning velocity results of NH3/air mixtures. (a) Burning velocities as a function of ¢ by the SV method (filled circles and solid curve), the SP method
(open circles), closed vessel in microgravity [1] (crosses), closed vessel [2] (diamonds), and vertical tube [3] (triangles). Schlieren images of NHs/air flames at room
temperature and Po = 1.05 atm for (b) ¢ =1.0 (21.9%), t=80ms and (c) ¢ =0.89 (20.0%), t=120 ms.

direct and schlieren photography. In direct photography, a red-
colored NH3/air flame was observed. The emission of the flame
was presumably due to the A>A| — X°B; transition of NH;.
Copeland et al. [15] observed laser-induced fluorescence (LIF)
spectra of the 2A; — 2B, transition of NH; in NHj3/0, flame
at 500-800 nm. Fig. 1(b) and (c) shows schlieren images of the
flame for stoichiometric and lean (¢ =0.89) NH3/air mixtures
in the middle stage of flame propagation. The flame of the stoi-
chiometric mixture appeared nearly spherical (Fig. 1(b)), while
the flame of the lean mixture was distorted and had a dimple
at the bottom (Fig. 1(c)). The flame distortion was caused by
a buoyancy force, which increased upward flame propagation.

For a buoyant flame, the burning velocity is obtained by mea-
suring the horizontal growth of the flame front to minimize the
effect of buoyancy. Pfahl et al. [2] obtained the burning veloc-
ities of NHa/air mixtures in this manner. In the pre-pressure
period of combustion, the burning velocity is approximated by
the following expression:

_drrpp
S dr LPu

u (6)
where r¢ is the horizontal flame radius measured in the schlieren
image, py is the initial density of unburned gas, and py, is the
density of the burned gas obtained from adiabatic equilibrium

Burning velocity (cm s1)

0 L 1 " 1 1

1.0
Equivalence ratio (¢)

12

Fig. 2. Burning velocity results of CH3NHj/air and CHa/air mixtures. (a) Burning velocities as a function of ¢: CH3NH; by the SV method (filled circles and solid
curve), CH3NH; by the burner method (open circles), CH4 by the burner method in this study and in our previous study [14] (open triangles and crosses), and CHy
by the SV method [11] (triangles and broken curve). Direct color photographs of the burner flames of (b) CHy4/air and (c) CH3NHj/air at ¢p = 1.0.
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Fig. 3. Burning velocities of alkyl amines/air mixtures as a function of ¢.
CH3NH,; (filled circle and solid curve), CoHsNH; (filled triangle and broken
curve), and C3H7NHj; (filled diamond and dash-dotted curve).

calculation at constant pressure. This approximation is valid as
long as the pressure is regarded as constant. In our case, for
instance, it took 40 ms to attain 1% increase of the initial pres-
sure for stoichiometric NH3/air combustion. The corresponding
r¢ was up to about 1.8 cm. In such a very initial stage of flame
propagation, the small flame sphere was affected by the spark
and the electrodes. On the other hand, if we apply the data
after the pre-pressure period to Eq. (6), the value of dr¢/dt is
underestimated because the flame sphere is compressed by its
surroundings of increasing pressure. Therefore, we took into
consideration the adiabatic compression of the flame as follows.
First, we obtained the relationship of 7f and P by performing an
equilibrium calculation for a constant volume condition. Then
we applied the SV method in the same manner as explained in
Appendix of Ref. [11] to the experimental values of 7; to obtain
the values of Syo. The burning velocities obtained by the SP
method were 6.6cms™! at ¢=1.0 and 4.4cms™! at ¢=0.89,
which are shown as open circles in Fig. 1(a). Compared with
published values, the value of Sypmax in the present study was
lower by 0.9 cm s~ ! than that of the microgravity experiment by
Ronney [1]. Our value of Syomax Was slightly higher than that
of the closed vessel measurement by Pfahl et al. [2]. Our results
by the SP method agreed with the results by Pfahl et al.; both
methods measured the horizontal flame radii, but the volume
of the reactor was different by two orders of magnitude. This
difference between the burning velocity measurements may be
related to the treatment of the effect of compression of the flame
sphere. Our results were close to the values obtained by the verti-
cal tube method [3] for all values of ¢. In all methods, maximum
burning velocities were obtained at ¢ = 1.1-1.2. These compar-
isons show that the present NH3 burning velocity results are
quite reasonable.

3.3. Burning velocities of alkyl amines

Fig. 2(a) shows the experimental results of the burning veloc-
ity measurements of CH3NH»/air mixtures as a function of ¢. For
comparison, the results of CHy/air mixtures are included in the
figure. To analyze comparatively the results of the SV method,
we also carried out measurements by using the cylindrical burner
method. First, to test the reproducibility of our experiment, we
measured the burning velocity of CHy by the same system we
used in our previous study [14] and compared the results. As
shown in the figure, comparison of the results of the present and
previous studies shows good reproducibility at all measured con-
centrations. Second, the results from the burner and SV methods
were compared for CHy/air and CH3NH»/air mixtures. Compar-
ison between the results of the SV and burner methods shows that
burning velocities measured by the burner method are on aver-
age higher by 4.8 and 4.1 cms~! than those of the SV method
for CHy/air and CH3NH»/air mixtures, respectively (Fig. 2(a)).
The corresponding percentage errors are 14% for CHy/air and
13% for CH3NH,/air; thus, the measured burning velocities of
CH3NH,/air mixtures by the two methods have similar errors as
those of CHy/air mixtures. The differences between the results
of the SV and burner methods were mainly caused by the flame
stretch that appears on the burner edge of a bunsen-type flame.
The similar errors between the two methods for CHy/air and
CH3NH,/air mixtures suggest that the burning velocities for the
amines derived by the SV method are reliable.

Fig. 2(b) and (c) are direct color photographs of the burner
flames of stoichiometric CHy/air and CH3NH,/air mixtures,
respectively. The flame color of CHy/air (Fig. 2(b)) may result
from the A2A — X2IT transition of CH at a wavelength of
430 nm [16]. To our knowledge, there is no previous report on
the spectroscopic measurement of the flame of CH3NH,. How-
ever, NH radical production was observed by LIF in an infrared
multiphoton dissociation study of low pressure CH3NH; by
Filseth et al. [17]. They suggested the C—N bond scission,
CH3NH,; — CH3 + NH>, was one of the most plausible reac-
tions for CH3NH; dissociation. Hwang et al. [8] reported in their
shock tube study the significant contribution of a decomposition
reaction, CH3NH; + H— CH3 + NH3, in CH3NH; oxidation
and calculated the concentrations of NH3 and NH,. The color
of the observed flame for CH3NHjy/air (Fig. 2(c)) presumably
resulted from the emissions due to the A — X transition of CH
and the >A; — 2B transition of NHj. It appears that CH and
NH, were generated as intermediate species in the CH3NH»
combustion process.

Fig. 3 shows the burning velocities for CH3;NH>/air,
C,H;s5NHjy/air, and C3H7NHj/air mixtures as a function of ¢». The
values of S0 max Were obtained as 24.7, 26.9, and 28.3 cm g1
at Pmax = 1.10, 1.07, and 1.11 for CH3NH,/air, C;HsNH/air,
and C3H7NHoy/air, respectively. These results indicate that the
burning velocity increases as the alkyl group in the amine length-
ens. For all amines, maximum burning velocities were obtained
at slightly richer concentrations and the values of ¢y were
slightly higher than those of small alkanes [11,12].

To validate the application of the spherical flame model to
CH3NH,, flame propagation was directly observed using the SP
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Fig. 4. Schlieren images of the flame propagation for CH3NH,/air mixtures at 7o =300 K, Py =1 atm. (a) ¢ =0.68 (6.0%), (b) ¢ =1.0 (8.54%), (c) $=1.26 (10.5%).

method. Fig. 4(a—c) shows time evolutions of schlieren images
for flames of the lean, stoichiometric, and rich CH3NHj/air mix-
tures, respectively. In CoHsNH»/air and C3H7NHj/air flames,
quite similar results were observed for the relationship between
flame shape and sample equivalence ratio. In these flames, small
dimples in the horizontal direction were observed, which were
due to a cooling effect of the electrodes. In the figures, the
flames propagated almost spherically even in the slowest burn-
ing velocity condition (¢ =0.68, Syo about 11 cm s_l), which
indicates that the effect of buoyancy was negligibly small. A
few wrinkles were observed as the flame propagated outward

(Fig. 4(b) and (c)), but such wrinkles were not observed for the
lean flame (Fig. 4(a)). If such a discontinuous flame front were
to become more developed, a cellular structure would appear,
which could increase the flammability. Groff [18] investigated
flame propagation for propane/air in various concentrations and
initial pressures, in order to observe the onset of cellular struc-
ture. In all his experimental conditions, namely, initial pressure
in the range of 200-500 kPa, ¢ in the range of 0.7-1.0, and initial
temperature near 300 K, the flames should be stable considering
the fact that their Lewis numbers are larger than unity. Accord-
ing to his observation, however, all the flames formed cellular

Table 1

Physical and flammability properties for nitrogen-containing compounds, alkanes, and HFCs

Compound NBP (°C)? Su0.max (cms™ )2 Omax” H. (kJmol~1)? T (K)? LFL (vol.%)*
NH3 —33 7.2 1.10 317 2465 15.24
CH3NH, -7 24.7 1.10 975 2664 4.8°
C,HsNH, 17 26.9 1.07 1586 2664 2.8°
C3H;NH, 48 28.3 1.11 2199 2665 2.0°
CH,4 —161 36.5P 1.07° 802 2604 494
C,Hg —89 40.9¢ 1.05¢ 1428 2643 3.04
C3Hg —42 38.7° 1.06° 2044 2652 2.04
CH,F, (HFC-32) —52 6.7° 1.08° 486 2610 13.5¢
CH;CHF, (HFC-152a) —25 23.6 1.09° 1073 2603 434

2 NBP, normal boiling point; Syo max and ¢max, maximum burning velocity and the corresponding equivalence ratio, respectively; Tyq, adiabatic flame temperature;

LFL, lower flammability limit.
b From Ref. [11].
¢ From Ref. [12].
4 From Ref. [21a].
¢ From Ref. [21b].
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structures. By considering hydrodynamic effects he concluded
the cellular structure occurs above a critical Reynolds number,
Re, of approximately 4000, where Re is defined as the burning
velocity multiplied by the flame radius divided by the kinematic
viscosity. He also showed critical Re is positively correlated to
the critical expansion ratio. In the present study, from the vis-
cosity coefficients of 10.09 and 9.43 x 10~®Pas at 298 K [19],
the values of maximum Re were approximately 400 and 1500
for NH3/air and CH3NH»/air, respectively. We could not find
the viscosity coefficients of CoH;NH; and C3H7NH, in the lit-
erature. Viscosity coefficients for hydrocarbons are known to
decrease with increasing relative molar mass [20]. By applying
the relationship between the viscosity coefficient and the relative
molar mass for hydrocarbons to the alkyl amines, the maxi-
mum Re values for CoHsNHy/air and C3H7NHjy/air mixtures
were estimated to be approximately 1600 and 1700, respectively.
These results imply that the flames of these three amines mixed
with air do not have a cellular structure. From the direct observa-
tion of flames and the estimated values of Re, we conclude that
the effect of flame wrinkling was not significant in the present
experiment. Furthermore, the burning velocities obtained from
each concentration (filled symbols in Figs. 2(a) and 3) did not
deviate from those obtained from all the concentrations (curves
in Figs. 2(a) and 3), which indicates that the obtained burning
velocities were valid throughout the entire range of experimental
concentrations of the amines without any noticeable increase in
the burning velocity caused by flame discontinuity. Therefore,
application of the SV method is valid for measuring the burning
velocities of these amines.

3.4. Comparison of flammability properties

Table 1 lists the obtained maximum burning velocities for
NHj3 and the three amines along with those of alkanes and HFCs
[11,12], for comparison. The normal boiling point (NBP), heat of
combustion (H.), adiabatic flame temperature (7,q), and lower
flammability limit (LFL) [21] are also listed in the table. The
T,q values are the results of an adiabatic equilibrium calculation
in a constant volume at 7o=298 K and Pg=1atm. The data
show that the amines have higher values of Sy0,max, Hc, and Tyq
than NH3. When compared with HFCs, NH3 shows similarity
to HFC-32 in all the properties listed. CH3NH, and HFC-152a
also show similar values for these properties. In addition, the
burning velocity for the alkyl amines is considerably lower than
that of alkanes, despite the higher values of Tyq.

One of the purposes of this study was to ascertain how
various structural factors affect the burning velocity of nitrogen-
containing compounds. In considering the structural effects,
we focused on the primary reactions of combustion, bond dis-
sociation energy, and flame temperature of the amines. The
contributions of these factors were considered in the following
discussion.

There are no published data on the CH3NH; oxidation
mechanism in a constant volume vessel that are directly compa-
rable with the present study. For the reaction rate of CH3NH>
oxidation in a flow tube reactor [9], the following important ele-
mentary reactions in CH3NH, consumption are shown in order

of decreasing integral average rate:

CH3NH; + OH = CH,NH; + H,0 (R2)
CH3NH; +0 = CH,NH; + OH (R3)
CH3NH, + OH = CH3;NH + H,0 (R4)
CH3NH; +H = CHj + NH3 (R5)
CH3NH; + O = CH3NH + OH (R6)
CH3NH2(+M) = CHs + NHa(+M) R7)

The reactions (R2)—(R4) and (R6) are hydrogen abstraction
reactions from a CH3NH, molecule. H-atom abstraction occurs
nearly equivalently at C-atom and N-atom centers. The reactions
(R5) and (R7) are C-N bond scission reactions. Comparison
of the results between 1160 and 1460K at a flow pressure of
0.01 atm [9] shows that among the six reactions, the contribu-
tion of C—N bond scission by (R5) and (R7) relatively increased
with temperature rise, and that the ratio of C—N bond scission
to H-abstraction was 11/89 at 1160K and increased to 20/80
at 1460 K. In our case, where the flame temperature was much
higher than 1460 K, the relative importance of C—N bond scis-
sion as expressed by (R5) and (R7) should increase.

If C-N bond scission and subsequent NH3 and NH, produc-
tion play important roles during our combustion process, the
low burning velocity of CH3NH; can be explained by dilution
and inhibition effects by the produced NH3 and NH;. The pro-
duced CH3 will oxidize through well-known reaction paths of
CH4 and CyHg combustion, while the produced NH3 and its
fragments oxidize through less-reactive NH3 combustion (dilu-
tion effect). The produced H and OH, which are typical active
chain carriers in the combustion reaction, will be consumed not
only by hydrocarbon species but also by less-reactive NH3 and
its fragments (inhibition effect). For CoH;NH, and C3H7NH>,
with lower N/C ratios than that of CH3NH>, the contribution of
NH3 and NH, to the total amine oxidation will become rel-
atively small. Taking this supposition into consideration, we
compared concentrations of the active species O, H, and OH
in the flame between the nitrogen-containing compounds and
the parent alkanes to analyze the effect of the active species on
the burning velocity. Fig. 5 shows the calculated mole fractions
of the active species and NO in an adiabatic flame under con-
stant volume at ¢ = 1.0, Ty =298 K, and Pg =1 atm as a function
of carbon chain length. Comparing the concentrations among
the seven compounds shows that the NH3 flame, which does not
contain carbons, has relatively low concentrations of O, H, and
OH. Among the other six flames, the concentrations of the active
species and NO are nearly constant, although the mole fractions
of H and OH for the CH3NH; flame show slightly higher values
than those of the other amines and alkanes. This analysis sug-
gests that the equivalence of the concentrations of active species
among the three amines and three alkanes is consistent with the
dilution and inhibition effects, and as a consequence, the lower
burning velocities for the amines and the dependence of carbon
chain length on the burning velocity.

On the other hand, we also considered the case that the
H-atom abstraction reaction, which appears in the reactions
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Fig. 5. Effect of the carbon chain length on the mole fractions of chemical
species: results for C,Hoy1NH; (filled symbols) and C,Hy,42 (open symbols).

(R2)—~(R4) and (R6) for CH3NH;, was predominant in our
combustion process. If the rate of the combustion reaction is
determined by H-atom abstraction reactions, then the overall
activation energy of combustion is related to the activa-
tion energy of H-atom abstraction reactions. An empirical
relationship between activation energy and enthalpy of a reac-
tion (Evans—Polanyi rule [22]) has been tested for reactions
of OH +alkanes at around room temperature [23]. If the
Evans—Polanyi correlation for the reaction of alkanes is also
applicable to the reactions of OH +alkyl amines ((R2) and
(R4) for CH3NH;) and O +alkyl amines ((R3) and (R6) for
CH3NH;) at high temperatures, then the activation energy is
linearly dependent on the magnitude of the bond dissociation
energy of C—H (BDE(C-H)) or N-H (BDE(N-H)). Since the
N-H bond is stronger than the C—H bond (431kJmol~! of
BDE(N-H) and 388 kJ mol~! of BDE(C-H) for CH3NH,), we
compared BDE(C-H) for amines with that for alkanes. The cal-
culated BDE(C-H) values of CH3NH, and CH3C*H,NH, are
388 and 384 kJ mol~! [24], while the experimental BDE(C-H)
values of CHy4, C,Hg, and CH3C*H,CH3 are 439, 423, and
413kImol~!, respectively [25]. The experimental BDE(N-H)
of NH3 is 453 kJ mol~! [25], slightly higher than BDE(C-H) of
CHy. The lower BDE(C-H) and the subsequent radical stabiliza-
tion for the amines may be caused by strong electron donating of
NH; owing to a lone pair of N [24]. From this comparison, we
see that H-atom abstraction for amines is more likely to occur
than for alkanes. On the basis of the Evans—Polanyi rule, the
activation energy of amine oxidation with lower BDE(C-H) is
expected to have a lower value than that of alkanes. Considering
that amines have lower values of Syomax than alkanes, H-atom
abstraction does not seem to be predominant in the present com-
bustion. The lower BDE(C-N) (354 kJ mol~! for CH3NH; and
340 kJ mol~! for CoHsNH,) may also support the preference of
C-N bond scission to H-atom abstraction.
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Fig. 6. Effect of the carbon chain length on the maximum burning velocity and
flame temperature: Syo max of CyHoxs1 NH; and CyHy (filled circles and filled
triangles), Tag of CyHaxy1 NH2 and CyHjy42 (open circles and open triangles).

Regarding the flame temperature, Fig. 6 shows the measured
maximum burning velocity and the calculated adiabatic flame
temperature as functions of the carbon chain length. The results
of small alkanes are also shown in the figure. NH3, with an
approximately 200 K lower flame temperature than the amines,
also shows a lower value of Sy0 max. For the three alkyl amines,
the value of T,q is unchanged by the carbon chain length, while
the value of Syomax increases with increasing carbon chain
length. The Tyq values of the amines are higher than those of
the parent alkanes, even though the three amines have lower
Su0.max values than the parent alkanes.

From the above considerations of the primary reactions of
amine consumption, BDE, and the adiabatic flame temperature,
we conclude that the contribution of the NH3 and NH; pro-
duction reactions (R5) and (R7) characteristic of primary alkyl
amines might reasonably explain why the burning velocities of
the amines are lower than those of the parent alkanes. If consider-
able amounts of NH3 and NH; were produced as intermediates,
the produced NH, as well as CH, would react with the active
chain carriers (O, H, and OH). By these dilution and inhibition
effects, the burning velocity would decrease as the concentration
of the amino groups increases, even if the amines have higher
flame temperature and weaker BDE(C-H) than the parent alka-
nes. The dependence of Syp max on carbon chain length and the
weaker BDE(C-H) of amines than that of alkanes could also
be explained by C-N bond scission and subsequent NH3 and
NH; production. As mentioned above, published data on oxi-
dation of amines are so far limited to those at the temperature
much lower than our case. To make clear the detailed combus-
tion mechanism, quantitative analysis of chemical species in the
flame and construction of a detailed chemical reaction model
will be necessary. For further understanding it would also be
interesting to investigate the flammability of dimethylamine or
trimethylamine, since they may initially decompose to produce
NH or N but not NH3 or NH>.
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4. Conclusion

Burning velocities were obtained for NH3 and C;—C3 pri-
mary alkyl amines by employing the spherical-vessel method.
The validity of the obtained data was tested by the schlieren pho-
tography method, and for CH3NH, the burner method was also
applied. Comparison of fundamental properties with HFCs and
alkanes showed that NH3 and CH3NH, resemble the flammabil-
ity properties of the typical refrigerants CHyF, and CH3;CHF,,
respectively, including the maximum burning velocity. The
amines showed lower burning velocities than the parent alkanes
despite the lower C—H bond dissociation energy and higher flame
temperature, which may be because C—N bond scission and sub-
sequent NH3 and NH» production reactions play important roles
in the combustion reaction of alkyl amines.
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