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Abstract In this study, detonation cell sizes of methanol-
oxygen mixtures are experimentally measured at differ-
ent initial pressures and compositions. Good agreement
is found between the experiment data and predictions
based on chemical length scales obtained from a detailed
chemical kinetic model. To assess the detonation sen-
sitivity in methanol-oxygen mixtures, results are com-
pared with those of hydrogen-oxygen and methane-oxygen
mixtures. Based on the cell size comparison, it is shown
that methanol-oxygen is more detonation sensitive than
methane-oxygen but less sensitive than hydrogen-oxygen.
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1 Introduction

To reduce greenhouse gas emissions produced from gaso-
line fueled vehicles and to relieve the short supply of
fossil fuels, continuous efforts have been made in or-
der to seek appropriate alternative fuels that could solve
the environment problem and petroleum crisis. Methanol
(CH30H), often considered as one of the candidates for a
future alternative fuel, can be produced from natural gas
and biomass and, therefore, potentially provides a do-
mestic source of fuel energy. Use of methanol in place of
gasoline significantly decreases the related carbon diox-
ide greenhouse gas emissions [1-5]. Methanol has good
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chemical and combustion properties which allow it to be
efficient as a fuel for combustion engines and fuel cells
vehicles. It is thus an excellent choice for a replacement
fuel as it could be used with the current refueling infras-
tructure.

To promote wide use of methanol as an alternative
fuel in industrial applications, related safety issues have
to be fully addressed. Specifically, fuel-air explosions are
a key safety concern for all fuels. Accidental explosions
and detonations occur often in industry and can result
in casualty and severe loss of property. For the assess-
ment of detonation hazards, measurement of dynamic
detonation parameters such as cell sizes provides impor-
tant information for the characterization of the explosion
properties and the detonation sensitivity [6, 7]. Despite
some previous studies on the combustion characteristics
of methanol, few cell size experiment data are reported
to date.

In this study, detonation cell sizes of methanol-oxygen
mixtures at different initial conditions (i.e., equivalence
ratios and initial pressures) are measured from labora-
tory experiment. A theoretical approach, which is based
on properties obtained from chemical kinetics, is carried
out to predict the cell size in methanol-oxygen mixtures
and the results are compared with the experimental data.
To assess the detonation sensitivity of methanol-oxygen
mixtures, the present cell sizes data are then compared
with those for some common fuels, namely, hydrogen and
methane.

2 Experimental details

Methanol is in liquid form at room temperature and at-
mospheric pressure. Hence, a 1 L. Lexan container con-
taining the liquid methanol was placed in a hot water
bath and evacuated below the 15 kPa vapor pressure in
order to vaporize the methanol. A cold trap packed with
glass wool acted as a filter to trap moisture droplets be-
tween the Lexan container and a high pressure 100 L
mixing tank. A schematic diagram of the experimental
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Fig. 1 Schematic diagram of the experimental setup.

setup is given in Fig. 1. The mixtures of methanol and
oxygen were prepared in the tank by the method of par-
tial pressure and were allowed to mix for at least 20 hours
to ensure homogeneity. Each detonation experiment was
performed in a 4.8 m long steel detonation tube with
65 mm inner diameter. Before every shot, sooted My-
lar foils were inserted into the opposite end of the tube
from which the detonation was initiated. The detonation
tube was initially evacuated to approximately 200 Pa and
then filled from both ends with the premixed methanol-
oxygen mixture to the desired initial pressure. A 300
mm portion of the tube was used as a driver section.
This section was separated from the rest of the tube by
a thin Mylar diaphragm and was filled with an acetylene-
oxygen mixture. The initiation of the incident Chapman-
Jouguet (CJ) detonation in the upstream driver section
was achieved via a high energy spark. Ion probes and
pressure transducers were used to record the time of ar-
rival of the reaction zone at each location. The experi-
ment was carried out for methanol-oxygen mixtures at
different initial conditions, with the equivalence ratios
varying from ¢ = 0.5 to 1.75 and the initial pressures
from p, = 2 kPa - 30 kPa.

3 Results and discussion
3.1 Experimental measurement

For each experiment, the wave velocity was obtained
from the ion probes and pressure transducers and com-
pared with the theoretical CJ velocity calculated using
the chemical equilibrium code (Cantera) [8]. The detona-
tion cell sizes are measured only for experimental shots
where the detonation velocity measurement is within 5%
of the theoretical CJ velocity. Figure 2 shows the cell
size as a function of initial pressure for lean, stoichio-

metric and rich methanol-oxygen mixtures. Due to the
detonation instability of the methanol-oxygen mixture,
the smoked foil sample for each detonation has a degree
of irregularity (see Fig. 3), and thus there is an associ-
ated uncertainty with the corresponding cell size mea-
surement. To gain a perspective of the size of this error,
error bars for the 95% confidence interval [9] were cal-
culated and plotted in Fig. 2. Noted that error bars are
not graphed for data points derived from a sample size
of less than five cells. With such a small sample size, not
enough data is available to calculate accurate error bars.
Thus, for the points that do not have error bars plotted
with them, the error bars can be assumed to be on the
same order as the rest of the data. It is observed from
the graphs that the error bars appear to be increasing
as pressure decreases. For low initial pressures, the deto-
nation cell sizes are larger and therefore, there are fewer
cells available to be measured per foil.

3.2 Theoretical prediction

Theoretical prediction of cell size can also be obtained
from the chemical kinetic approach using the Zel’dovich-
von Neumann-Déring (ZND) model [10]. The ZND det-
onation properties and different chemical length scales
in methanol-oxygen mixtures were calculated using the
Chemkin software package [11] and Konnov chemical ki-
netic mechanism [12]. The Konnov mechanism has been
assessed and proved to be suitable for detonation sim-
ulation of a number of hydrocarbon systems [13]. Fur-
thermore, this mechanism was previously extended and
validated for high-temperature methanol ignition and ox-
idation [14]. As reported in [15], the Konnov mechanism
is also found to provide better estimation of detonation
cell size in methanol-oxygen mixtures than the GRI 3.0
mechanism [16]. With computed chemical kinetic infor-
mation, Ng et al. [17-20] proposed a model to predict
the characteristic cell size for a given mixture and initial
condition. This model has been validated primarily for
a number of different hydrocarbon and hydrogen fuels-
oxygen-diluent mixtures. It has also been assessed by
Mével et al. [21] for estimating the detonation cell size of
hydrogen-nitrous oxide-diluent mixtures. In this model,
the cell size is estimated from chemical kinetics by cor-
relating the ZND induction length scale A; using the
following relationship:

N
A=AKX)-Ar=Y (aex*+bpx*) - Ar

A= [(ao+00) + %+ bt b A @)

= [AO+(;—%+...%+b1x+...bNxNﬂ Ap

where x is a non-dimensional stability parameter given
by the degree of temperature sensitivity in the induction
zone ¢; multiplied by the ratio of induction length Aj
to the reaction length Ag, which is approximated by the
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Fig. 2 Cell size variation with initial pressure for different methanol-oxygen mixtures at the equivalence ratios ¢ = 0.5,
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Coefficients Values
A 30.466
ay 89.554
as -130.793
as 42.025
by -0.02929
bo 1.02633x107°
b3 -1.0319x107°

Table 1 Coefficients in the detonation cell size correlation
model by Ng et al. [17, 18] with N = 3.

inverse of the maximum thermicity (1/dmax) multiplied
by the CJ particle velocity uf ;.

AI é—max
=eg;— =¢7;A 2
X=er g, = erAr (2)
and the thermicity is given by:
N,
. ~(W  h; \dY;
U_;<Wi_ c,,T> dt )

where W is the mean molar mass of the mixture, C), is
the mixture specific heat at constant pressure, and h;
is the specific enthalpy of specie i [22]. The global ac-
tivation energy in the induction process €; can be ob-
tained by constant-volume explosion calculations. As-
suming that the induction time 7; has an Arrhenius form:

T; ~ Aexp <§%) (4)

The activation temperature E,/RT, can be determined
by
E, 1lnm —Inn

g = = (5)
RT,  T. -~

where two constant-volume explosion simulations are run
with initial conditions (T3, 71) and (T2, 72). Conditions
for states one and two are obtained by considering the
effect of a change in the shock velocity by +1%Dc¢ .
[23]. Other parameters are fit coefficients obtained from
previous correlation studies and are given in Table 1.

Also shown in Fig. 2 are the theoretical curves pre-
dicted using the above model. Overall, it is indicated
that the chemical kinetic prediction gives a good esti-
mate for the cell size of methanol-oxygen at the compo-
sitions considered in this experiment. The average devi-
ation between the predicted values and the experimental
data is 27.08%, which is within, and dominated by, the
uncertainty in the low-pressure data.

Using the results from the theoretical prediction, it is
interesting to look at the methanol-oxygen cell size vari-
ation with the compositions at the same initial pressure.
Figure 4 shows the cell size as a function of equivalence
ratio for methanol-oxygen mixture at initial pressure of
20 kPa. The typical ‘U’ shaped relationship between cell
size and equivalence ratio is observed, where the cell size

| FE - H E_

Fig. 3 Typical cell size sample from smoke foil for methanol-
oxygen mixture (po = 10.7 kPa, ¢ = 1.0).
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Fig. 4 Cell size variation with equivalence ratio for
methanol-oxygen mixture(po = 20 kPa).

increases more abruptly at the fuel lean side. The mini-
mum cell size value arrives at ¢ = 1.4, which means the
mixture at ¢ = 1.4 is the most detonation sensitive and is
easiest to form a detonation when the other initial condi-
tions are the same. This can be elaborated by calculating
the induction zone length scale, which is shown in Fig. 5.
It also shows that the minimum induction length occurs
at the composition where the cell size has the minimum
value, and the behavior between induction zone length
and equivalence ratio is very similar to the variation of
cell sizes with equivalence ratio.

3.3 Comparison of detonation sensitivity

Methane and hydrogen are two widely used fuels in the
industry and their combustion or detonation characteris-
tics have been well studied. By comparing the cell size of
methanol with that of hydrogen and methane, it can pro-
vide some ideas on the detonation sensitivity of methanol
mixtures. Figure 6 shows the cell size variation with the
initial pressure for three stoichiometirc fuel-oxygen mix-
tures, the cell size data for hydrogen-oxygen is from the
study of Barthel [24], cell size for methane-oxygen are
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Fig. 6 Comparison of detonation cell sizes.

from Laberge et al. [25], Abid et al. [26] and Knystau-
tas et al. [27]. By comparing the cell size of CH3OH — Oq
mixture from this study with the Hy — O5 and CHy — O
mixtures from previous studies, it is indicated that the
cell sizes of CH3OH — O9 are bigger than Hy — O5 but
smaller than CH4; — O2 when at the same initial pres-
sure. Equivalently, it means that CH30OH — Oy mixtures
are more detonation sensitive than CHy — Oy but less
sensitive than Hy — O5 .

4 Concluding remarks

In this study, the detonation cell sizes of methanol-oxygen
mixtures are experimentally measured at different ini-
tial pressures and compositions. A theoretical approach,
based on chemical kinetic calculations developed by Ng
et al., is used for cell size prediction. By comparing the
experimental data with the theoretical prediction curves,
the agreement is within reasonable accuracy. By look-
ing at the cell sizes of methanol-oxygen mixtures from
chemical kinetic prediction at the same initial pressure
but different compositions, it is found that the cell size
of the mixture has a minimum value at the equivalence
ratio ¢ = 1.4, which also agrees with the ZND induction

length variation. Cell sizes of methanol-oxygen from this
study are compared with hydrogen-oxygen and methane-
oxygen mixtures from previous studies, the results shows
that the cell sizes of methanol-oxygen are bigger than
hydrogen-oxygen but smaller than methane-oxygen when
at the same initial condition, which means methanol-
oxygen is more sensitive than methane-oxygen but less
sensitive than hydrogen-oxygen.

Acknowledgements This work was supported by the Nat-
ural Sciences and Engineering Research Council of Canada
(NSERC).

References

1. Borgwardt, R.H.: Methanol Production from Biomass and
Natural Gas as Transportation Fuel. Ind. Eng. Chem. Res.
37(9), 3760-3767 (1998).

2. Borgwardt, R.H.: Transportation fuel from cellulosic
biomass: a comparative assessment of ethanol and
methanol options. Proc Instn Mech Engrs Part A: J. Power
and Energy 213(5), 399-407 (1999).

3. Reed, T.B. and Lerner, R.M.: Methanol: A versatile fuel
for immediate use. Science 182(4119), 1299-1304 (1973).

4. Olah, G.A.: Beyond oil and gas: The methanol economy.
Angewandte Chemie 44(18), 2636-2639 (2005).

5. Agarwal, A.K.: Biofuels (alcohols and biodiesel) applica-
tions as fuel engines. Prog. Energy Combust. Sci. 33(3),
233-271 (2007).

6. Lee, J.H.S.: Dynamic parameters of gaseous detonations.
Ann. Rev. Fluid Mech. 16, 311-336 (1984).

7. Matsui, H. and Lee, J.H.S.: On the measure of the rel-
ative detonation hazards of gaseous fuel-oxygen and air
mixtures. Proc. Combust. Inst. 17, 1269-1280 (1978).

8. Cantera (2008) (web page available at
http://www.cantera.org/ )

9. Ryan, T.P.: Modern Engineering Statistics. 1st edition,
Wiley-Interscience, 2007.

10. Westbrook, C.K. and Urtiew, P.A.: Chemical-kinetic pre-
diction of critical parameters in gaseous detonations. Proc.
Combust. Inst. 19, 615-623 (1982).

11. Kee, R.J., Rupley, F.M. and Miller, J.A.: A Fortran
chemical kinetics package for the analysis of gas-phase
chemical kinetics. Sandia National Laboratories report
SANDS89-8009, 1989.

12. Konnov, A.A.: Detailed reaction mechanism for
small hydrocarbons combustion. Release 0.4, 1998,
http://homepages.vub.ac.be/~akonnov/

13. Schultz, E. and Shepherd, J.E.: Detonation anaylsis using
detailed reaction mechanisms. In: G. Ball, R. Hillier and
G. Roberts (Eds.), Proc. 22nd Int. Sym. on Shock Waves,
273-278 (2000).

14. Borisov, A.A., Zamanskii, V.M., Lisyanskii, V.V., and
Rusakov, S.A.: High-temperature methanol oxidation.
Sov. J. Chem. Phys. 9(8), 1836-1849 (1992).

15. Eaton, R.: Analysis of Methanol Detonation. Undergrad-
uate honours thesis, McGill University, Montreal, Canada
(2008).

16. Smith, G.P., Golden, D.M., Frenklach, M., Moriarty,
N.W., Eiteneer, B., Goldenberg, M., Bowman, C.T., Han-
son, R.K., Song, S., Gardiner Jr., W.C., Lissianski, V.V.
and Qin, Z.: GRI-Mech 3.0, The Gas Research Institute,
http://www.me.berkeley.edu/gri_mech/

17. Ng, H.D.: The Effect of Chemical Reaction Kinetics
on the Structure of Gaseous Detonations. Ph.D. thesis,
McGill University, Montreal, Canada (2005).



Rachel Eaton et al.

18. Ng, H.D., Ju, Y. and Lee, J.H.S.: Assessment of detona-
tion hazards in high pressure hydrogen storage from chem-
ical sensitivity analysis. Int. J. Hydrogen Energy 32, 93-99
(2007).

19. Ng, H.D., Chao, J., Yatsufusa, T. and Lee, J.H.S.:
Measurement and chemical kinetic prediction of detona-
tion sensitivity and cellular structure characteristics in
dimethyl ether-oxygen mixtures. Fuel 88, 124-131 (2009).

20. Ng, H.D. and Lee, J.H.S.: Comments on explosion prob-
lems for hydrogen safety. Journal of Loss Prevention in the
Process Industries 21(2), 136-146 (2008).

21. Mével, R., Lafosse, F., Catoire, L., Chaumeix, N., Dupré,
G., Paillard, C.-E.: Induction delay times and detonation
cell size prediction of hydrogen-nitrous oxide-diluent mix-
tures. Combust. Sci. Tech. 180, 1858-1875 (2008).

22. Ng, H.D., Radulescu, M.I., Higgins, A.J., Nikiforakis, N.
and Lee, J.H.S.: Numerical investigation of the instability
for one-dimensional Chapman-Jouguet detonations with
chain-branching kinetics. Combust.Theory Model. 9, 385-
401 (2005).

23. Schultz, E. and Shepherd, J.E.: Validation of detailed
reaction mechanisms for detonation simulation. GALCIT
Technical Report FM99-5 (2000).

24. Barthel, H.O.: Predicted spacings in hydrogen-oxygen-
argon detonations. Phys. Fluids 17(8),1547-1553 (1974).

25. Laberge, S., Knystautas, R. and Lee, J.H.S.: Propagation
and extinction of detonation waves in tube bundles. Prog.
Astronaut. Aeronaut. 153, 381-396 (1993).

26. Abid, S., Dupré, G. and Paillard,C.: Oxidation of gaseous
unsymmetrical dimethyl hydrazine at high temperatures
and detonation of UDMH/O2 mixtures. Prog. Astronaut.
Aeronaut. 153, 162-181 (1991).

27. Knystautas, R., Lee, J.H. and Guirao, C.M.: The critical
tube diameter for detonation failure in hydrocarbon-air
mixtures. Combust. Flame, 48(1),63-83 (1982).



