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Abstract

Methanol (CH;O0H) has attracted considerable attention as a renewable fuel or fuel additive with low
greenhouse gas emissions. Methanol oxidation was studied using a recently developed supercritical pressure
jet-stirred reactor (SP-JSR) at pressures of 10 and 100 atm, at temperatures from 550 to 950 K, and at equiva-
lence ratios of 0.1, 1.0, and 9.0 in experiments and simulations. The experimental results show that the onset
temperature of CH;OH oxidation at 100 atm is around 700 K, which is more than 100 K lower than the
onset at 10 atm and this trend cannot be predicted by the existing kinetics models. Furthermore, a negative
temperature coefficient (NTC) behavior was clearly observed at 100 atm at fuel rich conditions for methanol
for the first time. To understand the observed temperature shift in the reactivity and the NTC effect, we
updated some key elementary reaction rates of relevance to high pressure CH3;OH oxidation from the liter-
ature and added some new low-temperature reaction pathways such as CH,O + HO, = HOCH,0, (RO,),
RO; + RO, = HOCH,O (RO) + HOCH,O (RO) + O, and CH;0H + RO, = CH,OH + HOCH,O,H
(ROOH). Although the model with these updates improves the prediction somewhat for the experimental
data at 100 atm and reproduces well high-temperature ignition delay times and laminar flame speed data in
the literature, discrepancies still exist for some aspects of the 100 atm low-temperature oxidation data. In
addition, it was found that the pressure-dependent HO, chemistry shifts to lower temperature as the pressure
increases such that the NTC effect at fuel-lean conditions is suppressed. Therefore, as shown in the experi-
ments, the NTC phenomenon was only observed at the fuel-rich condition where fuel radicals are abundant
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and the HO, chemistry at high pressure is weakened by the lack of oxygen resulting in comparatively little

HO, formation.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Methanol (CH30H) has attracted considerable
attention as a renewable fuel or fuel additive for in-
ternal combustion engines with low greenhouse gas
emissions [1]. Methanol, which is mainly produced
from syngas, natural gas [2], and biomass [3] has
abundant sources and low cost. Furthermore, a sus-
tainable closed-carbon cycle, where CH3;0OH is syn-
thesized from atmospheric carbon dioxide (CO,)
and renewable hydrogen (H,), was proposed [4]. As
the simplest alcohol, CH;OH is also a critical inter-
mediate species formed in oxygenated fuel and hy-
drocarbon oxidations and has a supercritical pres-
sure of 82.2 atm, which is very close to typical en-
gine pressures.

Extremely high-pressure combustion is an
emerging technique for enhancing thermodynamic
efficiency and lowering pollutant emissions [5,6].
Under such high-pressure conditions, multiple-
body collisions may cause significant uncertainties
of the rate constants calculated using the typ-
ical transition state theory. Consequently, the
pressure dependency of reaction rates should be
re-evaluated for the transition from gas-phase to
supercritical conditions. Furthermore, thermody-
namic properties and transport properties may
deviate significantly from the ideal gas law at ultra-
high pressures. Therefore, it is enormously valuable
to perform kinetics experiments of CH;OH oxi-
dation and to develop its chemical kinetic model
under extremely high-pressure conditions (above
100 atm).

Unfortunately, there are limited high pressure
apparatuses for use in the study of combustion
chemistry up to supercritical conditions. Such ap-
paratuses include high-pressure laminar flow re-
actors [7,8] and high-pressure shock tubes [9,10].
The high-pressure laminar flow reactor is a use-
ful facility for examining high-pressure chemistry.
However, due to the “laminar flow” requirement,
it needs a long residence time (above 10 s), and
the multi-segment temperature heating leads to a
non-uniform temperature distribution in the flow
direction. As a result, it is very difficult to observe
the temperature sensitive negative temperature co-
efficient (NTC) behavior for engine relevant reac-
tion timescales [11]. Meanwhile, the high-pressure
shock tube is usually used for high temperature
ignition studies with fast reaction kinetics due to

its relatively short residence time (less than 10—
20 ms). Therefore, the high-pressure shock tube is
not well suited for the study of relatively slow low-
temperature chemistry due to wall effects from the
shock-boundary layer interaction.

A supercritical pressure jet-stirred reactor (SP-
JSR) recently developed by Zhao et al. [12] at
Princeton University provides a valuable comple-
ment to the high-pressure laminar flow reactor and
the high-pressure shock tube for conducting kinetic
studies. The SP-JSR operates at a wide range of
low temperatures (298-1200 K) and high pressures
(10200 atm) with a well-defined flow residence
time (0.1-1.0 s) and a uniform temperature dis-
tribution (+/—3 K). We recently studied low- and
intermediate-temperature chemistries of n-butane
(n-C4Hyp) [12] and dimethyl ether (DME) [13] at
100 atm in the SP-JSR. In contrast with a recent
study of C3Hg oxidation in a laminar flow reactor
[11], the NTC behavior can be clearly observed for
both n-C4H;y and DME at 100 atm. In addition,
the distinctive impact of pressure on the NTC be-
havior under fuel lean and rich conditions was also
demonstrated.

Methanol oxidation was investigated exten-
sively in past decades, including laminar flame
speed [14-19], ignition delay time [20-23], and
species measurements in laminar flow reactors [24—
29] as well as jet-stirred reactors (JSRs) [23,30].
Previous fundamental experiments have been sum-
marized in references [23,31] and will not be re-
viewed in detail herein. However, experimental data
of JSR is still lacking for CH3;OH oxidation at
high pressures (above 20 atm). As such, in this
work, CH;OH oxidation experiments at pressures
of 10 and 100 atm, at temperatures between 550
and 950 K, and at equivalence ratios of 0.1, 1.0,
and 9.0 were performed in our SP-JSR and the re-
sulting data was compared with several existing ki-
netic models. The mole fractions of CH;0H, O,,
CO, CO,, H,0, CH,O0, and H, were measured with
a micro-gas chromatograph (-GC). The numeri-
cal simulations were performed with the Perfectly
Stirred Reactor (PSR) module in CHEMKIN soft-
ware. The effects of pressure on CH;OH oxida-
tion were investigated at different equivalence ra-
tios. The high-pressure chemistry of CH;OH was
analyzed and the HP-Mech model [32] from Prince-
ton was updated with some new reactions and new
rate constants for some important elementary reac-
tions from the literature.
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Table 1
Experimental conditions.

447

Case Equivalence ratio P (atm) T (K) CH;0H (%) 0, (%) N, (%) Residence time (s)
1 0.1 10 550-950 0.4 6 93.6 0.11-0.06
2 1.0 10 550-950 1.93 2.9 95.17 0.11-0.06
3 9.0 10 550-950  2.65 0.45 96.9 0.11-0.06
4 0.1 100 550-950 0.4 6 93.6 0.43-0.25
5 1.0 100 550-950 1.93 2.9 95.17 0.43-0.25
6 9.0 100 550-950  2.65 0.45 96.9 0.43-0.25
Table 2
Updated reaction rate constants. (cf. Table S1 in the Supplementary Material for more information of estimated rate
constants).
Reactions A (cm®/mols) n Ea (cal/mol) Ref.
H,0, + H (=) H,0 + OH 3.35E407 1.91 3654 [13]
H,0;, (+M) (=) 20H (+M) 2.00E+12 0.9 48,749 [13]
LOW 2.49E+24 -23 48,749
TROE 0.43 1.0E-30 1.0E+30
HO, + HO, (=) H,O0;, + O, 1.93E-02 4.12 —4960 [36]
HO, + HO,(=) OH + OH + O, 6.41E+17 —1.54 8540 [36]
CH;0H + HO, (=) CH,OH + H,0, 3.260E+13 0 18,299 [37]
CH30H + HO,(=) CH30 + H,0, 1.220E+12 0 20,070.7 [37]
CH,0 + H (+M) (=) CH,OH (+M) 5.40E+11 0.454 3600 [38]
LOW 1.27E+32 —4.82 6530
TROE 0.7187 1.03E+02 1.291E+03
CH;OH + CH;0,(=) CH,OH + CH;0,H 2.060E-09 6.20 7128.2 [39]
CH;0H + CH30,(=) CH30 + CH;0,H 7.937E-04 4.71 13,560.3 [39]
CH;30,H + (+M) (=) CH30 +OH (+M) 4.05E+19 —1.153 44,250.5 [40]
LOW 3.98E+42 —7.502 46,756.1
TROE 0.8375 36,562 498.8
CH,0 + HO, (=) HOCH,0, 2.228E4+09 0 —1267.9 [41]
HOCH,0, + HOCH,0,(=) HOCH,0 + HOCH,O + O, 3.312E+12 0 0 [42]
CH;0OH + HOCH,0,(=) CH,0H + HOCH,0,H 3.260E+13 0 13,299.0 Estimated
CH;0H + HOCH,0,(=) CH;0 + HOCH,0,H 1.220E+12 0 15,070.7 Estimated
HOCH,0,H (+M) (=) OH + HOCH,O0 (+M) 4.05E+19 —1.153 44,250.5 Estimated
LOW 3.89E+42 —7.502 46,756.1
TROE 0.8375 36,562 498.8

2. Experimental setup and kinetics models

The schematic setup of our SP-JSR was shown
in previous work [12] and Supplementary Material
(cf. Fig. S1). The core part is a spherical quartz
reactor with an internal volume of 0.4 cm?®. The
novelty of the reactor lies in its four special jet fin-
gers with two 0.2 mm inner diameter perpendicu-
lar nozzles, which can create intense turbulence and
homogenous mixing [33]. Figs. S2 and S3 in the
Supplementary Material show the quartz reactor
and a schematic of the velocity distribution. The
gas flow rates were determined by high-pressure
mass flow controllers (Brooks, SLA5800) and the
liquid fuel (CH;OH, Sigma-Aldrich, HPLC Plus,
>99.9%) was injected into a vaporization line by a
high-pressure syringe pump (Harvard PHD). The
axial temperature profiles were measured in 1 mm
steps along the reactor bulb to verify the uniform
temperature distribution (+/—3 K) under experi-
mental conditions. No significant temperature in-
crease, which could change the chemical kinetics,

was observed during the measurement. The maxi-
mum preheating temperature is lower than the py-
rolysis temperature of methanol (~1000 K), which
did not affect the reactions of the reactant at the
given flow residence time. The details of the heat-
ing processes and temperature profile measurement
were presented in our previous paper [12]. A quartz
sonic nozzle was used to sample the oxidation prod-
ucts exiting from the reactor and the gas samples
were quantified with micro gas chromatography (ju-
GC). The GC detection limits for selected species
are about 20 ppm. The uncertainty of the measured
data is about 5%.

Table 1 lists the experimental conditions for the
present CH3;OH oxidation measurements. The flow
residence time is defined as the ratio of reactor vol-
ume to mixture volume flow rate for each tempera-
ture and pressure. Instead of keeping the flow resi-
dence time constant, the mixture volume flow rate
(295 K and 1 atm) was fixed at 1.2 L/min (Cases
1-3) and 3 L/min (Cases 4-6) to reduce errors in
flow control and perturbation. Furthermore, the
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Fig. 2. Temperature evolutions of CH3OH oxidation: (a) Case 4, (b) Case 5, (c) Case 6 in Table 1 at 100 atm.

flow residence times were selected to correspond
with the oxidation reaction time scale (near unity
Damkohler number). Each test condition was re-
peated at least two times to minimize the experi-
mental uncertainty.

The following six kinetic models were used to
compare with the experimental data obtained in
the SP-JSR: Burke et al. [23], Li et al. [34], Chris-
tensen et al. [35], Aranda et al. [29], HP-Mech [32],
and an updated HP-Mech (this study, cf. Table 2)
[13,36-42]. The numerical simulations were per-
formed with CHEMKIN’s PSR module at constant
temperature. Calculations indicate that the real gas
effect on CH30OH oxidation is very small even at
100 atm (cf. Fig. S4 in the Supplementary Mate-
rial).

3. Results and discussion

Fig. 1(a)-(c) depicts the CH3;0H mole fraction
evolution versus temperature for case 1 (a), case
2 (b), and case 3 (c) in Table 1 at 10 atm, re-
spectively. It can be noted that the onset temper-
atures of CH;OH oxidation at 10 atm are in the
range of 800-825 K and that the fuel-rich case (c)
has slightly faster oxidation than the fuel-lean case
(a). Furthermore, no low-temperature chemistry is
found for CH;0H oxidation at 10 atm, except a
small change in curvature at around 850 K brings
our attention at fuel-rich case. These results are

consistent with the JSR data in literature [23]. As
to the numerical simulations at 10 atm, literature
models slightly under-predict the CH;OH oxida-
tion. We updated the rate constants of some key
reactions listed in Table 2. The updated HP-Mech
model (red dash lines) has very good agreement
with the experimental data for temperature up to
900 K. Additionally, the Burke et al., Li et al., and
Aranda et al. models can also predict the experi-
mental data reasonably well. The Christensen et al.
and HP-Mech models under-predict CH;0OH oxi-
dation, which is mainly due to the uncertainty in
the rate of the CH;OH + HO, = CH,0H + H,0,
reaction. The rate constant for CH;0H + HO,
[37] selected in this paper is the one which has the
best agreement with the high-pressure experimen-
tal data. The recent paper by Li et al. [43] also
confirmed this statement. Moreover, more than
150 K difference between the onset temperature of
CH3;0H oxidation at 1 and 10 atm was reported
in [23], which implies that the pressure-dependent
reactions play an important role in CH;OH oxi-
dation. Therefore, it is very interesting to explore
the difference between 10 and 100 atm, especially
at fuel-rich condition.

Fig. 2(a)-(c) depicts the CH3;0H mole fraction
evolution versus temperature for case 4 (a), case 5
(b), and case 6 (c) in Table 1 at 100 atm, respectively.
Experimental results show that the onset temper-
ature of CH3;OH oxidation at 100 atm is around
700 K, which is more than 100 K lower than that
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at 10 atm. Furthermore, a shoulder in the CH;OH
profile is clearly present for the fuel-rich condi-
tion at 100 atm. The shoulder in the CH;0OH pro-
file at high pressure represents the remnants of an
NTC region, where the fuel oxidation slows down
as the temperature is increased. Unlike the cases at
10 atm, all the existing models considered in this
work significantly under-predict the oxidation at
100 atm.

In an effort to understand the observed tem-
perature shift in the reactivity and the NTC
effect, we updated some key elementary re-
action rates from the literature and added
some new low-temperature reaction path-
ways such as CH,O + HO, = HOCH,O,
(RO,), RO, + RO, = HOCH,O (RO) + HO
CH,0 (RO) + O,, and CH;0H + RO, = CH,
OH + HOCH,0,H (ROOH), which are first
included in the present methanol model, as listed
in Table 2. The updated HP-Mech model (red dash
lines) now presents improved agreement with the
experimental data. The exact reactions responsible
for the changes are H,O, (+M) = 20H (+M),
CHzo + H02 = HOCHzoz, and CH3OH + HO
CH,0, = CH,0H + HOCH,O,H. At higher
pressure, the reactions H,O, (+M) = 20H (+M),
CH,0 + HO, = HOCH,O, play a more im-
portant role in methanol oxidation due to the
increased collisional energy transfer. These reac-
tions promote the methanol oxidation and result
in better agreement with the experimental data.
However, discrepancies still exist, especially for
the temperature range from 700 to 800 K, which
may indicate that a low-temperature, high-pressure
reaction pathway is missing and warrants future
exploration.

One possible missing pathway could be
due to molecular collisions at high pressure
thermalizing and stabilizing the excited incip-
ient RO, radical. The isomerization reaction
RO, = OCH,0,H (QOOH) and subsequent
reactions may promote the CH;OH oxidation
and cause the NTC behavior at high pressure.
Another possible reason is that dimer complexes
such as CH;OH...CH;OH, CH;OH...HO,, and
CH;0H...H,0, may play a role at high pressure,
especially for fuel-rich condition. That could in
principle lower the activation energy barrier for
the two most sensitive reactions (cf. Figs. 3 and
4); CH30H...CH;0H + HO, = CH,0OH...H,0,
+ CH;0H, CH;0H...HO, + CH;0H = CH,O
H...HzOz + CH;OH and/or CH3OHH202 =
CH;0H...OH...OH. The NTC behavior at fuel-
rich condition could then be due to the decrease
in the dimer complex concentrations at higher
temperature, thus decreasing the effectiveness of
these pathways.

To explain the pressure effects on CH3;0H oxi-
dation, a reaction pathway analysis was performed
for 10 and 100 atm at the onset temperature of the

oxidation. The updated HP-Mech model was se-
lected for this analysis based on its superior model
performance. Fig. 3(a) and (b) shows the reac-
tion pathway analysis at 725 and 825 K for case
3 and case 6 in Table 1, respectively. It can be
noted that the H-abstraction from CH;OH by OH
and HO, are very important first-step reactions
at both 10 and 100 atm. However, the reaction
CH;0H + HO, = CH,0OH + H,0, becomes more
dominant at higher pressure. This change in impor-
tance is due to the dramatic increase in HO, pro-
duction at high pressure, thus, reactions involving
HO,; chemistry have a higher influence on the fuel
oxidation. Additionally, the H-abstraction reaction
by H also contributes at fuel-rich condition, which
is the main channel for H, production. The major
products of H-abstraction reactions are CH,OH,
CH;0, and H,0,. Nevertheless, the production of
CH,OH is much greater than CH;0, because the
C-H bond on the methyl site is about 9.1 kcal/mol
weaker than the alternative O-H bond [23]. Hydro-
gen peroxide is mainly consumed by the third body
reaction HO, (+M) = 20H (+M). This branch-
ing reaction becomes very important due to the in-
creased collision frequency at high pressure. The
major intermediate species in CH3;0H oxidation
is CH,0, which is mainly formed by the reaction
CH,OH + O, = CH,0O + HO,. A new reaction
CH,0 + HO, = HOCH,O0, (RO,) is also present
here. The reactions related to RO, chemistry at high
pressure may play an important role in the CH; OH
oxidation and need deeper exploration in the fu-
ture.

To further investigate the oxidation chemistry
of CH;OH, a sensitivity analysis is performed
for CH3;OH mole fractions at two different tem-
perature regions. Fig. 4(a) and (b) present the
sensitivity coefficients of major reactions at 100
atm and fuel-rich condition for temperatures of
725 and 775 K, respectively. It can be noted
from Fig. 4(a) that the chain-propagating reac-
tion CH3OH + HOZ = CHon + H202 is
the most sensitive one at the onset tempera-
ture of CH30OH oxidation, which confirms the
statement in the reaction pathway analysis. This
reaction rate is an important part of the up-
date in this work (Table 2). Moreover, the H-
abstraction reaction by OH is of decreased im-
portance at 100 atm, which is also consistent with
the reaction pathway analysis. The new reaction
CH;0H + HOCH,0, = CH,0H + HOCH,0O,H
also essentially promotes the oxidation. The chain-
terminating reaction 2HO, = H,0O, + O, starts to
show up at 725 K, which has a large inhibiting ef-
fect on the oxidation. This rate constant is also part
of the updates in this work (Table 2).

It can also be noted from Fig. 4(b) that the reac-
tion H,O, (+M) = 20H (+M) becomes the most
sensitive one at 775 K. Hydrogen peroxide is mainly
formed via reactions HO, + HO, = H,O, + O, and
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CH;0H + HO, = CH,OH + H,0,. The rate con-
stants of H,O, related reactions are updated in this
work (Table 2). The H-abstraction reaction by H
becomes more important at this temperature since
many H radicals are generated especially for fuel-
rich conditions. The abundance of H radicals in
the system also yields increased importance for the
H,0, + H = H,0 + OH reaction. This reaction
has a negative effect on CH;OH oxidation since it
only produces one OH radical while using up the
reactive H radical and H,O,.

Based on the experimental data in Fig. 2(c), the
NTC behavior was clearly observed in the temper-
ature range from 750 to 800 K for fuel-rich condi-
tion with abundant R radicals. The NTC behavior
could be due to the inhibition of RO, formation
and its following reactions at higher temperature.
Moreover, it could also be caused by the decreas-
ing dimer complex concentrations at higher tem-
perature, thus decreasing the effectiveness of the
CH;0H...CH;0H + HO, = CH,OH...CH;0H +
H, O, pathway, for example. Additionally, HO, for-

mation in fuel-rich condition with very low oxy-
gen concentration was much less than that at fuel-
lean condition, which inhibits the H,O, formation
and downstream chain-branching reaction H,O,
(+M) =20H (+M). Therefore, at 100 atm the NTC
phenomenon can only be observed in fuel-rich con-
dition. This is a unique phenomenon at high pres-
sure.

Fig. 5(a)-(f) illustrates the mole fractions of
other key species at 100 atm, such as O,, CO, CO,,
H,0, CH,0, and H,, respectively. It is seen that
the updated HP-Mech model improves the over-
all prediction compared to other models and the
original one, which is consistent with the predic-
tion of CH;0H consumption. Nevertheless, the
model underpredicts CO,, H,O, and CH,0 for-
mation and slightly overpredicts H, formation. It
means the modeling underpredicts the overall reac-
tivity of CH3OH oxidation. However, the discrep-
ancy between experimental and numerical simula-
tion results for CO, production is even bigger than
other species. It implies that some important re-
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Fig. 6. Comparison of experimental and modeling results for (a) laminar flame speeds of CH3OH/air with different equiv-
alence ratios at 1, 5, and 10 atm [19]; (b) ignition delay times (shock tube) of CH3OH/air with different equivalence ratios
at 20 atm [23]; (c) ignition delay times (RCM) of CH3OH/O,/N,/Ar with different equivalence ratios at 40 atm [23].

actions involved in CO,, CO, and HCO, such as
CO + OH = CO;, + H, HCO (+M) = H + CO
(+M), HCO + HO, = CO, + H + OH, and
CO + HO, = CO; + OH need careful evaluation
for ultra-high pressure condition. It is interesting to
note that the NTC phenomenon can also be found
on the CO and CO, production profiles in Fig. 5.

4. Validation of kinetics model with literature data

The updated HP-Mech model is further vali-
dated by three sets of literature experimental data:
laminar flame speeds [19] and ignition delay times
of CH;OH/oxidizer mixtures measured in a shock
tube as well as in a rapid compression machine

(RCM) [23]. Fig. 6(a) displays the comparison of
experimental laminar flame speed and numerical
simulation for different equivalence ratios at dif-
ferent pressures. In general, the experimental and
modeling data are in good agreement at different
conditions, although the model slightly overpre-
dicts the laminar flame speed at 1 atm. Fig. 6(b) dis-
plays the comparison of experimental ignition de-
lay time (shock tube) and numerical simulation for
different equivalence ratios and 20 atm. Fig. 6(c)
displays the comparison of experimental ignition
delay time (RCM) and numerical simulation for dif-
ferent equivalence ratios and 40 atm. Ignition delay
times calculated by the updated HP-Mech model
are in significantly improved agreement with the ex-
perimental data for all conditions.
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5. Conclusions

The supercritical pressure jet-stirred reactor
(SP-JSR) provides a new platform for conducting
kinetic studies at extreme pressures with a uniform
temperature distribution and a short flow residence
time. Methanol oxidation was studied at pressures
of 10 and 100 atm, temperatures ranging from 550
to 950 K, and equivalence ratios of 0.1, 1.0, and
9.0.

The experimental results show that the onset
temperature of CH3;OH oxidation at 100 atm is
around 700 K, which is more than 100 K lower
than that at 10 atm and cannot be predicted by ex-
isting kinetic models. Furthermore, NTC behavior
was clearly observed at 100 atm and fuel rich con-
dition.

Several CH;OH elementary rate constants
were updated from the literature and new low-
temperature reaction pathways were added to un-
derstand the observed reactivity temperature shift
and the NTC effect. Although the model with
these updates improves the prediction somewhat
for the experimental data at 100 atm and re-
produces well the ignition delay times and flame
speeds data in the literature, discrepancies still ex-
ist for low-temperature oxidation. Based on the au-
thors’ judgment, these discrepancies cannot be ex-
plained by the uncertainty of thermal rate con-
stants for the important existing reactions (e.g.
CH3OH + H02 = CHzOH + H202 and HzOz
(+M) = 20H (+M)). These discrepancies reveal
that there may be a missing low-temperature high-
pressure reaction pathway. Therefore, special at-
tention should be paid to discovering new low-
temperature high-pressure reaction pathways. For
example, the reaction of dimer complexes needs fu-
ture exploration.

Furthermore, it was confirmed that the radical
production from HO, chemistry was significantly
enhanced and shifted to lower temperature. As a re-
sult, it effectively suppressed the NTC phenomenon
for CH3;0OH oxidation of lean and stoichiomet-
ric mixtures. The NTC phenomenon was only ob-
served at fuel-rich condition because the fuel radi-
cals were increased and the HO, chemistry at high
pressure was weakened by the lack of oxygen re-
sulting in comparatively little HO, formation.
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