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Temperature and Pressure Dependence of the Rate Constant for the HG- NO Reaction
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The rate constant for the reaction H® NO — OH + NO, has been measured using the turbulent flow
technique with high-pressure chemical ionization mass spectrometry for the detection of reactants and products.
At room temperature, the rate constant was found to be independent of pressure between 70 and 190 Torr of
N2 and given by (8.0t 0.5) x 10*? cm?® molecule® s1. The temperature dependence of the rate constant
was investigated between 206 and 295 K; the Arrhenius expression over this temperature range @6s48.0

x 10712 exp[(290+ 30)/T] cm® molecule® s™X. The uncertainties of the room temperature rate constant and

the Arrhenius parameters represent the precision of the data and are reported at the 1 standard deviation
level. We estimate that possible systematic errors limit the accuracy of the determined rate constants to
+15%. Comparison of our data with the results of previous studies indicates that the rate constant for the
HO, + NO — OH + NO; reaction does not depend on the inert gas pressure for 285Tk> 206 K.

Introduction to temperatures roughly above 240 K. As a result, the pressure
Catalytic cycles determine to a large extent the concentration Sﬁggzg;nce of the rate constant for reaction 1 remained

of ozone in the stratosphere. The cycle involving,Hi@ricals i ) ) ) o o
is the dominant removal mechanism of ozone in the mid-latitude !N this article we describe our investigations of the kinetics

stratospheré2 The effectiveness of this cycle is moderated by ©f reaction 1 over a broad range of temperatures and pressures
the reaction: using a turbulent flow tube coupled to a high-pressure chemical

ionization mass spectrometer. We have previously shown that
HO, + NO— OH + NGO, (1) the turbulent flow tube technique can be used to accurately
determine the rate constants of reactions at pressures ranging
The importance of this reaction for stratospheric chemistry from 50 to 760 Torr and at temperatures as low as 180 K.
became apparent with the pioneering studies of Howard andorder to study reaction 1 we have developed a new detection
Evensor?, who carried out the first direct measurements of its system involving high-pressure chemical ionization mass spec-
rate constant obtaining a value more than an order of magnitudetrometry, which can be used to monitor HGDH, and NQ
larger than the value previously derived from indirect studies. with high sensitivity.
Reaction 1 also plays a significant role in the troposphere, where
it leads to 0zone production when combined with the reactions: gyperimental Section

NO, + hv —NO + O ) General Overview of the Experimental Apparatus. A
schematic of the experimental apparatus is shown in Figure 1.
0+0,+M—0,+M 3) P PP g

The flow tube was constructed with 2.2 cm id Pyrex tubing
and was 120 cm in total length. A large flow of nitrogen carrier
as (approximately 50 L(STP) mi#) was injected at the rear

f the flow tube. The gases necessary to generatg Wie
also introduced at the rear of the flow tube. Nitric oxide was

Previous experimental studies have shown that reaction 1 ha
a rate constant that increases with decreasing temperature. Thi
type of behavior in bimolecular reactions often indicates a

complex mode reaction: a reaction involving multiple transition injected through a movable inlet constructed from 5 mm od
states and the formation of bound intermediates. Complex modeStainless steel tubing. The portion of the inlet outside of the

reactions can have rate constants which depend upon totaly,\ . be was encased in collapsible Teflon tubing. This

?”?SS‘:“T if the I|ff$t|me”<_)f_ the 'ntﬁrweﬂ'atﬁ congplfex IS S_‘Uf' provision was taken so the inlet could be moved to various axial
iciently long to sutter collisions with the bath gas before going positions without breaking any vacuum seals. A fan-shaped

on to form .the final products. Exgmples of complex-mode Teflon piece (a “turbulizer”), designed to enhance turbulent
reactions with pressure dependen_cles lnclqde—E)BO, HO, mixing, was fixed to the end of the movable inlet. The ion
+ HOy, ind Olgl + H’Tl'koell Jhe intermediate C%mﬁlg)éNog source was positioned 15 cm from the end of the flow tube. A
reaction 1 would most likely be peroxynitrous acid, -~ quadrupole mass spectrometer (Balzers QMG 400) was located
This species has been observed in matrix isolation stddies; at the end of the flow tube. The flowing gases were removed
however, it has never been successfully detected in the 9aSyith a rotary vane vacuurﬁ pump (Edwards E2M 80, 1600 L
phzlsl,e? . di d _— f th " min~1). All gas flows were monitored with calibrated mass
previous direct determinations of the rate constant of 4, neters (Tylan). The pressure was determined immediately
reaction 1 have been carried out in conventional discharge flow upstream of the ion source using a 0000 Torr capacitance
tubes which are limited to pressures below 15 Torr and usually manometer (MKS Baratron). The temperature was determined
T Current address: lonospheric Effects Division, PL/GPID, Phillips using copperconstantan thermOCOUples. located "’?t the r?ar of
Laboratory, 29 Randolph Rd., Hanscom AFB, MA 01731-3010. the flow tube, at t.he end of the movable inlet, and immediately
€ Abstract published ilAdvance ACS Abstract&ebruary 1, 1996. upstream of the ion source.
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with NO, to determine their concentration after injection into
the flow tube, as follows: the Owas replaced with a known
quantity of NQ (Matheson, 99.5%), normally near>3 101
molecules cm®. The mass spectrometer signal from Néas
then monitored with the microwave discharge turned off and
then on. The decrease in the N@ignal that was observed
was attributed to

Tubing
/ @
Beenakker

‘Cavity H + NO, —~ NO + OH (5)

Silica Gel
Trap

Our calculations show that reaction 5 should proceed to greater
than 98% completion before reaching the ion source. Using
this method we found that on average 15% of thewhs
dissociated into H atoms. Under normal operating conditions
the initial concentration of hydrogen atoms in the flow tube
was approximately X 10 molecules cm3,

Purified NO/N>: mixtures were prepared by the following
process: First, NO (Matheson CP grade) was condensed in a
cold finger at 77 K. The resulting crystals were evacuated to
remove volatile impurities (i.e., H Ny, etc.). After 5 min of
pumping, the cold finger was isolated from the pump and
warmed to 143 K (pentane slush) which vaporized the NO while
; leaving other oxides of nitrogen still in the condensed phase.
/ @ The desired amount of NO was then mixed with (dirco

(

Movable
Inlet

Flow Tube

Grade 5) and stored in a stainless steel cylinder. Before being
injected into the flow tube, the NO mixture was further diluted
with a 200 mL(STP) min! flow of N, and then passed through
a silica gel trap at 195 K (ethanol slush). The concentration of
NO in the flow tube was determined from calibrated mass flow
meter readings and ranged fronx110'2to 15 x 10*? molecules
cm=3. In all cases [NO}> [HO,], thus ensuring pseudo-first-
order conditions.

Detection of Reactants and Products.HO,, OH, and NQ
were chemically ionized with selected reagent ions and then
detected with the mass spectrometer. The reagent ions were

All of the experiments were performed in turbulent flow Produced in the ion source by passing approximately 10 ppm

conditions. Turbulent flow is established when the Reynolds ©Of ion precursor (NEor Sk) over the corona discharge. The
number,Re is greater than 2000. This number is given by 10N precursor was carried by a 10 L(STP) mirflow of No.
The corona discharge took place at the end of a steel needle

2atp that was maintained at an electrical potentiat-@f000 V using
Re=——- a Bertan high-voltage power supply. The discharge current was
# approximately 30uA. An electrically grounded 6 mm od
wherea is the internal radius of the flow tuba,is the average ~ Stainless steel tube served as the counter electrode. The needle

velocity of the gasp is the density of the gas, andis the was separated from the stainless steel tube with a 3 mm od
viscosity coefficient of the gas. glass tube. After passage over the needle, the ion source gas

Generation of Reactants. HO, was produced in the rear ~Was directed through a 5 cm long Pyrex tube and then into the
portion of the flow tube via main flow tube. A turbulizer was placed at the end of the small
Pyrex tube to help the reagent ions mix with the main flow
tube gas. The end of the ion injector tube was 7 cm from the
front aperture of the mass spectrometer.

Hydrogen atoms were generated in the following manner: A2 lons were detected with a quadrupole mass spectrometer
L(STP) mirr flow of He (Airco Grade 5) was combined with  housed in a two-stage differentially pumped vacuum chamber.
a 0.2 mL(STP) min? flow of a 1% H/He mixture (Air Products Flow tube gases (neutrals and ions) were drawn into the front
UHP). The resulting mixture was passed through a silica gel chamber through a 0.1 mm aperture which was held at a
trap immersed in liquid nitrogen and then through a microwave potential of—130 V. The ions were focused by three lenses
discharge produced by a Beenakker cavity operating at 70 W. constructed from 3.8 cm id, 4.8 cm od copper gaskets. The
The microwave discharge dissociated some of thenbllecules front vacuum chamber was pumped by a 6 in. diffusion pump
into hydrogen atoms. The H atoms were then injected into the (Varian VHS-6, 2400 L s?) backed by a mechanical pump
flow tube through a side-arm inlet located near the rear of the (Varian SD-700, 765 L mint). When the flow tube was at a
flow tube. Oxygen (Matheson UHP) was injected into the flow pressure of 100 Torr, the front chamber pressure was roughly
tube 3 cm downstream of the H-atom injection point. The 5 x 1076 Torr. The sampled gases entered the rear vacuum
density of Q in the flow tube was approximately ¥0molecules chamber through a skimmer cone with a 1.2 mm orifice (Beam
cm3. The end of the movable inlet was always further than Dynamics Model 2). The distance between the front aperture
40 cm downstream of the Onjection point. At the pressures  and the skimmer cone was approximately 5 cm. The skimmer
and velocities used in this study, we calculate that the B, cone was held at a potential 620 V. Once the ions passed
reaction went to greater than 99% completion before reaching through the skimmer cone, they were mass filtered and detected
the tip of the movable inlet. H atoms were periodically titrated with a Balzers QMG 400 quadrupole mass spectrometer. The
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T
N

Mass Spectrometer

Figure 1. Schematic of the experimental apparatus.

H+0,+M—HO,+ M 4)
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rear vacuum chamber was pumped by a turbomolecular pump
(Edwards EXT 501, 500 L) backed by a mechanical pump
(Edwards E2M 12, 289 L mirt). When the flow tube was at

a pressure of 100 Torr, the rear chamber pressure was roughly
5 x 1077 Torr.

Two reagent ions were used in this study: &nd Sk~.
Fluorine anions were produce by passing trace amounts of NF
(Air Products, electronic grade) over the corona. A typical den-
sity of NFs injected into the flow tube was & 103 molecules
cm3. The signal at 19 amu (ff was approximately 50 000
counts st. Smaller quantities of fluorine hydratesH,0,
and F-2H,0) were also produced. $Fions were generated
by passing trace amounts of §fMatheson, CP Grade) over
the corona discharge. A typical density of (SRjected into
the flow tube was 5< 102 molecule cm3. The signal at 146
amu (Sk~) was approximately 300 000 countsts

HO, was detected as O by the proton transfer reaction

Signal (1000 count s-1)

0-....1....1

0 5 10 15
[NO,] (10'9 molecule cmr?)
F~+HO,—HF + 0, 6)

—r—r—r—rrrrrrrr-r-
Reaction 6 has not yet been directly studied; however, the 15 L“(b) 7
reaction is exothermic by approximately 20 kcal mdl NO, I ]
was detected as NO using the charge transfer reaction with
Sk | |
10 | -
SK, + NO,— SK;+ NO, @) L |
The rate constant of reaction 7 has been measured by’$treit
be 1.3x 10719 cm?® molecule’* s™1. OH was detected through
a two-step chemical ionization scheme. The first step is charge
transfer with SE™:

Signal (100 count s-1)

SR, + OH— SF,+ OH~ (8)

0...I...I...I.-.I-..
The rate constant of reaction 8 has been estimated by Lovejoy 0 1 2 3 4 5
et all®to be 2x 107° cm® molecule! s1. The second step [HO.] (10'° molecule cmr3)

e 2

is:

OH +CO,+M—HCO; +M 9) i '(c.) )
Reaction 9 has been reported by Fehsenfeld and Ferfuson
have a rate constant of 86 10728 cmP molecule? s™1. We
found that the HC@ signal was proportional to [OH]. A
maximum signal to noise ratio was obtained when approximately
2 x 10" molecules cm® of CO, (Matheson, 99.8%) was
injected into the flow tube at a position immediately upstream
of the ion source. We found that using the first step alone yields
an OH signal which is nonlinear with [OH], most likely due to
secondary reactions.

Temperature Control. The temperature of the reaction
region (the area between the end of the movable inlet and the
ion source) was controlled to within 1 K. The walls of the
flow tube were cooled to the desired temperature by flowing a T ————————
temperature-controlled liquid (either ethanol or HCFC-123) 0 2 4 6 8 10
through the jacket on the exterior of the flow tube. The nitrogen [OH] (10! molecule cnmr3)
carrier gas was precooled to the desired temperature by Passageiy re 2. (a) Signal intensity at 46 amu (NO as a function of N@
through a copper coil immersed in the temperature-controlled concentration. Data points were collected under the following flow tube

Signal (100 count s-1)

[\
™1 T

liquid before injection into the flow tube. conditions: P = 100 Torr; T = 292 K; average velocity= 1300 cm
] ) s 1 Re= 3000. (b) Signal intensity at 32 amu {Q as a function of
Results and Discussion HO; concentration. Data points were collected under the following flow

Assessment of Detector Sensitivity. Trace quantities of tc‘i;";f_ogg'_“oz%%g (=C)9$6i L(;ri;nteisiztgi\t%la;rirua?s g&ff%ﬂ?fn
.NOZ’ HC,, and QH were individually injected into the flow t”k?e of OH'concentration. Dgta points valere collected under the following
in order to calibrate the mass spectrometer signals. Dilute fioy tube conditions: P = 96 Torr; T = 292 K: average velocity=
mixtures of NQ were injected at the rear of the flow tube 1430 cm s; Re= 2600.
through the port normally used for,@njection; a plot of the
NO,~ signal vs [NQ] is shown in Figure 2a. At a flow tube  of NO,yield a signal to noise ratio equal to 1. This corresponds

pressure of 100 Torr, we estimate that 8.0° molecules cm? to 0.1 ppb detection limit (at 100 Torr).
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The concentration of Howas estimated as described in the LA B B B
experimental section; it was assumed that the microwave | HO, + NO — OH + NO,
discharge dissociated 15% of the idto H atoms, which were
then converted into HEvia reaction 4. A plot of the & signal 1

vs [HO,] is shown in Figure 2b. We found that such plots were
linear when [HQ] was less than X 10 molecules cm®. The
positive intercept is due to Hproduced by residual Hn the
silica gel trap. The magnitude of this intercept was found to
slowly decrease after the,Hvas shut off. At a flow tube
pressure of 100 Torr, we estimate that [HIG= 1 x 10°
molecules cm? produces a signal to noise ratio equal to 1. As
the flow tube pressure was raised, the sensitivity decreased due
to increased clustering of Fwith water. At pressures above
200 Torr we estimate that the sensitivity was reduced by 0.01 T T T
approximately a factor of 3. 0 10 20 30 40 S0 60 70
OH was produced by reaction 5. Hydrogen atoms were
injected at the rear of the flow tube, and bl@as injected
through the @ port. The NQ concentration in the flow tube

Signal Intensity
o

Injector Position (cm)

Figure 3. Typical set of @ signal values as a function of injector
position. This data set was obtained under the following conditiéhs:

was approximately 5 10t molecules cm®. The concentration =149 Torr:T = 292 K: average velocity 1235 cm sk Re= 3550.
of OH was estimated by assuming that the microwave discharge
dissociated 15% of the Hnto H atoms and that all of the H 120 P T T
atoms were converted into OH by reaction 5. A plot of the : 1
HCO;~ signal vs [OH] is shown in Figure 2c. The positive 100 F HO, + NO — OH + NO, )
intercept is due to OH produced by residualirithe silica gel [
trap. At a flow tube pressure of 100 Torr, we estimate that s [
[OH] = 5 x 10° molecules cm? produces a signal to noise !
ratio equal to 1. N [
For the cases of NDand HQ, the chemical ionization = il
technique provides greater sensitivity than other flow tube [
detection techniques commonly employed in the past. For 40 |
example, electron impact mass spectrometry for, NEOfre-
guently reported to have a sensitivity on the order of 100%3pb, 2 F
which is roughly 3 orders of magnitude less sensitive than the [
chemical ionization scheme employed in this work. The most o8 e

successful flow tube detection technique for H@ laser 0 5 4 6 8 10 12
magnetic resonance (LMR); Howdfdeports a detection limit )

NO] (10! 2 molecul )
of 4 x 10® molecules cm? of HO, at pressures near 1 Torr of F 4 Tvoical ol tk[' I ; Htm ecufe[:r(;]) This data set
He with this technique. However, LMR sensitivity is ap- ' 'JYré 4. lypical plotk as a function o - 1his data set was

. . . obtained under the following condition® = 149 Torr; T = 292 K;

proximately mvers_ely proporthnal to the square of the _total average velocity= 1235 cm s% Re= 3550.
pressure due to line broadenitfg.Thus, at pressures high

enough for turbulent flowR > 50 Torr), LMR would be at — ghows a portion of a typical data set. Such plots were essentially

least an order of magnitude less sensitive than the chemical|jyaar for all of the experiments, indicating that secondary

ionization detection technique. For the case of OH, our reactions occurred to a minimal extent. Ttealues were then

chemical ionization detection scheme is not as sensitive as theplotted vs [NOJ, and the data points were fitted with a linear

commonly used laser induced fluorescence (LIF) detection |gast squares routine, the slope of the fit provided the bimo-
technique; e.g., Abbatt et &. report LIF detection Ii_mits_ of 2 lecular rate constank. Figure 4 shows a typical plot ¢f vs
x 10° molecules cm? for OH in 100 Torr of N, which is at  [NO]. We estimate that rate constants can be determined with
least 1 order of magnitude more sensitive than our chemical 5 accuracy of15%, considering possible systematic errors
ionization detection technique. However, it should be noted j, the measurement of gas flows, temperature, detector signal,
that chemical ionization mass spectrometry has been used toyq pressure.
detect OH in the atmosphere at sub-parts per trillion le¥els;  The approach for determining rate constants described above
thus, it is likely that an improved chemical ionization scheme 55s5umes that deviations from plug flow are negligible. The
will enable much greater sensitivity for OH in laboratory flow ygjidity of this assumption was examined with two-dimensional
tube studies. numerical flow tube modél! For the flow simulation we
Determination of Rate Constants. The rate constant of  assumed that the detection technique samples the entire cross
reaction 1 was determined as follows: first, the NO mixture section of the flow tube. This is a reasonable assumption
was injected at a predetermined rate, and [NO] was calculatedbecause the flow is thoroughly mixed by the ion source
by assuming complete mixing in the region downstream of the turbulizer immediately before sampling. We also assumed that
movable inlet. The @ signal intensity was then recorded as the reaction probability of Hoon the walls,y, is 1074, on the
a function of the movable injector position. The logarithm of basis of experimental results for the loss of Hih the walls
the measured signal intensity was then plotted as a function of of similar flow tubes*# Using these assumptions, the model
injector—detector distance. The data points were fitted with a predicts that the plug flow approximation yields rate constants
linear least squares routine. The value of the pseudo-first-orderwhich are 3% lower than the actual rate constant. This deviation
rate constantk', was determined by multiplying the resulting is small when compared with our estimated uncertainty t6%
slope by the average gas velocity. This process was repeatediue to errors in the measurement of gas flows, temperature,
for approximately 10 different concentrations of NO; Figure 3 detector signal, and pressure. The deviation from plug flow
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TABLE 1: Summary of Rate Constants for Reaction 1 TABLE 2: Summary of Experimental Determinations of the
Obtained at Temperatures around 295 K Rate Constant of Reaction 1
T(K) P (Torr) velocity(cms!) Re k+o (1072cm’s™?) k+o (10 2cm’s?) T(K) pressure range ref
292 70 2397 3231 8.92 0.42 8.1+ 0.8 296 1.+1.7 Torr of He 3
294 82 1717 2660 7.82 0.27 8+1 298 1.0 Torr of He 20
294 94 1404 2530 7.3%0.24 79+£0.5 298 1.0 Torr of He 21
295 97 1605 2960 8.32 0.28 8.0+ 0.5 296 0.9 Torr of He 13
293 107 1375 2800 8.2+ 0.39 9.0+14 298 2 Torr of He 12
292 135 1164 3030 7.920.18 11+ 2 297 0.75-1.2 Torrof He 22
292 149 1235 3550 8.46 0.31 7.6+09 293 2-12 Torr of He 23
295 175 1035 3440 7.64 0.28 6.9+ 0.3 298 2 Torr of Ar 24
291 199 910 3520 7.4%0.35 8.5+ 0.7 297 0.8-13 Torr of N» 25
8.0+ 0.5 294 76-199 Torr of N this work
LN B RN L L L LA R R |
14 e 1
L HO, + NO — OH + NO,
= [._ T=293K -
o 0.8
= 10} i
Q
2 - O oo ~ iy
8 F = 'z
ME ° [} 5 5 g 0.6
= =
© 6} . —
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S 5 0.4
Z 4} - n
-
2 | = 0.2
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Figure 5. Plot of the HQ + NO rate constant as a function of flow Injector Position (cm)

tube pressure. Each point was obtained at a temperature near 293 KFigure 6. Signal intensity as a function of injector position. The curve

The solid line represents the average of the previously reported values,passing through the H@&nd NQ data represents the values calculated

8.3 x 1072 cm® molecule® s™* (see Table 2). for a first-order decay of reactants and a first-order appearance of
products, respectively. The curve passing through the OH data is based

increases as the walls become more reactive: the rate constantsn the combined effect of reaction 1 and reaction 10 on the OH

determined us|ng the p|ug flow approximation are pred|cted by concentration. The data pOints were obtained under the fO”OWing flow

the model to be accurate to within 2% in the absence of wall tclﬁzclf"l‘?détf”;ggo: 108 Torr,T = 294 K; average velocity= 1420

reactions¢ = 0) and to within 8% assuming that H@olecules ’ '

are removed with every wall collisiory (= 1)1 TABLE 3: Summary of Rate Constants for Reaction 1

The rate constant for reaction 1 was determined at flow tube Obtained in the Temperature Range 295 K> T > 200 K
pressures ranging from 70 to 190 Torr. Table 1 contains a 1 (k) p(Torr) velocity cms!) Re ko (10 2cns )
summary of the rate constants determined near room temper-

. R 293 107 1375 2800 8.2+ 0.78
ature; these results are also shown in Figure 5. As can be seen 5g, 97 1695 3400 9.08 0.80
in the figure, the rate constant is independent of pressure to »gg 92 1570 3040 7.7% 0.44
within experimental error. The average value of the rate 269 98 1690 3720 8.84 0.52
constant near 294 K is= (8.0+£ 0.5) x 10712cm? molecule® 260 97 1460 3370 9.44 0.36
s 1; the uncertainty represents the scatter in the data at the 1 ggg gg 1228 384118 g-gﬁ 8-‘5“73
standard deviation level and is not an estimate of systematic : :

. L . 243 94 1490 3760 9.53% 0.21

errors. If a linear fit is made to the data, the following 535 93 1405 3685 114 05
expression ik = [(8.7 &+ 0.5) — (0.006+ 0.005P] x 10712 234 95 1423 3890 102 0.5
cm® molecule’® s71, whereP is the flow tube pressure in Torr. 224 91 1375 3870 102 0.4
The average value of the rate constant determined in this work 224 95 1445 4260 11205

is in excellent agreement with the results of previous low- 220 93 1450 4300 10£0.5
. . 215 93 1280 3980 122 0.8

pressure flow tube studies. A summary of the previous 57, 99 1750 5950 118% 05
measurements of the rate constant near room temperature is 206 94 1275 4300 12805

listed in Table 2.

In several cases the products of reaction 1 were also effect of reaction 1 and reaction 10 on the OH concentration
monitored. Figure 6 shows a plot of the HJONO,, and OH  assumingkio = 7.0 x 103t cm® molecule* 5712
signals as a function of injector position. The curve passing We also measured the rate constant for reaction 1 at
through the H@and NQ data represents the values calculated temperatures between 206 and 293 K. A summary of these
for a first-order decay of reactants and a first-order appearanceresults is given in Table 3 and in Figure 7. The majority of the
of products, respectively. Although OH is a product of reaction rate constants were determined at a pressure of approximately
1, the OH signal slowly decays as the injector is pulled back 95 Torr. The rate constant was observed to increase by

due to the secondary reaction with NO: approximately 50% as the temperature was lowered from 300
to 200 K. From the data listed in Table 3, we obtain the
OH+ NO+ M — HONO+ M (10) Arrhenius expressiok(T) = (3.0 £ 0.4) x 10712 exp[(290+

30)/T] cm® molecule’? s71; the uncertainty is given at the 1
The curve passing through the OH data is based on the combinedtandard deviation level. Howdfthas performed the only other
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20 —r———r—r—rTT—T—r—r——rr— cessfully coupled to turbulent flow tube systems for chemical
kinetic studies at relatively high pressures and low temperatures,
that is, under conditions outside the operating range of the well-

established conventional fast flow technique.

HO, + NO — OH + NO,
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