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ABSTRACT: Computational

uid dynamics (CFD) simulations and isothermal approximation were

A6

applied for the interpretation of experimental measurements of the C,,H,Br pyrolysis e ciency in the
high-temperature microreactor and of the pressure drop in the ow tube of the reactor. Applying
isothermal approximation allows the derivation of analytical relationships between the kinetic, gas ow,
and geometrical parameters of the microreactor, which, along with CFD simulations, accurately predict
the experimental observations. On the basis of the obtained analytical relationships, a clear strategy for
measuring rate coe cients of (pseudo) rst-order bimolecular and unimolecular reactions using the
microreactor was proposed. The pressure- and temperature-dependent rate coe cients for the C,y,HBr
pyrolysis calculated using variable reaction coordinate transition state theory were invoked to interpret
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the experimental data on the pyrolysis e ciency.

1. INTRODUCTION

Experimental measurements of kinetic rate constants for
chemical reactions relevant to processes under typical
combustion conditions represent a key challenge for accurate
modeling and proper understanding of fuel burning. Only a
few percent of reaction rate constants have been measured at
the temperatures inherent to combustion. This is due to the
insu cient development of experimental instrumentation to
perform Kkinetic measurements at high temperatures and
pressures. A silicon carbide (SiC) chemical microreactor
incorporated with photoionization mass spectrometry
(PIMS) provides an opportunity to measure the kinetic
constants of processes under high-temperature conditions up
to 2000 K.* © However, several de ciencies of the high-
temperature microreactor complicate the interpretation of the
experimental data. First, gas acceleration and friction against
the microreactor walls at transonic velocities result in a
signi cant pressure drop and a velocity increase along the ow
in the reactor's tube. Second, the wall temperature of the
reactor is generally not uniform. Under these conditions,
nding dependences of the relative number densities of the
reactants and products at the reactor’s exit on the residence
time of the gas mixture and the number of collisions in the
reaction zone is not a simple task. Hence, complex computa-
tional uid dynamics (CFD) simulations in the channel of the
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microreactor accounting for the conservation of mass,
momentum balance of the viscous ow, and the heat transfer
must be applied to interpret the experimental data™® and
extract subsequent kinetic information. A shock tube technique
coupled with PIMS has been also considered for measuring
rate constants,™* but a low cycle rate of the shock tube poses
serious problems when recording weak signals, which is
common in the studies of kinetic processes. Alternatively,
spectroscopic methods to follow the kinetics of reactants,
products, and intermediates in a shock tube are broadly used,
but they require prior knowledge of the spectra of the species
involved, which is not universally available.

Guan et al." performed CFD simulations to explore the gas
ow and chemical processes in a microreactor in detail. Their
analysis of the CFD simulation results has shown that the
microreactor exhibits several characteristic features in the
behavior of the gas ow and its interplay with the chemical
kinetics of the reactions involved including the following: (a)
the gas ow in the reactor is laminar; (b) the gas velocity
reaches the sonic speed at the exit of the reactor’s channel; (c)
there is a slip of the ow at the boundaries near the
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downstream end of the reactor under some circumstances; (d)
the in uence of secondary chemical reactions can be
minimized. Guan et al.* illustrated that the CFD simulation
results are comparable with the observed experimental data
and concluded that the kinetic information can be extracted by
matching CFD simulations with the concentrations of the
reactant and product measured at the reactor’s exit. Recently
Weddle et al."? demonstrated that a boundary-layer model
provides a computationally e cient approach to modeling
detailed chemical kinetics in the high-temperature micro-
reactor. They concluded that the ow eld depends strongly
on the uid properties of the carrier gas. When Ar is used as a
carrier, a ow eld is far from plug ow. However,a ow eld
with He as a carrier gas can well be approximated as plug ow.

The CFD simulation provides a great deal of information on
distributions of temperature, pressure, velocity, and number
densities of the reacting species along the gas ow in the
microreactor. The results of numerical simulations presented
in the literature™®* show that these distributions may vary
dramatically. Fluid dynamic equations take into account both
principal and minor interactions, and therefore the calculated
concentrations of the reactant and product at the reactor’s exit
depend in a complex manner on the parameters of the reactor
and the gas ow. Then, a question arises: Do other strategies
exist besides the CFD simulation that can be used to evaluate
kinetic constants based on the experimental results measured?
When measuring kinetic constants of chemical reactions,
handy dependences of the residence time and the number of
collisions between reacting species on the ow and the reactor
parameters are very much in demand. Finding such depend-
ences would greatly simplify the interpretation of experimental
measurements and would allow one to select optimal
parameters of the gas ow and the reactor. In the present
work, we engage isothermal approximation to derive the
dependences of the residence time, the number of collisions,
and the output fractions of the components of interest in the

ow and reactor parameters in an explicit, analytical form.
CFD calculations and ow tube and PIMS measurements are
then invoked to validate the obtained analytical dependences
by conducting calibration experiments for nitrogen (N,),
oxygen (0O,), carbon dioxide (CO,), ethylene (C,H,), and
helium (He). Finally, the developed theoretical expressions are
exploited to extract the rate coe cient for unimolecular
decomposition of 2-bromonaphthalene (2-C,oH,Br) from its
output fraction measured experimentally, and the results are
compared with CFD simulations and with purely theoretical
calculations using variable reaction coordinate transition state
theory (VRC-TST).

2. EXPERIMENTAL SECTION

The gas scheme used for measuring the pressure drop in the
tube imitating the SiC chemical reactor at ambient temper-
ature is presented in Figure 1. A mass- ow controller (MFC)
GES50A with 200 sccm nitrogen (N,) full range governed from
a personal computer (PC) was used to control the mass ow
rate. The Baratron pressure gauge (model 722A-23274)
measured the gas pressure P, upstream of the tube. Another
275 Convectron Pirani vacuum gauge measured the gas
pressure P, downstream from the tube. Then, a gas channel in
the tube with 1.0 mm inner diameter and 2 cm length was
drilled in the 9.5 mm steel cylinder. The gas duct was pumped
out with a TriScroll vacuum pump (model TS300). The
pumping rate was su cient to ensure that the pressure of the
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Figure 1. Gas scheme for measuring the pressure drop in the tube of
the SiC chemical reactor. PC is a personal computer; V; denotes valve;
P, and P, are pressure gauges located in the gas duct upstream and
downstream of the tube, respectively; MFC is a mass- ow controller.

gas at the tube exit P,,; was much higher than P,,. The valves
V,, V,, and V; served for redirection of the gas ow or/and
separation of some part of the ow from the others. Ultrahigh-
purity (UHP) sample gases oxygen (O,), carbon dioxide
(CO,), ethylene (C,H,), and helium (He) were used in this
study.

3. CALCULATIONS OF THE RATE COEFFICIENT FOR
THE PYROLYSIS OF C,oH,BR

To evaluate the high-pressure (HP) limit rate constants for the
barrierless reactions of the Br atom with 1- and 2-naphthyl
radicals CioH; we employed VRC-TST.**'* VRC-TST
calculations allow evaluating numbers of states for soft
transitional modes orthogonal to the reaction coordinate
classically, which provides a more accurate result then treating
these modes as harmonic oscillators as in the variational TST
approach. Within this framework, we computed (E,J-resolved
reactive ux for the Br addition to C,yH;. The data obtained
were then converted to macrocanonical temperature-depend-
ent HP rate constants, which in turn were utilized in master
equation calculations of pressure dependence. Energies of
various structures were probed at the CASPT2(2,2)/cc-pVDZ
level of theory,>*® where the active space included one
unpaired electron of the bromine atom, one unpaired electron
of the naphthyl radical C,yH;, and the two corresponding
orbitals. Then, the following ad hoc one-dimensional
corrections depending only on the R, distance corresponding
to the forming C Br bond were included:

E.[methodl= EJ; CASPT2(2,2)/cc pVDZ [E gepm

+ [E methdd

where E is a relative energy for a particular Br/C,yH,
con guration with respect to the separated Br + C,3H,
fragments. E[geom] is a correction for geometry relaxation
computed as a di erence of energies of an optimized structure
along the minimum energy path (MEP) for the approaching
fragments corresponding to a particular value of R, and the
structure at the same Rgg, but with geometry of the C;oH;
fragment frozen (the same as in an isolated C,,H; radical).
The calculations of E[geom] were performed at the
CASPT2(2,2)/cc-pvVDZ level. The geometry optimization
was not complete, because all the dihedral angles were kept
frozen at 0° or 180° to ensure C, symmetry of the structure.

E[method] is a correction for a higher level of theory
computed for frozen-fragment structures along the MEP also
corresponding to particular values of Rqg,:
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Emethde= H, meth&@ E, CASPT2(2,2)/cc pVDZ

The higher-level corrections were evaluated at the CASPT2
level with the same (2,2) active space and the cc-pVTZ
(Ecc pvr2) and cc-pVQZ (B pvgz) basis sets. The calculated
values were then used for extrapolation to the complete basis
set (CBS) limit using the two-point expressions

Eces= Eccpvort (Ecc pVQg E ccpurx 0.69377

Eces= Eccpvrzt (Ece pVTg Eccpvdx 0.462&

The corrections were computed at nite values of Reg,
between 1.6 and 8 A, and then an interpolation by splines was
employed to evaluate the corrections at arbitrary R.g, values
within the given range. All the ab initio calculations were
performed using the Gaussian 09*” and MOLPRO 2010*°
program packages.

On the course of VRC-TST calculations, the corrections
were added to the explicitly computed energy of a
con guration based on the Rg value in this con guration.
In the case of 1-bromonaphthalene (Figure 2), there was only a
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Figure 2. Total energy corrections for 1-bromonaphthalene
( Eftotal] = E[geom] + E[method]) calculated using two-point
CBS extrapolations: black with the cc-pVTZ and cc-pVDZ basis sets
and red with the cc-pVTZ and cc-pVQZ basis sets.

small di erence between two values obtained using the
aforementioned expressions at lengths from the range of
interest (Reg, 1.9 A and higher in the CyoH,Br molecules),
so the extremely demanding computations with the cc-pVQZ
(Ecc pvoz) basis set were not performed for 2-bromonaph-
thalene. Bond dissociation energies used in ME analysis were
set to 81.2 and 81.7 kcal/mol for 1- and 2-bromonaphthalene,
respectively.”® Calculated rate constants for unimolecular
dissociation of 1- and 2-bromonaphthalene to CyoH; + Br
are presented in Figure 3a,b, respectively.
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Figure 3. Calculated rate constants for dissociation of 1- (a) and 2-
bromonaphthalene (b) at di erent pressures. (black ) 0.01 atm,
(red ) 0.0395 atm, (blue ) 0.1 atm, (magenta ) 0.3 atm,
(green ) 1 atm, (purple ) high pressure limit.
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Rate constant values were approximated by modi ed
Arrhenius expressions and used in numerical simulations.
The list of reactions signi cant for the modeling of the 2-
CyoH,Br pyrolysis is presented in Table 1. The pressure
dependence of kj; was approximated as logarithmic. Rate
constants of the secondary reactions 2 and 3 were taken from
the literature.”>** Modi ed Arrhenius expressions for the rate
constants, geometries, and frequencies employed for rate
constant calculations, as well as optimized geometries along the
MEP, are given in Supporting Information.

4. RESULTS AND DISCUSSION

4.1. CFD Simulation Results. In this section, we present
the velocity, pressure, temperature, and reactive species
distributions in the reactor computed by solving the Navier
Stokes equations for the conservation of mass, momentum
balance for the viscous ow, and the heat transfer reported
elsewhere.“®#1% Usually, in experiments the reactive species
were greatly diluted with a carrier gas, and so we can ignore the
e ect of chemical reactions on the dynamics of the ow. The
Comsol-Multiphysics package®* was employed for the
calculation of the distribution of gas-dynamic parameters of
the gas ow in the microreactor. When simulating
physicochemical processes in the microreactor, the following
problems were simultaneously solved: the ow of the electric
current and ohmic heating, the heat transfer between the nodes
of the microreactor and the radiative heat transfer to the
surrounding space, the Navier Stokes and heat-mass transfer
problems in the gas ow, the kinetics of the pyrolysis process.
The temperature dependences of the viscosity, heat con-
ductivity, and heat capacity in the range of T = 300 1600 K
were taken into account. For the mass ow used, the gas
pressure closer to the exit of the reactor can be less than 10
Torr. Under these conditions with the He carrier gas there is a
slip of the ow at the boundaries."® The Maxwell model for
the slip velocity boundary conditions at the wall of the reactor
was employed. Note that this group recently employed the
approach described above to CFD simulations of physical and
chemical processes in the microreactor while studying the
orthebiphenylzyl radical plus acetylene® and phenyl radical plus
vinylacetylene®® reactions and found a generally good agree-
ment with experiment.

The initial data for the calculations correspond to the
experimental conditions reported in detail in our recent
publication®* and presented in Table 2. A simpli ed sketch of a
resistively heated silicon carbide (SiC) high-temperature
“chemical reactor” used in this work is shown in Figure 4.
The microrector represents a gas- ow SiC tube with an
internal diameter of 1 mm, total length of 38 mm, and ohmic
heating zone length of 20 mm. The temperature of the SiC
tube was monitored using a type-C thermocouple. The inlet
end of the SiC tube (2 mm in length) was inserted into a hole
in the alumina holder, which in turn was surrounded by a
copper heat-exchanger cooled by water. Molybdenum electro-
des with a diameter of 21 mm and a width of 4 mm come into
contact with the SiC tube through graphite slivers. The carrier
gas and pyrolysis products ow into the zone of strong
rarefaction (pressure below 1 x 10 ® Torr). After exiting the
pyrolytic reactor, the molecular beam passes a skimmer and
enters a detection chamber containing a ReTOF mass
spectrometer. The products were photoionized in the
extraction region of the spectrometer by exploiting quasi
continuous tunable vacuum ultraviolet (VUV) light from the
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Table 1. List of Reactions Involved in the Pyrolysis of 2-C,y,H,Br and Their Rate Constants

reaction pressure, Torr rate constant units ref
1f CypHBr CyH;+Br P1=75 Kpy = 031163 x 10%%/T 2440 exp( 42009/T)  0.15229 x 10%/T?2368 x st this work
exp( 84 077/T)
P2=175 Kipp = 0.218 31 x 10%/T?23% exp( 73308/T) + 0.277 82 x 1045/T 88080 x s ! this work
exp( 46476/T)
75 P 75 Kkpt (kpy  kp) % (log(Pl) log(P))/(log(P1) log(P2)) s ! this work
Ir CyH; +Br  CyHBr 75 P 75 092836 x 10Y7/T7%20 exp( 9687.1/T) + 58.130/T37% exp( 1896.5/T) em®s 1 this work
2f Br, Br+Br 6.18 x 10 2 x (T/298)°° x exp( 134000/8.31/T) st 20
2r Br+Br+He Br,+He 32 x 10 3 x (298/T)*% emfst 21

Table 2. Experimental Conditions®* for the Measurements
of Pyrolysis of 2-C,,H,Br

parameter value
He ow rate 60 mol/s
CyoH;Br ow rate 5.4 nmol/s
initial gas temperature 300 K
output bulk pressure 1 x 10 ® Torr
SiC temperature® 1500 K

@At the center between molybdenum electrodes.

Figure 4. Sketch of the microreactor: (1) SiC tube, (2) molybdenum
electrodes, (3) alumina holder, (4) copper heat exchanger, (5)
graphite slivers.

Chemical Dynamics Beamline of the Advanced Light Source
and detected with a microchannel plate detector.

In the rst approximation, the temperature distribution
obtained by solving the heat-transfer problem only for solid
parts of the reactor was employed to start CFD calculations.
The ohmic heating power was adjusted so that to achieve the
reactor wall temperature of T, £ 1 K at the center point
between the electrodes. Next, ohmic heating, heat transfer,
non-isothermal CFD, and mass-transfer problems were solved
simultaneously by the iterative method. In the iteration
procedure, the gas pressure at the outlet of the reactor and
ohmic heating power were considered as independent variables
at a preset mass ow rate. The initial values of the variables for
the iteration step N + 1 were taken from the previous step N.
The gas outlet pressure and ohmic heating were varied, until
the Mach number value of M = 1.00 &+ 0.01 at some point of
the outlet cross section of the reactor and the wall temperature
T, £ 1 were attained.

The distributions of temperature T, pressure P, and gas
velocity U along the tube at the central axis of the reactor for
T, = 1500 K are presented in Figure 5. Analogous modeling
was also performed at the electric power of 48 W at which the
microreactor’s temperature was T, = 1600 K. Calculations
show that the distributions of the radial temperature and
number densities of the gas components are almost uniform in
the high-temperature region of the reactor. The heating power
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Z,cm

Figure 5. CFD simulation of distributions of pressure P, temperature
T, and axis velocity U for the gas stream along the axis of the
microreactor under the experimental conditions. z = 0 corresponds to
the inlet of SiC tube. The gray rectangles illustrate positions of the
electrodes. The dashed line represents the temperature distribution
for =2WmK?1

of 37 W at T, = 1500 K is mainly lost via radiative emission
(33 W) from the SiC tube, graphite slivers, and molybdenum
electrodes. A small part (3 W) of the heat power leaks through
the alumina holder. The rest of the heat (1 W) is carried away
with the gas ow.

The temperature distribution in the SiC reactor between the
electrodes is determined from the balance of the energy input
during the resistive heating and energy removal both during
the heat transfer along the tube and thermal radiation from the
surface of the tube and electrodes. Figure 5 displays the
temperature dependence for the SiC tube with the assumed
heat conductivity =12 W m ! K ! T, = 1500 K (solid
curve), whereas the dashed curve shows the temperature
distribution for a ZrO, tube with =2 W m ! K 1% Clearly,
in the case of a ZrO, tube, the reactor temperature is nearly
uniform along almost the entire interval of the tube between
the electrodes that should be conducive for measuring kinetic
constants in the reactor.

CFD calculations of pressure P, temperature T, and axis
velocity U distribution as well as the rate constants presented
in Table 1 (including those for forward and reverse 2-C,,H,Br

CyH; + Br reactions computed here) were used to
compute the 2-C;oH,Br pyrolysis e ciency for two wall
temperatures of the SiC tube between electrodes. The results
of the calculations are presented in Figure 6. According to the
results, the pyrolysis e ciency of 2-bromonaphthalene was

15% at 1500 K and 46% at 1600 K. One must take into
account the accuracy of the rate constant calculations®® within
a factor of 2 and the accuracy of the microreactor’s
temperature (1 2%) and ow rate (+4%) measurements.
Taking these points into consideration, we can conclude that
the experimentally observed®* pyrolysis e ciency of 40% at T,
= 1500 K is in good agreement with the results of calculations
of the pyrolysis e ciency (15 46%). The uncertainty in the
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Figure 6. CFD calculation of the 2-C,,H,Br pyrolysis e ciency along
the axis of the microreactor for temperatures T = 1500 (solid curve)
and 1600 K (dashed curve) at the point of the reactor’s wall between
the electrodes.

calculated data is mainly due to the allowable range of values
T, +1and M =100 £ 0.01 in the iterative procedure and
does not exceed 1%.

The pressure drop and the velocity increase together with
the temperature decrease along the ow at z 2.8 cm causes
the pyrolysis process to stop as can be seen from the results
presented in Figure 6. We can also see from this gure that the
pyrolysis of 2-C,oH;Br occurs in the range from z; = 18 mm to
Z, = 28 mm. In this reaction zone the gas temperature varies
within narrow limits T 1450 + 1500 K. The average
residence time calculated using the equation derived previously
(eq S7 in ref 6) at the experimental conditions (T = 1500 K) in
the z-interval [18 mm, 28 mm] of the reactor amounts to =
56 s.

These CFD calculations illustrate that the rate constant for
the 2-C,yH,Br pyrolysis can be derived from the measured
pyrolyzed fraction of C,yH,Br at the exit of the reactor by
matching the simulation result to experiment achieved through
adjustment of the assumed rate constant expression; here, the
assumed rate constant expression was obtained from the rst-
principles VRC-TST calculations. Also note that the result for
the pyrolysis e ciency in the present case appears to be not
sensitive with respect to the assumed rate constants for the
secondary reactions of the formation and dissociation of Br,. In
the consequent section, we consider how the rate constant can
be evaluated more directly, without CFD simulations.

4.2. Isothermal Approximation. Acceptable accuracy in
measurements of Kinetic constants having strong temperature
dependence can be attained if the temperature between
electrodes is close to uniform. The CFD calculation results
show that this can be achieved by using the material for the
tube of the reactor with low thermal conductivity and with an
appropriate design of the electrodes. In this case, the chemical
reaction under consideration would take place under nearly
uniform conditions, and one can obtain rather simple and clear
dependences of the residence time and the number of
collisions in the reaction zone on the parameters of the
reactor and the gas ow using the following assumptions:

(i) The gas ow is laminar and isothermal.
(i) There are no pressure and temperature gradients across
the ow (fast heat and momentum transverse transport).
(iii) Number density of each component is uniform across
the ow (fast transverse di usion).
(iv) The velocity pro le across the
throughout the reactor length.

ow is parabolic
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(v) The centerline gas velocity at the outlet edge of the
reactor is sonic.
(vi) There is no slip of the gas stream at the surface of the
reactor.
Then, the gas mass ow rate gcan be expressed as
. » P(2 ii P(3 W
97, 2R H o= S5
(€]
Here, U is the centerline axial velocity, P(z) is the gas pressure
at distance z from the inlet edge of reactor, R(J kg * K 1) =
8.31/M is the gas constant, M (kg/mol) is the molecular
weight of the gas mixture, s= /4 is the geometric cross
section of the gas channel, d is the internal tube diameter, and
T is the gas temperature. In particular, the pressure of the gas
at the reactor exit is equal to

@

where c= ,/ RTis the sonic velocity at temperature T, and
is the heat capacity ratio.
The total momentum | of the gas stream can be found as

follows.
d/2 gﬂ)* (Z)R)ZM &Xffidy
" % (3)

The pressure drop is due to the viscous force at the surface,
which is equal to 4 U per unit of length along the tube. Then,
one obtains the equation for the momentum

di
dz 4

where is the viscosity coe cient. Taking into account eqs
1 3, the solution of the di erential eq 4 is given by
(LS?2

2 4 S i\é 2 Pout2 I 2 iz
P(2° S Ry E"' 9 3 n »
Q)

where L is the total length of the reactor. Using egs 2 and 5
together, we can nd the pressure distribution P(z) along the
ow in the reaction zone. In practically interesting cases, the

condition 2L 1 is valid. In this case, eq 5 can be rewritten

U
3RT

=84 U

0

as follows.?®

P(Z):PW/W 29RT\/W
ou g

It follows from eq 6 that the gas pressure at the inlet of the
reaction zone (z = 0) is given by

RTY¥ 16 -RT- -
O T R

s ¢ )
The assumptions made above can be critical for nding

target parameters under conditions of transonic velocities at
low outlet pressures. In this section we present experimental
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and CFD calculated results indicating that isothermal
approximation can be applied for nding relationships between
the ow and the reactor parameters. With the gas- ow testing
line shown in Figure 1, the inlet gas pressures (z = 0) were
measured in relation to the molar ow rates of CO, and He at
ambient temperature, which are depicted with black square
symbols in Figures 7 and 8. Blue triangle symbols in these

1
30 s -
u = Exp . i
PLZS ® Eq.6 6
s A CFD A
620 o A ] .
=t :
é 15+ 3 A
S0 t E
=0
=
5 —.l‘ 4
i 2 1 A 1 " 1
50 100 150

CO, flow rate, scem

Figure 7. Inlet pressure dependences vs the CO, ow rate at ambient
temperature measured experimentally () and calculated with eq 6
( ) and CFD simulations ().

T T T T T
. 30 F R t
=
PFZS- ® Exp : p
£ ® Eq.6 a
& .
1:20- A CFD - _
g :
@ 15k ] E
: i
E 10 x‘ E
5—: B
n 1 L 1 L 1 L 1 L 1

50 100 150 200 250
He flow rate, sccm

Figure 8. Inlet pressure dependences vs the He ow rate at ambient
temperature measured experimentally () and calculated with eq 6
( ) and CFD simulations ().

gures represent the results of CFD simulations at the
experimental conditions. For further CFD and analytical
calculations we used the values of viscosity and heat capacity
ratios presented in Table 3. Simpli ed T%° temperature

Table 3. Viscosity Coe cients and Heat Capacity Ratios
Depending on the Gas Temperature®’

gas viscosity, (gcm s ?) heat capacity ratio,

He 2 x 10 * (T/300)°° 1.667

C,H, 1 x 10 * (T/300)%° 1.068 + 0.49 exp( T/300.285)
co, 2 x 10 * (T/300)°° 1.166 + 0.303 exp( T/337.26)

dependences® of gas viscosity coe cients were utilized, and
heat capacity ratios were computed using the temperature
dependence of the gas heat capacity.”® One can see that both
CFD and analytical calculations satisfactorily reproduce the
experimental data in the wide range of variation of the gas ow
rate of O,, C,H,, CO,, and He. This testi es to the validity of
our assumptions adopted in the beginning of this section.

Typical pressure distributions along the ow calculated using
egs 5 and 6 along with CFD simulations are exhibited in Figure
9 at T = 1500 K and the molar ow rate g= 400 sccm for two

150 - —

50

Pressure P(z), Torr

Length z, cm

Figure 9. Calculated pressure distributions along the ow at T = 1500
K and g= 400 sccm for two carrier gases, namely, C,H, and He.

carrier gases C,H, and He. CFD calculations were performed
at a constant temperature of the reactor wall, although the gas
temperature closer to the outlet of the reactor was slightly
decreased. The di erences between the three calculated
pressure distributions do not exceed 10% all the way from
the entrance to the exit of the reaction zone. The lighter the
carrier gas and the lower the gas ow rate, the higher the ratio

= P,/P,,. For example, for the conditions of Figure 9, the
values of amount to 157 and 524 for C,H, and He,
respectively. For g= 50 sccm and T = 1500 K, the values of
are 3.2 and 16.9 for C,H, and He, respectively. Thus, the most
uniform pressure distribution can be achieved with heavier
carrier gases at higher ow rates, but the latter condition
represents a technical challenge.

As mentioned above, the pressure distributions calculated by
CFD and via egs 5 and 6 are very similar. At isothermal
conditions, this means that the average velocity distributions
along the z axis are also very similar. The distribution from eq
6 exhibits a clear analytical dependence on the reactor and gas

ow conditions, allowing us to obtain the most important

parameters such as the gas residence time, the number of
collisions of a molecule with ambient molecules, and the
consumption of reacting components. It is more convenient to
derive the formulas of interest using the distance from the
outlet of the reactor y=L z The gas residence time inside
the interval [y, yZG] in isothermal approximation can be
expressed as follows

2 P() s 2 % 1y
L y) = 22 Pgz= £ 1+ d
red Y %) . ORT c y

®

wherey=L zy,=L z,¥%=L 2z aredistances from the
reactor outlet and y; > y,. Substitution of eq 6 into eq 8 and
integration of the resulting expression gives an analytical
formula for the residence time

RN
ol% ) = 3?: &Jr g-RTyli S MJr g-RT\ﬁi

Taking into account that c= ,/ RT one obtains
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g 4 1.5 4 1.5
b0 = 5 I S s 5
(10)

It is remarkable that there is no dependence of the residence
time on the reactor diameter d. With eq 10, the dependences
of residence time ., on the gas temperature T, the interval [y;,
y,] of the reaction zone, the gas ow rate g and the molecular
weight of the gas mixture M can be easily traced. To calculate
the total gas residence time in the reactor one must make a
substitution y; = L, y, = 0 in eq 10.

The dependences of the residence time on the gas ow rates
of He, C,H,, and CO, with the reaction zone length L = 1 cm
and the gas temperature of 1000 K are shown in Figure 10 as

200

150

100 |

Residance time, psec

2
T

0 100 200 300 400

Gas Flow rate, sccm

500

Figure 10. Residence time as a function of the gas ow rate for L = 1
cm and the gas temperature of 1000 K for He, C,H,, and CO,.

an example. As can be seen, a fast decrease in the residence
time with the gas ow rate occurs for the gas ow rates below
100 sccm, and then the residence time drops only moderately
at higher values of the ow rate. For instance, with an increase
in the gas ow rate from 200 to 400 sccm, . falls by only

20%. Using He as a carrier gas is preferable, because this
allows one to obtain lowest values of the residence time. The
residence time calculated using eq 10 for the interval [y, = 2
cm,y, =1cmorz =18cm, z, = 2.8 cm] at the experimental
conditions for the 2-C,,H,Br pyrolysis, T = 1500 K, g=2.46 x
10 *g/s, =4.4x10 *g/(cm s) amounts to =67 s, in
satisfactory agreement with the CFD calculated result.

The number of collisions of reacting species is one of the
important parameters necessary for evaluating kinetic con-
stants. With the known distribution of the gas pressure
determined by eq 6, the number N of collisions of a selected
molecule with ambient molecules in the interval [y, y»] zone is
given by

red%:0)

nd res
red¥%,,0)
49(y S y) E 2
k
kgTs * g Oy (11)

where K is a rate constant in the gas-kinetic collision limit ( 1
x 10 ¥ cm¥/s), n= % is the total number density, and kg is
Boltzmann constant. For example, at the experimental
conditions for the 2-C,,H;Br pyrolysis, the calculations give
the number of collisions N = 708 in the interval [y;,y,] = [2
cm,1 cm].

N(Y, %)
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Finally, let us derive the expressions that relate the fraction
of a component A reacting in a bimolecular reaction A + B
having rate constant k,g in a carrier gas C. The subject of
interest is a change of the value 5 = ny/nwhen gas ows from
the distance z; to the distance z, in the reactor. Here n, and n
denote the number densities of the component A and the
carrier gas, respectively. It is assumed that numbers density of
the components A, B, and C are in the relationn.  ng Ny
The balance rate equation for a pseudo- rst-order bimolecular
reaction A + B under our assumptions has the following form

= d d Ms

S— = — = -
& A dy A Kae gN( AN Nog @2
where g = ng/n n=n, + ng + n, and N, is Avogadro

number. The solution of eq 12 is given by
2
Ms
In A(%) Kag g % MY 1 dy
A% aN oy EBT (13)

By integrating eq 13 we obtain the following expression
relating the fraction of the component A to the parameters of
the reactor and the gas ow within the distance from y; to y,

=S

A% _ Kag gN(Y, %) {
K expﬁ K
49y S ) 2
= expgkABB E,sz §+ 3 v+ Y
(14)

where N(y,,Y,) is de ned by eq 11. The physical meaning of eq
14 is quite clear. The value Kag/K is the probability of the
reaction A + B to occur in a single collision, and gN(y,,Y,) is
the number of collisions of a molecule A with molecule B in
the interval [y, y»].

For a unimolecular reaction AB A + B with a pressure-
independent rate coe cient kag (s 1) the change of the AB
fraction in the interval [yy, »] is

A% _ -
—A(yl) expE Kag res %))

4y 30
= exp 31_5?% + gl i

1Y%
g

1.5
IS M+ i
(15)

Let us estimate the e ciency of 2-C,yH;Br decomposition
using eq 15. We assume that pyrolysis occurs only within the
distance interval from z; = 1.8 cm (y; =2 cm) to z, = 2.8 cm
(¥, = 1 cm), and the temperature is 1500 K. This assumption is
reasonable because COMSOL calculations showed explicitly
that e cient decomposition of 2-C,oH;Br occurs in this
interval (see Figure 6). The calculation with the numerical
values of the viscosity = 4.44 x 10 *gcm s ! (Table 3),
the rate constant of 2-C;,H,Br decomposition Kyg = kipy = 1.52

x 10%s Tat T = 1500 K (Table 1) gives % =0.90 or the
AVY
e ciency of decomposition of 10%. This is in good agreement

with the CFD-calculated result 13% (Figure 6) but lower than
the experimental value of 40% at 1500 K. The discrepancy with
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experiment can be due to underestimation of the value of ke,
in the quantum chemical calculations. Another possible reason
for this discrepancy can be an underestimation of the reactor’s
temperature. The temperature measurement in the reactor is a
complex problem, and a substantial uncertainty of this value
can be expected. The rate constant sharply depends on
temperature, and this uncertainty can result in incorrect
interpretation of the experimental result. For example, at the
temperature T = 1600 K, kp,= 8.45 x 10%s 1, and eq 14 gives
43% for the e ciency of the 2-C,yH,Br pyrolysis. This is in
excellent agreement with the CFD calculations (46%). This
estimation is closer to the experimentally measured e ciency
of 40%, which forces us to assume that the real temperature of
the reactor was closer to 1600 K.

5. CONCLUSIONS

Summarizing, we can conclude that the high-temperature
microreactor can be used to measure kinetic constants of
processes that last more than a few tens of microseconds. The
results of CFD simulations testi ed (Figure 5, dashed curve)
that temperature distribution over most of the reactor interval
between the electrodes can be nearly uniform for tubes with
low values of thermal conductivity coe cients 2Wm!
K 1 In this case, isothermal approximation can be applied for
the interpretation of experimental data. By neglecting the
pressure, temperature, and component concentrations gra-
dients across the ow, assuming a parabolic velocity pro le
throughout the reactor length, taking the centerline gas
velocity at the outlet of the reactor to be equal to sonic, and
neglecting slip of the gas velocity at the surface of the reactor,
the analytical equations for the residence time (eq 9), the
number of collisions (eq 11), relative fractions of components
of interest at the reactor exit (eq 14 for bimolecular reactions
and eq 15 for unimolecular reactions) have been derived. The
calculated values of the e ciency of the 2-C,yH;Br pyrolysis
using eq 15 and CFD simulations are in satisfactory agreement.
Even better agreement has been obtained between the
calculated and experimental values of the inlet pressure P, as
illustrated in Figures 7 and 8. This con rmed that the
assumptions taken are judiciously chosen. We are not aware of
any reports in which the kinetic measurements were performed
in a microreactor with a temperature distribution close to
constant over a greater part of the reaction zone. This did not
allow us to test the proposed approach to the fullest, but
further veri cation of the isothermal approximation should
become possible with new developments of the experimental
technique.

At a low He ow rate, the free path becomes comparable
with the tube radius, and a ow slip occurs at the boundaries
near the downstream end of the tube. This e ect was taken
into account in CFD simulations but was neglected when
analytical expressions were deduced. CFD calculations reveal
that there is a signi cant increase of slip velocity up to 400
m/s closer to the exit of the tube. If this e ect becomes
signi cant only in a short interval, then it can be neglected,
especially at elevated gas ow rates.

As follows from Figure 10, the residence time shortens with
a gas ow rate, dropping rapidly up to 100 sccm and then
decreases moderately. High values of . at low gas ow rates
are due to large pressure losses via friction. Therefore,
measurements of kinetic constants of fast processes should
be preferably performed at elevated gas ow rates above 100
sccm. With such  ow rates, a pulsed gas supply mode is worthy
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of consideration. Note however that CFD calculations are

di cult with pulsed ows and need be performed with special

care. Alternatively, the analytical expressions derived here

within isothermal approximation can be applied for the pulse

mode, when the time required to reach a quasi-stationary gas
ow, L/¢ is shorter than the pulse duration.

Equations 14 and 15 make it possible to easily interpret the
experimental data and extract the values of the rate coe cients
for (pseudo) rst-order (ng n,) bimolecular and
unimolecular reactions, respectively. For example, a linear t
of an experimental plot of In "0/ ,(y,) versus zata xed gas
temperature and g Llallows one to determine the rate
coe cient, as follows from eq 14. The rate coe cient for a
unimolecular process can then be extracted from experimental
dependences of In A0/ ,(y;) on the reactor length L or the
total gas ow rate g using eq 15. The more uniform the
temperature distribution in the reaction zone, the higher the
accuracy of the measurement. Thus, the microreactor can be
employed for direct measurements of reaction rate constants,
especially when secondary reactions are too slow to a ect the
consumption and production of the component of interest.
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