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profiles and reaction rates in tubular flow reactors by including very fast 
wall reactions such as surface catalyzed atom recombinations. The plug 
flow assumption is investigated and found to be valid in tubular flow reac- 
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tivation probabilities of 0 and N atoms, respectively, are reported. 
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SCOPE 

Recent advances in the understanding and modeling of 
complex reaction systems such as the atmosphere and 
combustion systems have been due, in large part, to the 
availability of reliable rate coefficients for fast free radical 
reactions. Many of these rate constants have been 
obtained in the laboratory using low pressure flow tube 
reactors in which the effects of transport processes are 
assumed to be negligible. However, some of these ass- 
umptions may contribute significantly to the error asso- 
ciated with measured rate constants. The objectives of 
this paper are to point out some of the errors made in these 
studies by not including consideration of the transport 
effects. We also point out the nature of the boundary con- 
dition (wall reaction) that may affect the concentration 
profile and thus the measurement of the apparent homo- 
geneous rate constant. 

Many previous investigators have used the plug flow 
assumption to determine species residence times (Kauf- 
man, 1961) which, under certain conditions, represents a 
valid assumption. An analysis of this problem by Poirier 

and Carr pointed out the necessity of solving the continu- 
ity equation to determine experimental conditions where 
the plug flow assumption is valid. We will extend their 
analysis to include a range of bouhdary conditions (wall 
reaction rates) that are important in systems such as tube 
wall catalytic reactors and in the deactivation of very reac- 
tive species at vessel walls. The approach here will be to 
provide experimentalists with an empirical coirection fac- 
tor which can be applied to the residence time obtained 
using the plug flow assumption. This factor will account 
for the radial concentration profile, and hence nonuniform 
residence times, that can exist under many types of expe- 
rimental conditions. The paper will also discuss the errors 
involved when a species concentration is detected in the 
radial direction by an integrating or averaging technique 
which may not take into account the substantial concen- 
tration gradients that exist. The concepts presented here 
are applied to the analysis of surface recombination rates 
for two atomic species found in combustion systems and 
the atmosphere. 

CONCLUSIONS AND SIGNIFICANCE 
J** 

Owing to the current interest in energetic, rapid gas 
phase reactions important in the upper atmosphere, com- 
bustion systems and lasers, highly reactive species are 
being added to the long list of chemical compounds for 
which detailed rate constants are necessary. Many chem- 
ical kinetic studies in which these rate constants are mea- 
sured have neglected the effects of t r a n s ~ r t  Drocesses, - - -  
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which become increasingly important as reaction rates 
become more rapid. A finite rate of wall deactivation for 
these very reactive species and a radial concentration 
profile giving rise to a distribution of residence times are 
two phenomena involving transport that have been over- 
looked as contributing to errors in studies of fast reactions. 
To aid in determining appropriate experimental condi- 
tions for studying these reactions, the regimes in which 
the plug flow assumption cau be made have been rein- 
vestigated to include the effects of fast wall reactions. 
These criteria are summarized in Table 1. 



When the plug flow assumption is valid, a convenient 
method for calculating the true heterogeneous rate con- 
stant has been presented. We stress the difference be- 
tween the apparent rate constant determined from the 
axial concentration profile (kd, units of frequency) and the 
true heterogeneous rate constant (b, units dependent on 
the boundary condition but most ofken units of velocity). 
The quantity k, is often incorrectly reported as k, in 
the chemical literature. For very reactive species, the 
quantity k, has a strong effect on the radial concentration 
profile and can cause the average axial concentration de- 
tected to be in error depending upon the detection 
method. 

The criteria developed here were applied to experi- 
ments involving reactions of N and 0 atoms. A true wall 

reaction rate constant k, and the probability of molecular 
deactivation, y were obtained for N and 0 atoms, y being 
approximately to for both species on teflon and 
quartz. 

When the plug flow assumption is not valid, we have 
presented a correlation that allows for the calculation of 
the representative residence time based on a knowledge 
of the homogeneous and heterogeneous rate constants 
and the diffusion coefficients for the species of interest. 

Errors arising from the manner in which an optical 
detection device samples concentration in the radial di- 
rection are also analyzed. A model containing important 
geometrical considerations is included to point the way to 
obtain correct radially averaged concentrations when the 
radial concentration profile is nonuniform. 

The kinetics of fast gas phase reactions involving free 
radicals and excited species are being studied in fast flow 
reactors to increase our knowledge of upper atmospheric 
phenomena, combustion systems and chemical laser sys- 
tems. Tube-wall reactors show promise for carrying out 
highly exothermic, heterogeneously catalyzed, gas phase 
reactions, since the placement of the catalyst on the wall 
allows for better temperature control. For determining 
reaction rates in these systems, two important factors, the 
rapid wall reaction rate and the mass transfer by radial 
diffision, can influence the measurement of rate con- 
stants by influencing the shape of the concentration 
profile. An additional factor is the bias of the concentra- 
tion sampling technique and how sensitive it is to the 
shape of the concentration profile. This paper will address 
the problem of measuring concentrations and residence 
times when wall reactions are rapid and the concentration 
sampling technique measures the average concentration 
over a small axial distance along a diameter of a cylin- 
d r id  reactor. This situation is frequently encountered in 
flow tube experiments (Krieger and Kummler, 1977; 
Smith, 1978), sidelight laser experiments (Lightman and 
Fisher, 1978) and some catalyst and combustion systems 
(Halpern and Rosner, 1978). 

When a radially uniform concentration Co of a trace gas 
species is introduced into a cylinder with laminar flow 
and negligible wall reaction, the concentration profile can 
become parabolic, giving rise to a radial distribution of 
residence times across the reactor. In constrast, when the 
pressure is low, and hence diffusion rapid, radial transport 
may be fast enough to maintain a flat radial concentration 
profile against the laminar velocity profile. However, if 
rapid wall reaction occurs, large concentration gradients 
can be produced in spite of rapid diffusion. This latter 
effect can be particularly important when excited states or 
free radicals are present. Several studies (Cleland and 
Wilhelm, 1956; Walker, 1961; Kaufman, 1961; Poirier and 
Carr, 1971; Ahumada, 1974; Black et al., 1974; Ogren, 
1975; Frisbee and Millikan, 1975; Davis, 1977) have at- 
tempted to determine under what combination of condi- 
tions (homogeneous and heterogeneous reaction rates, 
pressure, velocity, etc.) the residence time of a species in 
the reactor can be considered equal to the length of the 
reaction zone divided by an average velocity associated 
with the flow, that is, the plug flow assumption. An ac- 
curate value of the residence time is especially critical in 
obtaining experimental rate constants in a flowing system 
at low pressure, since the maximum velocity in laminar 
flow is twice the average velocity. Additional error may be 

introduced by measuring what is thought to be a uniform 
radial concentration with a measuring technique that may 
introduce sampling bias as a function of distance. This is 
true of some optical detection methods. 

Walker addresses the question of the effect of heteroge- 
neous reaction on the concentration profile by comparing 
an analytic solution to the continuity equation for the case 
of plug flow, with an approximate solution to the continu- 
ity equation for laminar flow. His laminar flow solution is 
valid only when z /R ,  the dimensionless axial distance, is 
large and vaVg R/DAB is near zero. Under these limiting 
conditions, Walker suggests that if Rk,/DAB, a dimension- 
less wall reaction rate, is less than 0.1, then the plug flow 
solution is within 5% of the approximate result. This cri- 
terion has been widely used in flow tube studies to justify 
the assumption that the residence time of all species in a 
reactor is the length of the tube divided by the average 
velocity. 

Poirier and Carr, in an extensive treatment, use finite- 
difference techniques to integrate the continuity equa- 
tion which included convection, radial diffusion, first-or 
second-order homogeneous reaction and heterogeneous 
wall reaction. Their results, when applied to a hydroxyl 
radical reaction set, qualitatively show that the assump- 
tion of plug flow can lead to rate constants which are 
smaller than the true rate constant. They also suggest that, 
in practice, a single parameter DAs/klR2, the ratio of diffi- 
sion rate to homogeneous reaction rate, can be used to 
evaluate the validity of the plug flow assumption. 
However, since this parameter does not include the ef- 
fects of heterogeneous wall reaction, it will be shown that 
its use can lead to serious errors for the cases of interest in 
this paper. 

Two other publications present series solutions to the 
continuity equation for the case of radial diffision, first- 
order homogeneous reaction and heterogeneous reaction. 
Ogren defines a parameter G which represents the rela- 
tive fractional difference between ideal (plug) and non- 
ideal (laminar) flow in terms of the separation constant 
associated with the exponential decay portion of the solu- 
tion. G values can be obtained from a knowledge of wall 
rate constants and binary diffision coefficients. In an ex- 
tension of an earlier work by Black et al., Frisbee and 
Millikan also obtain a solution to the aforementioned con- 
tinuity equation. They present a method by which the 
wall rate coefficient can be extracted from the slope of 
an intensity or number density vs. normalized distance 
plot. This is an important contribution to the understand- 
ing of the dynamics of a flow tube reactor. However, Fris- 
bee and Millikan and Ogren have failed to address the 
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Figure 1. Schematic of the discharge flow tube apparatus and detection 
appamtus. M = monochromator Jarrell-Ash, P = photomultiplier, RCA 
C31034A (cooled), Hi = high voltage power supply, Pi = picwmpere 
SOUKO, used with electrometer, E = Electrometer Keithley 602, or Can- 

berra Photon Counting Electronics, R = recorder. 

question of the effect of concentration profiles on resi- 
dence time and the subsequent effects on experimentally 
determined rate constants. 

The results cited previously are useful in many cases 
encountered in flowing systems. However, some condi- 
tions which are quite common have not been previously 
discussed. If the system of interest is operated at low 
pressures (less than about 1 torr which is an important 
regime for observing excited states), and if species are 
present which can react readily with the wall, large radial 
concentration gradients can occur. This effect is especial- 
ly important in an experimental apparatus which detects 
the concentration along a diameter by optically integrat- 
ing the emission from an excited species. Increased use of 
this technique is occurring owing to the high sensitivity 
this method affords for measurement of transient species 
present in low concentration in the atmosphere and in 
flames. 

This work will examine the coupled processes of trans- 
port, reaction and detection via finite-difference integra- 
tion of the continuity equation with Poiseuille flow. A 
simple method of determining effective residence times 
of the species in question, based on experimental condi- 
tions, will be presented. Also, conditions under which the 
plug flow assumption is valid will be examined. Of 
particular interest is the effect of rapid wall reaction on a 
concentration measurement made along a diameter. The 
weighting function an optical system (radially viewing 
aperture) can impose on a concentration measurement 
will be examined. Experimental measurements of N and 
0 atom loss at the walls will be presented to validate the 
analysis. 

EXPERIMENTAL APPARATUS 

A steady state discharge flow tube consisting of a 4 cm 
diameter by 70 cm long stainless steel tube with radially 
viewing quartz windows was used in the measurement of 
0 atom wall loss processes (see Figure 1; details appear in 
Krieger, 1975, and Smith, 1977). A teflon sleeve could be 
inserted to change the wall reaction rate. Pressure mea- 
surements were made with an MKS 77H Baratron capaci- 
tance manometer with pressure taps upstream and down- 
stream of the reaction zone. Typical pressure drops in 
argon were about 10% at 1 torr total pressure. 

A high gas velocity was typically about 50 m/s in argon 
and 100 m/s in helium. In order to ensure a uniform wall 

condition (MacKenzie et al., 1973), between experiments 
the reactor was maintained at 1 mtorr or less pressure. 

Gas concentrations were continuously measured by 
their partial pressures. High purity gases were used from 
the manufacturer without hrther purification. Atomic 
species were created by a pulsed or continuous Raytheon 
Microwave discharge PGM 10 x 1 (2 450 M H z )  driving a 
quarter-wave Evenson cavity. The gas to be dissociated 
flowed through the cavity in a quartz tube and was intro- 
duced into the reactor via a movable inlet tube with a 
spraylike teflon end. Nitrogen and oxygen atom concen- 
trations were measured using NO and NO2 titrations, re- 
spectively (Fontijn et al., 1973). Reactant gases were 
introduced via Hoke microvalves or flowmeters into a 
flowing stream of argon or helium which was then intro- 
duced into the reactor. Reactants were mixed several tube 
diameters upstream of the first viewing port to prevent 
observation of end effects. Absolute rate and concentra- 
tions were determined from the reaction chemilumines- 
cence and chemical actinometry as described in Fontijn et 
aI. (1964) and subsequent publications. 

A photon counting detection system was employed to 
measure the radiation from excited species at several reac- 
tion times. The wave length dispersion was provided by 
a quarter-meter monochromator with 50 to 500 p slits 
centered over the window perpendicular to the flow. A 
thermoelectrically cooled hotomultiplier tube with sen- 
sitivity from 2 OOO to 9 OOO 51 measured the chemilumines- 
cence. Pulse counting of the PM tube output was accom- 
plished, and an instantaneous rate meter provided an 
analog signal to a chart recorder. A phase sensitive lock-in 
amplifier with a cooled PbS infrared detector was avail- 
able to monitor infrared chemiluminescence. 

A second, similar apparatus was used to obtain some 
results reported here (Henog, 1977). However, this sys- 
tem was made of quartz, the tube diameter was 1.53 cm ID 
and the velocity was about 10 to 20 m/s. The use of both 
systems provided a range of conditions under which the 
analysis could be tested. 

Residence time (velocity) measurements were made 
electronically by observing the time delay in a pulse of 
emitting species at successive downstream distances. The 
signal was triggered by the pulsed microwave discharge 
reference frequency (Kennealy, 1970; Malki, 1972; 
Krieger, 1975; Smith, 1977). A discussion of this appears 
below. 

VELOCITY CALIBRATION 

The calculation of the average velocity from the viscous 
pressure drop has been discussed by many authors (Bird 
et al., 1960; Kaufinan, 1967). However, for light emitting 
species, an additional method was used in these studies. 
Since the emitting species were created by reactions in- 
volving a pulsed source of atoms, they traveled in discrete 
packets in the flow tube and presented an oscillating sig- 
nal to the emission detecting device. If the oscillating 
signal, measured at a downstream position, was compared 
to the reference signal (microwave discharge in Figure l), 
a time delay was observed. If the time delay was mea- 
sured at two different downstream positions, the velocity 
of the species observed was the distance between the two 
positions divided by the difference in time delay for each 
measurement. Discharge frequencies near 40 Hz with 
low duty cycle were chosen to maintain the integrity of 
the pulse. A more precise method involved the phase 
sensitive lock-in amplifier. The phase angle of the refer- 
ence signal and the emission signal were recorded at two 
observation ports in the flow tube. The difference in 
phase angle divided by the frequency of the oscillation 
gave the time needed to travel the distance between the 
ports. Thus, the velocity of the emitting species was ob- 

AICW h u m d  (Val. 26, No. 4) Jdy,1980 Page569 



served directly. The velocity measured using the NO + 0 
emission was adopted as a standard plug flow velocity for 
this system according to the criteria set forth in this paper. 
The velocity of other emitting species :OH (v = 11, was 
also measured directly (Krieger, 1975; Smith, 1977). 

MATHEMATfCAL MODEL 

The steady state, constant density continuity equation 
with first-order homogeneous chemical reaction, parabol- 
ic velocity profile (Reynolds number, Re -0.1 to -35 in 
this system) and radial diffusion was used to model the 
concentration profile in a flow tube reactor. For conditions 
of this work, axial difision terms can be elimin ted 
(Schneider, 1958; Levenspiel, 1972). With the assum$ion 
of isentropic %ow and for pressure drops of less than 20% 
of the total pressure, the density is only weakly depen- 
dent on axial position in the measurement region and is 
assumed to be constant. 

The continuity equation describing the concentration 
of a trace species in a diluent is 

If the velocity v is independent of r (denoted as uO), and 
the reaction rate R (c)  is the first order (= klc), then Equa- 
tion (1) can be solved by separation of variables. Two 
publications (Frisbee and Millikan, 1975; Ogren, 1975) 
have obtained series solution with recursive coefficients 
to Equation (1) using a parabolic velocity profile. 
However, only under limiting conditions of large down- 
s t r e a m  distances can these solutions be quickly approxi- 
mated, making their use by experimentalists somewhat 
less likely. 

The following development will review and compare 
the results of approximate solutions to Equation (1) for 
several cases of interest in fast flow systems to results 
obtained using the finite-difference solution technique. 
Insight into the physical processes occurring in low pres- 
sure flow systems can be obtained in this fashion, and a 
comparison can be made between analytic predictions 
and experimental results. 
Plug Flow With Wall Reaction 

For plug flow and R(c) = klc (first-order homogeneous 
reactions), the analytical solution gives insight into the 
apparent axial decay of a species due to radial difision 
and homogeneous reaction loss. In dimensionless form, 
Equation (1) becomes 

where 

h = k,z/u, 5 = rfR,  C = c/co, and a = DAB/kiR2 

for plug flow. Appropriate boundary and initial conditions 
for the case of first-order heterogeneous wall reactions are 

dc/dr=O at r=O for all z 

c = c o  at z = O  for all r 

and 

The familiar solution (Carslaw and Jaeger, 1959; Church- 
ill, 1969) is given by the infinite series 

where 

Equation (8) is the solution to the derivative boundary 
condition at the wall, and its roots are tabulated for various 
values ofH (the dimensionless wall reaction rate constant) 
by Carslaw and Jaeger. Some useful insight into the phys- 
ical aspects of the problem can be gained from further 
examination of the analytic solution. 

Since the experimentalist usually only measures the 
axial concentration profile implied by the axial derivative 
of C on the left-hand side of Equation 2, we would like to 
rewrite only the radial derivatives in Equation (2) in terms 
of the solution, Equation (4). Taking the radial derivative 
dC/d( of Equation (4) and substituting in Equation (2), we 
obtain 

Inspection of the roots of Equation (8) shows that the first 
root, &, is large so that only the first term in the sum 
of Equation (9) need be considered (see, for example, 
Carslaw and Jaeger). This approximation fails under con- 
ditions where H > 100 and a < 0.01, corresponding to 
simultaneous extremely fast wall and homogeneous reac- 
tion. This is a small fraction of the systems of interest. 
Removing 4: from the sum, we can rewrite (9) as 

-aqc -c ac 
a x  
-= 

or, in dimensional form 

where -DAB +;c/R2 represents the loss ofc through radial 
difhsion and subsequent wall reaction at a rate embodied 
in 4;. If we let 

DAB #lRz = kd (12) 

with units of seconds-', then Equation (11) can be written 
in the conventional kinetic form 

where, in the reactor, t = z/uaVg. Thus we see the axial 
decay of concentration as the sum of two effects, the wall 
and homogeneous loss, and this can result in over estima- 
tion of k, for improperly designed experiments. We stress 
this point and note that kd is a strong function of total 
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Figure 2. Apparent axial decay constont (k,,) as a function of dimension- 
less wall reaction m h  H and diffusion rate D,,/R? calculoted using plug 

flow assumption. 

pressure and diluent as well as the heterogeneous rate 
constant, k,. This is shown graphically in Figure 2, where, 
in the right portion, the extremes of very fast wall reaction 
(H > 10) have little or no effect on kd; only the diffusion 
rate (expressed as DAB/Rz) affects kd. On the other hand, 
when H C 1, kd is strongly (exponentially) dependent 
on both the diffusion rate DAB/R2 and H, the wall rate 
parameter. 

Under conditions of plug flow and small k, (the homo- 
geneous first-order loss reaction coefficient) compared to 
kd, Equation (13) can be used to obtain kd from the slope 
of concentration vs. time measurements. If we know 
the tube radius and the diffision coefficient, 4, can be 
obtained from the definition of kd, Equation (12). From 
Carslaw and Jaeger, a value of H = Rkw/DAB can be found 
as a function of 4, which leads directly to kw once D A B  has 
been estimated. 

In many investigations, wall reaction rate constants are 
reported as pseudo first-order rate coefficients kd, with 
units of seconds+, and not as true heterogeneous rate 
coefficients b, in units of centimeters/seconds. The 
quantity k, depends on fundamental molecular para- 
meters such as the mean molecular speed of the gas spec- 
ies and the deactivation probability y at the specific sur- 
face (Black et d., 1974; de Boer, 1968; Kaufinan, 1961). 
Definitions of the quantity k, and the boundary condi- 
tions in gas-solid reactions vary owing to differences in 
problem approach. The problems addressed generally fall 
into four categories: 

1. The wall is considered an infinitely fast reacting sur- 
face in an otherwise homogeneous reaction system. Here 
the radial loss is governed by the rate of diffusion 

2. The wall is considered a sink for the otherwise ho- 
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Poiruille Flow With Wall R d o h  

Concentration profiles were obtained through a numer- 
ical solution of Equation (1) when the plug flow velocity 
was replaced with a laminar velocity profile as described 
in Poirier and Carr (1971). Typical results are shown in 
Figures 3 and 4, where Poiseuille concentration profiles 
(solid lines) are contrasted with those for plug flow 
(dashed lines) calculated from the infinite series solution 
in Equation (4) for several values of the dimensionless 
parameters. Figure 3 may be the concentration profile for 
a typical vibrationally excited species that experiences 
both a rapid wall loss reaction and a rapid homogeneous 
loss reaction. Figure 4 shows concentration profiles for 
species undergoing slower homogeneous and heteroge- 
neous reaction rates typical of N and 0 atoms. Concentra- 
tion profiles for other conditions appear in Krieger (1975) 
and Smith (1977). Ofparticular interest to the kineticist is 
the actual residence time of the species of interest. Often 
one can assume that the correct residence time is an ob- 
servation distance divided by the average velocity in lam- 
inar flow; that is, the plug flow assumption holds. As the 
system deviates from plug flow and the wall reaction rate 
becomes substantial, the reactant concentration near the 
wall becomes depleted with respect to the concentration 
at the center line. As a result of detecting concentrations 
along a diameter with an optical method, the measure- 
ment is weighted towards the center line, where the spe- 
cies velocity can be twice the average velocity. 

Previously, Poirier and Carr and Walker have suggested 
qualitative criteria for determining the validity of the plug 
flow assumption. Table 1 summarizes the criteria. 

TABLE 1. SUGGESTED CRITERIA FOR VALIDITY OF THE PLUG 
FLOW ASSUMP~ION 

Dimensionless Dimensionless Dimensionless 

rate H loss rate (Y distance A 
wall reaction homogeneous axial 

Walker < 0.1 Weak Independent 

Poirier and Cam Independent > 0.5 Independent 
This work < 1  > 1  Independent 

dependence 

Both previous papers indicated that A, the dimensionless 
axial distance, had little effect on the validity of this as- 
sumption. Walker suggests that values of H less than 0.1 
will limit errors in the concentration profile to less than 
5%, while Poirier and Carr indicate H has little bearing on 
the results. As shown in Figures 3 and 4, the effect ofH on 
the concentration profiles can be substantial. Walker, on 
the other hand, states that a does not strongly influence 
the bounds for the one dimensionality of the problem. It 
appears that Walker’s restrictions of large dimensionless 
axial distance, z / R  >> 0, and the range of a he used 
(0.1 < a  < lOO), caused his solutions to show only a weak 
dependence on a. Poirier and Carr have not addressed the 
problem of studying highly reactive species at the wall by 
only investigating small values ofH. WhenH is small, the 
rate of diffusion (a) can be smaller and still give a flat 
concentration profile. Results of this work differ some- 
what from both these authors. We suggest for a > l  
and H < 1, the plug flow concentration agrees with the 
Poiseuille flow concentration. This applies for all values 
of dimensionless axial distance as also indicated by the 
previous authors. 

For many purposes, the values of H < 1 and a > 1 will 
be sufficient to determine the validity of the plug flow 
assumption. However, for the case of fast wall reaction 
(H = Rk,/DAa > 1, possible with excited states), and/or 
slow diffusion (a = DAa/k,Rz < l), an accurate estimate of 
the possible error of the residence time associated with 

the plug flow assumption is needed. In this case, the res- 
idence time can be determined by the velocity of the 
average concentration which is defined as 

<u>, = c ( r )  u (r)  ( r )  rdr ( 14) I 
where C (r)  is the concentration profile and u ( r )  = u (max) 
*(l-r2/R.2) is the parabolic velocity profile. Two possible 
cases arise: C (r)  =constant, or C ( r )  = function of r .  If 
C(r )  = constant, the integral in Equation (14) reduces to 

.2/R2)rdr// rdr = u (avg) (15) u (c) = u (max)* 1 
which indicates that if  the concentration profile is flat, 
then the velocity of the average concentration is equal to 
the average velocity. If the concentration profile is a func- 
tion ofr, then we have the following form of Equation (14) 
which, when written in dimensionless form and slightly 
rearranged, gives 

<u>, = u(avg)* 2 C (x )  (1 - x 2 ) x d x /  I C(x)xdx ] (16) 

where x = r/R. If the expression in brackets is defined as 
f, Equation (16) can be written as 

[I 

The f factor is then a correction to the residence time 
implied by the average velocity and can be calculated if 
C (r),  the concentration profile, is known. 

The concentration profiles for a large number of these 
parameters in the ranges 

0.01 < H < 10. 
0.1 < A  < 1.1 (18) 

0.01 < a < 2.0 

were calculated numerically fiom the continuity equation 
with Poiseuille flow (Krieger, 1975; Smith, 1977). From 
this,f was calculated using Equation (16). These values of 
f were fit to an equation of the form 

using the least-squares technique. The values for the con- 
stants are as follows: 

A = 1.0872 

B = 0.01194 

c = -0.0402 

The average error of the fit was 4.5%, with the minimum 
error being 1.2% and the maximum 18%. There was no 
correlation between any parameter and the magnitude of 
the error. As demonstrated by this work and that of pre- 
vious workers, the value of A has little bearing on the plug 
flow assumption. Values off are shown in Figures 3 and 
4. As an example, using Figure 4, forH = 0.01 and a = 0.1, 
the velocity of the average concentration is 1.12 times the 
average velocity. As H becomes large, this deviation, rep- 
resented by f, increases. 
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Figure 5. Geometry of the sampling technique using o radially viewing F4 

monochromator on o cylindricol flow tube reactor. 

Concentration Measurement Erron With Radial Sampling 

The foregoing analysis is valid when one can accurately 
measure the concentration of interest at a given axial dis- 
tance. The technique used must either sample the aver- 
age concentration or correctly account for any sampling 
bias when the measurement is averaged along the radial 
concentration profile as in optical spectroscopic methods. 
In one measurement technique, the radiation intensity 
(proportional to concentration) is observed along a tube 
diameter through a monochromator viewing angle deter- 
mined by the slit width as shown in Figure 5. The decay 
of detector sensitivity (as 1/x2) and the radial concen- 
tration profile can cause the measured intensity to be 
weighted in such a way that the concentration near the 
center line of the reactor (traveling with a velocity twice 
vaVg in laminar flow) contributes a greater fraction to the 
measured intensity. A method to account for this bias is 
given below. 

The integrated dimensionless intensity at the viewing 
slit (cross hatched rectangle of length I and width, S, in 
Figure 5) is given in rectangular coordinates as 

p ++I Z*(x,y)F (x ,y ,z )dz  (20) 
J 

-[a ++] 
The factor one-half comes from the fact that symmetry 

in the y dimension allows one half the solid angle to be 
treated; the factor 1/R3 makes the integral dimensionless. 
The following quantities are defined: 

I* (x) = reduced intensity at a given axial distance, z = 
0 proportional to the dimensionless concen- 
tration of radiating species; made dimension- 
less by multiplying by (ImaJ1, the intensity at 
r = 0; assumed constant over z .  

F ( x ,  y,z) = inverse square law governing radiation in- 
tensity decay with distance from a source; 

trary intensities will be relative to the inten- 
(21) sity at x = eo). 

1 
6 + -x = triangular slit function, F4 viewing, 6 = slit 

width which is generally very small (typically 
150 pm.) (22) 

e,  = distance from slit to inside reactor wall. 

The upper limit on y is either the radius of the reac- 
tor (presented here) or related to the slit function, 
y = 112 + 1/4x, depending on the dimensions of the reac- 
tor and slit. 

The integral can be solved numerically using concen- 
tration profiles such as those appearing in Figures 3 and 
4, but for purpose of illustration, a parabolic concentration 
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Figure 6. Contributions to the cumulotive intensity integroted in the x 
dimension. Each curve represents the incrementol contribution to the 
overall observation from a measurement using longer slits in they dimen- 

sion. 
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profile was chosen with a steeper gradient than shown in 
Figure 3. After integrating in the x and z directions at fixed 
y, one obtains the cumulative intensities as a function of 
x as shown in Figure 6. Qualitatively, this figure points to 
the fact that increasing the length of the slit beyond about 
y/R = 0.6 will result in small contributions to the total in- 
tensity due to the parabolic nature of the concentration 
profile; that is, the central portion of the reactor contrib- 
utes most of the intensity viewed by a monochromator. 

Integrating over x, y, and z results in cumulative inten- 
sity plotted vs. the distance from the slit to the far wall of 
the reactor, Figure 7. Since this is a cumulative intensity 
plot, one can subtract the integrated intensities at two 
values of x to get the intensity coming from that annular 
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Figure 9. Log of intensity ratio of the NO + 0 reaction vs. dimensionless 

distance for several total pressures. 

EXPERIMENTAL RESULTS: Rate Constants for Wall Deactivation 
of 0 and N Atoms 

As an application of the foregoing analysis, we consider 
the heterogeneous recombination of 0 and N atoms on the 
walls of the previously described apparatus. The atomic 
species were generated in a microwave discharge under 
experimental conditions such that the plug flow assump- 
tion was valid, that is, H < 1 and a > 1. The oxygen atom 
concentration was inferred by measuring the emission 
from excited NO, (NO,") which was formed by the NO + 0 
reaction system. The reactions important in describing 
the 0 atom loss process and the NO," emission are shown 
below: 

Reference 
Stair, 1967; Fontijn 
et  al., 1964; Vanpee 
et  al., 1971; Golde 
et  al., 1973 
NBS-CIAP, 1975 
NBS-CIAP, 1975 
NBS-CIAP, 1975 

o + NO 2 NO," 

NO," 2, NO, + hu 

O +  N O +  MANO, + M 
o + NO,-% NO + 0, 
o + 0, + MA 0, + M 

k, = 6.4 to 11.4 x 10-"cm3/s 

k, - 106s-l 

k, = 7.4 x 10-32cm6/s M = N z  
k, = 6.9 x 10-12cm3/s 
k5 = 6.6 x cmS/s 

01,,,, - products kd = S-'  

portion of the reactor. The figure shows that 80% of the 
total intensity seen by the monochromator is the result of 
emissions from only 60% of the reactor. As the wall reactor 
thickness or the observation distance e, is made larger, 
this error increases. To further clarify this phenomenon, 
Figure 8 shows lines of constant apparent intensity for the 
chosen parabolic concentration profile. We see that the 
maximum intensity is not at the center of the reactor. For 
this case, the velocity at the apparent maximum intensity 
is 0.73 times the maximum velocity, while the average 
velocity is 0.50 times the maximum. This means that the 
volume element that is contributing most to the signal is 
traveling at 1.46 times the average velocity. Thus the ac- 
tual rate constants for this case are also 1.46 times those 
calculated using the average velocity. 

The experimentalist should be cautioned that these re- 
sults apply to the concentration profile used here, I* (x,y), 
and that the assessment for the particular reactions oFin- 
terest should be made using Equation (20) and the appro- 
priate concentration profile. 

where kd is the apparent axial decay. We can assume con- 
stant O2 and M, and essentially constant NOz and NO, 
(Fontijn, 1973; Herzog, 1977), giving in the steady state 

and 

Thus the 0 atom loss is described by 

--= d[ol k,  [NO] [Of + 
dt 



TABLE 2. REPRESENTATIVE CALCULATIONS OF WALL DEACTIVATION COEFFICIENT FOR 0 ATOMS 

0 
a l- 

IIL 

LL 
0 
(3 s 

Experimental conditions 

P, (in Tom), upstream 
pressure 

[O,] (molec/cm3) 
[NO] (molec/cm3) 
kd (d 
Y 

b / s )  

Run #1 Run #5 Run #7 Run #9 

0.224 0.419 0.703 1.225 
450 820 1130 1 430 

4.12 x 1015 8.3 x 1015 1.62 X lot6 3.22 x 10'8 
1.12 x 1015 1.52 x 1015 1.09 x 1015 1.65 x 1015 
4.1 k 0.7 6.5 k 0.9 7 k l  9.93 k .09 
1.0 x 10-4 1.6 x 10-4 1.7 x 10-4 2.4 x 10-4 

Average value y = 1.7 x lo-' 

mined from k,. y is the fraction of collisions with the wall 
that results in deactivation or reaction, 
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Figure 10. Log of intensity ratio of the nitrogen recombination afterglow 

vs. dimensionless distance. 

for data that have been corrected for pressure drop. 
Substituting (23) in (24) and the result in (25), we get 

(28) y=- 
umolecular 

for low surface coverage. With assumptions as outlined by 
Frank-Kamenetski (1969) and de Boer, y was calculated 
from the data and is shown inTable 2. The wall deactiva- 
tion coefficient y should not vary with pressure or velocity 
but should only be dependent on the species involved 
and the type of surface onto which the adsorption occurs. 
The average value of y obtained for 0 deactivation on 
quartz, y = 1.7 x is larger than values of y for silica 
and Pyrex glass reported by Kaufinan but reasonable com- 
pared to the value reported by Judeikis and Wu for quartz 
with a barium oxide coating and is within the range of 
values reported for other oxide compounds (Black, 1974; 
Jablonski, 1976). 

A similar analysis can be made for N atoms using the 
emission of Ni (B-A) formed by the homogeneous recom- 
bination of N atoms as a tracer for the atoms. Details are 
presented in Herzog (1977), where it is shown that a first- 
order expression describes the decay; that is 

4 k w  

[N]=[No]e-kd' (29) 

for 

--= d'ol 2k,[NO][0]+ [Nz] = 2 090p = 6.9 X 101smo~ecu~es/cm3 

[NI0 = 12p = 3.96 X 1014molecules/cm3 
dt 

a3 [MI [NO] [O] + k,  [O] [Oz] [MI + kd [O] (26) 

Integration of (26) gives 

InM= {W,[NO] +2k3[M][NO] + k5[M][02] + kd] * t  

(27) 
[Ole 

From (23) it can be seen that the intensity of emission, 
k,[NO$, is proportional to the 0 atom concentration, 
Z = kll 01 [O]. Since k ,  [NO] is a constant in this system 
(Fonbjn et al., 1964), the fraction of original oxygen atoms 
[O]/[O]o is equal to the intensity ratio Z/Zo. A plot of In I/Zo 
vs. the time t =z/u has a slope equal to the bracketed 
terms in Equation (27), where all the terms except kd are 
known. 

Intensity vs. distance data were obtained at four pres- 
sures and are presented in Figure 9. From the slope of 
these lines, it is verified that the homogeneous loss con- 
tributes about 10% to the loss of 0 atoms in this system. 
As outlined previously, k, can be obtained from ka and 
appears in Table 2. Note that kd is dependent on pressure 
through DAB and is not a constant as is often reported. 

As outlined by Jablonski (1976) and Walker, Black and 
others, the wall deactivation coefficient y can be deter- 

Figure 10 shows a graph of the Ni intensity ratio 
plotted vs. LID. From the slope we obtain 

k d = 4 *  I S - '  

In a manner similar to that presented for 0 atom decay, we 
find k, and 

= 1.0 f 0.2 x 10-4 

The only comparison value of y for N atoms is on Pyrex, 
a different material. 
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NOTATION 

A, = coefficients for Bessel function solutions 
b, = separation constant 
C = dimensionless concentration, c/c0 
C = species concentration, molecules/cc 
CO = initial species concentration at z = o 
DAB = binary diffusion coefficient, cmz/sec 
eo = wall reactor thickness plus distance of observation 

= residence time correction factor 
= reverse square law factor reducing radiation inten- 

sity from a point source as a function of distance 
= Rk,/DAB, dimensionless wall reaction rate constant 
= arbitrary intensity of radiation from emitting species 
= Bessel functions of the first kind 
= hetergeneous wall reaction rate constant, cm/sec 
= homogeneous first order rate constant, sec-‘ 
= apparent axial decay constant, sec-l 

from reactor, cm 
f 
F 

H 
z ,  1” 
JQ J ,  
k, 
k, 
k d  
LID = L /2R = dimensionless axial distance in experimental 

R = tube radius, cm 
R (c) = homogeneous reaction loss rate, molecules/cc/sec 
0 0  = plug flow velocity, cm/sec 
Uav = average velocity in laminar flow, cm/sec. 
u (r) = axial velocity profile as a function of r 
<u>, = velocity of the average concentration 
umoleeular = kinetic theory velocity of a molecule 
2 = axial distance, cm 

Greek Letters 

a 

apparatus 

= DAB /klRZ, parameter measuring ratio of diffusion rate 
to homogeneous reaction rate, like a Damkohler 
Number. 

Y 
s = monochromator slit width 
A 
4” 
5 = r/R, dimensionless radius 

= probability of surface deactivation of a species 

= k,z/u = dimensionless axial distance 
= root of boundary condition equation, a measure of 

wall reaction rate versus diffusion rate 
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