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E. James Davis
Department of Chemical Engineering, Warsity of Washington, Box 351750, Seattle, Washington 98195-1750
Receied: June 25, 2007; In Final Form: December 19, 2007

The uptake of trace gases such as OH and H@icals, NH, CIONG,, N,Os, 0zone, and many other gases

by water, aqueous solutions of acids, and salts has been reported by numerous investigators using a variety
of techniques. Reported uptake coefficients vary greatly, ranging frott@Q.. This paper describes a new
analysis of uptake data obtained in flow tubes that consolidates data obtained for various flow rates and trace
gas concentrations. Previous analyses, which have been often used, are shown to be limiting cases or special
cases of the analysis outlined here. Of particular emphasis are results for wetted-wall columns and trace gas
uptake by aerosol entrained in flow tubes. In the absence of aerosol, the analysis is shown to predict the
decrease in trace gas concentration due to bulk chemical reaction and/or reaction at the tube wall or gas
liquid interface. Uptake coefficients for OH and H@adicals on water in wetted-wall tubes are shown to
range from 0.01 to 1, and on sulfuric acid, they vary from 0.008 to 0.03. F@nG water film doped with

a scavenger, the uptake coefficient is found to be 0.0008. Uptake coefficients determined by different techniques
are compared.
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Heterogeneous gadiquid reactions have a significant impact R/ 0z I[ror\" or Y

on atmospheric chemistry involving processes such as the

production of acid rain, ozone depletion, and haze and smogWwith boundary conditions at the tube centerlire< 0) and

formation. Because of this influence, numerous studies of the tube wall { = R) given by

uptake of trace gases by water droplets, aqueous solutions of 5 aC

H,SQ4, and other aerosols have been reported in the last two I~ _ I~ _

decades, as evidenced by the extensive reviews of Kolblet al. or 02=0 b or @2 = ~k,C(a2) 2)

and Davidovits et al.Several experimental methods have been

used to measure uptake coefficients of trace gases such a$lere, <ue> is the mean velocity of the gas streaRjs the
OH35 and HGQ35 7 radicals, CIONG8~11 HCI 8.1213HOC] 12 tube radiusC; is the concentration of the reactive gaprefers

NHg,14 N,Og9111518 0,1819 $0,20 and others. The most 1O the carrier gasz is the axial coordinater is the radial
frequently used technique is the droplet train method in which coordinateDj is the gas-phase diffusion coefficient, akids

a stream of droplets pass through a vertical flow tube maintainedthe nth-order reaction velocity constant. In Kaufman'’s formula-
at sub-atmospheric pressure. The concentration of the trace ga&on. n = 1, that is, the gas-phase reaction is first order, and the
in the gas phase is usually monitored by mass spectrometry Olrparar_netelk\,\, t_akes into account surface recombination of the
other methods to determine the uptake. Flow tubes in which a €active species and is given by

polydisperse aerosol is entrained in a carriefgasand wetted- _

wall tube$8 have also been used to measure gas uptake by a ky = yi—i (3)
liquid. In these systems, the gas flow through the tube is usually
laminar, and diffusive transport of the trace gas to the wall
occurs. Other methods of measuring accommodation Coefﬂc'emsmolecular collisions with the wall leading to recombination of

and uptake'coefﬁuents were rece.ntly surveyed by D&vis. the reactive gas,/4 arises from the kinetic theory of gases for
There exists a Iarge volume of literature on the use of flow the molecular ﬂUX, and @& the mean molecular speed given

Here v, the so-called uptake coefficient, is the fraction of

tubes for reaction kinetics studies since Kaufffgmublished b
an extensive survey of reactions of oxygen atoms and described
the equations governing diffusion with a first-order homoge- ¢ = /8k;T/m 4)

neous reaction in the gas and heterogeneous reaction at the tube

wall. Later, Howaré® selectively surveyed the chemical kinetics  jn which kg is Boltzmann’s constant, is the absolute temper-

literature associated with flow tube measurements and pointedatyre, andn is the molecular mass of the diffusing gas.

out the need to take into account the effects of concentration \when axial diffusion is not negligible, two additional

gradients. He stated the relevant convective diffusion equation boundary conditions are needed to solve eq 1, and the difficulty

but did not develop a solution of it. associated with stating inlet conditions has not been generally
A somewhat more general form of the convection/reaction recognized in the literature related to diffusion with chemical

problem for laminar flow in a circular tube (Poiseuille flow) reaction in the tube flow. A more detailed discussion of this

than that written by Kaufman is issue is given below.
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Prior to Kaufman'’s extensive survey, Krongelb and Strand- (with n = 1) subject to boundary conditions given by eq 2, a
berg* studied atomic oxygen recombinations and modeled the problem previously analyzed by Walk&Brown developed a
combined diffusion and reaction problem assuming a second-simplification of Walker’s asymptotic solution (valid for large
order gas-phase reaction € 2 in eq 1) and neglecting axial ~ z) of the equations using only the first term in an eigenfunction
diffusion. They assumed symmetry at the centerline of the tube expansion using a power seriesria to express the eigenfunc-
and no mass flux at the walkf = 0 in eq 2) and solved the  tion. He apparently was not aware of the work of Gershenzon

governing equations with inlet condition and his co-workerg?34therefore, he provided a simple numer-
ical routine to calculate the relevant parameters. Because
C(r,00=Cy ) Brown’s solution is only valid asymptotically, it cannot take

o _ _ into account possible radial variations in the inlet concentration
by a .f|n|te difference numerical method.. They prese_nIEd of the reactive species and is not accurate for short tubes (or
graphical results for the average concentration as a function ofjarge gas flow rates). That is also the case for the solutions of
axial distance for various values of the param@gfk,Ci oR?. Gershenzon et &P-34and Orkin et al35who used only the first
Poirier and CafP also used numerical methods to solve eq 1 term in the solution of the full problem.
for n =1 and 2, neglecting axial diffusion, with boundary — There is an additional difficulty associated with the solutions
conditions of the form of eq 2. Although numerical solutions ¢ \walker3” Brown 3¢ Gershenzon et a1%34 and others. who
are required fon > 1 in eq 1, the problem fon = 1 canbe  jncjude axial diffusion in the analysis. These investigators
solved analytically, that is, in terms of known special functions. assumed that at the point of introduction of the reactive gas (
It is difficult to apply published results using interpolation  — gy the concentration can be specified a priolCds,0). Since
methods; therefore, alternate methods are desirable. two boundary conditions are required in the axial direction, the

Judeikig® derived a traditional power series solution of the gacond boundary condition was taken tod,) = 0. When
convective diffusion equation, eq 1 with= 1, for the case of  axja| diffusion is significant, diffusion in the-z direction distorts
no reaction at the tube wall. He also obtained a solution for the the concentration distribution at= 0. Furthermore. the inlet
case of flow in the annular region between two concentric oncentration distribution cannot be accurately represented by

cylindrical tubes. Donahue et #l.reported an approximate  he asymptotic solutions obtained. These issues are addressed
method for taking into account radial concentration gradients f,rther below.

in flow reactors used to study free-radical kinetics. They
considered the radicals to be introduced into the laminar flow
at the centerline, forming an approximately Gaussian plume.
Convective diffusion problems of the type of eq 1 and its
boundary conditions are often referred to as Graetz-like or
extended Graetz problems stemming from Graétzasalysis

Additional numerical simulations for flow reactors were
performed by Segatz et & for first-order kinetics in the bulk
and at the wall. They briefly reviewed prior analyses and pointed
out the need to consider the initial stage of the reaction.

In 1973, Davig® obtained solutions for a fairly wide class of
of the temperature distribution for laminar flow in a heated or Craetz-like problems in terms of the Kummer function. The
methodology of Gershenzon et®8£*and Davig® is used here

cooled circular tube. There exists a very large amount of - -
literature related to Graetz-like problems. Although most of the © @nalyze transport and chemical reaction in tube flow. There

early work on the solution of Graetz problems involved IS @ need to re-examine the problem because many of the
numerical methods (e.g., H&for heat transfer in a tube with ~ Previous analyses are flawed, only approximate, or do not apply
axial conduction), a number of such problems can be solved in to short tubes and to inlet concentrations that are not spatially
terms of well-known special functions. In the case of plug flow uniform. Furthermore, the flow field when there is a liquid film

(uniform velocity), solutions can be obtained in terms of Bessel N the tube wall needs to be examined. A generalized solution
functions3 and for Poiseuille flow, solutions can be written in N terms of well-known functions has considerable advantage
terms of the lesser known Kummer function (also called the to the user over numerical solutions carried out for specific
confluent hypergeometric function). Abramowitz and Stégun ~ €2S€S:
provided details of the properties (derivatives, integral repre-  Utter et al’® and Hanson et dl.used wetted-wall tubes to
sentations, asymptotic expansions, zeros, etc.) of Kummermeasure uptake coefficients, and they applied Brown’s solution
functions and tabulated them. to interpret the data. Gershenzon et%ilso used flow tubes

In studies of aerosol generation by the condensation of vaporto measure uptake coefficients of H@nd CHO; on liquid
in a flow tube, Nicolaon and his co-worké#$® obtained surfaces of HSOQ;—H,0 and on salts. One flow tube they used
solutions for the temperature field in the cooled tube and the extensively was a coaxial reactor with the aqueous solution or
vapor concentration in terms of Kummer functions, and in 1972, salt deposited on the cylinder wall. Magnetic resonance
Gershenzon et &34 solved two problems closely related to  techniques were used to investigate the uptake. Recently, Aubin
the analysis outlined here. Both solutions were developed in and Abbaﬁl report_ed on the use of a coated-wall flow tl{be to
terms of the Kummer function. In the first problem, they solved Study the interaction of NPwith hydrocarbon soot. Initial
eq 1 for a first-order gas-phase reaction with no wall ldgg (  Uptake coefficients for three soot substances were found to be

= 0), and in the second paper, they solved eq 1 kijtk= 0 3.9+ 1.9)x 1075, They compared their results with numerous
using the boundary conditions given by eq 2. previously reported uptake coefficients that ranged from®10
More recently, Orkin et a5 applied the solution obtained  t0 0.1.
by Gershenzon et &0.to estimate the error in the rate constant For the liquid film flow, Utter and his co-workers used results
of a gas-phase reaction due to the parallel occurrence of athat apply to a thin falling film having no interfacial shear at
heterogeneous process. the gas-liquid interface, and they estimated the film thickness
A widely cited and applied analysis of kinetics measurements based on such a theory. Analysis of their reported experimental
in a flow tube is that of Browri® who developed an approximate  conditions indicates that the gas flow rate was sufficiently large
solution for the concentration distribution of a reactive gas in a to produce significant interfacial shear. Consequently, the liquid
tubular laminar flow reactor undergoing a first-order reaction film thicknesses were overestimated. It is useful to solve the
in the bulk gas and gas transport to the wall. He solved eq 1 co-current gasliquid flow problem to determine the velocity
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distributions in the gas and liquid phases before analyzing the where
gas-phase diffusion problem.

ap
Analysis A ( oz " 'OLg)R2 B (oL — P)IR
For co-current downward laminar flow in a tube of radRjs o du, - 2u,
the equations of motion for the gas and liquid flows are given op
by Bird et al?2 and reduce to (_8_ + pGg)R2 s
_ _ c=x% 1 ;=-1-2 @12
ap _ Jraf ovs dug R
5, P9~ Hel 5 T 5 (6) o _ o
- The liquid volumetric flow rate is given by
and (A-B) A
_ 2 2
ap g o QL—[ 5 50 (1-0%)—-Bd’lno  (13)
oz PO 5 \T e (7) _ _ o o
This nonlinear equation in the film thickness can be solved to
in which 9p/oz is the pressure gradiemig and p. andug and determine the film thickness when the liquid flow rate is known.
u are the gas and liquid densities and viscosities, respectively, This result is substantially different than the result used by Utter
g is the gravitational acceleration constant, agdand v are et al.}8 which is
the gas and liquid velocities, which are considered to be
functions of radial coordinate only. It is assumed that both Zﬂap,_gé3
the gas and liquid flow rates are in the laminar flow regime. L= TL (14)

The gas and liquid velocities are assumed to be independent

of the axial direction because in trace gas experiments theThjs equation is based on the flow of a thin film on a surface
concentration of the reacting species is very small compared ynder the influence of gravity alone and does not take into
with the carrier gas concentrations, and the carrier gases aresccount the axial pressure gradient and the interfacial shear
not transferred to the liquid film nor the tube wall (in the absence exerted on the film by the gas flow. Consequently, it overpre-
of a liquid film). For example, in the wetted-wall uptake gicts the film thickness when there is significant interfacial shear.
measurements of ozone on water reported by Utter &t tig Whend/R is sufficiently small §/R < 1), which is the case
inlet ozone concentration was10' molecules/cr®y and the in the experiments of Utter et &.and Hanson et af.the gas-

concentration of the carrier gas mixture (helium and water vapor) phase velocity distribution reduces to the classical Poiseuille
was~3.5 x 10" molecules/cr Furthermore, the system was  flow velocity distribution

maintained at constant temperature; therefore, the densities of
the gas and liquid did not change significantly (the pressure ve=C[1 — (r/R)} (15)
drop through the column was very small).

If the flow system is not isothermal or if the flow at the point  and the mean gas velocity becomes
of introducing the trace gas is not fully developed, the analysis
of the flow field is much more complicated than that considered 1 1
here. Khalizov et at*#4used a computational fluid dynamics W= 5 Vemax= 5 C
model to compute the flow field in laminar aerosol flow tubes.
They showed that temperature gradients produce convection
currents that lead to poorly defined residence times of the aerosol
in the tube and that the design of the inlet to the flow tube has
a large effect on the flow field.

If the liquid film thicknessg, is uniform in the axial direction
(neglecting ripples that can occur at higher flow rates), the
boundary conditions are

 (—9ploz+ peg)Re
8ug

(16)

Thus, in the limit of smalb/R, the velocity distribution is that
used in the convection term in eq 1. Of course, in the absence
of a liquid film on the wall, the gas flow is Poiseuille flow for
laminar flow conditions.

It is convenient to write the governing equations in nondi-
mensional form by introducing the following variables and
parameters

5
%(0,2) =0 y(RD=0 veR-02)=v(R-02 (8) ¢=C/T] n=1/R =2RPe Pe=2RBID, (17)

Here, [C; ois the inlet trace gas concentration averaged over
the cross-sectional area of the gas, and Pe is the Peclet number
g U for mass transfer. In the ideal cas€; ¢lis simply the inlet
o5 R=0=u -~ (R=9.2 (9) concentration, but if the inlet concentration is not radially
uniform, [T; oOmust be calculated based on knowledge of the
The latter equation, eq 9, arises from the assumption that theradial distribution. The Peclet number is a measure of the rate
shear stress is continuous across the-tjgaid interface located ~ of axial transport of the trace gas to the axial transport by
atr =R — 0. molecular diffusion.
The solutions for this system of equations are The convective diffusion equation for a first-order reaction
in the bulk gas transforms to

_ 0010 B¢\ 15 _
! ")BC nan(”an)+Peza§2 P (19)

vy = A1 - (/R + BIn(r/R) (11) in which Da is a Damkohler number defined by

and

ve=Al—-0)+BIno+Cle*— (/R  (10)

and (
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To solve eq 18, neglecting axial diffusion, kef;,l) be the

Da= kR/D; 8, nec _ _ :
productf(&)a(n), in which f(&) is an exponential function

(19)

which is the ratio of the diffusion time to the reaction time (or

a ratio of the chemical reaction rate to the molecular diffusion f(§) = E exp(-2%) (23)
rat'??]leh::_(t)m?/r:cltfvgzi?flljjlsl,(i(;ﬁa_ect_;f:tig]ntrr;eugtatsn’e ?fflted su_bject to andg() satisfies the SturmLiouville equation
ihe canterime and wall given by eq 2 wanstorm o 4 [1G) + =7~ Daglg=0 (24
z_;l;(O’C) -0 g_;l;(l@ = —1p(L0) (20) \év:r?éﬁiggileig?nc;nstants to be determined, and the boundary
i whien Go=0 Pu= - (25)
x = Ryc/4AD; (22)

This system of equations constitutes a Stutriouville problem.
In most of the previous analyses of diffusion and reaction in Consequently, there exists an infinite set of orthogonal functions,
flow tubes, the authors apply an entry condition based on the gn(5), that satisfies the StursrLiouville equation.
assumption of a uniform inlet concentration of reactive gas.  In their solution of eq 18 including axial diffusion, Walk,
Although this is a reasonable condition for large Peclet numbers, Brown 3¢ and Gershenzon and his co-workét}assumed that
when axial diffusion cannot be neglected (small Pe), two f({) is given by eq 23. With this assumption, the product solution
boundary conditions in the axial direction are required for a yields

well-posed problem. For low Pe, axial diffusion affects both
the upstream{ < 0) and downstreami(> 0) concentration
distributions. Consequently, the concentratiorg & O cannot
be specified a priori. Papoutsakis et*afté and Acrivog’

addressed this issue for the extended Graetz problem associate

with laminar flow heat transfer. Papoutsakis and his co-wotkers
solved the constant wall temperature (or 0) extended Graetz
problem and the constant wall flux probléfand Acrivos
provided the corresponding asymptotic solution fop Re 1,

d ( %) + [n(1 — #)A2 — Day + 23Plg=0 (26)

dy U dy
\ghich is not a SturmrLiouville equation. This has a significant
effect related to satisfying the inlet condition.

Introducing the transformatioffs

where the Peclet number for heat transfer is analogous to theeq 24 transforms to Kummer’s equatn

Peclet number for mass transfer and is defined hy-P@RZ[]

oy, in which oy is the thermal diffusivity. In these analyses,

the wall temperature was considered to be uniformifer co.
For low Pg, the temperature distribution (or concentration

distribution in the analogous mass-transfer problem) is signifi- with

cantly distorted from a uniform distribution near the wafl%
0.5), where axial diffusion is more pronounced compared with

the convective transport of the fluid. The results of Papoutsakis

et al*>46demonstrate that for Re= 10, the uniform temperature
profile is established within very small negative values;of
For example, their results show that forjPe 10, it takes only

25% of the tube diameter upstream for the uniform temperature
profile to be established, and they concluded that axial conduc- M(a,5,t) = 1 +

tion (or diffusion) is negligible if Pg > 50.

The Peclet numbers associated with the experiments of Utter

et al1® and Hanson et & generally exceed 50; therefore, axial

diffusion could be neglected. In this case, only one additional

boundary condition is required, which, in general, may be
written as

Ci (7710)

#(n,0) = (7,000

(22)

whereCi(»,0) is the inlet concentration distribution written in
terms of dimensionless radius

For instantaneous reaction at the ghguid surface (or wall),
¢(1,) = 0. This problem corresponds to the classical dimen-
sionless Graetz problethfor heat transfer in fully developed
laminar flow with constant wall temperature. In most texts, the

Graetz problem is solved by applying the method of separation
of variables using numerical methods to obtain the relevant
eigenfunctions, but here, we develop the solution in terms of

Kummer functions.

t=An? and w=exp@y72)a(n) (27)
tﬂfﬂﬂ—t)—aw:o (28)

dt
a=(@2-A+Dai)4 and f=1 (29)

The relevant solution of Kummer’'s equation here is the
confluent hypergeometric function (also called the Kummer
function), M(a,3,t), defined by

gi+a(a+1)x_2

g1 BB+1)2!
oo+ 1)(a+2) %8
BB+ 1)+ 2) 3!
Only one solution of eq 28 is needed because the transforma-

tions leading to it automatically satisfy the boundary condition
atn = 0. Consequently, the solution becomes

2—A,+ Dai
0,(1) = exp(—%ﬁ@M(%

+ ... (30)

,unnz) (31)
The confluent hypergeometric function has properties described
by Abramowitz and Stegdhand numerous mathematical texts
and was tabulated by Abramowitz and Stegun. The most relevant
property needed here is the derivative

o
B

If the transformations given by eq 27 are applied to the full
problem including axial diffusion, one obtains the solution for

dgt M(a,B) =-Ma+18+ 11 (32)
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on(n7) given by Gershenzon et # for the case of no wall loss,
which is

On(n) =

2— 2 +Dall, — P&
exp(—}tn772/2)M(( - n = A/PE)

4

unnz) (33)

For large Pe, this reduces to eq 31. They considered only the

smallest positive value of,, that is, ;.
Using eq 31, the boundary condition at= 1 and the
derivative property, the eigenvaluél, satisfy

(2 A +El)a) 5
a
(k — A )M " A0+ (2 A+ in)M
(6 A+ lZa)
Z 2..] =0 (34)

If Da/k, is replaced by Daj, — /lﬁ/Pe2 and« = 0, the solution
of Gershenzon et &P.is obtained. If there is no bulk reaction
and Dal, is replaced by-A¥/P&, the second solution consid-
ered by Gershenzon et #lis recovered.

By superposition of solutions, the full solution becomes

00

¢(n,8) =

n=

E, exp(-270)9() (35)

and the constants, are obtained from the initial condition by
applying the orthogonality of the eigenfunctions, that is

Yol = n? dn = 0form=n 36
Jo 1= 1°)9(1) (1) {”gn(n)“zform:n (36)
where

g, I = [ n(L = nlg,(n]’dly (37)

When the axial diffusion term is not negligible, the functions
on(n7) given by eq 33 are not orthogonal. This was shown by
Davis and Bonarfs for the similar problem of mass transfer to
a laminar falling film and by Papoutsakis and his co-work&t%s
for the extended Graetz problem. Consequently, the following
steps needed to obtain the coefficieBsn the analysis cannot
be applied unless axial diffusion is negligible.

Using eq 35, the initial condition, eq 22, can be expanded in
an eigenfunction expansion as follows

Ci(n,0)
[T (y O)D

00

¢(n,0) = E9n(17) (38)

n=

where the coefficient&, are obtained by applying orthogonality,
that is

Ci(n,0)
E(D( ,0)

D@Jn(n)dn (39)

n

ngn( )i

In general, this result cannot be integrated udi{n,0) is
specified. For example, Donahue et?alassumed the inlet
concentration distribution to be roughly Gaussian.

Utter et al.’® Hanson et al, Thornton and Abbaft,and
Hanson and Ravishankafantroduced the trace gas through a

Davis

glass injector that could be moved in tlzedirection. An
approximation for the inlet concentration distribution for a
circular tube with inner radiuR having a cylindrical injector
with inner radiusR, inserted along the centerline can be applied
if the injector flow rate,Qo, the total flow rate in the tubeQ,
and the inlet concentration in the inject@;,o, are known. In
this case, the concentration distribution is given by

Cofor0 =y =RyR
OforR/R=p =1

C(7,0)= { (40)

and the mean inlet concentration due to dilution of the trace
gas in the carrier gas stream becomes

[C(0)= (Q/QCi (41)

Hanson et af.reported the outer diameter of the injector to
be 10 mm Ry ~ 4 mm for a 1 mmtube wall thickness) in
reference 18 and 9 mniR§ ~ 3.5 mm) in reference 3, and the
flow tube i.d. was 25.4 mmR = 12.7 mm), but the flow rate
Qo was not specified. Thornton and Abatised a 6 mno.d.

(Ro ~ 2 mm) injector in a 60 mm i.d. R = 30 mm) flow tube.
They reported the flow rates to gy = 2500 slpm and) =
7600 slpm, respectively. In both studies, the inlet concentration
was not measured.

The injector design has two major effects on the interpretation
of data. As discussed above, the first is that the inlet concentra-
tion distribution is spatially nonuniform, and the second is that
the assumed parabolic velocity profile of the carrier gas is
distorted in the region near the injector. This is particularly a
problem with the high flow rate through the small injector used
by Thornton and Abbdttecause the injector produced a jet of
fluid at the centerline of the flow.

If the concentration distribution given by eq 40 can be applied,
the coefficientsE, are given by

eyl

n(1—n)g,mdy  (42)

Qol |9n(77)||

In the absence of detailed information on the inlet concentra-
tion distribution, the assumption of a spatially uniform distribu-
tion is a very rough approximation that can be adapted to analyze
data, provided that the data can be extrapolated to yield an
estimate of the mean inlet concentration. This does not lead to
large error downstream of the inlet region where the concentra-
tion is not sensitive to the inlet value.

Taking the inlet concentration to be uniform at the radial-
average concentratioi@;(»,0)/[Ci(y,0)0= 1, the coefficients
E, become

1 [ On ]
= -1 43
Adlig,(m)1P ay “3
wherel; is the integral
1
Iy = [ 19,(n)dy (44)

which is readily calculated using MatLab or other software. The
zeros of eq 34, the integrals and derivatives involWi@.,j,t),
were calculated using MatLab in this study. For such computa-
tions, it is useful to write the Kummer function in the form
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M(aﬁt)z 1.0
(a+1)t (a+2)t (a+N) t
”Ei{”(ﬂ 1)5[“<ﬂ+2>§]"'(”(ﬂ+N)N)} ol

(45) '

whereN is taken to be sufficiently large such that ¢ N)t/(3 06 |
+ N)N < 1. '

Results 04 |

In addition to the general case of bulk reaction and wall loss,
two limiting cases are of some interest, as indicated by the
analyses of Gershenzon et3&P* and others discussed above;
these are (i) bulk chemical reaction with no wall loss and (ii)
no bulk chemical reaction with instantaneous reaction at the ‘ ‘
wall. It is convenient to present graphical results in terms of 00 02 04 06 08 10
the dimensionless mixed mean concentratip(t) Jobtained
by averagingp(y,§) over the cross-sectional area of the gas to

02 |

DIMENSIONLESS MEAN CONCENTRATION

DIMENSIONLESS AXIAL DISTANCE
Figure 1. The effect of the Damkohler number on the axial mean

give concentration distribution.
o E, dg, TABLE 1: Eigenvalues for Various Damkohler Numbers
BEO=4Y — exp( in@) Dal, — _(1) (46) gp(ljz(;\lngWall Loss (k = 0) Computed by Finding the Zeros
n=
" Da= 0.1 0.3 1 3 10
When there is no wall loss,gddy = 0 atny = 1. For this ilf 0.4467 0.7722 1.3998 23178 4.1059
. ) . . . A2 = 5.0872 5.1265 5.2621 5.635 6.7799
case, Table 1 lists the first five eigenvalues for various values ;. — 0.1685  9.1903  9.2664 94819 10.2103
of the Damkohler number, and Figure 1 shows the effect of Da 2, = 13.2048  13.2199 13.2729  13.4237  13.9449
on the dimensionless mean concentration. For>b&, the As = 17.2260  17.2376  17.2783  17.3942  17.7976

reaction goes to completion within the dimensionless axial TABLE 2: Eigenvalues for Various Values of & and No
distance; < 1. Clearly, the Damkohler number has a large effect Bulk Chemical Reaction (Da= 0) Computed by Finding the
on the extent of the reaction. Zeros of Eq 34

In the absence of bulk-phase reaction @), the decay in
the mean concentration is governed by the dimensionless uptake

1= 06183 1.6412 25168 2.6843 2.7023 2.7043
parametek. Table 2 lists the first five eigenvalues for various o — 51160 54783 63646 66432 66754 6679

values ofk. ds= 9.1889 9.436 10.2707 10.6249 10.6684 10.6733
The application of this analysis to diffusion and reaction in  A,= 13.2211 13.4152 14.2002 14.6116 14.665 14.671
flow tubes involves several dimensionless parameters; the Pecletls= 17.2399 17.4026 18.1437 18.6004 18.6627 18.6698
number (Pe), the Damkohler number (Da), and the wall reaction
parameterx) appear explicitly in the analysis, and the Sherwood
number (Sh) and Nusselt number (Nu) are determined in the

K= 0.1 1 10 100 1000 o0

TABLE 3: Dimensionless Groups Encountered in Heat and
Mass Transfer Associated with Flow Tubes

analyses of mass-transfer and heat-transfer processes. In addigY™P°! name definition significance
tion, the gas and liquid Reynolds numberssR@&d Re must Da Dambkohler kRe/D;; chelmic?I rgi;:tiqn ratet/
: H H H H numper maolecular diffusion rate
be take.n into account in the interpretation of .dgt.a. Table 3 Ilst_s U Nusselt 2Rhkew  total heat transfer/
the various dimensionless groups, their definitions, and their number conductive heat transfer
significance. More extensive lists of dimensionless groups Pe  mass-transfer ~ 2RGUD;  bulk transport of mass/
encountered in various branches of engineering, physics, and Peclet number diffusive transport of mass
hemistry were published by Boucher and Al¢2&8° Pa.  heattransfer 2RGManear - bulk transport of heat
c y p y Peclet number conductive transport of heat
Application to Aerosol Flow Tubes.Thornton and Abbatt Res %aS—phﬁse b 2Roclacus inertial fcfm:e of fgas/
_ eynolds number VIScous force of gas
reported data for ‘tJhe upt_ake of qu Cu(ll)-doped HSQ/ Re  liquid-phase OpL@ .  inertial force of liquid/
H20 aerosol at 35% relative humidity (RH) and to N#8Q/ Reynolds number viscous force of liquid
H,O aerosol at 42% RH. They also performed experiments in Sh  Sherwood 2RK/D; total mass transfer/
the absence of aerosol to determine if wall losses contributed %liénr?;;al reactionRyd4D T;‘gigi'.i‘lr gg{:frfno tion rate/
. e . . . . K | | | il | I | SItl
significantly to the decay in the HGignal and without doping number it molecular diffusio% rate

to determine the effect of the Henry’'s law constant on the

uptake. The submicrometer aerosol droplets were entrained in The HG, concentration was measured relatively far from the
the flow through a circular tube having a diameter of 6 cm, injector inlet, and they reported relative distances. The shortest
and the system was operated at atmospheric pressure (755 Tormlistance in each set of measurements was taker8Q0cm

and room temperature (295 K). The flow system was coupled downstream of the injector inlet. For the calculations discussed
to a chemical ionization mass spectrometer to determine thebelow, the shortest distance was taken to be 25 cm from the
loss of HQ. They found the wall loss to be very small compared inlet, and the approximate inlet concentration was obtained by
with the uptake by the aerosol. The gas Reynolds number wasextrapolating the data to the inlet.

approximately 200<vc> ~ 4.5 cm/s, and they took = Figure 2 compares the data for H@ecay in the absence of
0.25 cn¥/s. This corresponds to a Peclet number of ap- any aerosol with the analysis developed here assuming a first-
proximately 100; therefore, axial diffusion can be neglected. order reaction in the bulk gas and no wall loss. The data
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Figure 2. The gas-phase HQlecay data of Thornton and Ablfsitom their Figure 1[0) and Figure 2Q) compared with this analysis for various
Damkohler numbers.

10

correspond to those in Figures 1a and 2 in ref 6. The aerosol-
free data of Figures 1 and 2 of the authors are in very good
mutual agreement in nondimensional parameters, and they best
agree with the analysis for D& 1, which yields a first-order
reaction rate constakf = 0.028 s The HQ, decay is seen to
decrease more rapidly than that calculated for a first-order
reaction, which suggests that a first-order reaction is not a
reasonable assumption. Thornton and Abbatinsidered the
gas-phase decay to be second order in,.HO

Transport to a Tube Wall. The limiting case of an
instantaneous reaction at the wall, which corresponds to the DIMENSIONLESS AXIAL DISTANCE
maximum possible mass flux to the surface, can be illustrated Figure 3. The Sherwood number in the transition region (- - -) and
by computing the interfacial mass flux defined by the asymptotic Sherwood number ).

8 |\

SHERWOOD NUMBER
/
/I

0 0.02 0.04 0.06 0.08 0.1

aC cal reactor. The Nusselt number is defined by N2RNknea;
i 3 (R2) = Kg[[Ci(9 O] 47 in which h is a heat-transfer coefficient analogous to the mass-
transfer coefficient defined by eq 48 akgLs is the thermal
conductivity of the fluid. The asymptotic Nusselt number of
3.6568, which applies for large Pe, can be compared with the
asymptotic Nusselt numbers calculated by Papoutsakis*et al.
for various Pe. For Pe= 5, they obtained Nyi= 3.778, and
for Pe = 10, they reported Nu= 3.695. Consequently, the
effect of the Peclet number on the radial transport is not great
for Pe> 10.
d Sh For £ < 0.05, the mass flux at the interface is much larger
_8_;? (12 = > [P0 (48) than the asymptotic value, and in this region, the number of
terms in the series representing the solutionfor,¢) increases
in which Sh is the Sherwood number (dimensionless mass- as ¢ decreases. In the region of practical interest, five terms

j|r=a: -D

whereKg is a gas-phase mass-transfer coefficient a@(z)>
is the bulk mean concentration of the diffusing species. The
zero signifies that the concentration at the interface vanishes
because of the instantaneous reaction. This limiting case
corresponds ty = o (k = o) in Brown’s problem.

In nondimensional form, the mass flux equation is

transfer coefficient) defined by have been found to be adequate, and in the asymptotic region,
only one term is needed. Note that the solutions of Walker,
Sh= 2RK/D;; (49) Brown ¢ and Gershenzon et #34correspond to using the first
term of eq 35. Fo = 0.01, the Sherwood number given by

Since¢(,), its derivative, and its mean valuep(£)> can using the full solution is 5.9900 whereas the previous analyses

be calculated from the solution developed above, the Sherwoodyield Sh = 3.6568. Since the mass flux to the wall is
number can be determined. The result is presented in Figure 3.proportional to the Sherwood number, the mass flux is greatly
The Sherwood number decreases from infinity; at 0 to an underestimated using a single term.

asymptotic value Sh= ,15/2 = 3.6568 within a dimensionless Whenk < oo, it is not convenient to express results in terms
distance of¢ ~ 0.1. This region can be considered to be an of a Sherwood number. It is more appropriate to calculate the
entry region or transition region in which the mass flux varies mixed mean concentration of the trace gas (eiflogz) Cor [¢-
significantly with axial distanc€. The asymptotic Sherwood  (§)0J that depends on the axial distance. The first step is the
number is identical to the asymptotic Nusselt number,,Nu calculation of the eigenvalugs, and the eigenvalues listed in
obtained for the analogous heat-transfer proBfeand the Table 2 have been used to calculate the eigenfunctions and
Sherwood number reported by Gershenzon éfal.a cylindri- dimensionless concentrations.
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Figure 4. The effects of the dimensionless uptake coefficierdn
the trace gas mean concentration profile.

TABLE 4: The Parameters Reported by Utter et al. for the
Uptake of Ozone by a Film of Water

temperature total pressure length of absorber
T=276 K Piotas=10.85Torr L =60cm

tube radius film thickness inlet ozone concentration
R=1.27cm 0=0.02cm Cio = 10" molecules/cri

mean gas velocity gas-phase diffusivity carrier gases
<vg>=457 cm/s 16 cnt/s H,O and He

Figure 4 shows how the dimensionless uptake coefficient
affects the mixed mean concentration. kor 10, the mean
concentration profile deviates little from the limiting case of
largex, but at lower uptake coefficients, the axial distribution
is very sensitive tac (or y).

Application to Wetted-Wall Tubes. Utter et al. provided
one complete set of uptake data fog Gptake on water that

J. Phys. Chem. A, Vol. 112, No. 9, 2008929

analysis. The agreement between the present analysis and that
of Brown is due to the fact that at the relatively low gas flow
rates (or Peclet numbers) used by the authors, most of the tube
length corresponds to the asymptotic mass-transfer region where
only the first term of the infinite series is needed. That is not
generally the case for the experiments of Hanson and his co-
workers?

Figures 6-9 compare the wetted-wall data of Hanson €t al.
with the analysis described here. Note that many of the data
points are at dimensionless axial distances lower than those of
Utter et al. because of the much higher gas velocities.
Consequently, much of the data is in the transition region (or
entry region) where Brown’s analy3#ss not accurate. The gas-
phase diffusivities reported by the authors were used for each
calculation of the axial concentration distribution. Each of the
figures has an insert that shows the original graphs and the mean
gas velocities. The dimensionless variables used here tend to
consolidate the data.

Hanson et at.plotted their data in terms of a relative position
of the detector. To estimate the position relative to the inlet
and the inlet mean concentration, the data in the various
sets of data were extrapolated to yield the same position
and inlet concentration for each data set. For example, for the
inset of Figure 6 (Figure 1a of the authors), the inlet is estimated
to be at—20 cm based on the relative positions shown in the
figure.

For the OH radical uptake on water shown in Figure 6, the
data scatter about the curve correspondingdq = 1. Also
shown in the plot are the calculated results)fer; = 0.1, which
nearly fall on the curve foyon = 1. The data for the lowest

could be analyzed using the method outlined above. Table 49as velocity suggest thato could be as low as 0.1. The data

lists the relevant parameters for an experiment in which- Na
SO; was used as a scavenger for the uptake pfl@e gas and

liquid flows were both laminar, but some rippling was encoun-

which fall to the left of the curve fop = 1 correspond to the
two higher flow rates where more pronounced rippling would
occur. Using Brown'® analysis, the authors reportegy =

tered. The effects of ripples have not been taken into account0-0035 for OH on water.

in the above analysis of the flow fields.

The results for the uptake of OH radicals op3, presented

Figure 5 shows a comparison between the data of Utter etin Figure 7 show much more scatter than any of the other data
al. and computed results for two values of the uptake coefficient, sets. The data obtained at the highest gas velocityst =

y = 0.0008 and 0.001 using; = 16 cn¥/s, which is the gas-
phase diffusivity reported by the authors. Also shown for
reference is the curve calculated fpr= 1. The data are in
good agreement with the results for= 0.0008. An independent
calculation of the gas-phase diffusivity for ozone in a mixture
of water vapor and helium using the Chapmd@nskog theory
discussed by Bird et &P yields Dj = 13 cnt/s. For this lower

4220 cm/s) fall near the curve fery = 0.008, and the results
for the lowest gas velocity<{vs> = 2560 cm/s) agree with
the analysis fotyon = 0.04. The authors reportegy > 0.08
for HoSOy.

The results for H@radicals on water shown in Figure 8 are
reasonably well consolidated and fall in the range of 001
yHo, < 1. The data for H@radicals on HSO,, presented in

value of the diffusivity, the Peclet number is increased, and the Figure 9, show the best consolidation achieved by nondimen-
data are shifted to smaller dimensionless axial distances. Uttersionalizing the concentrations and positions, and the data scatter

et al. reporteds = 0.00076 for this set of data using Brown’s

1.0

about the calculated results fppo, = 0.03.
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Figure 5. The ozone uptake data of Utter et!acompared with the wetted-wall tube analysis By = 16 cn#/s (v) and 13 crids ().
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Figure 6. The OH/HO data of Hanson et dlcompared with the wetted-wall tube analysis. The inset is a redrawing of the original graph of the
investigators.
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Figure 7. The OH/HSQ, data of Hanson et dlcompared with the wetted-wall tube analysis. The inset is a redrawing of the original graph of the
investigators.

The authors reportegho, > 0.01 for water ang/yo, > 0.05 shows that the mixed mean concentration distribution is not
for H,SO4, which is consistent with the results found here. sensitive to the dimensionless uptake parametéor large
Because the results obtained from the convective diffusion values ofk, and it is very sensitive to the gas-phase diffusivity

theory are not very sensitive foin the range of 0.05 y < 1, for small « because of the dependencetodn the diffusivity.
experimental measurements cannot be expected to yield highly - Rigorous interpretation of flow tube data is hampered by lack
accurate results in this range. of information on the inlet concentration and the inlet concen-

tration distribution, which depends on the injector design. The
use of small multiple injectors could provide a more uniform

The analysis of the effects of diffusion on the transport of a inlet distribution, but the disturbance of the flow field by the
trace gas to a tube wall or liquid interface developed here injectors cannot be avoided. It is also desirable to adjust the
effectively consolidates data obtained by varying the gas flow flow rate exiting the injector such that the mean velocity of the
rate and other experimental parameters. Furthermore, the effectnjected stream does not differ greatly from the mean velocity
of a first-order chemical reaction in the bulk gas can be taken of the total flow. That avoids the disruption of the flow field
into account. The parametric study represented by Figure 4by a high velocity jet exiting the injector.

Discussion
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Figure 8. The HQ/H,0 data of Hanson et dlcompared with the wetted-wall tube analysis. The inset is a redrawing of the original graph of the
investigators.

1.0

0.8

Signal (cm)

0.6

DIMENSIONLESS CONCENTRATION

| 1 1 1

0.4 10 0 10 20 30 40 50
| ] Relative inj. pos. (cm)

0.2

0.0 1 1 1 P R T T Ml el T--t+--4A ¢ ™

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
DIMENSIONLESS DISTANCE

Figure 9. The HG/H,SO, data of Hanson et dicompared with the wetted-wall tube analysis. The inset is a redrawing of the original graph of
the investigators.

Some comparisons among results for uptake coefficients based on analysis of the HBI,SO, data of Hanson et at.but
obtained with wetted-wall columns and those obtained by other Cooper and Abbaétiobtainedyno, = 0.025+ 0.005 for HSOy
methods can be made. For example, the uptake coefficient forat 223 K, and Gershenzon et*dlreportedyno, = 0.2 for Hy-

Os determined from the data of Utter et aj:iof = 0.0008), SOy at 243 K. The calculations performed for Figures 8 and 9
which used 0.8 M Nz5,0; as a scavenger, is considerably lower illustrate that the determination ¢fio, from wetted-wall tube
that the uptake coefficients fors@eported by Magi et af? using data is not highly sensitive to the uptake coefficient)fge, >

Nal as a scavenger in water. Magi et al. obtaipggd= 0.0037 0.05.

0.0116 for I activities in the range of 0.36152.889 at 282 K. For OH radicals on a water surface at 293 K, Takami ét al.
However,yo, for pure water was found to be too small to be obtainedyon = 0.0042+ 0.0028 for pH= 5.6, yon = 0.0082
measured by their droplet train technique. Since the Henry's + 0.0026 for pH= 1, andyoy = 0.012+ 0.003 for pH= 11
law constant for ozone in water is very low, it is possible that using an impinging flow method. These uptake coefficients are
in the Magi experiments, both rapid surface reaction (due much lower than the result shown in Figureygg > 0.1) based
preferential concentration of lat the interface) and scavenger- on the data of Hanson et &for OH uptake by water, but the
assisted uptake occurred, whereas in the Utter experiments, theeffect of ripples on the water film was most likely significant
surface reaction may have been slower. in the wetted-wall column experiments, particularly at higher

Thornton and Abbaftreportedyno, < 0.01 for HSQW/H,0 gas flow rates.
submicrometer aerosol in the absence of Cu(ll), but for Cu(ll)-  There remains considerable variation in the uptake coefficients
doped HSOy, yHo, = 0.8+ 0.3. This result is consistent with ~ for OH on sulfuric acid solutions. Figure 7 indicates that 0.008
the uptake coefficients shown in Figure 9 (0.83yno, < 1) < yon =< 0.04 based on the wetted-wall data of Hanson and his
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co-workers. Baldwin and Goldeéhreportedyon = 0.00049+
0.00005 for 96% HSO, at 298 K using a Knudsen cell,
Gershenzon et &P. obtainedyon = 1 for the same conditions,
and Cooper and Abbatteportedyon > 0.2 for 45-96% H-
SO, for temperatures in the ranges of 22280 and 236-298

K. The Knudsen cell technique of Baldwin and Golden involves

long time scales during which significant surface saturation
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