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. . . Kn. The asymptote at large Kn is the uptake coefficient without gas-
A recent article by Morita, Sugiyama, and Koda (MSK)  phase diffusion limitationy(,). In the absence of surface reactiops,
describes modeling transport of trace gas-phase species to a traig o. The figure shows BC/ARI experimental data for= 1 and 0.22
of moving droplets used to measure gas uptake by liquids in antogether with the MSK model calculation fp = 1 (taken from their
apparatus developed at Boston College and Aerodyne Researchork). The solid lines are FuchsSutugin plots with the BC/ARI

Inc. (BC/ARI). The authors conclude that our treatment of multiplicative factor of C= 2.0. The measured uptake coefficients
' . (ymeag in the figure were obtained from the following uptake studies:

diffu.sive gas trar}sp'ort under conditions of high water vapor D,0. H,O from ref 4: CRCOOD, CHCOOH from ref 5. NH from
partial pressure is inaccurate and therefore so are the mas$ef 3; HCl, from ref 6; HBr from ref 7. The standard deviation of the
accommodationd) values quoted in the BC/ARI publications.  experimentalymeasdata on they, = 1 line is+ 0.05 and on the, =
Their conclusions imply that the values are higher than those 0.22 is+ 0.01. A typical error bar for each of the three sets of data is
obtained in the BC/ARI studies. also shown (i.e., for BC/ARY, = 1, yo = 0.22, and for the MSK

The fluid dynamics simulation of MSK is an important ~medel calculation withyo = 1).
addition to the literature of droplet train gas interactions. Their
results confirm most of our key experimental findings about
the nature of diffusive gas transport to a train of moving droplets.
However, as will be discussed, the quantitative results of their
model calculations are not fully in accord with the measure-
ments, and their implication that the true valuesiare higher
than quoted in our publications is incorrect.

From the very beginning it was clear that gas-phase diffusive
transport in the droplet train apparatus would have to be
characterized experimentally because of the complexity of the
process. Consequently, extensive uptake studies were performe
over a wide range of Knudsen numbers (Kn: 0.05 to 4.5), gas
mixtures, and uptake coefficientg,(= 0.01 to 1). Experiments
were done with droplet forming orifices of diameters in the range
22 to 70um, producing droplets in the size range freni0 to
300um in diameter. As has been documented in the BC/ARI . X X .
publications, diffusive transport to a stream of fast moving Fuchs—Sutug_m formul_apon (eq_13 in MSK), with the mass
droplets has the same functional dependence on Kn as thea_lcpommodatmn coefficient, .W.h'Ch th_ey Cai.‘L‘“’ and de as
Fuchs-Sutugin expression for transport to a stationary droplet, fitting parameters. The best fit is c_)b_talned Witk = O'.35 an_d
except that the droplet diameter in the expression for Kn must Jeft = 137um. In other words, the fitting of the MSK simulation

be replaced by an effective diametérthat we determined to yields a multiplicative factor close to ours that is 2.3 instead of
be 2.0 (0.1) times the diameter of the droplet-generating 2. However, the best-fit via our FuchSutugin formulation to
orifice. (ThIS work is summarized in ref 2) the MSK simulation y|e|dﬂ < 1, SpeCiﬁca”y(leff = 035, while

The MSK fluid dynamics simulations confirm our key the MSK simulation used. = 1. Based on this, they conclude

experimental findings. Namely, for droplets of differing diam- that our way of accounting f(_)r gz_as-phase diffusion is not
eters produced by changing the vibration frequency of a given accurate enough and therefore likewise the mass accommodation

droplet-generating orifice, the diffusion transport resistance does cogffl(:lent we obtain IS notaccurate. This conclusion is incorrect
as is demonstrated in Figure 1.
* Corresponding author. E-mail: Worsnop@aerodyne.com. Figure 1 shows a plot of the measured uptake coefficient,

f Current address: Sandia National Laboratories, Livermore, CA 94551. Ymeas @S @ function of Kn from the continuum (Kr 0.1) to
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not depend on the droplet diameter. Rather, as we have shown
experimentally, the diffusion transport resistance is characterized
by the diameter of the droplet-forming orifice. Both our
experimental results and the calculations of MSK conclude that
the effect of gas-phase diffusion can be accounted for by using
the Fuchs-Sutugin equation with an effective diametey;,that
is related to the droplet generating orifice diametigy by df =
C x do, whereC is a constant. Further, the calculations of MSK
show that the diffusion transport resistance is only moderately
gependent on the droplet velocity, and this dependence tends
to zero as Kn increases. This again is in accord with our
experiments that show diffusive transport to be unaffected by
variations in droplet velocity over a relatively wide range.

MSK simulated values ofmeasfor different values of Kn
assumingx = 1. They then fit their simulated points using our




Comments

the near free molecular (Kr 1) regime. Also shown in the
figure are the simulation results of MSK. The asymptote at large
Kn is the uptake coefficientyc) without gas-phase diffusion
limitation.

The BC/ARI experimental data in Figure 1 were obtained as
follows. For a given trace gas and droplet composition, the
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gas flow velocity,zeg. In the MSK simulation, the gas-droplet
interaction time is expressed in terms of the concentration-
weighted average trace gas flow velocity, (a quantity not
directly accessible to measurement). At low Kn the two gas
flow velocities are not the same; specificallg > 7ig. As a
result, ymeasin the Morita et al. simulation is not the same as

uptake was measured with the maximum attainable Kn. The the ymeasmeasured in our experiments. Furth@feasin the
Knudsen number was then varied, (i.e., decreased) by changingVorita et al. simulation is not measurable in the droplet train

the orifice diameter and/or the type of carrier gas and its
pressure. The solid lines are Fuet®utugin plots with our value

of C = 2.0 and withy, set at 1 and 0.22. In the absence of
surface reactions;, = a. The figure shows our experimental
data for several species withh = 1 and for species witl, =
0.22 (~ £15%), together with the MSK simulation results for
Yo = 1 (taken from Figure 6 of their work). The plotted
measured uptake coefficientgdad were obtained from several
uptake studi€s” as identified in the figure. The figure includes
results from uptake studies with,0* and C3COOL? that

undergo facile isotopic exchange surface reactions. Our formu-

apparatus and is not readily comparableytQasobtained in

our experiments. (2) In the actual experiment the droplets move
with speed ¢q) and the gas flows at a speeg that is about
1/10 of the droplet speed. It is the gas spegthat determines
the trace gas-droplet interaction time. In the MSK simulation
the gas is moving at the speeg ¢ vg) while the droplets are
stationary. This makes the gas liquid interaction time in their
simulation shorter by about a factor of 10, compared to the actual
experimental interaction time and of the same order as the
characteristic radial diffusion time. As a result, the simulated
trace gas radial distribution does not properly model the

lation of the gas-phase transport matches the measurements oveaxperimental condition%(3) The MSK simulation does not take

the full range from the continuum (Kr 0.1) to the near-free
molecular regime (Kr> 1). Similar agreement was obtained
for other values ofx and other chemical systems.

In drawing their conclusions about the BC/ARI data in
relation to their calculations, MSK focus on the relatively narrow
region of their continuum regime modeling. Because their
simulation results with an assumed valuecof= 1 overlap in
part of this region with our FuchsSutugin formulation witho.
= 0.35 or, as shown in the figure, at low Kn even with the
measurement af ~ 0.22, they assert that we have miscalculated
diffusion and that ount here is really 1. This is an incorrect
conclusion. Their continuum-regime calculation yields a linear
relationship between the uptake coefficient and Kn. The in-
evitable curvature toward the asymptotic value of the diffusion-
free uptake coefficient at higher Kn cannot be simulated in a
valid way by their continuum-regime calculations. The BC/ARI

into account the effect of the gas flow carrying the trace gas
that is injected at high speed radially into the main flow through
inlet loops. (4) The droplets decelerate about 4% in their travel
down the length of the flow tube. The effect of the momentum
transfer on gas transport may be significant. While this effect
is discussed in the MSK article, it is not included in the
simulation.

The listed differences 1, 3, and 4 are expected to reduce
diffusion limitation. The effect of 2 is not clear. Thus, it is not
likely that the simplified simulation used by MSK can provide
an adequate representation of the complex trace gas to droplet
transport processes. We hold that in the face of these complex
gas transport conditions, thorough experiments are the only
reliable way to characterize the system.

To summarize, we have shown that diffusive transport to a
stream of fast moving droplets has the same functional de-

measurements follow the uptake coefficient over the range of pendence on Kn as the FuerSutugin expression for transport

Kn to a point where the curvature toward the diffusion-free
asymptote is evident, showing that our valuergf= 1 is indeed
just that, and the value we determined todoe= 0.22 isnot
unity but is in fact 0.22 within the experimental accuracy of
+15%. (See Figure 1.) Data sets for some of the otherlues

to a stationary droplet, except that the droplet diameter in the
expression for Kn must be replaced an effective diamgter

C x d,, whered, is the diameter of the droplet-generating orifice
andC is a constant determined to be 2:00.1). The parameter

C is an experimentally determined instrument constant for our

likewise show that the asymptote is almost reached, confirming specific setup. It empirically corrects for deviations from the

the validity of the BC/ARI uptake formulatioh.

Fuchs-Sutugin formulation, which include physical effects that

MSK ignore this asymptotic approach of our measurements are not accounted for by the MSK simulation (such as the four

toward the diffusion free uptake coefficient. They also ignore
the fact that for various species we have indeed measuygd a
= 1, again all the way to the asymptotic diffusion-free value,

issues discussed above).

Supporting Information Available: Extended discussion
of the ways in which the experiment differs from the simula-

and that their calculations do not match these measurementstions. This material is available free of charge via the Internet

Our uptake coefficients on the line correspondingyto—= 1

at http://pubs.acs.org.

represent the maximum measured uptake for a given Kn. TheseReferences and Notes

measured values atarger than the MSK calculations predict
to be possible. (That is, the MSK points in the figure are the
maximumymeasaccording to their simulation.)

MSK correctly note that the diffusive gas-transport properties
in the droplet train are surprising and not intuitively obvious.
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