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Abstract

This investigation quantifies the change in mass transfer within a confined gas volume subjected to mixing by loose spheres. A cylin-
drical vessel containing between 1 and 50 Teflon spheres in a tracer gas is vigorously shaken. Extractive sampling provides time histories
of tracer gas concentrations extracted from the vessel. Fitting the results from a simple 1-D mass transfer model to the experimental data
yields an effective mass transfer coefficient k 0 for each experimental condition. Compared to diffusive mass transfer where
k 0 = Dab = 7.58 · 10�6 m2/s, k 0 exhibits a cubic dependency on the number of spheres with a maximum at 17 spheres where
k 0 = 3.5 · 10�3 m2/s.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Aerosols used in industrial processes have a number of
characteristics that complicate their study as compared to
the study of atmospheric aerosols. Short characteristic time
scales, intense turbulence, and often-rapid surface reactions
confound both acquisition of experimental data and
numerical modeling. Of particular interest recently are par-
ticle-laden jets used to inject powdered sorbent. Such jets
are widely used in technologies developed to control the
emission of trace metals such as mercury from combustion
processes [1–3]. Because the combustion exhaust is initially
sorbent-free, and the sorbent-laden jet is initially mercury-
free, jet phenomena such as jet spreading, entrainment, and
turbulent mixing arise as important factors governing the
efficient uptake of the targeted pollutant.

The study of jet phenomena is common in fluid dynam-
ics, both for pure (single-phase) gas jets in both quiescent
and co-flowing media [4–9] and for particle-laden jets
[10–13]. However, most such studies have sought further
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insight into phenomena purely of a fluid dynamic nature.
Our recent research [14] has sought to provide insight on
the coupling between fluid mechanics of particle-laden jets
and interphase mass transfer and adsorption often referred
to as entrained flow or in-flight adsorption. The present
experimental apparatus, an aerosol chamber, was devel-
oped to study the adsorption of trace gases by suspended
powdered sorbent material under varying thermofluid con-
ditions (e.g., temperature, relative humidity). In addition,
turbulent mixing of the suspensions is possible by vigor-
ously agitating the chamber while it contains varying num-
bers of loose spheres. The objective of the present
investigation is to quantify this turbulent mixing in terms
of an effective mass transfer coefficient k 0. The approach
involves filling the chamber with a known concentration
of a tracer gas and recording its elution from the chamber
over time under different turbulent mixing conditions. Cal-
ibrating a simple 1-D mass transfer model to the experi-
mental results yields a value of k 0 in the chamber based
on the evolution of the toluene concentration distribution
along the chamber axis. This effective mass transfer coeffi-
cient is analogous to the turbulent eddy diffusivity, eT, the
scalar coefficient that relates concentration gradient and
mass flux for turbulent flows.
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Nomenclature

A cross sectional area
C molar concentration
D diameter, aerosol chamber
d diameter, branch arm, sampling gas fitting
Dab molecular diffusion coefficient
hm convective mass transfer coefficient
k 0 effective mass transfer coefficient
L length of the aerosol chamber
_m mass flow rate
P pressure
ppmv part per million concentration, by volume
Q volumetric flow rate
slpm standard liters per minute
T temperature
t time
U velocity
V volume
x axial dimension
y normal dimension

Greek symbols

a included angle of oscillation
d boundary layer thickness

eT turbulent eddy diffusivity
/ azimuthal angle, in spherical coordinates
l dynamic viscosity
q mass density
m kinematic viscosity, l/q
x frequency

Subscripts

chamber aerosol chamber
cr critical value
Fitting sampling gas fitting
i inboard end, branch arm, tee fitting
in gas inlet, White cell
ive interfacial volume element
o outboard end, branch arm, tee fitting
out gas outlet, White cell
0 baseline
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2. Experimental method

Fig. 1 presents a schematic of the overall experimental
method in which the time-dependent concentration of a
trace gas (toluene) within an aluminum aerosol chamber
is extractively measured by Fourier transform infrared
(FTIR) spectroscopy under different mixing conditions,
those conditions resulting from the physical agitation of
the chamber itself. The aerosol chamber is a cylindrical alu-
minum vessel with interior dimensions of 16.4 cm length
and 13.7 cm diameter providing an interior volume of
2.09 L (Fig. 1, left). O-rings fitted to the two circular end-
plates maintain an airtight seal. The endplates are fitted
with gas fittings for pressurizing or evacuating the cham-
ber. Mounted at the center of one end plate is a 3/400 tee fit-
ting (1.5 cm diameter, 2.7 cm length) used for extractive
sampling from the chamber. The sampling method resem-
bles the operation of a Stefan tube, a capillary tube open
at one end, closed at the other end which holds a volatile
liquid. When a gas flow of constant velocity is directed over
the open end of the tube, the mass transfer of vapor from
the liquid surface to the gas stream produces a predictable
decrease in the liquid level in the tube. In the sampling
method described here, the aerosol chamber replaces the
volatile liquid. The tee fitting connects the aerosol chamber
to the gas-sampling stream and serves as the head of the
sampling train (Fig. 1, left). The branch arm of the tee
fitting connects directly to the aerosol chamber. One of
the two run arms connects to an 8.5 L multi-pass White cell
(Infrared Analysis, Anaheim, California) through 2.35 m
of 1/400 Teflon tubing. The other run arm is open to the lab-
oratory environment. A vacuum pump downstream of the
White cell induces the gas sampling flow and a rotometer
maintains a constant flow rate (21.9 slpm) through the
sampling train.

The present investigation examines turbulent mixing in
the chamber involving 0, 1, 10, 25, and 50 quarter-inch
(0.635 cm) diameter Teflon spheres. After adding the
desired number of spheres, the 2.09-L chamber is charged
with 0.4 L of a dilute (35,150 ppmv) toluene (C5H5CH3)/
nitrogen (N2) gas mixture at a rate of 1.17 slpm. A stream
of nitrogen gas, bubbled through a constant-temperature
liquid toluene bath, provides the gas mixture. A rotometer
maintains a constant nitrogen gas flow rate, which along
with the constant bath temperature, has been found to pro-
vide a constant toluene concentration in the gas stream.
Toluene is a common sorbate whose adsorption isotherms
are readily available. Commonality between the present
investigation and future in-flight adsorption experiments
was the primary consideration in its selection. A second
valve at the opposite end of the chamber remains open dur-
ing the charging process to maintain atmospheric pressure
within the chamber. After charging, the valves are closed
and the gas mixture rests for 10 min to promote a more axi-
symmetric toluene concentration distribution in the cham-
ber. Preliminary results (not shown) revealed that a 10-min



Fig. 1. Schematic of experimental setup (not drawn to scale).
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delay after charging produced the same experimental
results as 20- and 30-min delay periods. Gas sampling
starts simultaneously with the agitation of the chamber
by a pneumatic paint shaker.

The White cell is optically connected to a Fourier
transform infrared (FTIR) spectrometer (Thermonicolet,
Madison, Wisconsin). The FTIR spectrometer acquires
absorbance spectra for gas mixtures in the wave number
range of about 550–4000 cm�1 at an operator-selected scan
rate of approximately 1 Hz. A subtraction method using
the toluene spectral feature centered at 3041 cm�1 was used
to quantify the toluene concentration associated with each
collected IR spectrum. Each experimentally obtained con-
centration measurement reflects an average of 32 spectral
scans. The time required for spectral averaging (�30 s)
and the ventilation time scale of the White cell (�23 s)
mean that measured toluene concentrations represent an
approximately 30 second rolling average. Total gas sam-
pling time at each experimental condition is typically
1500–2000 s. The White cell provides a 16.8 m IR absorp-
tion path length, enabling measurement sensitivities of less
than 1 part per million. Such precision constitutes an
improvement over earlier generations of mass transfer
experiments whose precision was often no better than
+/�30% (+/�300,000 ppmv) [15].

3. Numerical method

One shortcoming of extractive sampling is that the
experimental data represent toluene concentrations in the
White cell, not toluene concentrations within the chamber.
Thus, to allow comparison between the model and the
experimental data, the numerical model encompasses the
aerosol chamber, the tee fitting, and the White cell, three
interconnected control volumes designed to represent as
faithfully as possible the actual experimental configuration.
The model does not account for the 2.35 m of tubing
between the tee fitting and the White cell because gas resi-
dence times there are short (70 ms) and the tubing is imper-
meable. Globally, with the exception of the binary mass
diffusivity for toluene into air Dab, the model approximates
the transport properties of the gas mixture in each control
volume as being those of air, an ideal gas, at 292 K. This
approximation is reasonable because the gas composition
everywhere in the experimental apparatus is that of air
containing varying, highly dilute amounts of the toluene/
nitrogen mixture. The model is a finite difference algorithm
using a time step of 0.1 s. Toluene is assumed inert relative
to the aluminum, quartz, and Teflon materials of the
apparatus.

3.1. Aerosol chamber

Although the charging process is gradual, toluene con-
centration distributions in the chamber during and immedi-
ately afterwards are likely to be 2-D. The largest gradients
are likely to be in the axial and radial directions, with lesser
gradients circumferentially because the location of the
injection port on the cylindrical chamber axis provides axi-
symmetry. Despite the diffusion and dispersion of toluene
that occurs during and after charging, both axial and radial
gradients may persist after the 10-min delay period. Thus,
the 1-D mass transfer model is a more accurate representa-
tion of mass transfer along the chamber centerline, where
radial gradients are negligible and mass transport most clo-
sely resembles 1-D behavior. Fig. 2 (left) illustrates the 1-D
discretization used in the aerosol chamber and attached tee
fitting.

Both the tee fitting and the White cell are not spatially
resolved but treated as single volume elements in the
model, the rationales and details of which are presented
in subsequent sections. For a constant gas-sampling rate,
the elution rate of toluene from the chamber determines
the toluene concentrations in the sampling gas stream
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Fig. 2. Schematic of aerosol chamber discretization (left, not drawn to scale), and numerical model values of toluene concentration in the chamber at t = 0
(dark gray) and t = 10 min (light gray) after charging.
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Fig. 3. Schematics of Stokes’ oscillating viscous boundary layer flow (left)
and the analogous phenomenon for the present investigation (right)
(drawings not to scale).
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and the White cell as a function of time. The elution rate of
toluene from the chamber depends on the mass transfer
mechanisms within both the chamber itself and the branch
arm of the tee fitting (Fig. 2, left). Once the mass transfer
resistance in the branch arm is determined, measured tolu-
ene concentrations in the White cell can be directly related
to mass transfer within the chamber. The 1-D mass transfer
model relates toluene concentrations in the White cell to an
effective mass transfer coefficient k 0 in the chamber.

In discretizing the aerosol chamber, each differential
cylindrical element has the same diameter as the chamber
and a width of 2 cm, with the exception of the region near
the sampling port (Fig. 2, left). The differential element
adjacent to the tee fitting has a width of 1 cm for
reasons detailed later in this section. The 1-D form of the
diffusion Eq. (1) governs mass transfer between these
elements.

1

k0
oC
ot
¼ o2C

ox2
ð1Þ

In (1), under pure diffusive conditions, k 0 = Dab, the molec-
ular diffusion coefficient, calculated using the FSG correla-
tion (2) provided by Fuller and co-workers [16]:

Dab ¼
1:0� 10�9T 1:75

P a
P

tið Þ1=3 þ b
P

tið Þ1=3
h i2

1

Ma
þ 1

Mb

� �1=2

ð2Þ

in which P is pressure (atmospheres), T is temperature (K),

x
P

ti represents the sum over all diffusion volumes i in spe-
cies x, and MWx is molecular weight of species x (g/g mol).
Values for collision integrals for a large selection of mole-
cules are readily available in tabular form (e.g., [15]). The
value of Dab determined from (2) for the present analysis
is Dab = 7.58 · 10�6 m2/s for the toluene–air system.

Section 2 describes the partial charging of the chamber
with toluene, followed by a 10-min delay to allow the con-
tents to settle. The numerical model simulates the charging
as a plug flow, followed by a 10-min period of diffusion
between the charged volume (0.4 L, 35,150 ppmv of tolu-
ene in nitrogen) and the remaining gas in the chamber
(1.69 L of air). Fig. 2 (right) illustrates the toluene con-
centration distributions in the model before and after the
10-min diffusion period, the latter serving as the initial
condition for the model at the start of agitation.
3.2. Interfacial region

Qualitatively, the agitation of the cylindrical aerosol
chamber is analogous to the problem of the boundary layer
generated in a viscous fluid above a planar solid boundary
undergoing periodic in-plane motion (Fig. 3, left). First
addressed by Stokes [17], the solution is a function of the
viscosity of the fluid and the periodic in-plane motion of
the solid boundary (Fig. 3, left). Using the method of sep-
aration of variables with appropriate boundary conditions,
the analytical solution obtained by Stokes is (3):

Uðy; tÞ ¼ U 0 exp �
ffiffiffiffiffi
x
2m

r
y

� �
cos xt �

ffiffiffiffiffi
x
2m

r
y

� �
ð3Þ

where y is the normal distance from the solid boundary
(m), x is the frequency of oscillation (s�1), U0 is the ampli-
tude of oscillation (m/s), and m is the kinematic viscosity of
the fluid (m2/s). The form (3) of the solution for U(y, t)
reveals the periodic nature of the velocity profile in the
viscous boundary layer. The kinematic viscosity, oscillation
frequency, and the distance from the oscillating boundary
combine in an exponential decay prefactor, causing the
amplitude of the velocity in the boundary layer to decrease
with increasing y and x. The result is that for any given
oscillation frequency x, there is a critical distance ycr be-
yond which the fluid velocity is vanishingly small, consti-
tuting a quiescent region. For example, for water (at STP)
subjected to a periodic velocity boundary condition at a
frequency of 10 Hz, the critical distance ycr is 0.8 mm.

Fig. 3 (right) illustrates the phenomenological extension
of the Stokes problem we propose to apply to the agitation
of the chamber. This phenomenological construction has



H.L. Clack, A.A. Mohammed / International Journal of Heat and Mass Transfer 49 (2006) 2931–2938 2935
several implications for the mass transfer within the aerosol
chamber during agitation, described below. It should be
noted that an exact solution for the periodic viscous
boundary layer within the chamber is neither sought nor
required to complete the 1-D mass transfer model of the
chamber.

The internal flow induced by the motion of the aerosol
chamber is confined to a viscous boundary layer having a
nominal thickness d(x,m) equal to the critical distance
ycr(x,m) from the chamber walls. A nominal rather than
an absolute viscous boundary layer thickness is specified
because, unlike the boundary layer in the Stokes problem,
the periodic viscous boundary layer generated in the aero-
sol chamber is not of uniform thickness. To illustrate this
point, consider a hollow spherical shell similarly agitated
about its polar axis. The periodic motion of the spherical
shell imposes on the fluid inside a periodic velocity bound-
ary condition whose amplitude U0 is a function of latitude
(i.e., azimuthal angle /) on the sphere, attaining a maxi-
mum value near the equator and tending to zero near the
poles of the sphere. Because the amplitude of the periodic
velocity boundary condition U0 varies with /, so too does
the induced periodic velocity boundary layer profile (i.e.,
U = U(y, t,x,m,/). Thus, defining d based on a minimum
velocity U(y), or minimum velocity differential (U0 �
U(y)) as we have done here, leads to d = d(x,m,/), with d
decreasing with decreasing /. Although the present aerosol
chamber is cylindrical, its circular cross section traces out a
spherical volume when the chamber rotates about any axis
other than its longitudinal axis (Fig. 3, right). The relatively
small aspect ratio of the cylinder (L/D = 1.3) tends to max-
imize this spherical body of revolution relative to the cylin-
der volume.

The behavior of this viscous boundary layer is impor-
tant because it mediates mass transfer between the quies-
cent core region of the chamber (y > d,U = 0) and the tee
fitting. During purely diffusive conditions in the chamber
(no agitation), extractive sampling of toluene creates con-
centration gradients in the immediate vicinity of the tee fit-
ting. During agitation, this region falls within the periodic
viscous boundary layer and is subjected to viscous shear
and complete flow reversal every cycle (every 1/x s). Such
vigorous mixing is likely sufficient to maintain a ‘‘well-
mixed’’, spatially uniform concentration throughout the
viscous boundary layer. Consequently, in the numerical
model this region has a time-varying but spatially uniform
concentration throughout. This well-mixed assumption
only applies to the region of the chamber subject to the
periodic viscous boundary layer, which only occurs during
agitation. The discretization in the chamber near the tee fit-
ting (Fig. 2, left) is scaled to match the calculated periodic
viscous boundary layer thickness d, so that its effects are
confined to a single differential volume element called the
interfacial volume element. The value of d (�1 cm) is calcu-
lated from (3), setting U0 equal to the rotational velocity of
the endplates during agitation (axL/2), where a is the
included angle of agitation (45�) and L/2 is the radius of
gyration. Because the included angle of agitation is rela-
tively small, the numerical model neglects centripetal
effects.

The presence or absence of agitation implies different
boundary conditions (convective or diffusive, respectively)
between the interfacial volume element and the tee fitting.
Thus, the mass balance equation that yields the rate of
change of toluene concentration for the interfacial volume
element dCive/dt differs by one term for conditions without
(4) and with (5) agitation:

Without agitation:
dCive

dt
¼ k0 �Achamber

V ive

dC
dx

����
chamber

þAfitting

V ive

dC
dx

����
fitting

 !
ð4Þ

With agitation:
dCive

dt
¼�k0

Achamber

V ive

dC
dx

����
chamber

�hm;i

Afitting

V ive

ðCive�CfittingÞ

ð5Þ

where Vive is the volume of the interfacial element, k 0 is the
effective mass transfer coefficient (=Dab under purely diffu-
sive conditions), hm,i is the convective mass transfer coeffi-
cient at the inboard end of the branch arm of the tee fitting,
and Ax and Cx are the cross sectional area for mass transfer
and concentration in region x, respectively.

Under purely diffusive conditions (without agitation),
the cross sectional area of the interfacial volume element
equals that of the chamber (Achamber = pR2 in Fig. 2, left).
It is clear, however, that this value does not hold during
agitation. Because the endplate and embedded tee fitting
rotate in an arc around the stationary quiescent core, the
interfacial area for mass transfer between the two regions
also traces an arced path. The time-averaged effect during
agitation is a larger interfacial area for the interfacial
volume element in (5), with Achamber = pR2 + 2R(aL/2).
The additional term represents the additional area swept
by the endplate during agitation, where a is the included
angle of agitation (45�) and L/2 is the radius of gyration.
3.3. Tee fitting

The inboard end of the branch arm of the tee fitting
passes through the center of one of the end plates and con-
nects to the chamber. The outboard end connects to the gas
sampling line (Fig. 1), transferring toluene from the cham-
ber to the gas sampling line in a manner similar to a Stefan
tube. Unlike a Stefan tube, however, preliminary numerical
results revealed that a Fickian diffusion model underpre-
dicts mass transfer through this section. A review of the lit-
erature suggests that conditions in the branch arm of the tee
fitting are conducive to lid-driven cavity flow. Prasad and
Koseff [18] and Koseff and Street [19,20] investigated lid-dri-
ven cavity flows at Reynolds numbers ReD as low as 1000. In
the present investigation, the cross flow within the tee fitting
results in a far higher Reynolds number (ReD = 30,200).
Lid-driven cavity flow induces a continuous, volumetric
circulation that would maintain convective boundary
conditions at both ends of, and a well-mixed uniform con-
centration throughout, the branch arm of the tee fitting.



0

25

50

75

100

125

150

175

200

0 500 1000 1500

Time/s

C
o

n
ce

n
tr

at
io

n
/p

p
m

v

Experiment - No Agitation

Experiment - 0 spheres

Experiment - 1 sphere

Experiment - 50 Spheres

Experiment - 10 Spheres

Experiment - 25 Spheres

Model - k' = 3e-3 m2/s

Model - k' = 1e-4 m2/s

Model - k' = Dab, hi hm,i

Model - k' = Dab, lo hm,i

Fig. 4. Temporal evolution of toluene concentration, comparison between
experimental and numerical modeling results. Effective mass transfer
coefficient values k 0 noted for each numerical result.

2936 H.L. Clack, A.A. Mohammed / International Journal of Heat and Mass Transfer 49 (2006) 2931–2938
Because the lid-driven cavity flow is induced by the con-
tinuous sampling gas flow, the resulting convective bound-
ary conditions within the branch arm exist under all
experimental conditions. In addition, during agitation,
the periodic viscous boundary layer in the interfacial vol-
ume element enhances convective mass transfer between
the chamber and the branch arm. Thus, the convective
boundary conditions at the outboard and inboard ends
of the branch arm of the tee fitting are single- and dou-
ble-valued, respectively, in the model. The convective mass
transfer coefficient at the outboard end, hm,o, has a con-
stant value, while the corresponding coefficient at the
inboard end, hm,i, takes on different values with and with-
out agitation. Under all conditions, the time-varying, spa-
tially uniform concentration in the well-mixed branch
arm of the tee fitting is governed by a mass balance Eq. (6):

dCfitting

dt
¼ 1

L
ðhm;iðCive � CfittingÞ � hm;oðCfitting � 0ÞÞ ð6Þ

where L is the length of the fitting (=Vfitting/Afitting =
2.7 cm), hm,i and hm,o are the inboard and outboard con-
vective mass transfer coefficients, respectively, and Cfitting

and Cive are the concentrations in the tee fitting and the
interfacial volume element, respectively. The sampling gas
stream adjacent to the outboard end of the branch arm is
free of toluene. The constant outboard convective mass
transfer coefficient (hm,o = 2.5 · 10�1 m/s) is determined
by calibrating the model with the experimental data under
purely diffusive conditions (no agitation). With hm,o estab-
lished, the two values of hm,i were similarly determined with
(hm,i = 5.5 · 10�2 m/s) and without (hm,i = 1.5 · 10�2 m/s)
agitation, the former condition involving no spheres.

3.4. Multi-pass White cell

As discussed in Section 2, the spectrometer and White
cell both impact measured toluene concentrations. As con-
figured, the spectrometer requires approximately 30 s to
obtain an IR spectrum of the gas mixture in the White cell.
Because the characteristic ventilation time of the White cell
(23 s based on 8.5 L and 21.9 slpm) is of the same order as
the spectral acquisition time, rapidly changing toluene con-
centrations are not well resolved.

In the numerical model, a plug flow of 2.9 cm/s is
assumed through the White cell based on the gas sampling
rate and cross sectional area of the cell (21.9 slpm and
0.0127 m2, respectively). A toluene mass balance on the
White cell yields the rate of change of toluene concentra-
tion (7):

oC
ot
¼ Q

V
ðCin � CoutÞ ð7Þ

where C is toluene concentration in the White cell (ppmv),
Cin and Cout are the toluene concentrations at the inlet and
outlet of the White cell, respectively (ppmv), Q is the gas
sampling flow rate (m3/s), and V is the volume of the White
cell (0.0085 m3). The plug flow assumption produces a 23 s
lag in the model between Cin and Cout (Cout(t) =
Cin(t � 23)). For t < 23 s, the initial contents of the White
cell are expelled and Cout is identically zero.

Summarizing, the agitation of the chamber alone pro-
duces two distinct fluid regions internally, a quiescent core
and a viscous boundary layer of nominal thickness
d = d(x,m) and nominal periodic velocity profile U =
U(y, t,x,m). Characterized by fluid shear and periodic flow
reversal, the viscous boundary layer is well-mixed through-
out and encircles the quiescent core region. Without Teflon
spheres, mass transfer within the quiescent core region of
the chamber occurs by molecular diffusion, modeled here
by (1), where the effective mass transfer coefficient k 0 is
set equal to Dab for the toluene–air system (Dab =
7.58 · 10�6 m2/s, obtained from (2)). With one or more
Teflon spheres added to the chamber, their random motion
during agitation increases mass transfer within the quies-
cent core. This increase in mass transfer is modeled by
increasing the value of k 0 until the model results replicate
the experimental data.

4. Results and discussion

Fig. 4 presents the temporal evolution of toluene con-
centration during agitation with 0, 1, 10, 25, and 50
spheres, both experimental data (symbols) and numerical
modeling results (lines). Each numerical modeling result
is presented with the relevant value of k 0 used in the model.
The numerical modeling results represent the best fit to the
companion experimental data at each experimental
condition.

The lowest measured toluene concentrations (Fig. 4)
correspond to purely diffusive conditions (no agitation)
and were used to calibrate hm,i and hm,o. These experimen-
tal data show a broad peak in concentration near 150 s, fol-
lowed by a gradual decay. The numerical model provides
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an excellent fit to the experimental data at longer times
using k 0 = Dab = 7.58 · 10�6 m2/s as calculated from (2).
The model, however, predicts an earlier, more pronounced
peak concentration than the experimental data. Such differ-
ences are consistent with the previously discussed difficul-
ties presented by the White cell and spectrometer when
measuring rapid transients. It should be reiterated that
the sampling gas stream traverses the 2.35 m of tubing
not included in the numerical model in 70 ms, a negligible
delay that is not likely to explain the difference between the
predicted and measured peak concentration times.

Of significant interest are the experimental results
reflecting agitation of the empty chamber in Fig. 4 (legend:
k 0 = Dab, hi hm,i). Compared to the pure diffusion data
without agitation (Fig. 4, legend: k 0 = Dab, lo hm,i), the
effect of agitation is to significantly increase the peak con-
centration. The measured peak concentration during agita-
tion with no spheres occurs at approximately the same time
(�100 s) as for the pure diffusion results, suggesting similar
phenomena between the two experimental conditions. The
higher toluene concentrations during agitation without
spheres reflects the higher value of hm,i associated with
the increased mass transfer between the chamber and the
tee fitting as a result of the periodic viscous boundary layer.
The relative impact of agitation on hm,i is made clearer by
considering Sherwood number (Sh � hmd/Dab) for the two
values of hm,i. In the absence of agitation, hm,i = 1.5 ·
10�2 m/s and Sh = hm,id/Dab = 30. Such a large Sherwood
number indicates that convective mass transport far
exceeds diffusive mass transport between the tee fitting
and the interfacial volume element. Prominent concentra-
tion gradients would be expected in the interfacial volume
element near the fitting, and the rate of diffusive transport
through this region ultimately limits the measured toluene
concentrations. With agitation, however, the mixing within
the interfacial volume element eliminates such gradients,
thereby increasing the measured toluene concentrations.
The viscous boundary layer also imposes additional con-
vective conditions, increasing hm,i, Sh and the measured
toluene concentrations. The numerical results show the
same increase in toluene concentration during agitation
with no spheres (Fig. 4, legend: k 0 = Dab, hi hm,i), with
the model predicting an earlier peak value than the exper-
imental data. These numerical results represent diffusive
conditions within the quiescent core, k 0 = Dab = 7.58 ·
10�6 m2/s.

The experimental and numerical results for agitation
with 1, 10, 25, and 50 spheres show better agreement
between their peak values, with the numerical results pre-
dicting a more rapid decay in toluene concentration at
extended values of t. The different numerical results reflect
different values of k 0 in the chamber, with hm,i and hm,o held
constant (5.5 · 10�2 m/s and 2.5 · 10�1 m/s, respectively).
Interestingly, the variation of k 0 with the number of spheres
appears to have a maximum, whereby the effective mass
transfer coefficient actually decreases with increasing num-
bers of spheres. This suggests that beyond an optimum
number of spheres (based on the relative size the spheres
and the chamber itself), additional spheres have the effect
of inhibiting mass transfer. It is clear that as the collective
volume of the spheres increases, their motion would be
impeded, thereby limiting their potential to enhance mass
transfer. However, 50 of these 1/400 spheres comprise less
than 1% of the chamber volume. This implies that only
very dilute volume loadings, i.e., collective volume of
spheres compared to the mixing volume, are necessary to
enhance mass transfer. A cubic curve fit of k 0 as a function
of number of spheres (Fig. 5) reveals an optimum at 17
spheres of k 0 = 3.5 · 10�3 m2/s. The reciprocal of the vol-
ume fraction occupied by the spheres is plotted as a second,
upper x-axis in Fig. 5 to illustrate the dependency of effec-
tive mass transfer coefficient with volume loading. It is
likely that a different optimum exists for different size
spheres, different volume loadings, and perhaps for differ-
ent sphere mass densities.

5. Conclusions

Experimental data reveal how loose spheres moving ran-
domly influence mass transfer within a closed volume.
Concentrations of a trace gas drawn from a vigorously agi-
tated cylindrical vessel are measured by extractive Fourier
transform infrared spectroscopy. Using a 1-D numerical
model to validate the experimental results, the temporal
evolution of toluene concentrations can be interpreted
relative to the mixing conditions within the vessel. Purely
diffusive results (no agitation) demonstrate good agreement
between the experiment and the numerical model. During
agitation without spheres, a periodic viscous boundary
layer forms adjacent to the vessel walls, enhancing mass
transfer from the vessel. Surrounded by this boundary
layer is a smaller, quiescent spherical volume in which bulk
velocity is vanishingly small. During agitation with from 1
to 50 loose Teflon spheres, each condition is correlated to
an effective mass transfer coefficient k 0 that relates mass
flux in the vessel to local concentration gradient. A maxi-
mum value of k 0 = 3.5 · 10�3 m2/s is inferred from the
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experimental and numerical results, associated with the
mixing induced by 17 quarter-inch spheres. Both experi-
mental data and numerical results indicate that beyond this
maximum, greater numbers of spheres have the effect of
inhibiting mass transfer within the vessel. On a volume
fraction basis, the maximum value of k 0 associated with
17 spheres represents a very dilute volume loading of less
than 1% of the volume of the vessel.
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