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ne educational goal of the unit operations laboratory

is to help students understand fundamental principles

by connecting theory and equations in their textbooks
to real-world applications. We have found, however, that
collecting data and analyzing it with empirical correlations
does not always translate into a good understanding of what
is happening inside the pipes."! One problem is that the
theoretical development behind the labs is often comprised
of approximate methods using lumped parameters that de-
scribe the results but not the details of the physical process.
For example, when a mass transfer coefficient is obtained
from an absorption experiment, some students struggle to
explain what the mass transfer coefficient represents and
why it increases with increasing absorbent flow rate. To
address this problem, we are using computer simulations to
solidify the link between experiment and theory and provide
improved learning.!'*!

Commercial software packages like COMSOL Multiphys-
ics™ allow students to set up and solve the partial differential
equations that describe momentum, energy, and mass balances
and also to visualize the velocity, pressure, temperature, and
concentration profiles within the equipment. Visualization
of the processes may not only help reinforce concepts and
clarify the underlying physics but it may also help “bring to
life” the mathematics as well as the experiments. With this
software, students don’t necessarily need to know the details
of how to solve complex equations, but they need to know
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which equations to solve and how to validate the results.”
This type of simulation can also extend the range of experi-
ence beyond what is possible in the lab by allowing studies
that would otherwise be prohibited by time, financial, or
safety constraints.

In this paper we present experiments and computer mod-
els for studying the environmentally important problem of
removing CO, from air. Simple models are shown to provide
straightforward analysis of the experimental data even when
the system is not dilute. In addition, we present more detailed
models that illustrate the two-film theory and provide insight
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into the absorption process. These models help explain the
absorbent flow rate dependence of the mass transfer coeffi-
cient and how the process is liquid phase resistance controlled
when using water and dependent on the gas phase resistance
when using dilute NaOH solution as absorbent. Finally, we
provide some discussion of how the simulations have been
received by students.

LABORATORY EXPERIMENT

A few years ago our old 30-foot-tall, 6-inch-diameter, steel
absorption tower became clogged with rust and residue from
years of use with sodium carbonate solution as absorbent for
removing CO, from air. Since concerns over global warming
are a political reality even if the causes and effects are not
clear, we wanted to continue to offer a CO, absorption experi-
ment because of its appeal to student interest as well as its
ability to illustrate mass transfer fundamentals. To reduce cost
and avoid column fouling in the future, we chose to use pure
water as absorbent in our new 6-foot-tall, 3-inch-diameter,
glass column packed with 54 inches of Y4-inch glass Raschig
rings that we purchased from Hampden Engineering Corpora-
tion* and modified to suit our needs. Although using water as
absorbent focuses the lab on mass transfer concepts without
the added complexity of reactions, the limited solubility of
CO, in water makes it necessary to have accurate analysis of
the gas phase and to work with concentrated gas streams to
get good results. A Rosemount Analytical, Inc.," model 880a
infrared analyzer provides accurate and reliable measure-
ment of the CO, composition of the gas phase at the column
entrance and exit. To measure a significant

End caps for the acrylic column were made with rubber stop-
pers fitted with liquid and gas inlet and outlets.

We describe here the analysis of representative sets of ex-
perimental runs using the two columns. Our students use the
larger column to determine the effect of water flow rate on
the mass transfer process. Experimental data are presented in
Table 1 for four different water flow rates at fixed gas phase
inlet conditions and room temperature. At present we don’t
have our students working with NaOH in the lab for safety
reasons. Instead, we give them data obtained on the smaller
column by a student working on his senior thesis. Table 2
shows the data collected for both water and 1 N NaOH solu-
tion at five different liquid rates and a fixed gas phase inlet
condition at room temperature. It can be seen that very little
CO, is removed in the small column at these conditions with
water as absorbent. On the other hand, most of the CO, is
removed from the gas stream when NaOH is used, even in
the small column.

TABLE 1
Large Column Data and Results for CO, Absorption
from Air Using Water at Room Temperature
Air Rate, A = 1.42 L/min; Inlet CO,, y, = 0.185

change in the gas phase composition, it is
best if the gas rate is low and the water rate
is high. Having a low gas rate also provides
the benefit of consuming less CO, (and air)
and emitting less CO, to the environment in

Small Column Data and Results for CO, Absorption From Air Using Water

Water Rate, W Outlet CO,, y, Kya
L/min mole fraction mol/m’s
0.53 0.143 0.333
1.06 0.099 0.558
1.58 0.064 0.634
2.11 0.039 0.712
TABLE 2

or 1 N NaOH
at Room Temperature
Air Rate, A = 1.5 L/min

both the exiting gas and water streams. y, = 0.175 (water) y, =0.178 (NaOH)

To illustrate the advantage of combining Liquid Rate, W Outlet CO, .y, K.a Outlet CO,, y, Ka
a chemical reaction with the absorption L/min mole fraction mol/m’s mole fraction mol/m’s
process, we also built a small-scale column 0.14 0.168 0.237 0.062 2.96
for use with NaOH solution as absorbent. 0.23 0.165 0.285 0.050 3.69
A 1.75-in-diameter, 15-in-long acrylic tube 0.28 0.164 0312 0.037 4.09
was filled to a height of 12.75 in with the 035 0.162 0.349 0.031 4.66
same glass rings used in our larger column. Py 0.161 0375 Py 507
TABLE 3
Heights of Transfer Units and Mass Transfer Coefficients for Large Column

Water Rate H_ Hy mGH /L HOy kya ka k a/m Kya
L/min m m m m mol/m’s mol/m3s mol/m?s correlated

0.53 0.193 0.065 0.591 0.656 3.55 557 0.392 0.353

1.06 0.238 0.046 0.363 0410 502 904 0.637 0.565

1.58 0.268 0.038 0.275 0.313 6.13 1196 0.842 0.740

2.11 0.292 0.033 0.225 0.257 7.08 1464 1.031 0.900

134

Chemical Engineering Education




TRADITIONAL ANALYSIS

If we neglect temperature and pressure effects and assume
that CO, only is experiencing mass transfer between the gas
and the liquid phases, traditional analysis leads to a design
equation for our absorber given by!®!:

. z . GO Yt dy _
Zij;) dz= Kya fyb (1*}’)2 <y7ye) HOyNOy @

where t and b represent top and bottom of the column, respec-
tively, Z is the column height, y is the gas phase CO, mole
fraction, y_is the value of the gas phase CO, mole fraction
that would be in equilibrium with the liquid phase, Ka is the
overall mass transfer coefficient based on the gas phase driv-
ing force, G, is the solute free gas flux, H,, is called the height
of a transfer unit, and NOy is the number of transfer units.

Neglecting details of reactions between CO, and water and
any impurities we can describe the vapor liquid equilibrium
with Henry’s law using Henry’s constant, H = 1420 atm at
20 °C." Since the height of the laboratory column is known,
experimental gas phase composition data can be used in
Eq. (1) to solve for the mass transfer coefficient at various
operating conditions.

Integrating Eq. (1) is tedious since a mass balance in the
form of an operating line equation must first be used to
determine x at every value of y before Henry’s law can be
used to find y_ at each x that corresponds to each y. This has
traditionally been done by plotting the operating line and the
equilibrium line and then graphically integrating Eq. (1). Mod-
ern computing environments like MATLAB™ can be used to
integrate this equation and back out mass transfer coefficients
from laboratory data as shown in Appendix 1. Results for Ka
obtained by this method are given in Table 1 and these can
be seen to increase with increasing water rate.

The traditional analysis doesn’t give much insight into the
details of the mass transfer process or the physical reason the
mass transfer improves with increasing water rate. To obtain
that insight, students are directed to textbooks for an expla-
nation of the two-film theory of Whitman®® where they learn
that the overall resistance to mass transfer can be considered
to be made of a gas phase film resistance and a liquid phase
film resistance:

G
Ho, =H, +m-—H, )

or equivalently,

1

1, m
Ka ka ka
y y X

(©)

where m is the slope of the equilibrium line, equal to the Hen-
ry’s constant here. Geankoplis'”! gives correlations for H and
H and the results of these correlations are given in Table 3.
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A few years ago our old 30-foot-tall,
6-inch-diameter, steel absorption
tower became clogged with rust and
residue from years of use with sodi-
um carbonate solution as absorbent
Jor removing CO, from air.

Although these correlations are not generally expected to give
accurate quantitative predictions, the correlated results for Ka
are in reasonably good agreement with the experimentally
obtained results.

Hoy, H, and Hy are often thought of as the overall, liquid
side, and gas side resistance to mass transfer, respectively.
Confusion can result, however, when using these to explain
the water rate dependence of the mass transfer coefficient,
because while H_ is larger than Hy, H_ is observed to increase
rather than decrease with increasing water rate. Apparently
the term mGHX/L is the controlling factor here, but this still
doesn’t provide a clear physical explanation.

SIMPLE MODEL

Our simple absorber model uses COMSOL Multiphysics to
solve two instances of the convection and diffusion equation
simultaneously with appropriate boundary conditions in a
cylinder with the dimensions of our column:

Ve(—DVe)=R —iisVe (4)

R represents a reaction or source term and U is the velocity
vector in the convection term. One instance of Eq. (4) evalu-
ates the concentration of solute in the gas phase, C, and the
other instance evaluates the concentration of solute in the
liquid phase, c. In the simple model, we included a mass
transfer term as a “reaction” and consider that solute leaving
the gas phase by this “reaction” enters the liquid phase by a
similar mass transfer “reaction.” For the gas phase, the mass
transfer “reaction” was written as

R:—Kya(l—y)(y—ye) (%)

The quantity (1-y) accounts for part of the (1-y)? term in
Eq. (1) while the other part is accounted for by setting the
gas velocity in the z-direction to v, =V, / (1-y). Thus, the
changing gas velocity along the length of the column is eas-
ily taken into account. This treatment was not needed for the
liquid phase because the small amount of solute dissolved in
the liquid had a negligible effect on the liquid velocity.

The absorber can be modeled equally well in 1-D, 2-D,
or 3-D, but we prefer the 2-D axial symmetric implementa-
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tion because it gives the best visual representation of our
process. One of the important advantages of the powerful
modern computing environments is that there is usually
no need for transformation or scaling of variables; we
can work with the actual dimensions of the equipment
and with SI dimensioned variables. This what-you-see-
is-what-you-get philosophy is aimed at making a strong
connection between the equations and the physical process
and appealing to visual learners.

The model results can be presented in a variety of ways
including a colorful surface plot of y within the column
geometry (not shown here) and plots of y and x vs. column
height as shown in Figure 1. As an example of the wealth of
information readily obtained from the model, it is of interest
to note that only three of the four experimentally obtained
K a results in Table 1 follow the expected trend of a linear
function of water rate raised to the 0.7 power.'! At first, we
rationalized that the reason the first point, at the lowest water
rate, did not follow the expected trend may have been chan-
neling or poor wetting of the packing at this water rate. When
we observed the liquid phase mole fraction, X, as a function
of column height in our model for this run, however, we saw
that the liquid was essentially saturated before reaching the
column outlet. Thus, the experimental outlet results can be
modeled using a wide range of Ka values including the value
of 0.333 mol/m?s that we obtained earlier but also the value
of 0.480 mol/m’s that would fall in line with our other results
in a correlation of Kavs. (W)07,

Here we have used our model to calculate the outlet con-
centrations that will occur in the column given an overall
mass transfer coefficient. We could just as easily have used
the built-in Parametric Solver capability of COMSOL to
find the values of the mass transfer coefficients that fit our
experimental data. Our model could be easily modified to

include variable mass transfer coefficients, multiple solutes,
temperature and pressure effects, and even time dependence,
but these modifications were not needed here. We have in-
cluded the effect of the chemical reaction between NaOH
and CO,, however.

MODEL WITH REACTION

The chemical reaction between CO, and NaOH is well
studied and according to the literature'” the rate limiting
step in this reaction is:

CO,+OH — HCO; (6)

and the rate of reaction can be expressed as:

r=kyCe, Co\p (7)

with second order rate constant given as a function of ionic
strength by

log(k, )=11.875—2382/T+0.2211-0.016 I*  (8)

where k, is in m*kmol s, T is in K, and I is in kmol/m?*. The
ionic strength is calculated as

1=05(C +C, +4C, ) 9)

Our absorber model was easily modified to account for this
chemical reaction by writing the “reaction” term for CO, in
the liquid phase as

R=Ka(y—y,)-k,Cep, C,, (10)
indicating that CO, arrives at the liquid phase from the gas
phase by mass transfer and disappears from the liquid phase
by reaction. This model also keeps track of the ions, Na*,
OH", and HCO,, by solving Eq. (4) for each species in the
liquid phase.

0.z

\\\ a

0.2 0.4

U,GZ (m)U,B

104

Figure 1. Mole fraction CO, in the gas and liquid phases as a function of column height at four different water
rates: (a) W= 0.53 L / min, (b) W= 1.06 L/min, (c) W= 1.58 L/min, and (d) W = 2.11 L/min. Upper (a) curve is for
Kya = 0.480, lower (a) curve is for Kya = 0.333 mol/m?’s.
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The Parametric Solver in COMSOL was used to find the
values of Ka needed to make the outlet y results of the model
match the experimental y results. The resulting K a values
are shown in Table 2. The dramatic improvement in the mass
transfer process due to the reaction is reflected in the increase
in Ka with reaction compared to without.

QUALITATIVE FALLING FILM MODEL

Although our simple absorber model is easier to use than
the traditional analysis and has the added benefit of showing
a colorful representation of the composition in the column, it
doesn’t given much insight into the details of the process or
help explain why the mass transfer coefficients increase with
increasing water flow rate. The physical process that actu-
ally occurs inside the column is that solute diffuses through
a flowing gas phase to the gas-liquid interface, crosses the
interface to maintain equilibrium there, and diffuses into a
flowing liquid phase. To model this process more directly we
should solve Eq. (4) with R = 0 and use the actual diffusion
coefficients in the gas and liquid phases and an appropriate
boundary condition at the interface. We describe here a quali-
tative diffusion-based falling film model aimed at addressing
these concerns and providing a basis for understanding an
explicit two-film model presented below.

Inside our packed column are glass rings that have a thin
layer of water flowing down over them surrounded by gas
flowing upward. Although it can be done, it is complicated
and expensive in computer time to model the exact details of
the fluid flow and mass transfer that takes place around these
rings randomly packed inside the column. As an illustration,
however, it was reasonable to approximate the process with a
number of identical glass rods each extending the full height of

the column. The water layer around each rod was considered
to flow downward in laminar flow and the gas layer around
that was considered to flow upward in plug flow. The thick-
ness and velocities in these flowing layers were selected to
give approximate results that illustrate our points. It was only
necessary to model one rod with its surrounding layers axially
symmetrically as shown in Figure 2.

As before, two instances of the convection and diffusion
equation, one for the gas phase and one for the liquid phase,
were solved simultaneously. The inlet and outlet boundary
conditions are shown in Figure 2. The so-called “stiff-spring”
equilibrium boundary condition!! was used at the gas-liquid
interface according to Henry’s law. That is, the boundary
condition on the gas side of the interface was set to

Flux:—M(y—ye) (11
and the boundary condition on the liquid side was set to

Flux:M(y—yc) (12)

where M is an arbitrary large number; e.g., M = 10000. This
assures a continuous flux across the interface and enforces
the equilibrium condition y_ = H x. Mass transfer coefficients
were not used in this diffusion-based model. Instead, carbon
dioxide diffuses through the gas phase, crosses the interface,
and diffuses into the liquid phase according to molecular
diffusion using diffusivities for CO, in air and water of 1.6
X 10° m?%s and 1.8 X 10 m?%s, respectively. The velocity
profile in the liquid phase was given by the solution to the
built-in Incompressible Navier-Stokes mode of COMSOL.
The velocity in the gas phase was considered uniform in the
r-direction but decreased as Ve / (1-y) in the z-direction.

column packing
. configured as rod

by Henry's law
y=Hx

RY

donvective
cd=clo| flux

gas
flowing
upward
in plug

flow Figure 2.

— Falling film

equilibrium descriM liquid model geometry.

flowing
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flow
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flux F:g =cg0
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Figure 3 shows the resulting CO, concentration profile in
the r-direction at a height equal to Z/10 for two different water
velocities. Curve a is for a relatively low water rate and the
curve b is for a relatively high one. More CO, is removed from
the gas phase at the high water rate as expected. In both cases,
the gas phase concentration is nearly uniform in the r-direc-

tion. On the other hand, the liquid phase concentration varies
in the r-direction and can be characterized as having a rapidly
changing region close to the interface and a nearly constant re-
gion in the bulk. The region where the concentration changes
is often called the concentration boundary layer.!"?! Figure 3
shows that the thickness of this boundary layer decreases with
increasing water rate due to increased convection. In

reality, a change in water rate would probably affect

C 5
(mol/m3

P fidu

the interfacial area as well as the boundary layer thick-
ness, but we have chosen to illustrate the process with
a constant interfacial area.

Our qualitative falling film model was also modified
to account for the chemical reaction. In this case,R in
the liquid phase was given by Eq. (7). The resulting
CO, concentration profile shown in Figure 3¢ indi-
cates that the thickness of the concentration boundary
layer over which the concentration is changing is
greatly reduced when the reaction is present in the
liquid phase.

EXPLICIT TWO-FILM MODEL

Our falling film model illustrates the diffusion and
convection process but does not give accurate pre-

5.6 5.7 5.8

r (m x 1000)

5 5.1

5.9

dictions for outlet compositions because it does not
take into account all the details of the non-uniform

Figure 3. Concentration in the r-direction at z/Z = 0.1 for qualitative
falling film model (a) low water rate, (b) high water rate, (c) NaOH
solution rate equal to water rate in (a). Note that the x-axis begins at
r=0.005 m to show only the flowing layers in this figure.

packing and flow patterns in the column. We describe
here an explicit two-film model that gives accurate
outlet compositions, illustrates the two-film theory,
and provides a physical interpretation of the mass
transfer coefficient.

1
1.4 !

The mass transfer coefficient

2
(rlgl

cl=cll

liquid
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was designed to lump all the
complexities of the process into
a single parameter accounting for
the reciprocal of the average resis-
tance to mass transfer throughout
ﬂuwing the column'® As shown above,
this approach describes absorp-
Upward tion results well, but doesn’t give
Rd the same insight into the physical
process that a diffusion-based
model does. To introduce the
mass transfer concept into our
diffusion-based model we start
by comparing diffusion in a com-
plex situation to that of diffusion
across a stagnant 1-D film. The
steady state flux across a 1-D film
is given by Fick’s law:

gas |9as

film

cg= cg.|]

RS

1} 0.002 0,004 0.006

(13)

Flux = BAC
r (m) 1

Figure 4. Model geometry showing two-film theory.
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where 1 is the film thickness and
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Ac is the concentration difference across the film. The mass
transfer coefficient was defined to give a similar simple equa-
tion for the flux for more complex situations:

Flux =k Ac (14)

One way to understand what the mass transfer coefficient
represents is to compare Eqs. (13) and (14) and let

k =— (15)
)
where 0 is some equivalent stagnant film (or concentration
boundary layer) thickness that can be viewed as controlling
(providing resistance to) the mass transfer in a complex situ-
ation. Note that k _has units of m/s.

To introduce the two-film concept into our diffusion-based
model we could incorporate a stagnant film (with v,orv,= 0)
of the appropriate thickness on each side of the interface and
use Eq. (4) (withR=0and D = Dg or D) over those films.
Alternatively, and equivalently, we have used an effective dif-
fusivity acting over an arbitrarily established film thickness,
t. . instead of the actual diffusivity over a film thickness, 0,
that would need to be adjusted to fit each data point:

D_Dy
o ot

film

(16)

Figure 4 shows the geometry and boundary conditions for
our two-film model based on this effective diffusivity ap-
proach. The appropriate resistance to mass transfer in each
film has been established by setting the effective diffusivity
in the r-direction of the film to be equal to the individual mass
transfer coefficient times the film thickness. Obtaining appro-
priate values for the effective diffusivities requires estimating

values of the individual mass transfer coefficients, kya andk a,
accounting for the interfacial area per volume, a, as a separate
component of kya and k a, and some unit conversions.

From Table 3 it can be observed that l/kya is a minor con-
tributor to l/Kya in Eq. (3), for this system. We have, therefore,
chosen to assume that the correlated values of kya shown in
Table 3 are correct, knowing that uncertainties in these values
will not have a strong effect on our subsequent results and
interpretations. With this assumption, k a could be calculated
from Eq. (3) using the previously obtained experimentally
derived values of K a at each liquid flow rate. The resulting
values fork a are given in Table 4 (next page). For our model,
the interfacial area per volume is 2R ZN_/V = 667 m*/m’.
R, is the radius of the model at the interface and N, is the
number of glass rods. Taking into account unit conversions
between ¢, and y and ¢ and x yields the following equations
for effective diffusivities in the gas and liquid films.

~ koa(t,,)(8:314m’Pa/mol K)
B a(101325Pa)

D 17)

k.a(ty, )(1000cm’ /L)

L= - (18)
* a(55.556mol/L)(100cm /m)

where t. is the thickness of the stagnant gas and liquid films
used in the model (arbitrarily set to 0.001 m).

Note that although we have used mass transfer coefficients
in defining our effective diffusivities, our two-film model does
not use the mass transfer coefficient approach but instead de-
scribes mass transfer as governed only by molecular diffusion
through stagnant films, equilibrium at the interface, and con-
vection in the flowing layers (assumed to be in plug flow). We
have also artificially increased the diffusivities

’ S B R
: : : ‘ i interface! %

C s
mol/m3

' in the r-direction in the two flowing layers of
: our model to isolate all the resistance to mass
transfer in the stagnant layers. Also note that
the value of the interfacial area per volume
used here is not necessarily a physically cor-
rect value. It is simply the one that matches
the arbitrarily chosen flowing layer and film
thicknesses and associated number of glass
rods of our model.

Solving our explicit two-film model gives
the same x and y results as those obtained with
our simpler model. In addition, we can observe
the concentration at every point in the absorber
as shown in Figure 5. By looking at the con-

Figure 5. Concentration in the r-direc-
tion for W = 1.58 L/min at various column
heights, z/Z = 0, 0.25, 0.5, 0.75, 1.0. Note

0.005 0.0055 0006 00065 0.007 00075 0.008 0.0085 0.009 0.0095

0.01  0.010¢

m) that the x-axis begins at r = 0.005 m to
r(m

show only the fluid layers in this figure.
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TABLE 4
Mass Transfer Coefficients and Film Thicknesses
(*adjusted to saturation at liquid outlet).
VR&?W Ka H, ka ka k. 5, 9, k, k,
N mol/m3s m mol/m’s mol/m’s mol/m?’s m x 10° m x 107 m/s x 10* m/s x 10*
L/min
Large No
Column Reaction
0.53 0.480%* 0.065 3.55 789 1.18 8.45 1341 0.213 1.19
1.06 0.558 0.046 5.02 891 1.34 7.48 9.49 0.241 1.69
1.58 0.634 0.038 6.13 1004 1.51 6.64 7.77 0.271 2.06
2.11 0.712 0.033 7.08 1123 1.68 5.93 6.73 0.303 2.38
Small No
Column Reaction
0.14 0.237 0.110 6.53 350 0.525 19.1 73 0.095 2.19
0.23 0.285 0.086 8.37 419 0.629 159 5.7 0.113 2.81
0.28 0.312 0.078 9.23 458 0.687 14.6 5.1 0.124 3.10
0.35 0.349 0.070 10.32 512 0.768 13.0 4.6 0.138 3.47
040 0.375 0.065 11.04 551 0.827 12.1 43 0.149 371
Small With
Column Reaction
0.14 2.96 0.110 6.53 7667 11.50 0.870 73 2.07 2.19
0.23 3.69 0.086 8.37 9354 14.03 0.713 5.7 2.52 2.81
0.28 4.09 0.078 9.23 10438 15.66 0.639 5.1 2.82 3.10
0.35 4.66 0.070 10.32 12066 18.10 0.552 4.6 3.26 3.47
040 5.07 0.065 11.04 13295 19.94 0.501 43 3.59 371

centration across the various layers at various heights in the
column a student can observe the resistance to mass transfer
in each of the films as well as the concentration difference
imposed by equilibrium at the interface. More resistance is
indicated by a larger concentration change. In this system, it
can be seen that the liquid phase offers considerably more
resistance than the gas phase.

From Table 4 we see that k a increases with increasing
water rate. This could be due to either k_increasing or the
interfacial area, a, increasing or both. The interfacial area
probably does increase with increasing water rate because
more of the packing is wetted and the flowing liquid layer may
also be thicker. If we assume, however, that a is constant as
we have done in our model, we can see that k increases with
increasing water rate. What physical process can account for
this? As shown above, k_(and with unit conversions k ) can
be assumed to be equal to the molecular diffusivity divided
by the stagnant film thickness. Since we used an arbitrary
film thickness, t, ,for convenience in our model, an estimate
of the stagnant liquid film thickness in our absorber can be
obtained by solving Eq. (16) for 0,.

Results for this stagnant film (or concentration boundary
layer) thickness estimated by this approach are given in Table
4 at each of the absorbent flow rates studied. Even though the
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stagnant film thicknesses are fictitious constructs of the film
theory and subject to the assumptions in our model, the esti-
mated film thicknesses can be seen to decrease with increas-
ing water rate, thus providing a physical explanation for the
observed dependence of mass transfer on water flow rate.

Our explicit two-film model can also be used to provide
more insight into the difference between absorption with and
without reaction. To include the chemical reaction, we initially
used Eq. (7) in the flowing liquid layer only. The resulting
concentration profiles at various heights in the small column
with and without reaction are shown in Figure 6. For the case
with no reaction, in Figure 6a, it can be seen that the liquid
side resistance dominates the process. For the reaction case,
shown in Figure 6b, the concentration in the flowing liquid
is essentially zero everywhere providing a consistently high
driving force for mass transfer and preventing saturation of
the liquid even at low liquid rates. It can also be seen that the
resistance in the gas phase is comparable to the resistance in
the liquid phase when reaction is present.

Estimates of the effective film thicknesses in the small
column obtained from Eq. (16) are given in Table 4. In ac-
cordance with our qualitative falling film model, it can be
seen that the chemical reaction has the effect of dramatically
reducing the liquid film thickness. The fact that the gas film
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Figure 6. Concentration profile for W = 0.35 in the small column at z/Z = 0, 0.25, 0.5, 0.75, 1.0: (a) no reaction,
(b) with reaction. Note that the x-axis begins at r = 0.005 m to show only the fluid layers in this figure.

thicknesses are much larger

the interface. In that case,

than the liquid film thick-
nesses can be explained by
the fact that the gas phase dif-
fusivity is much larger than
that in the liquid phase and
does not imply that the gas
film offers more resistance
than the liquid film. To gain
more insight into the resis-
tance offered by each phase
it is instructive to compare
the k_ values. These values
have been calculated from

all the resistance to mass
transfer would be in the gas
film and the individual gas
film mass transfer coefficient
would be equal to the overall
mass transfer coefficient. We
modeled that scenario in our
two-film model by setting kya
equal to the Ka values shown
in Table 3 and setting the ef-
fective diffusivity in the r-di-
rection in our liquid film to an
artificially large number. The

Eq. (15) using film thick-

resulting concentration profile

nesses reported in Table 4, Boss  oooss  oms  oooss o7

0.0075

shown in Figure 7 gives gas

0008 00085 0009 00095 001
r(m)

but it would be equivalent

phase concentrations similar

to calculate them from the
kya and k a values using ap-
propriate unit conversions.
The resulting values of k|

Figure 7. Concentration profile for W = 0.35 in the small
column at z/Z = 0, 0.25, 0.5, 0.75, 1.0 with reaction in the
liquid and all mass transfer resistance in the gas film. Note
that the x-axis begins at r = 0.005 m to show only the fluid
layers in this figure.

to those in Figure 6b. It is
possible that Figure 7 is more
representative of reality than
Figure 6b because the k a
values used to obtain 6b came

and kCg shown in Table 4,
tell a similar story to the
one represented visually in Figure 6. Without reaction, k |
is smaller than kCg indicating that the liquid phase is the
controlling resistance. With reaction, the values of k  and kcg
are comparable to one another indicating that the gas phase
resistance plays a significant role.

In the analysis above, we considered the stagnant liquid
film to account for resistance due to diffusion into the lig-
uid phase separately from the reaction taking place almost
instantaneously in the flowing liquid layer. Another way to
analyze this type of fast reaction process is to consider that
there is no liquid film (or no resistance in the liquid film)
since the reaction can take place as soon as the solute crosses
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from a correlation and are not
necessarily correct. Figure 3 obtained from our qualitative
model suggests that Figure 6b with a small but extant liquid
film might be more realistic than Figure 7, however.

IMPLEMENTATION AND EVALUATION

In our unit operations lab, students spend about two weeks
on each experiment. Groups of three or four students first
collaborate on writing a pre-lab report describing the relevant
theory and their plans to conduct the experiment. For the
absorber lab, the groups then spend two days of lab work
collecting data that they analyze and include in a final report.
It was disappointing, but revealing, that very few students
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bothered to use the simulations the first year they
were offered as a completely optional resource. In the
second offering, we required each student to complete
an interactive tutorial containing the simulations and
an associated online quiz that asked questions about
them. At the end of the course that year, the students
completed a survey regarding their perception of the
benefits of using the simulations.

Students in the course did not build the simulations
from scratch but instead re-ran previously developed
simulations with different operating conditions. The
tutorial walked the students through the pre-built
simulations and included several multiple-choice
questions requiring simulation results to obtain cor-
rect answers. For example, one question asked for
the numerical value of the mole fraction of CO, in
the exiting liquid stream according to the simulation
under certain conditions. Another question asked for
the value that would be obtained if the process were
considered dilute with straight equilibrium and oper-
ating lines. In addition to answering these questions,
students were encouraged to experiment with chang-
ing operating conditions to see the effect on column
performance. Students were invited to study the
simulations and answer the multiple choice questions
on their own time and at their own pace. They were
encouraged to study the simulations before complet-
ing their pre-lab reports but were required to submit
the answers to the multiple choice questions on-line
after the pre-lab was completed and before the final
report was due. It should be noted that these students
were not necessarily COMSOL model builders but did
have some familiarity with COMSOL from previous
homework assignments using pre-built simulations
via tutorials and online questions.

The end of course survey revealed that most, but not
all, of the students found the simulations to be useful,

TABLE 5

Results for Three Survey Questions
The percentage of students giving each response is indicated in brackets.

(1) The learning tool helped me to understand mass transfer, in general:
(a) not at all [13%], (b) just a little [13%], (c) somewhat [40%], (d) much [27%],
(e) very much [7%].

(2) It helped me understand how the mass transfer coefficient varies with water
flow rate:

(a) not at all [7%], (b) just a little [7%], (c) somewhat [20%], (d) much [53%],
(e) very much [13%].

(3) The best time to use this learning tool would be: (a) as a homework before
the pre-lab and in addition to a written pre-lab report [47%],

(b) at the pre-lab stage instead of a written pre-lab report [27%],

(c) after a written pre-lab and the lab itself are complete, as an aid to writing a
good final report [13%],

(d) after a written pre-lab and the lab itself are complete, to be used instead of a
final report [0%],

(e) not necessary for the average student to spend time on this at any point [13%]

TABLE 6

Example Student Comments About the Absorber Simulation

* “it allowed me to visualize the diffusion of gas into the liquid”

o

it allowed me to see the connection between the theoretical equation and how
they relate to the physical world”

* “being able to adjust the values and quickly observing changes in the system
makes for a nice learning tool”

¢ “T would not have remembered as much about mass transfer if I didn’t have it”

o

really helped me visualize what is occurring and then linking the theoretical
values to what is found experimentally, and why it may vary”

¢ “It allowed me to understand how changing variables could affect the final
resistance to mass transfer. By doing this as a simulation, it was easier to see
relationships compared to just looking at equations.”

* “the ability to change variables and investigate their effects on mass transfer
helped provide a greater understanding of mass transfer principles”

o

it basically showed me what the lab would be like ... and prepared me for the
experiment in an excellent way”

* “It helps you visualize the process and makes it easier for you to make a mis-
take and rectify it without wasting much time in the lab. And you can also change
constants to see the effect of each on mass transfer.”

particularly for illustrating the resistance to mass transfer and
providing a physical feel for why the mass transfer coefficient
increases with increasing water rate. Table 5 shows example
questions and the percent of students responding to each of the
multiple choice answers for each question. Table 6 provides
examples of student comments on the absorber simulations.

CONCLUSION

Our new absorption experiment provides an effective way
of teaching mass transfer fundamentals while using relatively
small amounts of CO,, air, and water. Experiments presented
with NaOH as absorbent provide a good demonstration of the
dramatic improvement in absorption due to reaction. A simple
model made with COMSOL Multiphysics gives accurate
calculations, is easier to use than the traditional analysis,
and provides a visual representation of the absorption pro-
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cess. More detailed models that illustrate the concentration
boundary layer and the two-film theory provide a physical
feel for the observed increase in the mass transfer coefficient
with an increase in water rate. These models also make it
clear that the improved mass transfer with reaction is due to
reduced resistance in the liquid phase as well as maintaining
a high driving force and preventing saturation of the liquid.
The straightforward and relatively easily obtained solutions
together with the richness of information afforded by post
processing capabilities in COMSOL can make the details of
complex process calculations “come alive” in comparison to
the rare, static, printed examples in text books. Combining
the experiments with computer simulations that show the
concentration profile within the equipment appears to benefit
the learning process and help students gain a more complete
understanding of mass transfer in an absorber.
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outlet liquid xb is obtained from mass balance
ye = ystar = H*x

Kya is in mol/m”3h

global LO GO xb yb yt H
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% function to integrate to get NTU
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1. Matlab m-files for absorber analysis. >> run_absorber
The function quadv is a built-in Matlab function that per- xb = 1.2597e-004
forms numerical integration of a complex function between NTU = 3.3846
finite limits.
HTU = 0.4054
% run_absorber.m
% this is the driver file to calculate the overall Kya =2.0563e+003 1
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