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The value of problem-based learning in undergraduate 
chemical engineering instruction is well established.l 1

J 

But even with publication of a simple mass-transfer 
experiment, t2i de Nevers ' statement that, "A permanent prob­
lem in engineering education is to find simple, portable, low­
cost classroom demonstrations of the principles we present 
to our students," remains true, and the problem appears par­
ticularly acute with respect to mass-transfer instruction_l3l 

In an attempt to enhance learning in a lecture course on 
mass transfer, we developed a laboratory procedure that pro­
vides an opportunity for students' experimental estimation 
of vapor-phase diffusion coefficients. They can also cre­
atively expand their analyses and receive credit for their 
creative efforts . 

Therefore, inspired by a schematic from Bird, et al., 141 we 
developed a mass transfer experiment requiring a simple and 
inexpensive laboratory procedure. Simplicity and very low 
cost of the laboratory procedure notwithstanding, the great­
est value of the experiment lies in the breadth and depth of 
analyses to which students can subject the resulting data. The 
overall objective of the present work was to develop a simple 
and inexpensive mass transfer experiment suitable for open­
ended analysis by undergraduates in a unit operations course 
on mass transfer. Specific aims of the development were sim­
plicity and low cost, use of common equipment and supplies 
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that require no expertise, and certain yield ofusable data suit­
able for open-ended analysis by undergraduate students. 

MATERIALS AND METHODS 

Presentation to the Class 

Diffusion is the initial topic in the third lecture course in 
our three-course unit operations sequence. To reinforce the 
topic effectively, students are asked to perform a class ex­
periment on diffusion. During the last 20 minutes of a lec­
ture, the assignment is distributed to the class along with Lee 
and Wilke's paperl 51 that details an elaborate version of the 
same experiment. The assignment is presented as a brief dis-
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cussion of the background of the experiment and the work­
ing equations detailed below. Students are told that the "mini­
mum base-case" analysis is to use the experimental data with 
the working equations to estimate the vapor diffusion coeffi­
cient for each of three pure liquids evaporating from gradu­
ated cylinders and to submit an individuaJly prepared written 
report of the results. 

After discussing the assignment, the class reconvenes in a 
lab room to become familiar with the experimental setup, 
which consists of an ordinary box fan , nine 100-ml gradu­
ated cylinders, hexane, acetone, di stilled water, and a ther­
mometer (see Figure I) . Students are told to use the "low" 
fan speed and to measure the volumetric disappearance of 
the three liquids from each of three graduated cylinders. Three 
cylinders of each liquid are included as an additional vari­
able for students to consider; the students are given no 
instruction on the purpose of having more than one cylin­
der for each liquid. Optionally, an electronic balance can 
also be used for another measure of disappearance of the 
three liquids. 

Students then organize themselves for data collection and 
e-mail data reporting over the ensuing two-to-three-day pe­
riod required for significant evaporation of water (hexane and 
acetone evaporate more quickly than the water). 

An Open-Ended Assignment 

Since the assignment is open-ended, students are told that 
they may creatively expand their analysis of the experimen­
tal data and receive unlimited additional credit for their extra 
work. Since no particular "correct" answer is sought even in 
the base case, the assignment is open-ended relative to tech­
nical scope and to grading. Student ideas for analyses be­
yond the base case are discussed with individual students only 
if discussion is initiated by the student. 

Working Equations 

Equation (1) is used to compute the experimental diffusion 
flux of each species: 

Figure 1. Sche­
matic top-view of 
experimental ap­
paratus. A com­
mon box fan on low 
speed directs a 
stream of air over 
the tops of gradu­
ated cylinders con­
taining hexane, ac­
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etone, and water. Three cylinders of each liquid were used 
to provide additional opportunities for student analysis. 
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where 

NA molar flux of A (mole/hr-cm2) 

WA mass of component A vaporized (grams) 
MA molecular weight of A 

0 elapsed time (hours) 
S cross-sectional area of graduated cylinder (cm2

) 

Based on Figure 2, a diffusion coefficient is defined using 
the integrated form of Fick's law: 

where 

N A = DPL'.p 
RTp rx 

D diffusion coefficient for A (cm2/s) 
P atmospheric pressure (atm) 

(2) 

l:,p difference between the partial pressure of A at the liquid­
gas interface and the partial pressure of A in air at the 
mouth of the cylinder (atm) 

R universal gas constant (cm3 atm/mole/K) 
T ambient temperature (K) 
Pr log-mean partial pressure difference (atm) 
x effective length of the diffusion path (cm) 

Assuming Raoult's-law behavior, the vapor pressure of liq­
uid A, PA' at the liquid-gas interface was substituted for the 
partial pressure of A, p A' at the same location. Thus the log­
mean partial pressure difference, Pr becomes 

(3) 

where 

PA vapor pressure of A (atm) 
p

0 
partial pressure of A in air above the cylinder (atm) 

P total pressure of gas above the cylinder (atm) 

Because an average molar diffusive flux for the period of 
observation was used, the average length, x

0
, cm, of the dif­

fusion path over the period of observation was also used: 
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Figure 2. (Left) 
Schematic of air 
stream passing over 
the top of a gradu­
ated cylinder con­
taining vaporizing 
liquid (cross­
hatched region). 
(Right) Schematic of 
graduated cylinder 
with turbulence indi­

cated at the cylinder top and a curved meniscus at the liq­
uid surface. x)s the apparent distance of the diffusion path. 
dxc is a correction to the apparent diffusion path due to 
putative turbulence; dx. is a correction to the apparent dif­
fusion path due to curvature of the meniscus. 
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xe +xe 
X == n+I n 

a 2 

where 

X0
0
+1 apparent path length at time 00 +1 (cm) 

Xe" length at time en (cm) 

(4) 

Because of putative turbulence at the top of the cylinder 
and the effect of a curved meniscus at the liquid surface (see 
Figure 2), the actual diffusion path length, x, is somewhat 
less than the apparent diffusion path length, x

0
, that can be 

physically measured along the vertical wall of the cylinder. 
Thus the actual diffusion path length, x, is obtained by cor­
recting the apparent diffusion path length, x

0
: 

where 

ruc distance correction due to the meniscus (cm) 
D.x' distance correction due to turbulence (cm) 

e 

D.x total distance correction ( cm) 

(5) 

Equation (2) can be rewritten to yield a value for an appar­
ent diffusion coefficient based on an apparent diffusion path: 

D = NARTpfXa 
a PD-p 

(6) 

where 

D
0 

apparent vapor diffusion coefficient (cm2/sec) 

Rearrangement of Eq. (6) gives 

NA= DaPD-p (7) 
RTpfX a 

Equating the expression for NA in Eq. (7) with that in Eq. (2) 
and noting that x = x. - Lix, 

DPD-p 
(8) 

Rearranging Eq. (8) leads to a useful expression relating the 
apparent diffusion coefficient (D .), the apparent diffusion path 
length (x

0
), the actual diffusion coefficient (D), and the total 

path length correction (x), 

I -D-x 1 I 
-=---+-
Da D Xa D 

(9) 

The value of Eq. (9) in finding the actual diffusion coeffi­
cient should now be clear. Measurements at different times 
of liquid remaining in the cylinder, each associated with a 
measured x value, allows computation ofD values from Eq. 
(6). According to Eq. (9), a plot of 1/D

0 
v~rsus 1/x. should 

yield a straight line with an intercept of 1/D and slope -Lix/ 
D. Using this technique, a value for the actual diffusion 
coefficient along with the total path length correction (Lix) 
can be obtained. 
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RESULTS AND DISCUSSION 

Students ' Extra Work 

ls it at steady state? • The working equations were based 
on steady-state diffusion, but many students never questioned 
the assumption of steady state relative to the experimental 
data. Several other students rightfully questioned the assump­
tion of steady state using Eq. (10) from Lee and Wilke,rsi which 
provides an estimate of the approach of the diffusive flux to 
the steady-state diffusive flux of the same system: 

(NA )8=8 

(NA)e== 

D1t 28 

l-2e x~ +2e 

where 

9Dit 28 l6D1t 28 25Dit 28 
x~ +2e --x-~ - - 2e --x-~ -

(IO) 

(N A\=0 flux of species A at any time 0 
(NA\=~ flux of species A at infinite time 

x
0 

length of diffusion path 
8 time 

The estimated times required to achieve (N A\j(N A)o=~ = 
0.999 were 4 minutes, 4 minutes, and 2 minutes for acetone, 
hexane, and water, respectively. Data acquired during the 
unsteady period should be excluded from analysis. 

Turbulence and ,1x • Most students were able to use the 
experimental data along with the working equations to com­
pute an actual diffusion coefficient according to Eq. (9) . An 
example of the type of plot dictated by Eq. (9) is shown for 
hexane in Figure 3. For all three liquids, however, the plots 
consist of two definite linear regions, i.e., a value for l/x
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Figure 3. Plot of the inverse diffusion path ( abscissa] ver­
sus the inverse of the apparent vapor diffusion coefficient 
( ordinate) for hexane from a single graduated cylinder. Data 
left of abscissa values llx

0 
= 0.125 are used with Eq. (9) as 

a means to obtain a vapor diffusion coefficient value cor­
rected for turbulence at the top of the graduated cylinder 
and a curved meniscus at the liquid surface. 
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exists that indicates transition between the two linear regions. 
A plurality of students simply ignored thi s inconsistency while 
others pursued its potential meaning. Students who pursued 
it quickly recognized that l /x, was related to !ix, and ulti­
mately realized that some part of the !ix region estimated 
using Eq. (9) and Figure 3 actually included data from within 
the putative turbulent region at the top of the 
cylinder, i. e., during early times, for small x,; 

students received grades of 100 or greater, while only two 
students did not complete the minimum base-case. The Year­
I average grade was 97 .0, with standard deviation of 12.59. 
In Year 2 (N= 19), grades bifurcated into a high grade group 
(n=l2, avg grade= 105.0, std dev = 5.0) and a low grade 
group (n=5, avg grade = 60.5, std dev = 8.5), with two stu-

dents not submitting a report. 

In end-of-semester surveys, students were 
mass transfer in the turbulent region is not due 
to simple diffusion alone and must be excluded 
in estimating a vapor diffusion coefficient. 

Thus students were faced with using an it­
erative approach of estimating !ix, using Eq. 
(9) and Figure 3 and then repeating the esti­
mation procedure after excluding data from 
within the estimated turbulent region. Iteration 
continued until !ix estimates stabilized at 6.5 l 
cm, 8.68 cm, and 4.53 cm for acetone, hexane, 
and water, respectively, compared with the dis­
tance from the initial liquid level to the cylin­
der top of 5.39 cm and the total height of each 
cylinder of 23.7 cm. Each cylinder's inside 
diameter was 2.8 cm. 

The open-ended 
nature of the 
assignment 

motivated many 
students to pursue 
extra work beyond 

the minimum 
and sparked 

several students 

asked to rate their level of learning on course 
topics including diffusion. The levels were 
modeled on Bateson's three levels of learn­
ing. 16; In Year I, of students responding, six 
students (24%) indicated they had mastered 
aspects of diffusion, 17 students (68%) indi­
cated they had some facility with diffusion, 
and only two students (8%) indicated they 
were merely familiar with diffusion. In Year 
2, of students responding, six students ( 46%) 
indicated they had mastered aspects of diffu­
sion, five students (38%) indicated they had 
some facility with diffusion, and again, only 
two students (15 %) indicated they were 
merely familiar with diffusion. 

to a level of 
creativity not 

previously 
exhibited in 

Although it may appear that the turbulent 
region varied with the liquid species, we sug­
gest that a more likely cause of variation among 

their chemical 
engineering work. Based on instructor evaluation of student 

work and students' self-assessment of learn­
ing, we were very satisfied with the utility of 
this assignment to enhance student learning the heights of the turbulent regions was cylin-

der placement relative to the fan and other cylinders. In an 
attempt to eliminate the turbulent region in the tube above 
the liquid, a variation of thi s experiment could possibly use 
wire gauze to fill the space between the cylinder top and the 
initial liquid level in the cylinder. 

Ambient Partial Pressure: Does p
0 

= 0 ? • The partial pres­
sure of the diffusing species in air supplied by the fan pass­
ing over the cy linders appears in Eq. (3), which provides an 
estimate of the diffusion driving force. Clearly, the partial 
pressure for organic species that vaporize relati vely slowly 
may realistically be assumed as zero, but since water was 
one of the three diffusing species used in this assignment and 
since water can be present in ambient air due to humidity, the 
assumption of zero partial pressure of water was investigated 
(but by fewer than five students) . Several students attempted 
to include a partial pressure value obtained from humidity 
data archived by the National Weather Service. Unfonunately, 
these humidity values were not realistic for room air in the 
air-conditioned lab. One student, however, included the wa­
ter partial pressure as an adjustable parameter in his model in 
an Excel spreadsheet. He used Excel's Solver tool to perform 
a nonlinear least squares minimization of error on water mo­
lar flux to compute a "most likely" estimate of water partial 
pressure. The relative humidity thus obtained was 68%. 

Pedagogical Impact 

In the first year thi s assignment was used (Year l , N=3) , 14 
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of mass transfer. The open-ended nature of the assignment 
motivated many students to pursue extra work beyond the 
minimum and sparked several students to a level of creativ­
ity not previously exhibited in their chemical engineering 
work. Students' grades were determined from the same in­
strument from which they learned and they could receive 
any amount of credit for which they were willing to work; 
they faced no artificially imposed upper limit on credit 
they could accrue. 
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