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MASS TRANSFER EXPERIMENTS in chemi-
cal engineering programs are customarily re

served for a "unit operations" or "transport pro
cesses" laboratory course taken in the junior or 
senior year. An attempt at introducing laboratory 
experience in mass transfer at an early stage has 
been made at the University of California at 
Santa Barbara. Students, working in groups of 
two to four, are assigned an experiment as a 
term project in the mass transfer course which is 
ordinarily taken during the third quarter of the 
junior year. Design of the experiment, fabrica
tion of necessary equipment, the collection of data, 
and reporting of results to the rest of the class 
furnish the student some "real-world" experi
ences beyond those obtained from the usual labora
tory demonstration or experiment. 

Unfortunately, mass transfer experiments 
often are more difficult to carry out than analog
ous ones in the areas of heat and momentum 
transport. Coupled with this difficulty is the 
necessity to assign the students a reasonable pro
ject to carry through in six to eight weeks; the 
burden of avoiding this potential conflict obviously 
is the responsibility of the instructor. The experi
ment described in this paper meets these require
ments very well; in particular, it furnishes a con
vincing verification of the analogy between mass 
and heat transfer and is well within the capa
bilities of undergraduate students. The experi
mental methods and results presented below re
flect an evolution of techniques through three 
groups of students in as many years. 

PURPOSE 

The basic objective of this experiment is to 
measure local mass transfer coefficients for forced 
convection mass transfer for flow past a circular 
cylinder. Mass transfer coefficients are determined 
by measuring the local rate of decrease in radius 
of a naphthalene cylinder which is sublimed in 
a low speed wind tunnel. Naththalene is particu
larly well-suited for this experiment since it can 
be cast into cylinders fairly easily, and it is a 
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solid having a significant vapor pressure at room 
temperature. 

By measuring the distribution of the mass 
transfer coefficient around the cylinder, the results 
obtained illustrate the separation of the laminar 
boundary layer. The data also provide an experi
mental verification of the analogy between heat 
and mass transfer since heat transfer results are 
readily available in the literature for comparison 
with the mass transfer data obtained. 

PREPARATION OF NAPHTHALENE CYLINDERS 

Several methods of casting the naphthalene cylinders 
were tried. It w.as found that uniformly smooth surfaces 
were achieved by fast cooling, and the procedure used 
was to pour the liquid naphthalene into a mold which had 
been placed in liquid nitrogen. The mold was constructed 
from a 12-inch long section of 2-inch diameter aluminum 
pipe sealed at one end with a rubber stopper. 

After the cylinders were cast and before removing 
them from the .aluminum pipe, a ½ -inch hole was drilled 
axially through the center. The reason for drilling out 
the center is that the radius measurements were referred 
to a ½-inch aluminum rod that was placed through the 
center of the naphthalene cylinders. As an aid in ob
taining the desired angular orientation of the cylinders 
in the wind tunnel, a 1/ 16-inch hole was drilled through 
the cylinders on a diameter. A 1/16-inch rod was placed 
through this hole and, when the cylinder was mounted 
in the wind tunnel, the cylinder was oriented so that this 
rod was perpendicular to the floor of the wind tunnel 
test section. 

FIG. I .-Mounting Arrangement for Naphthalene Cylinders. 

The aluminum tubing was removed from the naph
thalene cylinders by taking cuts on a milling machine 
along opposite sides of the tube until the wall thickness 
was thin enough to remove the two halves by hand. 

In order to measure the angular position along the 
circumference of the cylinders, a length of masking tape 
of size equal to the circumference was cut and marked 
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off into 18 equal divisions to give 20-degree intervals, 
The placement of the tape at one end of the cylinder was 
facilitated by the orientation hole which had been drilled 
on the diameter. 

EXPERIMENTAL MEASUREMENTS 

Measurements of the cylinder radius before sublima
tion were made by placing a ½-inch aluminum rod through 
the hole drilled through the center of the naphthalene 
cylinder. The aluminum rod was supported by two V
blocks, and radius measurements were made to± 0.001 
inch with a vernier height gage. The actual distance 
measured was the radial distance between the center bar 
and the naphthalene cylinder. It was found that the radius 
measurements did not vary significantly in an axial direc
tion, but did vary along the circumference, and for this 
reason initial radius measurements were made at 20-degree 
intervals around the circumference. 

The students made initial estimates of how long the 
experiment should proceed in order that a sufficiently 
measurable change in the radius would occur. This cal
culation indicated that a time on the order of 10 hours 
was required for the Reynolds numbers of interest. 

The naphthalene cylinder was mounted in a stand as 
shown in Figure 1 and placed in the wind tunnel test 
section. The air velocity was measured and adjusted to 
give the desired Reynolds number by using either a 
pitot tube or a hot wire anemometer. Air temperature 
measurements were taken during the course of the ex
periment. After the experiment had proceeded for the 
pre-determined length of time, the air flow was stopped 
and the final radius measurements were taken at angu
lar positions measured from the forward stagnation point. 
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This experiment furnishes a convincing verification 
of the analogy between mass and heat transfer 
and is well within the capabilities of 
undergraduate students 

INTERPRETATION OF RESULTS 

A mass balance at a position on the surface of 
the cylinder relates the rate of decrease in radius 
to the sublimation flux: 

- p dr = N (1) 
d9 a,s 

Using the nomenclature of Bennett and Myers,1 
the mass transfer coefficient is -defined in terms 
of the diffusion flux as: 

N = k I ( p - p ) + X N 
a,s p a,s a, 00 a,s a,s (2) 

Substitution of Equation 2 into Equation 1 and 
approximation of the derivative with finite differ
ences gives upon rearrangement: 

( 1 - X ) 
k '=- p · a s 

p (Pa ,s - Pa ,,,,) (3) 

In Equation 3 the density of naphthalene in the 
free stream is zero (pa, oo = 0), Xa,s is very small 
compared to 1.0 (Xa,s<<l.O) and Pa,s may be cal-

P * M culated from the ideal gas law (pa. =-a _ ~ 
' RT 

With these substitutions Equation 3 becomes: 

k~ = P! T ( - i~ ) (4) 
Pa Ma 

Thus measuring the change in radius of the cylin
der allows calculation of the mass transfer co
efficient. The vapor pressure, Pa*, in Equation 4 
was obtained as a function of temperature from 
the International Critical Tables.2 

Figure 2 shows the data obtained at a Reynolds 
number of 110,000 plotted as the local Sherwood 
number. The data show the high mass transfer 
coefficient that occurs at the forward stagnation 
point. The mass transfer coefficient then decreases 
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FIG. 2 .-Local Mass Transfer Coefficients for a Circular Cylinder 

M.,,.sured at Re = 110,000. 
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to a mm1mum as the laminar boundary layer 
thickens. This minimum occurs at a position ap
proximately 80° from the forward stagnation 
point and indicates the separation point of the 
laminar boundary layer. Beyond the separation 
point the surface is exposed to the turbulent wake 
which results in an increasing mass transfer co
efficient to a maximum at the rear stagnation 
point. 

Figure 3 shows a comparison between the mass 
transfer data obtained and the heat transfer data 
of Zapp5 for the same Reynolds number. The good 
agreement obtained between the heat and mass 
transfer data provides a convincing experimental 
verification of the analogy between heat transfer 
and low mass flux mass transfer. For this com
parison the heat transfer Nusselt numbers are 
divided by Pr113 and the mass transfer Sherwood 
numbers are divided by Sc113 • The basis for these 
factors is the Colburn analogy between heat and 
mass transfer. The physical properties used in this 
plot were obtained from Perry4
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FIG. 3.-Local Mass Transfer Coefficients Compared with Heat Transfer 

Data at Re = 110,000. 

The heat transfer data of Zapp shown in 
Figure 3 were obtained for a main-stream turbu
lence intensity of 0.9%, which is considered to be 
low, whereas, the turbulence level for the mass 
transfer experiment was not measured but was 
thought to be low. The deviation between the two 
curves may be attributed to a higher turbulence 
level in the mass transfer experiment or possibly 
to an error in temperature measurement since an 
error of 1 °C corresponds to approximately a 10% 
change in vapor pressure. 

A further test of the mass transfer data was 
made by comparing the mean mass transfer Sher
wood numbers obtained with correlations de
veloped for heat transfer. The relationship recom-
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mended by McAdams 3 for predicting the average 
heat transfer coefficient for air flowing past cir
cular cylinders is 

Num = cRen (5) 
For Reynolds numbers in range of the mass trans
fer experiments the constants c and n are given 
as c = 0.239, and n = 0.805. If the constant c is 
modified according to the Colburn analogy to take 
the difference in Schmidt and Prandtl numbers 
into account, then the mass transfer equation 
equivalent to Equation 5 is 

Shm = 0.0266 Sc113Re0
•
805 (6) 

Figure 4 gives a comparison of the data and 
Equation 6. As can be seen, a favorable compari
son was obtained. 
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NOMENCLATURE 

c-constant in Equation 5, dimensionless 
C

1
,-heat capacity, BTU/ lb ° F 

d-diameter of cylinder, ft. 
D b-diffusion coefficient, ft.2 / hr. 
h~ heat transfer coefficient, BTU/ hr.-ft. 2 °F 
k-thermal conductivity, BTU/ hr-ft-° F 
k'-mass transfer coefficient, ft/ hr 
Ma-molecular weight of naphthalene, lb/ lb mole 
n-constant in Equation 5, dimensionless 
Nn _8- mass flux at the surface, lb/ hr-ft. 2 

Pa*-vapor pressure of naphthalene, lb/ ft. 2 

r-radius of cylinder, ft. 
R-gas constant, lbrft. / lb mole 0 R 
T-temperature, 0 R 
u oo-free stream velocity, ft./hr. 
x

11
,
8
- mass fraction at surface, dimensionless 

p - density of solid naphthalene, lb./ft.3 

Pa, 5- density of naphthalene in gas phase at surface, 
lb/ ft3 

(Continued on page 143) 
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time and about one hour to perform the calcu
lations. 

We have found that although this experiment 
introduced new concepts to the students, the 
theory was not beyond their grasp. We were able 
to present the students with an elementary under
standing of biochemical phenomena and arouse 
interest in a growing area in chemical engineer
ing. 
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ZONE REFINING: HUDGINS 
(Continued from p. 140) 

With a non-uniform impurity profile in the 
ingot, the solution of equation (2) is no longer 
analytically tractable. This need not deter fur
ther experimentation; indeed, some students may 
find it worthwhile to compute the results for two 
or more passes of the molten zone, and test these 
with experiment. 

SUMMARY 

This experiment serves to introduce an un
usual but important separation process and pro
vide practice in thinking through a mathematical 
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description of it closely related to that used for 
flow tank reactors. 
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CONVECTION: Sandall and Mellichamp 
(Continued from p. 136) 

Pn, co-density of naphthalene in gas phase in free 
stream, lb/ ft. 3 

µ.-absolute viscosity, lb/ hr-ft. 
v-kinetic viscosity, ft2/ hr. 
0-time, hr. 
Nu-Nusselt number, hd/ k 
Pr-Prandtl number, µ.C/k 
Re-Reynolds number, u oo di v 
Sc- Schmidt number, v/ Dnb 

k'd . 
Sh-Sherwood number, __ P _ 

Dnb 
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