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Abstract-An experimental technique which is often used to study convective heat transfer by investigating 
analogous naphthalene sublimation situations requires a knowledge of the diffusion coefficient of naph- 
thalene into air to couple the two systems. Only two previous measurements of the diffusion coefficient 
have appeared in the literature (Mack, J. Am. Chem. Sot. 47, 2468-2482 (1925) and Caldwell, J. Chem. 
Engng Data 29, 6&62 (1984)). Both measurements were taken at single but different temperatures and their 
values differed by approximately 29%. In view of this uncertainty, an experiment was performed to measure 
the diffusion coefficient of naphthalene into air over the temperature range 15°C Q T < 55°C. Two different 
geometrical systems were used as a check on possible systematic errors. The repeatability of the data is 2% 
and the estimated possible systematic error is + 3%. The data result in Schmidt and Lewis numbers which 

have a weak temperature of 25°C. 

INTRODUCTION 

THE DIFFUSION of gases relates to many phenomena 
such as the movement of gases in the earth’s strata, 

purification by adsorption, cooling of nuclear reac- 
tors, the permeability of various packing materials, 
etc. 

Diffusion is the process which transports material 
from one part of a system to another as a result of 
random molecular motions in the absence of mixing. 
It is more complicated than single species viscous flow 
or heat conduction because mixtures have to be con- 
sidered. Ordinary diffusion occurs in isothermal, iso- 
baric systems with no external-force-field gradients. It 
transfers mass from one region to another because of 
concentration gradients when the mixture is station- 
ary or in laminar flow in the direction of the con- 
centration gradient. 

The diffusion rate is described by Fick’s first law of 
diffusion which states that the mass flux of a com- 
ponent per unit area is proportional to the con- 
centration gradient. The proportionality factor in 
Fick’s law, known as the diffusion coefficient, is a 
property of the species involved system, and is almost 
composition independent, increases with temperature 
and varies inversely with pressure for low density 
gases. 

The boundary-layer equations for heat transfer and 
the equations for isothermal mass transfer are anal- 
ogous when the heat transfer situation corresponds to 
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the mass transfer situation with analogous boundary 
conditions and similar geometries. In this case, the 
Sherwood number (S/r) can replace the Nusselt 
number (Nu) for heat transfer when the Prandtl 
number (Pr) is replaced by the Schmidt number (SC) 

and the Rayleigh number (Ra) is replaced by the 
Rayleigh number of mass transfer (Ra,). This anal- 
ogy applies to turbulent as well as laminar how. How- 
ever, the analogy only exists in cases of no heat sources 
in the heat transfer process and no chemical reactions 
in the mass transfer process. 

The naphthalene sublimation technique employs 

the heat and mass transfer analogy to determine heat 
transfer coefficients in convection flows by measuring 
mass transfer coefficients. This is discussed in detail 
in ref. [I]. The basic characteristic of this technique is 
that the heat transfer problem to be investigated is 
replaced by an analogous mass transfer problem. 
Thus, only mass transfer experiments need be made 
and the analogy is used to solve the heat transfer 
problem. Naphthalene is often utilized in this tech- 

nique for performing the mass transfer experiments 
mainly due to its desirable properties such as sublim- 
ing at room temperature, low toxicity, and good cast- 
ing and machining characteristics. 

The naphthalene sublimation technique, which 

employs the heat-mass transfer analogy, requires 
accurate values of the diffusion coefficient of naphtha- 

lene into air (D,,). Only two previous measurements 
of D,, have appeared in the literature [2,3]. Both 
measurements were made at single but different tem- 
peratures (25 and 30°C respectively) and their values 
differ by approximately 29% when the temperature 
effect on the diffusion coefficient is not considered. 

Mack [2] employed an evaporation tube method 
and determined the diffusion coefficient of naphtha- 
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NOMENCLATURE 

surface area of naphthalene pellet [cm*] 

diameter of naphthalene pellet [cm] 
binary diffusion coefficient of 
naphthalene into air [cm’ s ‘1 
heat transfer coefficient [W mm ’ ‘C ‘1 
mass transfer coefficient [cm s ‘1 
diffusion length [cm] 

naphthalene mass flux per unit time 

]g s- ‘I 
diffusion system pressure [atm] 
saturated vapor pressure of naphthalene 

PI 
gas constant of naphthalene 

(64 859.6 Pa cm’ g- ’ Km ‘) 
absolute temperature [K] 
time [s]. 

Greek symbols 
A change or increment 

P” mass concentration of naphthalene per 
unit volume [g cm- ‘] 

* 
Pn saturated mass concentration of 

naphthalene per unit volume [g cm- ‘1. 

Subscripts 
a air 

LSE least square equation 
n naphthalene 
na naphthalene-air mixture 

1 atm 1 atm pressure. 

Superscript 
* saturation state. 

Dimensionless parameters 
Le Lewis number, PrlSc = a/D,,,, a,m,LSE 
NU Nusselt number, hx/k 
Pr Prandtl number, v/a = pC,,lk 

SC Schmidt number, v/D,,,, atm,LSE 

Sh Sherwood number, h,x/D,,,, ntm,LSE. 

lene into air by measuring the steady state sublimation 

rate of naphthalene through an air space at constant 

pressure and temperature (25 +O.OlC). A brass cup 
at the tube top end was filled with melted naphthalene 
and after solidification, it was weighed in a glass bottle 
on a balance to an accuracy of 0.00001 g in a room at 
constant temperature (+ O.l”C). After being weighed, 
the inverted cup was placed over the open end of 
a glass tube containing powdered charcoal (SO-100 
mesh) at the other end so that the naphthalene diffused 
through the air space and was absorbed by the char- 
coal. 

Mack’s assumptions were as follows. The first is 
the steady state assumption that the concentration 
gradient between the naphthalene surface and the 
charcoal surface was constant. The second is the air 
insolubility assumption that the air was not absorbed 
by the charcoal and thus that the air in the tube was 
conserved. The third concerns the boundary con- 
ditions of the system in that the vapor concentration 
at the naphthalene-air interface was constant and 
could be calculated from the equilibrium vapor press- 
ure at the naphthalene surface temperature and that 

the vapor concentration at the charcoal surface was 
zero. The fourth is that the naphthalene vapor and air 
are ideal gases, so that the compositions could be 
expressed in terms of partial pressures. Based on those 
assumptions, he obtained the diffusion coefficient of 
naphthalene into air from his data by applying the 
steady-state diffusion equation and using Barker’s 
vapor pressure data for naphthalene [4] at 25°C 

(13.71 Pa). Barker’s data point has a higher value 

(by about 22%) than the more accurate data of 

Ambrose et al. [S], which will be used in the present 
work (at 25°C 11.23 Pa). Since the deviation in the 
vapor pressure is inversely proportional to the devi- 
ation in the diffusion coefficient, Mack’s diffusion 
coefficient of naphthalene into air has to be corrected 
by an increase of 22% from his reported value of 
0.0611 cm2 s-’ at 25°C and 1 atm. Other possible 
error sources in Mack’s work in addition to the vapor 
pressure are discussed below. 

First, Mack measured a mass loss of the order of 1 

mg which is difficult to accomplish accurately con- 
sidering such effects as the mass loss during move- 
ments between the balance and the system, static elec- 
tricity effects on mass measurements, dust in the room, 
air currents around the object, etc. However, he did 
not discuss such possible errors. In addition, the poss- 
ible adsorption of naphthalene vapor into the tube 
wall should be considered since it affects the diffusion 
rate at the naphthalene surface. His system had an 
area ratio of the tube wall to the diffusing naphthalene 
surface of 2.9. Since these error sources generally tend 
to increase the mass loss, Mack’s measured value for 
the diffusion coefficient of naphthalene into air could 
be higher than the true value. Possible errors due to 
free convection, Dufour effects and the dependence of 
the diffusion coefficient on mixture composition are 
thought to be negligible. Since the mass density of 
naphthalene-air mixtures is greater than that of air, 
free convection may occur when the naphthalene 
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pellet is located at the top of the air space. However, (5) Continuous monitoring of the total pressure and 
Mack did not consider this possible error source. the relative humidity. 

Before 1984, the Schmidt number for a naphtha- 
lene-air mixture at 25°C was assumed to be 2.57 based 
on Mack’s experiment. The Schmidt number is the 
dimensionless parameter that connects the mass and 
heat transfer processes and contains the diffusion 
coefficient. However, Caldwell [3] reported that 
Mack’s value was in serious error, mainly due to his 
use of an inaccurate vapor pressure. Caldwell per- 
formed independent experiments using a modified 
Stefan tube technique which did not require vapor 
pressure data. He measured the concentration of the 
naphthalene vapor in air leaving the diffusion cell by 
using a gas chromatograph detector. His diffusion cell 
consisted of 52 tubes of 5.48 mm bore and 100 mm 
length with upper and lower chambers. The lower 
chamber contained the solid naphthalene while the 
upper chamber contained an airflow to carry away 
the diffused naphthalene. He reported a diffusion 
coefficient of 0.086 cm2 s-’ at 30.04”C and 0.1013 
MPa and a Schmidt number of 1.805. 

(6) The use of the most reliable naphthalene vapor 
pressure data for data reduction. 

(7) Use of two experimental systems with different 
diffusion lengths and masses as a check on possible 
wall adsorption effects. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Some possible error sources are considered here for 
Caldwell’s measurements. The adsorption of naphtha- 
lene vapor by tube walls could affect the diffusion rate 
at the naphthalene surface as mentioned previously. 
In his system, the area ratio of all tube walls to the 
diffusing naphthalene surface was approximately 73, 
which is 25 times larger than that of Mack’s system. 
Thus, it might be suspected that Caldwell’s value will 
be higher than Mack’s and that they are both higher 
than the true value. Second, turbulence effects at the 
diffusion tube outlet could be a deleterious factor. 

The present study employed a steady-state method 
for the measurements of the diffusion coefficients of 
naphthalene into air, shown in schematic form in Fig. 
1. In this apparatus, a naphthalene pellet with a diam- 
eter d, was placed at the top of a diffusion tube at a 
diffusion length (L) from a flat activated charcoal 
powder surface located at the bottom of the diffusion 
system. The space between them was filled with atmos- 
pheric air so that the naphthalene vapor would 
diffuse to the charcoal surface through the air. With 
the mass loss of the naphthalene pellet measured at a 
certain temperature (r) for a certain time period (At), 
the diffusion coefficient of naphthalene into air can 
be calculated from the following equation which is 
derived from Fick’s first law : 

Am,L 
D,, = ~ 

A,Atp,* . 

As discussed so far, the two diffusion coefficients of 
naphthalene into air measured by Mack and Caldwell 
differed considerably and were measured only at a 
single temperature. Since the naphthalene sublimation 
technique requires reliable diffusion coefficient data 
as the function of temperature, the purpose of the 
present work was to determine experimentally the 
diffusion coefficient of naphthalene in air as a function 
of temperature over the range of approximately 15- 
55°C. In addition, the Schmidt number (SC) and the 
Lewis number (Le) were to be calculated over the 
same temperature range in order to be able to utilize 
the naphthalene sublimation technique with greater 
accuracy. 

The main advantage of the present method is the 
large mass loss of the naphthalene pellet, which 
reduces the overall uncertainties in the mass measure- 
ments to less than 0.5%. The time period for reaching 
steady state can be estimated from a solution of Fick’s 
second law with proper initial and boundary con- 
ditions, by assuming that it is the time period until 
the concentration at the middle of the diffusion length 
reaches 99.9% of the steady-state concentration. The 
solution to this problem is given in ref. [6]. For the 
present diffusion systems with diffusion lengths of 
0.5 and 1 cm and considering the temperature range 
between 15 and 55°C that time period is less than 

The present apparatus is similar in principle to 
Mack’s but has been improved as follows : 

(1) Use of a larger diameter naphthalene pellet in 
order to reduce the naphthalene surface area to tube 
wall area ratio. In this way, possible tube wall adsorp- 
tion effects can be reduced. 

(2) Use of a larger naphthalene surface to increase 
the total sublimed mass for greater measurement 
accuracy. 

(3) Using a variable temperature control system so 
that the diffusion coefficient could be measured at 
more than one temperature. 

(4) Measurement of the naphthalene temperature. 

FIG. 1, Simple diagram of diffusion system : I, naphthalene 
pellet ; 2, activated charcoal ; 3, naphthalene holder ; 4, char- 

coal holder. 
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FIG. 2. Schematic diagram of present apparatus. 

9 s. This factor will be considered for determining the 

lower limit of the diffusion time. 
The proper diffusion length was investigated by 

considering wall adsorption effects on the diffusion 
coefficients, the ratio of the change of naphthalene 
pellet thickness to the diffusion length and the dis- 

turbance effect on the charcoal surface due to placing 
the naphthalene pellet in the apparatus. The sizes 
and materials selected for each part of the present 
apparatus were determined by considering all these 
factors. 

Description of present apparatus 
A more detailed schematic diagram of the present 

apparatus is shown in Fig. 2. The naphthalene was 
reagent-grade naphthalene manufactured by J. T. 
Baker Inc. (Phillipsburg, New Jersey). The naph- 
thalene was cast into a pellet inside the naphthalene 
holder which holds the pellet firmly and allows it to 
sublime only through its front surface. 

The balance used for mass measurements (Model 
number B5, Mettler Inst. Co., Hightstown, New Jer- 
sey) could measure up to 200 g with a readability of 
0.1 mg. The naphthalene pellet diameter was selected 
to be 8.357 cm. The thickness of the naphthalene pellet 

was determined by considering the maximum balance 
limit of 200 g, the effect of the thickness change of the 
naphthalene on the diffusion length and the difficulties 
of casting. This thickness change of the naphthalene 
pellet and its effect on the determination of the 
diffusion length was one factor in selecting the 
diffusion length to be large enough that the ratio of 
the pellet thickness change to the diffusion length was 
less than I % 

From the above pellet diameter and thickness, the 
range of the diffusing mass of naphthalene during 
the diffusion time period was determined so that the 
overall uncertainties including the uncertainty in the 
mass measurements were negligible compared with 

the diffusing mass. Thus, diffusion masses of the order 
of 250 and 400 mg were selected. One purpose of 
choosing two different diffusing masses was to check 
possible adsorption effects of the diffusion tube 
wall. 

In addition, two different diffusion systems with 
diffusion lengths of 0.5 and 1 cm were used. The main 
reason for using two systems with different diffusion 
lengths was to compare the results of both systems for 
possible wall adsorption effects. Thus, the diffusion 
time period turned out to be from approximately 2 h 
to 4 days over the temperature range from 15 to 55°C. 
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Type T (copper-constantan) insulated thermo- 

couple wires from the The~oelectric Co. (AWG 
No. 26) were used for making 12 the~ocouples at 
various locations in the two systems. They were con- 
nected to the thermocouple switching box (part No. 
9 in Fig. 2) from Leeds&Northrop Co. (North Wales, 
Pennsylvania) and well insulated with fiberfrax insu- 
lating material. The thermocouple and RTD readings 
were made by a Hewlett-Packard multimeter with 
four-wire junctions (part No. 10 in Fig. 2). 

The aluminum naphthalene holder consists of a 
center pouring hole with four air holes to assist in the 
naphthalene casting, A peripheral groove fits onto the 
charcoal holder to prevent any naphthalene vapor 
leaks. After the naphthalene pellet was cast, the air 
holes were sealed to prevent any sublimation through 
them. At the top of the naphthalene holder, there are 
two hemispherical depressions, one located near the 
center pouring hole and the other near the edge of the 
naphthalene pellet to contain the thermocouples for 
measuring the naphthalene temperature. The naph- 
thalene holder cover fits on the naphthalene holder 
and was designed to prevent any mass loss during the 
naphthalene mass measurements. 

Activated carbon (part No. 3 in Fig. 2) is a carbon- 
aceous material specially treated to give it extremely 
high internal porosity and thus good adsorptive prop- 
erties. The particular activated carbon used was selec- 
ted by considering its density, mesh size, adsorption 
capability for naphthalene vapor, etc. A simple test 
showed that Norit A charcoal (American Norit Co., 
Inc., Jacksonville. Florida) was the best among the 
eight different samples considered (six samples from 
American Norit Co., Inc., two samples from Barnebey 
& Sutcliffe Corp., Columbus, Ohio). The Norit A 
charcoal has a surface area of 750 m* gg ’ and a 
bulk density of 0.460 g ml - ‘. Its particle sizes are 
distributed so that 4% are greater than 150 pm, 18% 
greater than 74 pm, 36% greater than 44 pm and 77% 
greater than 10 Jim. 

Two charcoal holders were made so that two exper- 
iments could be conducted simultaneously. At the 
bottom center of the charcoal holder, a small piece of 
stainless steel capillary tube was placed to measure the 
pressure inside the diffusion system. Since the charcoal 
surface had to be flat inside the charcoal holder at a 
specified distance from the naphthalene, two alumi- 
num spacer blocks were constructed. These were 
placed inside the diffusion tube and pressed against 
the charcoal to create a smooth surface. 

Since the naphthalene vapor pressure which is used 
in the calculation of the diffusion coescient varies by 
about 1% for a 0.X change, a glass water jacket 
(part No. 1 in Fig. 2) was fabricated with outer and 
inner glass tubes for controlling the temperature of 
the diffusion system. The top of this glass water jacket 
was ground flat and a thick glass plate and Dow 
Corning high-vacuum grease was used to seal the 
system. Fiberfrax insulating material (part No. 17 in 
Fig. 2) was placed on the top of the flat glass plate. 

One system was connected to a Haake water bath 
which was used for experiments above room tem- 
perature. The other system water jacket was con- 
trolled by a combination of a Haake FE2 bath and a 
Fisher refrigerated bath and was used for experiments 
below room temperature. The temperature fluctu- 
ations in each bath system were within 0.01 “C as deter- 
mined by calibrated thermocouples and two resistance 
thermometers (RTDs). They were calibrated against 
a standard RTD (traceable to National Bureau of 
Standards) with a Guideline Galvanometer made by 
the Leeds & Northrop Co. 

The purposes of the top support (No. 7 in Fig. 2) 
were to maintain the diffusion length by pushing down 
the naphthalene and charcoal holders with the weight 
of the support and to reduce the air space inside the 
diffusion system to eliminate back-leaks of naphtha- 
lene vapor. Since it had a large thermal mass, it was 
located inside the diffusion system long enough to 
come to the experimental temperature. 

The capillary glass tube (part No. 12 in Fig. 2) was 
connected to a humidity box (part No. 13 in Fig. 2). 
Valves No. 1 and No. 2 in both diffusion systems were 
opened and closed appropriately for checking the 
humidity and the system total pressure. The humidity 
box contained the sensors of a calibrated humidity 
meter manufactured by Omega Eng. Inc. (Stamford, 
Connecticut) which measure the relative humidity 
from 0 to 97% within +2% accuracy. The humidity 
box was connected to a manometer (part No. 15 in 
Fig. 2) manufactured by Wallace & Tiernan Inc. 
(Belleville, New Jersey) for measuring pressures from 
0 to 80.0 cm of mercury with accuracies of 0.052 
cm Hg. The measured system pressure was used for 
correcting the diffusion coefficient to 1 atm pressure. 
The desiccator box (part No. 16 in Fig. 2) contains 
CaSO, and is used with the No. 5 valve for eliminating 
any water vapor from the outside. 

The top supports with thermocouples were put into 
each diffusion system in order for them to reach ther- 
mal equilibrium before the experiment began. Then, 
Dow Corning high-vacuum grease was applied to the 
glass plate and the ground surface on the water 
jackets. The activated charcoal was prepared by 
putting it into the charcoal holder and pushing it 
down with the depth gauges in order to make the 
charcoal surface flat. The charcoal and its holder were 
placed in the Mettler balance and their mass was 
measured. They were then inserted into the diffusion 
system and the top support was added. The tem- 
peratures were checked with the thermocouples until 
they were close to the water bath temperature. During 
the waiting time, the naphthalene pellet was made by 
casting inside the naphthalene holder. 

After placing on the naphthalene holder cover, the 
total mass was measured after shooting it with an 
anti-static gun to prevent static electricity effects on 
the mass measurement. During the measuring period, 
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the temperature and relative humidity inside the 
balance were recorded. The naphthalene holder with 
the naphthalene pellet was slowly moved and placed 
inside the diffusion system which already contained 
the charcoal. Then the top support was placed on the 
naphthalene holder and the thermocouples and other 
grooves were placed in their proper positions. The 
diffusion system was then closed. The temperatures at 
different positions were measured periodically by the 
thermocouples and RTDs, as were the system pressure 
and relative humidity until the diffusion experiments 
were finished. The diffusion time period varied from 
2 to 95 h depending on the diffusion system, mass 
losses and the system temperature. 

The experimental diffusion time period was deter- 
mined by a Fisher stopwatch which could be read to 
0.01 s. Then, the total mass of the naphthalene system 
was measured (naphthalene pellet, naphthalene 
holder and naphthalene holder cover) and after that 
the total mass of the charcoal system (charcoal, char- 
coal holder) was measured. 

When the system temperature was different from 
room temperature, the naphthalene mass measure- 
ments were repeated after about 20-30 min from the 
first measurements in order to check any effect of 
temperature non-equilibrium. Usually, the change on 
the naphthalene side during this period was less than 
1 mg. The average of the two measurements on the 
naphthalene side was taken as the zero time mass for 
the calculation of the diffusion coefficients. The mass 
increases on the charcoal side did not balance with the 
naphthalene mass losses, mainly due to water vapor 
absorption by the charcoal. 

The run temperature, pressure and relative 
humidity reported in the Results section are averages 
based on the measurements made during each time 
period. For all experiments, the system temperature 
was controlled within a maximum of O.Ol”C which 
causes about 0.1% uncertainty in the vapor pressure 
of naphthalene. The system pressure varied a 
maximum of 0.34 kPa while the relative humidity 
changed a maximum of 15%. 

Analysis of the present apparatus 
For one-dimensional steady isothermal diffusion 

of a binary mixture with non-reacting components 
naphthalene and air 

The present work assumes that the naphthalene 
pellet surface has a saturated concentration of naphtha- 
lene at the given temperature and the charcoal 
surface has zero concentration. Also, since steady- 
state diffusion has a constant concentration gradient, 
the concentration gradient term in equation (2) can 
be written as p,*/L, where the distance between the 
naphthalene surface and the charcoal surface is the 
diffusion length L and the saturated concentration of 

naphthalene is p,*. Since Am, is the total mass loss of 
the naphthalene pellet for the diffusion time period 
At, m, can be changed to Am,/At. Thus, equation (2) 
can be written as 

Am,, = _____ 
L 

The ideal-gas law can be applied with negligible 
errors for a dilute mixture such as naphthalene-air. 
Thus 

D* 
1 Y” 

P,* = R,-J 

and 

A, = $d$ 

Thus, by substituting equations (4), (5) and the values 
of R, into equation (1) 

Am, TL 
D,, = 82 581.8------ 

d;AtP,*, 

Since D,, is inversely proportional to P 

D,,,.,, = 82 (7) 

Thus, the present work employs equations (6) and 
(7), which indicate that the diffusion coefficients of 
naphthalene into air can be determined by measuring 
the total mass loss of naphthalene for the diffusion 
time period at a certain temperature and pressure in 
a certain diffusion system. 

The saturated vapor pressure of naphthalene is a 
function of temperature. Thus, it is determined by 
applying the measured temperature to the vapor 
pressure equation. The least square equation for the 
saturated vapor pressure of naphthalene proposed by 
Ambrose et al. [5] was adopted in the present work 
from all the vapor pressure relations suggested from 
28 sources surveyed. Their measurements were made 
over a wide enough temperature range for the present 
study with a small standard deviation of 1.6%. Also, 
his equation agrees well with other equations, as 
shown in ref. [7], and has been widely used in mass 
transfer measurements. 

A separate investigation was made to determine if 
the system could be affected by free convection. Under 
the worst conditions, the mass transfer Rayleigh num- 
ber was one order of magnitude less than the critical 
Rayleigh number as reported by Gebhart et al. [8]. 
Thus, it was assumed that the system was stable and 
that free convection effects were absent. 

An error analysis [7] predicted the maximum system- 
atic errors in D,,,,.,, to be -3.36 to 3.32% for the 
0.25 g case and -2.96 to 2.78% for the 0.4 g case in 
the 0.5 cm diffusion system and -2.56 to 2.66% for 
the 0.25 g case and -2.39 to 3.46% for the 0.4 g case 
in the 1 cm diffusion system. The major uncertainties 



Diffusion coefficient of naphthalene into air 963 

arise from the vapor pressure equation and the 
diffusion length. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The present work determined the diffusion co- 
efficients of naphthalene into air by measuring the 
mass loss of naphthalene (Am,) at IO different nominal 
temperatures for four different cases consisting of two 
different nominal diffusion lengths (0.5 and 1 cm) and 
two different nominal mass losses (0.25 and 0.4 g). 

Several diffusion coefficient runs were made at each 
point to check the data repeatability over the working 
temperature range from 14.50 to 53.96”C at IO differ- 
ent nominal temperatures. The diffusion coefficient 
data at the system pressure (D,,) were converted to 
diffusion coefficients at 1 atm pressure (D,,,, .,,) by 
applying the inverse proportionality relationship 
between D,, and the system pressure. The system press- 
ure in the present work differed by - 1.1 to 1.8% 
from 1 atm. The Dns,,atm results corrected for system 
pressure are shown in Fig. 3. As shown in Fig. 3, the 
repeatability over the working temperature range was 
within 0.18-2.66%. 

Diffusion coefficient measurements for four differ- 
ent cases were carried out in order to check the 
assumed negligible diffusion tube wall adsorption of 
naphthalene vapor. This was done by using two 
different diffusion tube lengths and two different 
diffusion masses for each system temperature. 

As the naphthalene to wall surface ratio changes 
any wall adsorption effects should give different exper- 
imental values of the diffusion coefficients. As seen in 
Fig. 3, the values for the 1 cm system are an average 
of 1.9% higher than for the 0.5 cm system. These 
systematic errors between both diffusion systems are 
considered to be mainly caused by the wall adsorption 

0’09 H 
, , 

o.05220 

T (K) 

~~ 

FIG. 3. Present experimental D,,.,.,, vs T with present LSE. 

effect. Any wall adsorption effect cannot be included 
in the systematic error analysis mentioned previously 
[7]. The above measurements, however, indicate that 
the wall adsorption effect, if it exists, is less than the 
sum of other systematic errors. 

The zero wall adsorption effect was also checked 
by measuring the diffusion coefficient for the two mass 
loss cases for each diffusion system. It could be 
expected that wall adsorption effects would change 
when the walls were exposed to the diffusing naphtha- 
!ene vapor for different periods of time. However, no 
significant difference was observed for the two 
different mass loss cases. The percent deviations were 
from 0.13 to 1.68% for the different mass loss cases 
for each diffusion system, as shown in Fig. 3. This 
percent deviation is also less than the sum of the other 
predicted systematic errors. 

In the present work, the relative humidity inside the 
diffusion system varied from 60 to 77%. Any effect of 
relative humidity change on the determination of the 
diffusion coefficients could not be detected. Naphthd- 
lene with two different naphthalene lot numbers but 
made by the same company was used in the present 
work. No difference due to different lot numbers could 
be detected. 

A least squares equation (LSE) for the diffusion 
coefficients of naphthalene into air at 1 atm pressure 
(D,,,,.,,) was developed by considering all the 
diffusion coefficient data for the four different cases, 
a total of 59 data points 

D,,,,.,, = 8.17708 x lo--’ T’.9*3 

(14.5O”C < T < 53.96”C). (8) 

The temperature (T) in equation (8) has units of 
Kelvin (K) and the diffusion coefficient has units cm* 
s- ‘. All diffusion coefficient data are within a 
maximum of +_ 3% from the LSE and their coefficient 
of correlation is 0.981. 

It is useful to compare equation (8), the LSE, with 
the two existing data by Mack and Caldwell, respec- 
tively, Mack’s corrected value with the Ambrose P,*, 
equation and with other semi-empirically and empir- 
ically correlated D,,., at,,, values. The comparisons for 
D na,lafm and the percent deviations from the LSE of 
the present work are shown in Figs. 4(a) and (b). 
The comparisons were made over the present working 
temperature range. The percent deviations in Fig. 4 
are defined as follows : 

0/O Dev. (o/j = 
D na.1 atm.c;;relnre; -&., atm.~s~ 

- x lOO(%). 
“a.1 atm.LSF: 

(9) 

In Figs. 4(a) and (b), the zero percent line is for the 
experimental LSE of the present work. Mack’s result 
deviates by - 7.4% from D,,,, atm,LSE and his corrected 
value using Ambrose’s P& has a 13.0% deviation. It is 
believed that the main reason for the deviation is the 
adsorption of naphthalene vapor by the tube wall 
which affects the diffusion rate at the naphthalene 



964 K. CHo et al. 

30 
- __________-____.______________________ , 

20- 

tl 

2 'Q_ 

: 0 4_____-------- --. LSE 
'7 ---_ 

.; 
-5 

_-___ ~_-__-______---_* 
@-lo 3___- cl 

R 
-2o- 

(a) 

, I 

-30-i 
280 300 320 340 

T (K) 

(b) 
FIG. 4. (a) Percent deviation of D,,,, a,m and other correlated 
LSEs vs Tfrom present LSE. (b) Percent deviation of D,,,,,,,, 

and other correlated LSE vs T from present LSE. 

surface. His system had an area ratio of the tube wall 

to the diffusing naphthalene surface of 2.9 while the 
ratios in the present apparatus were 0.24 for the 
0.5 cm system and 0.48 for the 1 cm system. 

The R,,, atm from Popiel and Boguslawski’s empir- 
ical correlation [9] shows a constant percent deviation 
of about 26% over the working temperature range. 
The percent deviation is the same as that of Caldwell’s 
measurement because Popiel and Boguslawski 
employed Caldwell’s only point and assumed a power 
of two in the temperature term. His Dnil,,atm values 
have the largest deviation of all the correlated equa- 
tions shown in Figs. 4(a) and (b). 

3.0- 

m 
2.0- 

9 
* 

P 1.5. 

ii 
1.0: 

0.07 ..".. "."""'.I"'.'."'- 
280 300 320 340 

WI 

FIG. 5. Comparison of SC and Le vs T to present LSE and 
other existing data. 

From an examination of Figs. 4(a) and (b), it is 

seen that the semi-empirical correlations by Arnold 
(lo] and Fuller et al. [1 I] agree best with the present 
experimental data. Their predictions are within the 
error range of the LSE shown in the figures. 

Previous to the time that Caldwell reported a 

Schmidt number of 1.805 at 30.04”C for a dilute 
naphthalene-air mixture in 1984, the Schmidt number 
was generally assumed to be 2.57 based on Mack’s 
experiment. The Schmidt number calculated with 
Mack’s Dna,latm corrected by Ambrose’s P:*, is 2.10. 
They are compared with the Schmidt numbers which 
were obtained from dividing the kinematic viscosity 
of air [ 121 by the D,,,, atm,LSt in the present work. 

A least squares equation for the Schmidt number 

was developed over the temperature range from 14.50 

to 53.96”C 

SC = 8.0743T_” *‘65. (10) 

The temperature (T) in equation (10) is in Kelvin (IQ. 
Figure 5 shows a comparison with other data. The 
change of Schmidt number with temperature is similar 
to the change of Prandtl number with temperature. 
They both decrease with increasing temperature. 

If percent deviations for the Schmidt number are 
calculated with respect to equation (IO), Mack’s value 
and his corrected value have 9.3 and - 10.7% devi- 
ations, respectively, while Caldwell’s value has a 
-23.0% deviation. It is believed that the Schmidt 
numbers obtained from the present work can be 
applied to the naphthalene sublimation technique 
over the temperature range from 14.50 to 53.96”C 
with greater accuracy as compared to other existing 
data. 

Lewis numbers were calculated by dividing the 
Prandtl number of air [l l] by the calculated Schmidt 
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numbers from equation (10). A least squares equation 

for the Lewis number was calculated for the tem- 

perature range from 14.50 to 53.96”C 

Le = 0.164845T”.‘0’9. (11) 

The temperature (T) in equation (11) is in Kelvin (K). 
Both the Schmidt and Lewis numbers are shown in 
Fig. 5 for easy and quick application to the naphtha- 
lene sublimation technique. As shown in Fig. 5, the 
Lewis number calculated from equation (11) is 
essentially constant at 0.30 within a maximum change 
of 1.7% over the indicated temperature range. The 

Lewis numbers obtained from Ma&s data and his 
corrected value are 0.276 and 0.338, respectively, while 
that obtained from Caldwell’s data is 0.392. The cal- 

culated deviations from equation (11) show that 
Mack’s value and his corrected value have - 8.3 and 
12.3% deviations and Caldwell’s value has a 29.8% 
deviation. 

SUMMARY AND CONCLUSIONS 

Diffusion coefficients of naphthalene into air were 
measured for four different cases with two different 

nominal diffusion lengths (0.5 and 1 cm) and two 
different diffusion masses (0.25 and 0.4 g) over the 
temperature range from 14.50 to 53.96”C. The pre- 
dicted systematic errors are approximately f 3%. The 
repeatability of the data is within 2%. 

After the diffusion coefficients were adjusted to the 

values at 1 atm pressure, a least squares equation was 
calculated over the working temperature range. The 
diffusion coefficients calculated from this LSE were 

compared with the previous data of Mack [2] and 
Caldwell [3] which indicated differences of - 7.4 and 
26.1%) respectively. Mack’s value corrected by an 
increase of 22% from his reported value was also 
compared to the LSE and had a difference of 13.0%. 
When the diffusion coefficients from the present LSE 
were compared with 12 semi-empirical and empirical 

correlations, the semi-empirical equation by Arnold 
shows the closest agreement to the present work with a 
deviation less than 2% over the working temperature 
range. 

Least squares equations for the Schmidt and Lewis 
numbers were developed and suggested as the most 
appropriate for use in the naphthalene sublimation 
technique. The Schmidt number has a similar tem- 
perature dependence as the Prandtl number which 
results in essentially a constant Lewis number. The 
Schmidt and Lewis numbers have values of 2.35 and 
0.30, respectively, at a temperature of 25°C. 
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MESURE DU COEFFICIENT DE DIFFUSION DU NAPHATALENE DANS LAIR 

R&urn&-La sublimation du naphatalene demande une etude du coefficient de diffusion dans l’air pour 
eclairer la technique experimentale analogique souvent utiliste pour simuler le transfert convcctif de la 
chaleur. Seules sont connues deux mesures du coefficient de diffusion (Mack, J. Am. Chem. Sot. 47,2468 - 
2482 (1925) et Caldwell, J. Chem. Engng Data 29, 60-62 (1984)). Chaque mesure etant faite a une seule 
temperature, les risultats different de 29% environ. Pour eclairer cette incertitude, une experience est 
conduite pour mesurer le coefficient de diffusion du naphthalene dans l’air, pour un domaine de temperature 
15°C < T < 55°C. Deux systemes gemetriquement differents sont utilises comme test des erreurs syste- 
matiques possibles. La repetabilite des donnees est de 2% et l’erreur systematique possible est estimee a 
~3%. Les donnees conduisent aux nombres de Schmidt et Lewis qui ont une temperature faible de 25°C. 

MESSUNG DES DIFFUSIONSKOEFFIZIENTEN VON NAPHTHALIN IN LUFT 

Znsammenfassung-Eine haufig angewandte Versuchstechnik zur Untersuchung des konvektiven Wlrme- 
ilbergangs basiert auf dem analogen Vorgang der Naphthalinsublimation. Dabei wird der Diffusions- 
koeffizient von Naphthalin in Luft zur Kopplung der beiden Systeme benotigt. Aus der Literatur sind 
bisher nur zwei Messungen des Diffusionskoeffizienten bekannt (Mack, J. Am. Chem. Sot. 47,2468--2482 
(1925) und Caldwell, J. Chem. Engng Datu 29, 60-62 (1984)). Beide Messungen wurden bei einzelnen 
jedoch unterschiedlichen Temperaturen ausgefiihrt, und die Ergebnisse unterscheiden sich urn ungeBhr 
29%. Aufgrund dieser Unsicherheit wurde der Diffusionskoeffizient von Naphthalin in Luft nocheinmal 
gemessen, und zwar im Temperaturbereich zwischen 15°C und 55°C. Zur Ermittlung mijglicher syste- 
matischer Fehler wurden zwei unterschiedliche geometrische Konfigurationen verwendet. Die Repro- 

duzierbarkeit der Daten betrigt 2%, der berechnete miigliche systematische Fehler k 3%. 

OHPEAEJIEHWE K03Q@HHMEHTA flki@QY3Hkl HA@TAJIHHA B BO3jJYXE 

~OTalrrra-3KCnepliMeHT~bH~ Mf?TOll, OCHOBaHHbIii Ha Cy6JlHMarulH Ha+TTanHHa H YaCTO WCIIOJlb- 

3yeMbIii ma RCCJIe~OBaHHK KOHBeKTWBHOrO TeilJIOIIe~HOGS, Tpe6)‘eT 3HBHHK K03+&iU&ieHTa f@i41&3HH 

na#ranriHa a aosnyxe c UenbIO YCTaHOBJleHHSl CBR3H MeKUy 06eHMH CiiCTeMBMH. B JUiTepaTylJe IIPHBO- 

~J‘HCb p3y,‘bTaTbl TOJIbKO nB)‘X H3MePeHHti 3TOrO K03+$WiUBeHTa LUIt#&JHB (Mack, J. Am. Chei?i. SOC. 

47, 2468-2482 (1925) n Caldwell, J. Chem. Engng Data 29, &62 (1984)). Kamnoe 83 ~THX nsMepennR 
n,,OBOJ&WIOCb II&W +&lKCHpOBaHHOii TeMlIepaTyp, KOTOpaK B 3TWX pa6orax 6bma pa3Jtn’nia, npn 3TOM 
p3,‘,IbTZ,Tb, OT,,H%VOTC,, npyT OT ApjTa lIpHhtepH0 Ha 29%. BBHAY yKa3aHHOfi HeOIIpf.?AWFSiHOCTU B 

nac’rormefi pa6ore 3KcnepHMeHTbI n0 OIIpeAeJIeHHlo KOr@WiLUleHTa W@&JHH Ha@TaJIHHa B BO3AyXe 
“POBO~HCb B AIAaIIa30He I13MeHeHHI TeMnepaTypbI 15°C 5 T 2 55°C. &in HCKJUO’ieHBIl B03MOXUSblX 

CACTeMaTASeCKHX OlUH60K &iCtIOJIb30BiUIHCb ABe pa3JlWiHbIe reOMCTpWWCKHe CIiCTeMbi, IIpEi 3TOM CHCTC- 

Marmrecxas norpemnocrb cocraenaer + 3%. 


