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A rigorous analysis of jet  hydrodynamics is  used to develop a technique for determining 
diffusion coefficients from laminar liquid jet absorption experiments, and the influence of the 
je t  fluid mechanics on the absorption process is clarified. The new technique is used to deter- 
mine the diffusivities of carbon dioxide, oxygen, argon, nitrous oxide, ethylene, and propylene 
in water within the temperature range 25" to 40°C. 

A critical analysis of available diffusivity data for these gases indicates that there is no 
conclusive evidence that demonstrates the existence of a significa:it interfacial resistance in 
uncontaminated laminar jet experiments. In  addition, comparison of existing data shows that  
the commonly accepted diffusivities for the oxygen-water system may be significantly higher 
than the actual values. I t  is concluded that the laminar jet  experiment i s  a rapid, accurate 
method of obtaining diffusion coefficients of dissolved gases in liquids. 

In order to determine the diffusion coefficients of dis- 
solved gases in liquids, various experimental techniques 
have been devised (15). Of these, laminar liquid jets 
possess several distinct advantages over other methods and 
consequently have been employed in numerous studies 
(6, 7, 3 8 ) .  However, there are still two uncertainties as- 
sociated with jet absorption studies which must be re- 
solved before this experimental technique can gain wide 
acceptance as an accurate method of measuring diffusion 
coefficients. 

The first uncertainty associated with this technique, as 
well as with other methods involving mass transfer across 
gas-liquid interfaces, is the possible existence of a signifi- 
cant resistance to mass transfer at the phase interface. In 
order to obtain diffusivities from jet absorption data it 
must be assumed that the interface is at all times saturated 
with the gas being absorbed. In reality, the gas molecules 
are transferred to the liquid interface at a finite rate, thus 
creating an extra resistance to mass transfer. This resist- 
ance will be particularly apparent during the short con- 
tact times realized with a laminar jet when the liquid- 
phase resistance is still relatively small. There are some 
indications, particularly the studies of Chiang and Toor 
(6) and Baird and Davidson ( 2 ) ,  that this interfacial 
resistance is large enough to make the rate of gas absorp- 
tion into laminar jets of pure liquids significantly different 
from that predicted with the assumption that there is equi- 

librium at the interface. If this is indeed the case, short 
contact time equipment like laminar jets can be of little use 
in the measurement of diffusivities of dissolved gases in 
liquids. 

The second uncertainty is the influence of the jet hydro- 
dynamics on the rate of mass transfer. Since both an in- 
terfacial resistance and a hydrodynamic effect tend to re- 
duce the mass transfer that would be realized in an ideal- 
ized jet, the effects of these two phenomena are difficult 
to isolate. Although the fluid mechanics of laminar jets 
is more tractable than other flow configurations, the exact 
influence of the flow field on the mass transport process 
has never been completely determined. Scriven and Pig- 
ford (31 ) presented an approximate analysis to the prob- 
lem of describing mass and momentum transport in lam- 
inar liquid jets. However, instead of theoretically incor- 
porating the influence of the jet hydrodynamics in the 
analysis of the absorption data, most investigators have 
attempted to reduce these effects experimentally (7, 28) 
by employing special nozzles which inhibit the develop- 
ment of a velocity profile in the nozzle region. Owing to 
the flow adjacent to fixed walls, however, the surface of 
the jet must always leave a nozzle with a velocity ap- 
proaching zero. Therefore, it is impossible to design a 
nozzle that will produce a perfectly flat initial velocity 
profile, and the influence of the hydrodynamics during the 
relaxation of the initial profile can be completely resolved 
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only by a theoretical analysis. 
In this study a recent rigorous analysis of jet hydrody- 

namics (10) is employed in the development of a tech- 
nique for the analysis of jet absorption data; the uncer- 
tainty associated with the relaxation of the initial velocity 
profile is thus effectively eliminated. The developed 
method of analysis is then used to obtain diffusivity data 
from the jet absorption data of six gases in water. These 
results are then compared with diffusivity values available 
in the literature, and an attempt is made to deteimine the 
accuracy of the jet technique and to resolve the question 
of the existence of a significant interfacial resistance. 

EXPERIMENT 

The laminar liquid jet apparatus used in this study was 
similar to that described elsewhere (42) .  The major compo- 
nents of this apparatus are a thermostatic absorption cham- 
ber, a constant head water feed system, and a constant pres- 
sure gas feed system with a soap-film meter. 

In the water feed system, deionized water was stripped of 
dissolved gases, cooled to the absorption temperature, and 
metered to the absorption chamber. This water stream was 
analyzed by a polarographic method for oxygen concentration 
so that a correction for the desorption of dissolved nitrogen 
and oxygen could be included in the analysis of the absorption 
data. This correction was in all cases less than 3%. The 
laminar jet was formed by a stainless steel nozzle consisting of 
an elliptic shaped converging section followed by a 0.9 mm. 
cyindrical throat with an inside diameter of 0.1591 cm. The 
throat and face of the nozzle were polished to a smooth finish, 
and the face was coated with a thin film of paraffin wax to 
prevent wetting. The nozzle was mounted on the end of a 
stainless steel tube which had a horizontal traversing mechan- 
ism that permitted adjustment over the jet receiver and a ver- 
tical adjustment which controlled the jet length which was 
measured with a cathetometer. The jet flow rate was varied 
from 300 to 470 g./min., and the jet length was varied from 
1 to 10 cm. The very short cylindrical throat of the nozzle 
made it possible to produce laminar jets at relatively high 
Reynolds numbers. A pyrex jet receiver was constructed from 
a 1 cm. length of capillary tubing of 2 mm. I.D. attached to 
a 5 cm. piece of 25 mm. tubing, The proper capillary seal at 
the mouth of the receiver was obtained by the use of a sensi- 
tive liquid level control valve. 

Before entering the absorption chamber the gas was satu- 
rated with water at the absorption temperature and then 
passed through the soap-film meter. The rate of absorption 
was determined by timing the ascent of a soap bubble in a 
graduated glass tube. The absorption chamber and soap-film 
meter were enclosed in a constant temperature air box which 
could be controlled to k0.01"C. In addition, the absorption 
chamber was equipped with a water jacket, so that it was 
estimated that the temperature within the chamber could be 
controlled to less than &O.Ol"C. 

THEORY 

In order to deduce precise diffusion coefficients from 
a laminar liquid jet apparatus, it is necessary to formulate 
a relatively accurate analysis of the mass and momentum 
transport in the jet flow field. We consider the laminar 
flow behavior of a vertical jet of a Newtonian liquid issu- 
ing from a circular nozzle under steady state, isothermal 
flow conditions. I t  will further be assumed that there is 
symmetry in the azimuthal direction, the velocity in this 
direction is everywhere equal to zero, and the outer fluid 
is inviscid and at constant pressure. Finally, since the 
amount of the outer gas phase absorbed is very slight, the 
density and viscosity of the liquid jet will be considered 
constant, and any phase change due to mass transfer is 
neglected. Consequently, the equations of motion and 
the equation of species continuity are uncoupled, and the 
fluid mechanics and mass transfer can be considered sep- 
arately. 

Fluid Mechanics 
Since the Reynolds numbers of the jets used in this in- 

vestigation are relatively high, axial diffusion of vorticity 
can be neglected, and the velocity field in a jet can be 
calculated by analyzing the flow in the nozzle first and 
then by using the velocity profile at the exit of the nozzle 
as an  initial condition for the solution of the equations of 
motion describing the jet itself. It is assumed that the 
velocity profile entering the cylindrical throat of the nozzle 
is uniform; thus, the velocity distribution at  the exit of 
the cylindrical throat can be easily deduced by a finite- 
difference solution of the boundary-layer representation of 
the equations of motion (41 ) . The velocity field in the jet 
can then be obtained by a finite-difference solution (10) 
of the following set of equations and boundary conditions 
written in dimensionless form: 

(3) 

(4) 

( 5 )  

""I !?=L [?+ 2 
a+ 4 at  Nwe(Rs2)3'2 4 

for + = O ,  [ > 0  (6) 

'($900) = g(+) (7) 

(8) 0 for + =  %, C > O  

+ ( O ,  r )  = 0 (9) 

-= " 
a+ 

The function g(+) is, of course, deduced from the analysis 
of the flow field in the cylindrical throat of the nozzle. 
The solution of the above equations of change for the jet 
produces the following results which are to be used in 
the analysis of the mass transfer: 

u = F tL $3 NJ, Nwe, g($) I (10) 

VNRe = GI59 $9 NJ, Nwe, g(+) I (11) 
r2 = +> N J ,  N W e ,  g ($1 1 (12) 

Mass Transfer 
In the analysis of the gas absorption into the liquid jet 

it is helpful to utilize the concept of Protean coordinates 
(10) in much the same fashion as in the determination 
of the velocity field. I n  general, the species continuity 
equation at steady state can be written as 

( P I  U 9 , f  + (jI"),i = 0 (13) 
with the diffusion flux given by 

Since the diffusion coefficient can be considered constant 
and the liquid phase incompressible, Equations (13) and 
(14) can be combined to give the following equation in 
Protean coordinates: 
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Consequently, from Equations (16) to (19) it follows 
that the dmensionless form of Equation (15) can be 
written as 

Under ordinary experimental conditions, axial diffusion of 
the dissolved gas in liquid jets is negligible, and Equation 
(20) can be reduced to 

The inlet concentration is assumed to be uniform, and the 
jet surface at 4 = 1/2 is assumed to be at equilibrium 
with the essentially pure gas phase. 

Equations (21) to (24) can be solved for the concen- 
tration field for a given value of D by standard finite- 
difference considerations. However, since the purpose of 
this investigation is to extract D from the absorption data, 
it is more convenient to derive an analytical expression 
involving the diffusion coefficient rather than to substitute 
different values of D into Equations (21) to (24),  solve 
the equations numerically, and choose the value whose 
calculated absorption rate most closely agrees with the 
experimental data. Hence, we capitalize on the high 
Schmidt number and relatively small penetration depth 
characteristic of the usual jet experiment to obtain a 
perturbation solution of Equation (21).  If we let 

we can write Taylor series expansions for U ,  r2, and au/aY 
as follows: 

au au a 
ay dY ay aY y=o 
- ( ( 9  Y) = - ( L O )  + [ - ( ") ] Y + . . . 

(28) 

7) = Y Nsc% (29) 

In addition, introduction of the variable 

converts Equations (21) to (24) to 

+ I  a2pI 2 rz apI a U  4 apI - = 2  T2 up+------ 
at a+ V/Nsc a?l aY VK 

(30) 

PI(?,  0) = 0 (31) 

P I ( 0 , t ; )  = 1 (32) 

P I ( % t )  = o  (33) 
Utilization of Equation (33) is permissible if the contact 
times of the jet experiment are such that the center of 
the jet is negligibly influenced by the absorption at the 
jet surface. 

A perturbation solution of Equations (30) to (33) can 
now be effected by introducing a series expansion in terms 
of ascending powers of the small parameter NsC-'h: 

P I ( %  5) = P I 0 ( %  5) + Nsc-%p1'(9,5) + (Nsc-")2p12(7), 5) + . . . (34) 

Substitution of Equations (26) to (29) and Equation 
(34) into Equations (30) to (33),  utilization of Equa- 
tions (4)  and (8) , and introduction of the condition that 
the coefficients of each power of NSc-'h must separately 
vanish give the following equations for the zero-order and 
first-order terms of the perturbation series: 

p r 1 ( 7 ) ,  0) = P I v ,  5) = p r l ( m ,  5) = 0 (40) 

The solution to Equations (35) to (38) is simply (5) 

where 

r =  f Rs2 Us d[ (42) 

From Equation (41) it follows that Equation (39) be- 
comes 

Page 288 AlChE Journal March, 1968 



Utilization of a transformation of variables from { to T 

and application of Duhamel's theorem ( 5 )  give the fol- 
lowing solution to Equation (43) and its homogeneous 
boundary conditions: 

1 211 hy2 e--82/a(T-x) 

T ( T  - A ) 3 / 2  

+- e 1 dx (44) 
2x3/2r, (2, - h> --82/S(r--x> 

rr2  (7  - 
Table 1 indicates how well the first two terms of the 
perturbation series as represented by Equations (34), 
(41), and (44) approximate a finite-difference solution 
to Equations (21) to (24) for a jet with hydrodynamics 
and Schmidt number characteristic of a typical jet diffu- 
sion experiment, The mass densities shown in the table 
were evaluated for different jet lengths at + = 0.45. It 
is clear that the zero-order perturbation solution alone is 
insufficient for accurate determination at these points. 
Closer to the jet surface, the zero-order solution provides 
a better approximation to the finite-difference solution. 
Second-order and higher-order perturbation terms were 
not evaluated. I t  is evident that the inclusion of such 
terms would require a more detailed knowledge of the 
velocity field and the curvature of the streamlines. 

TABLE 1. COMPARISON OF NUMERICAL AND PERTURBATION 
SOLUTIONS OF DIFFUSION IN LAMINAR JETS 

P I ,  zero-order and 
PI,  zero-order first-order 

PI, finite-difference perturbation perturbation 
solution solution solution 

0.0628 0.0695 
0.155 0.166 
0.189 0.200 

0.0624 
0.156 
0.190 

In the jet experiment the quantity measured directly is 
the mass of gas absorbed per unit time. This quantity is 
related to the absorption rate per unit area N I  by the 
equation 

(45) 

which is derived by considering the geometrical character 
of the gas-liquid interface. The mass of gas absorbed into 
the jet per unit time per unit area is given by the scalar 
product of the diffusion flux at the surface and the unit 
normal vector to the surface pointing into the liquid 
phase: 

From the contravariant components of the unit normal 

vector to the phase interface (10) 

- Ul 
n3 = - 

\/'(u3)'2 + (v1)2 

it follows that Equation (46) can be expressed as 

(49) 

. , . -  
(50) 

where from Equations (34), (41), and (44) it is evident 
that 

(51) 
Consequently, Equation (45) becomes 

4 
J" Rs2 Vs2 ( - dpr ) 

+ O v, a+ *i=1/2 

(52) 
Equations (51) and (52) can be used in conjunction 

with Equations ( l o ) ,  (1 l ) ,  (12) ,  and (42) to derive 
diffusion coefficients from Q vs. jet length data. However, 
there are two simplifications which can be used to reduce 
these equations further. First of all, for the usual jet ex- 
periment and certainly for this investigation, the second 
integral in Equation (52) is completely negligible. Fur- 
thermore, for the small contact times used here, calcula- 
tions show that the second term of Equation (51) is a 
small fraction of the first term. Equation (51) serves as a 
convenient check to guarantee that the zero-order per- 
turbation is sufficient to accurately describe the jet absorp- 
tion rate. Hence, from Equations (51) and (52) it fol- 
lows that 

n =  Q = 1]ll2 .1/2 
4 w112 Ro3j2 U,1/2 N R , " ~  ( P I E  - pro) 

(53) 
which is the equation used in this study to obtain diffu- 
sion coefficients. 

If it can be assumed th& the velocity profile of the jet 
is uniform at every jet length, it is evident that 

R,S Us = 1 (54) 

'r = 5 (55) 
and Equation ( 5 3 )  reduces to 

Equation (56) is equivalent to that derived by considering 
diffusion in the rodlike flow of a semi-infinite sheet of liq- 
uid and by applying the results to a cylindrical jet of con- 
stant diameter. Hence, as previously noted by Cullen and 
Davidsoii (S), the taper of the jet need not be considered 
if the velocity profile is essentially uniform at eveiy jet 
length. Such an ideal situatnon can be approached by keep- 
ing the boundary layer in the jet as small as possible and 
by choosing jet lengths which are long enough so that the 
velocity profile relaxes essentially completely in a small 
fraction of the total jet length. 

Vol. 14, No. 2 AlChE Journal Page 289 



RESULTS AND DISCUSSION 

Influence of Jet Fluid Mechanics 
In order to establish the influence of the jet fluid me- 

chanics on the absorption process, several jet flows in ad- 
dition to the jets directly employed in this investigation 
were analyzed. In Figure 1 some of the results of these 
calculations are shown for a specific jet that was em- 
ployed by Scriven and Pigford ( 3 1 ) .  This figure shows 
the behavior of both the dimensionless jet radius and the 
ratio of surface velocity to center-line velocity as functions 
of jet length. The excellent agreement between the cal- 
culated dependence of the radius and the experimentally 
measured points demonstrates the accuracy of the fluid 
mechanics analysis upon which the developments in this 
study are based. The flow behavior of the jets used in this 
investigation is similar to that of the jets employed by 
Scriven and Pigford. The slow approach to the value of 
one of the aforementioned velocity ratio indicates that 
the relaxation of the velocity profile can influence the ab- 
sorption rate for significant jet lengths. Calculations were 
also performed for a jet similar in hydrodynamics to those 
employed by Chiang and Toor (6). In an attempt to in- 
hibit the development of a velocity profile in the jet noz- 
zle, Chiang and Toor used a thin orifice plate as a nozzle. 
However, the analysis of their jets shows that a more 
developed velocity profile at the nozzle exit was realized 
with the thin orifice than with the nozzles used in this in- 
vestigation and the studies of Scriven and Pigford. This 
enhanced profile development is due to the fact that 
Chiang and Toor ran their jets at significantly lower 
Reynolds numbers. Conversely, the velocity profile in low 
Reynolds number jets relaxes over a shorter jet length 
than does the profile in high Reynolds number jets. In all 
the cases analyzed, essentially complete relaxation of the 
velocity profile was determined to take place farther down 
the jet than previous approximations of the jet hydro- 
dynamics had indicated. 

as2tpq5kq: 090 

3 
0 I 0  2 0  3 0  4 0  5 0  

0 8 8  0.88 I I I 1 b.3 
0 I 0  2.0 3.0 4.0 5 0  

, 1 0 2  

Fig. 1. Typical results of jet fluid mechanics calculations and com- 
parison with experimental measurements of jet radius. 

Equation ( 5 6 )  represents the commonly used method 
of analyzing jet absorption data based on the idealization 
that the velocity profile is flat over the entire length of 
the jet. A comparison of this idealized analysis with the 
technique developed in this study with Equation ($3) 
demonstrates the error that is introduced into the calcu- 
lated diffusion coefficient if the jet fluid mechanics is not 
included in the analysis. This comparison shows that for 
the jet hydrodynamics and lengths used in this investiga- 
tion, a 10 to 15% error can be induced in the calculated 
diffusion coefficients. This error is reduced to a few per- 
cent for the jets employed by Chiang and Toor (even 
though calculations show that the jets contract to less 

than 75 % of their nozzle radius), since the velocity profile 
relaxes in a small fraction of the longest jet length used 
by these investigators. 

Diffusivity Results 

For each of the six gases studied, absorption rate data 
were obtained at three flow rates and jet lengths varying 
from I to 10 cm. As a result, for each gas at a given tem- 
perature, from ten to twenty independent data points were 
obtained. Each of these points represents the average of 
at least twelve independent soap-film meter measure- 
ments. The small variation in ambient pressure was re- 
moved by correcting all absorption rates to a total pressure 
of 760 mm. The value of T for each jet length was deter- 
mined by a numerical integration of Equation (42) with 
values of jet radius and surface velocity obtained from a 
numerical solution of Equations (1) to (9) for the specific 
jet hydrodynamics used in the absorption experiments. 
The diffusion coefficients were determined from Equation 
(53) by plotting the group of variables on the left-hand 
side of this equation (this group includes the measured 
absorption rate) as a function of 7% and evaluating the 
slope (D''2) of the best straight line with zero intercept 
by a least squares statistical analysis. The diffusivity re- 
sults and the associated solubility data for all the cases 
studied are given in Table 2. 

TABLE 2. EXPERIMENTAL DIFFUSION COEFFICIENTS OF 
DISSOLVED GASES IN WATER 

Solubility 
x 105, D x lo5, Reference 

Gas "C. cc. sec. solubility 
Temp., g. mole/ sq. cm./ for 

Oxygen 
Argon 
Carbon dioxide 
Carbon dioxide 
Nitrous oxide 
Nitrous oxide 
Ethylene 
Ethylene 
Propylene 
Prop ylene 

25 
25 
25 
40 
25 
40 
25 
40 
25 
40 

0.1224 
0.1345 
3.303 
2.220 
2.593 
1 630 
0.4657 
0.3500 
0.6500 
0.3840 

2.07 32 
2.00 25 
1.98 25 
2.80 
1.69 23,32 
2.55 
1.87 33 
2.53 
1.10 1 
2.22 

Figures 2 and 3 show the best straight line and indi- 
vidual data points for argon at 25°C. and for carbon di- 
oxide at 40°C. The scatter of the carbon dioxide data is 
typical of the majority of the cases studied. The scatter 
for the case of argon is greater owing to the low solubility 
of this gas and is also typical for the case of oxygen. The 
low solubilities of these two gases cause small absorption 
rates which are more difficult to measure accurately with 
the soap-film meter. The absorption rates can be increased 
by increasing the jet length, but absorption rates with 
longer jets showed a significant deviation from the cor- 
relation represented by Equation (53).  This anomalous 
increase in absorption rate indicates that the jet may be 
approaching breakup and that the associated surface in- 
stabilities are significantly influencing the total absorption 
rate. Since these instabilities are not readily apparent from 
visual observation, deviation from the relationship pre- 
sented by Equation (53) provides a method of determin- 
ing the maximum alIowable jet length for which the jet 
can be considered to exhibit well-defined laminar flow. 
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Comparison with Previous Data 
In order to establish the accuracy of the laminar jet 

experiment and the developed method of analysis, all 
previous measurements of diffusivities for the six systems 
studied were collected for comparison. Methods which are 
not absolute were not included in the comparison (11 to 
13, 16, 27, 43 ) .  Theie are defined as methods which de- 
pend on the use of at least one predetermined diffusivity 

Whenever possible, the diffusivity results of all of the 
methods which involve the use of a gas solubility were 
corrected to a common solubility value. The use of a stand- 
ard solubility is essential for a valid comparison, since 
many of the reported diffusion coefficients are proportional 
to the reciprocal of the square of the solubility, and there 
are significant differences in the solubility values that 
were used in the original references. References to the sol- 
ubilities used in this comparison are indicated in Table 2. 

In Table 3 the results of this study for the carbon diox- 
ide-water system at 25°C. are compared with several pre- 
viously determined values. The diffusivity data for this 
system are so numerous that no attempt was made to in- 
elude all of the existing dtata in this comparison. Table 3 
shows a representative sample of all the existing data at 
25°C. Except for the low value of Unver and Himmel- 
blau (39) ,  the laminar jet data are in good agreement 
and appear to be as accurate as any technique that is 
now available. 

1.98 
1.88 
1.87 
1.87 
1.87 
1.96 
1.65 
2.00 

This study 
Clarke 
Davidson and Cullen 
Scriven 
Tang and Himmelblau 
Thomas and Adams 
Unver and Hixnmelblau 
Vivian and King 

Laminar jet 

Wetted sphere 9 
Diaphragm cell 30 

Laminar jet 38 

Diaphragm cell 40 

Laminar jet 7 

Laminar jet 37 

Laminar jet 39 

All diffusivities have been corrected to a carbon dioxide solubility of 
3.303 x 104 g. mole/cc. 
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Fig. 4. Experimental diffusion coefficients for oxygen-water system. 

The collection of diffusivity data for the oxygen-water 
system obtained by a variety of methods is shown as a 
function of temperature in Figure 4. The polarographic 
technique involving the measurement of the limiting cur- 
rent caused by the diffusion of oxygen to a polarized drop- 
ping mercur electrode is particularly useful for the study 
of oxygen dkusion. The relationship between the mea- 
sured current and the diffusion coefficient can be obtained 
from a perturbation solution to the problem of diffusion 
to an expanding spherical sink ( 2 4 ) .  The classical solu- 
tion to this problem which includes only one perturbation 
term is commonly referred to as the Ilkovic erjtiation and 
has been used by most investigators in the analysis of their 
data. However, recently it has been shown that to obtain 
accurate diffusivity data a modified Ilkovic equation in- 
cluding the second perturbation term must be employed 
( 2 1 ) .  The incorporation of the second perturbation term 
will lower the resulting calculated diffusion coefficient by 
10 to 30% under usual conditions, and, consequently, the 
results of those studies which employed the unmodified 
Ilkovic equation were not included in this compilation ( 3 ,  
20, 3 4 ) .  Furthermore, the work of Ratcliff and Holdcroft 
( 29) indirectly indicates that the polarographic results 
obtained from the modified Ilkovic equation may be low 
by from 1 to 3% owing to the presence of electrolytes in 
the aqueous medium. In addition, the results of the photo- 
chemical studies may also be slightly low owing to the 
presence of hemoglobin as an indicator. In the photochem- 
ical technique of Muller ( 2 6 ) ,  a 0.03 wt. % hemoglobin 
solution was used, whereas the studies of Kreuzer (22)  
were performed in a 1% by weight hemoglobin solution. 

Figure 4 shows that there are large variations in the 
existing diffusivity data for the oxygen-water system. The 
data in this figure can be roughly categorized as belong- 
ing to two distinct groups. There are several data points 
in one group which indicate a higher diffusivity behavior 
with a value of approximatey 2.5 x 10-5 sq.cm./sec. at 
25°C. and numerous data points which fall into a lower 
grouping indicating a diffusion coefficient at 25°C. of 
approximately 2.0 x sq.cm./sec. The commonly ac- 
cepted values for the oxygen-water system have been the 
data in the higher range (6, 15). However, we believe 
close examination of the experimental evidence tends to 
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support a lower diffusivity behavior. The experimental 
data in the upper group are the results of four studies (2, 
4, 9, 40), two of which involve the use of a wetted sphere 
apparatus. Although no complete analysis was developed 
for the complex flow situation around the sphere, David- 
son and co-workers were able to obtain values for the 
diffusivity of carbon dioxide which are consistent with 
existing data. It is interesting to note, however, that for 
aImost all of the other systems studied by these investi- 
gators, the diffusion coefficients obtained are consistently 
higher than the existing data. Furthermore, the carbon 
dioxide diffusivity data of Carlson ( 4 )  are also signifi- 
cantly higher than other data available for this system in 
this temperature range as compiled by Himmelblau (15).  
The elimination of natural convection currents in a quies- 
cent system such as that used by Carlson is quite difficult, 
and small currents can cause a significant increase in the 
apparent diffusion coefficient. Hence, some doubt is cast 
on Carlson's value for oxygen diffusivity. 

I t  is evident from Figure 4 that the results of eight in- 
dependent studies involving five different experimental 
techniques give evidence in support of an oxygen diffusiv- 
ity lower than that commonly accepted. The acceptance 
of a lower diffusivity value for oxygen will have some 
significant implications. For example, Wise and Boughton 
( 4 3 )  use an oxygen diffusivity of 2.6 x sq.cm./sec. 
at 25°C. to calculate a cell constant in their dissolving 
bubble experiments. However, their diffusivity results for 
all the gases studied are consistently high in comparison 
with other available data, and a significant improvement 
would be realized if a lower oxygen diffusivity were used 
ill the calibration. 

The diffusivity behavior of the other gases studied are 
presented in Figures 5 through 8. In these figures solid 
lines connecting common data points of each specific in- 
vestigation have been drawn as visual aids. Only very 
limited data are available for these systems, and it is not 
possible to reach many general conclusions. However, it 
is readily evident from the data in Table 3 as well as 
Figures 7 and 8 that the results of Unver and Himmelblau 
(39) have a tendency to be low. The results of the present 
study consistently fall between the data of other investi- 
gators. 

0 BAIRD 8 DAVIDSON (2) 
( A n n u l a r  Jet  ) 

A BAlRD 8 DAVIDSON (2)  
( W e t t e d  S p h e r a l  

X SMITH E T  AL. (35) - 
1.0 

10 15 20 25 30 35 
TEMPERATURE .*C. 

Fig. 5. Experimental diffusion coefficients for argon-water system. 
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Fig. 7. Experimental diffusion coefficients for ethylene-water system. 

CONCLUSIONS 

The comparison of the diffusivity results of this study 
with other available data indicates that the developed 
method of analysis can be used to obtain accurate diffusiv- 
ity data from laminar jet experiments. This method of 
analysis eliminates the need for specially designed nozzles 
which inhibit velocity profile development, and it can 
readily be adapted to the analysis of absorption data 
obtained from a jet with a fully developed velocity profile 
issuing from a straight cylindrical conduit. Such an ap- 
paratus would eliminate the very small error introduced 

THIS STUDY 

BAlRD DAVIDSON I 2 1  
I W e l l t d  Sphere 1 

BAlRD B DAVIOSON I 2 1  
(Annulor Jet 1 

UNVER a H ~ M M E L B L A U  (391 

4 5  5 5  65 
TEHPERATURE..C 

Fig. 8. Experimental diffusion Coefficients for propylene-water system. 

by assuming a uniform profile at the entrance of the cylin- 
drical throat of a nozzle. On the other hand, if it is 
desirable to experimentally minimize the effects of the jet 
hydrodynamics, this analysis can be used to check the 
wccess of such experimental modifications. 

Chiang and Toor (6) and Baird and Davidson ( 2 )  
have presented data which indicate that a significant in- 
terfacial resistance is present in laminar jet diffusion ex- 
periments. The arguments of Chiang and Toor are based 
on the fact that their oxygen diffusivity data obtained 
with a laminar jet are significantly lower than the value of 
2.20 x lop5 sq.cm./sec. at 22.2"C. which they consider 
the lowest probable value. The result of an analysis of 
their experimental data which does not include interfacial 
resistance effects is shown in Figure 4. It is evident that 
their value for oxygen diffusivit is in reasonable agree- 
ment with the lower group of Jata points in this figure. 
Baird and Davidson base i heir arguments for the existence 
of a significant interfacial resistance on the fact that the 
results of their long exposure time experrments with wet- 
ted spheres are consistently higher than the results of 
their annular jet experiments. However, it is apparent from 
the available data that the wetted sphere apparatus has a 
tendency to give high difiusivity values. Thus, there ap- 
pears to be no conclusive evidence that demonstrates the 
existence of a significant interfacial resistance in laminar 
jet diffusion studies. 

Calculations based on the kinetic theory predict that in- 
terfacial resistance effects, although always present, should 
be completely negligible even at the short contact times 
characteristic of jets, and there should exist essentially 
phase equilibrium at the gas-liquid boundary except for 
an extremely short distance in the vicinity of the nozzle. 
In the absence of surface-active agents, therefore, one 
could only conclude that the interfacial resistance is of 
negligible importance in the typical laminar jet experiment 
unless, of course, there is experimental evidence to the 
contrary. The evidence cited by Chiang and Toor and by 
Baird and Davidson is suspect for the reasons noted above. 
The greater part of the data for both carbon dioxide and 
oxygen, which have probably been studied as extensively 
as any gases, shows the jet results to be in substantial 
agreement with other methods. Hence, tlie preponderance 
of the evidence favors introducing a phase equilibrium 
assumption into the jet analysis. There has been, in our 
opinion, no conclusive evidence to the contrary, and 
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utilizing this assumption is more plausible than postulating 
an interfacial resistance at an uncontaminated gas-liquid 
interface. It must, therefore, be concluded from the pres- 
ent evidence that the laminar jet experiment represents 
a rapid and accurate method of obtaining diffusion coeffi- 
cients of dissolved gases in liquids. 
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NOTATION 

binary diffusion coefficient 
acceleration of gravity 
determinant of space metric tensor in Protean CO- 
ordinate system 
associated space metric tensor 
function defined by Equation (7) 
ith component of mass diffusion flux of component 
I relative to mass average velocity 
Froude number = Ua2/2R,g 
mass of gas absorbed per unit time per unit area 
dimensionless group defined by Equation (3 )  
Reynolds number = 2R,pUa/p 
Schmidt number = p / p D  
Weber number = 2R,,Ua2p/r 
= contravariant or covariant component of unit 
normal vector to phase interface 
mass of gas absorbed per unit time 
radius of jet/nozzle radius 
nozzle radius 
radial distance or radial distance/nozzle radius 
axial velocity in cylindrical coordinates/U, 
average axial velocity at nozzle 
dimensionless axial center-line velocity of jet 
dimensionless axial surf ace velocity of jet 
radial velocity in cylindrical coordinates/U, 
dimensionless radial surface velocity of jet 
ith component of mass average velocity 
space coordinate variable 
independent variable defined by Equation (25) 

01 
Bar refers to Protean coordinates 

= mass fraction of component 1 
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