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Experimental viscosity, thermal conductivity, and self-diffusivity data available in the 
literature for carbon dioxide have been critically reviewed and used to develop reduced state 
Correlations of the transport properties for this substance. These correlations should apply to 
nonpolar compounds having critical compressibility factors approximately equal to that of 
carbon dioxide, zc = 0.275. 

In order to establish the dependence of these transport properties in the high pressure and 
liquid state regions, use has been made of relationships between the residual properties, +-p*, 
k-k*, and (PD)*-(PD) and density. These residual quantities represent the differences between 
the values of the properties at  any pressure and temperature and those a t  atmospheric pressure 
and the same temperature. These relationships also allow the determination of the values of  the 
transport properties a t  the critical point. The resulting critical values along with the residual 
relationships enabled the construction of reduced state correlations for viscosity, thermal con- 
ductivity, and the product of self-diffusivity and pressure for carbon dioxide. 

These correlations extend from the saturated vapor and liquid states to reduced temperatures 
of Tx = 10 and reduced pressures of PR = 50. Comparisons made between values resulting from 
these correlations and corresponding experimental values, including the region of high pressure 
for both the gaseous and liquid states and the vicinity of the critical point, produced an average 
deviation of 2.0% for viscosity, 1.4% for thermal conductivity, and 5.9% for self-diffusivity. 

Current interest in the field of non- 
equilibrium processes requires that val- 
ues of the transport properties of fluids 
be available not only at moderate con- 
ditions but also at extremes of temper- 
ature and pressure. The viscosity, ther- 
mal conductivity, and self-digusivity, 
p ,  k, and D are defined by the basic 
relationships for momentum, heat, and 
mass transfer as follows: 

du 
r = - p -  ax 

dt 
dx 

q = - k -  

dc r = - D -  
dx ( 3 )  

Theoretical expressions defining the 
transpart properties of gases in terms 
of intermolecular forces and collision 
integrals have been developed by 
Chapman and Cowling (6) and others. 
For the Lennard-Jones potential the 
collision integrals n“.”* [ T N ]  and 
ata.z) o [ T N ]  have been evaluated by 
Hirschfelder, Bird, and Spotz (13) 
and can be used to determine the first 
approximation of viscosity, thermal 
conductivity, and self-diffusivity from 
the following relationships: 

(4) 

The Lennard-Jones force constant E / K  

is used to define the normalized tem- 

perature T ,  = T / L  which in turn 

produced the collision integrals 
[ TN] and [ T N ]  from tabulated 
values (14).  In order to obtain higher 
approximations of these transport 
properties the values resulting from 
Equations (4) ,  ( 5 ) ,  and (6) must be 
multiplied by the factors fw‘”, f r C c 3 ) ,  and 
fD‘” presented elsewhere (14). These 
factors are essentially equal to unity 
over an extreme range of temperatures 
and never deviate by more than 1%. 

Equations (4) ,  ( 5 ) ,  and (6) are 
rigorous for monatomic gases. For 
these gases Shimotake and Thodos 
(48) found that good agreement exists 
between experimental viscosity values 
and the results obtained with Equation 
(4) .  For thermal conductivity Owens 
and Thodos (37) found that values 
calculated with Equation (5) were 
consistent with experimental measure- 
ments for the monatomic gases. For 
polyatomic gases the Eucken correc- 
tion factor (9)  must be applied to 
Equation (5) to account for the rota- 
tional and vibrational energy contri- 
butions. Viscosities and thermal con- 
ductivities calculated with Equations 
(4)  and (5) have been found to be 
pressure insensitive from 5 mm. of 
mercury (4, 45) up to 10 atm. On the 
other hand Equation (6) indicates 
that the self-diffusivity is inversely 
proportional to pressure for these 
moderate pressure conditions. In order 
to eliminate the effect of pressure 
Equation (6)  can be rearranged to 
yield the product P D .  Thus the vis- 
cosity, the thermal conductivity, and 
the product of pressure and self-dif- 
fusivity become unique functions of 
the same variables. 

Reliable critical values are necessary 
for the treatment of transport proper- 
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ties. For carbon dioxide the critical 
values presented by Michels, Blaisse, 
and Michels ( 3 1 )  T ,  = 304.2”K., Po 
= 72.85 atm., and p. = 0.467gJcc. 
have been used to produce the critical 
volume and critical compressibility 
factor u, = 94.24 cc./g.-mole and z, 
= 0.275. 

TRANSPORT PROPERTIES AT 
MODERATE PRESSURES 

Experimental data for the three 
transport properties have been ob- 
tained from literature sources and 
utilized to determine their dependence 
upon both temperature and pressure. 
For viscosity and thermal conductivity 
the effect of pressure is negligible for 
pressures between 2.5 and 760 mm. 
of mercury, and therefore the varia- 
tion of these properties in this pres- 
sure interval is a function of tempera- 
ture only. However self-diffusivity is 
a function of both temperature and 
pressure. 

Viscosity 

Experimental viscosity data for pres- 
sures ranging from 2.5 to 760 mm. of 
mercury are presented in Figure 1. 
The viscosity data of eight investiga- 
tors are presented in Figure 1 and ap- 
pear to be internally consistent. In 
addition the data of eight other inves- 
tigators (8, 15, 28, 49, 53, 59, 61, 
64) covering the same range were ex- 
amined and were found to agree with 
the data presented in Figure 1. 

The variation of viscosity for moder- 
ate pressures has been related for TR 
= 0.65 to TR = 5.5. This relationship 
enables the determination of viscosity 
at moderate pressure and the critical 
temperature p * ~ .  = 1,520 x cen- 
tipoises. 

The viscosity data considered most 
reliable have been utilized to calculate 
the Lennard-Jones force constants u 
and E / K .  The values resulting from 
pairs of viscosity values are presented 
in Table 1 and when averaged pro- 
duced CT = 3.876A. and E / K  = 216°K. 
Hirschfelder, Curtiss, and Bird (14) 
present two sets for the Lennard-Jones 
force constants of carbon dioxide: u = 
3.976A., E / K  = 190°K. and u = 
3.897A., E / K  = 213°K. The Lennard- 
Jones force constants produced from 
the present study have been used 
with Equation (4) to calculate viscosi- 
ties for temperatures ranging from T ,  
= 0.4 to T ,  = 10 which were found 
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Fig. 1. Variation of viscosity with temperature a t  atmospheric pressure 

for carbon dioxide. 

to coincide with the experimental val- 
ues presented in Figure 1. 

A S8llsChopp 
0 Thomas and Golike (0.05 mm) 

4 Kannuluik and Law 

Thermal Conductivity 
A review of the experimental ther- 

mal conductivity values for carbon di- 
oxide reported by a number of investi- 
gators has been made over the pres- 
sure range 0.05 to 760 mm. of mer- 
cury. The thermal conductivity was 
found to be insensitive in this pressure 
range. Experimental points are plotted 
in Figure 2 and cover the temperature 
range of TR = 0.6 to T ,  = 3.5, 

This correlation shows that the data 
of Thomas and Golike (52) obtained 
at a pressure of 0.05 mm. of mercury 
and also those of Johnston and Grilly 
( 1 7 )  at 5 mm. of mercury coincide 
with the data obtained at atmospheric 
pressure. From Figure 2 the thermal 
conductivity at moderate pressures 
and the critical temperature is found 
to be k " p ,  = 4.03 X cal./sec. cm. 
OK. 

Thermal conductivities have been 
calculated with Equation ( 5 )  cor- 
rected with the Eucken factor (9), 
(4/15) CJR + 3 /5 .  For this factor, 
heat capacity data were obtained from 
two references (1 2, 41 ) . A comparison 
of the calculated values and the ex- 
perimental data is shown in Figure 2. 
Although these curves are similar, the 
calculated values at the higher tem- 
peratures are lower than the corre- 
sponding experimental values. Studies 
with the monatomic gases (37)  indi- 
cate good agreement between experi- 
mental values and values calculated 
with Equation (5). Therefore this 
equation is valid for monatomic gases 
and does not require the use of the 
Eucken correction factor. The ob- 
served discrepancy between the ex- 
perimental and calculated values for 
carbon dioxide is probably not caused 
by incorrect heat capacity values but 
most likely can be attributed to the 

T, , Reduced Temperoture, 1 
Tc 

Fig. 2. Variation of thermal conductivity with temperature for 
carbon dioxide at pressures of 1 atm. and lower. 

Eucken correction factor which ap- 
parently is inexact for polyatomic 
gases. 

In order to extend the experimental 
data above T R  = 3.5 caIculated ther- 
mal conductivity values were plotted 
against experimental values on log-log 
coordinates for the same temperatures. 
The resulting straight line was extrap- 
olated to'cover the higher temperature 
region and thus enabled the extension 
of the experimental curve indicated 
with dashed lines. 
Self -Diff usivity 

Because of the limited number of 
experimental self-diffusivities available 
at atmospheric pressure the variation 
of this transport property cannot be 
properly defined over the range of 
temperature covered by the compara- 
ble treatments for viscosity and ther- 
mal conductivity. In order to obtain 
the basic atmospheric isobar Equation 
(6)  has been applied to the calcula- 
tion of self-diffusivities in the temper- 
ature interval of TR = 0.3 and TR = 

10. 
The values calculated with Equation 

(6) have been used to define the 
dashed portion of the curve of Figure 
3. In addition the experimental at- 
mospheric pressure data of Winn ( 6 3 )  
and Timmerhaus and Drickamer (55) 
are also presented and are found to 
agree with the values produced by 
Equation (6) .  
EFFECT OF PRESSURE ON TRANSPORT 
PROPE RTlES 

For the thermal conductivity of 
gases at high pressures and of liquids 

the effect of pressure and temperature 
can be eliminated by the method 
of Abas-zade (1 ) . This is accomplished 
through the introduction of the resi- 
dual thermal conductivity k-k" which 
is related directly to the density at  the 
temperature and pressure of the sys- 
tem. The quantity k-k" represents the 
increase in thermal conductivity due 
to the increase in pressure above 1 
atm. at constant temperature. The 
thermal conductivity studies on the 
monatomic and diatomic gases (37, 
45)  show that a single continuous 
function for the gaseous and liquid 
states results when k-k" is plotted 
against density on log-log coordinates. 

For the monatomic and diatomic 
gases (4 ,  48) this approach has been 
applied to viscosities where the resi- 
dual viscosity p-p" is related to the 
density of the fluid. In order to apply 
this residual approach to carbon di- 
oxide it is necessary to obtain first- 
density values for the corresponding 
temperatures and pressures of interest. 
The density data of several investiga- 
tors (2 ,  16, 21, 22, 31, 33, 34, 39)  
were used to produce a reduced dens- 
ity correIation for carbon dioxide for 
both the gaseous and liquid states 
( 2 2 )  * 

The available experimental viscosity 
data for carbon dioxide at high pres- 
sures in both the gaseous and liquid 
states and the atmospheric viscosities 
obtained from Figure 1 permit the cal- 
culation of residual viscosities p-p". 
When these values were related to 
their respective reduced densities pa, 
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Fig. 5. Relationship of residual thermal conductivity and re- 
duced density o f  carbon dioxide in  the gaseous and liquid 

states. 

states of carbon dioxide. This relation- 
ship enables the estimation of the resi- 
dual viscosity at the critical point 

Comings, May1and, and When one uses this value and the vis- 
The is cosity of carbon dioxide at atmospheric 

pressure and Tn = 1.0 obtained from 
Figure 1, P * T ~  = 1,520 X lo-' centi- 
poises, the viscosity at the critical 
point p. is calculated to be 3335 x 
10" centipoises. The ratio of these 
viscosities produces a value of 2.194 
as the constant for the relationship 

with the liquid data Of 

(50 )  and those Of ( ~ - p * ) ~  = 1,815 x centipoises, 

for the gaseous and liquid 

p, = 2.194 P*T. ( 7 )  

TR , Reduced Temperature, I 
Tc 

Fig. 3. Variation of self-diffusivity with temperature a t  1 atm. 
for carbon dioxide. 

the correlation presented in Figure 4 agreement 
was produced. The recent experi- Stakelbeck 
mental data in the vicinity of the crit- (38) and 
ical point reported by Michels, Botzen, 
and Schuurman ( 3 2 )  are in excellent continuous 

Egly (7) .  

CARaON DIOXIDE 
Tc=304.2 OK pc=0.467 g/cm3 

P pR, Reduced Density, - P. 
I -  r pR, Reduced Density, - 

Pc Fig. 6. Relationship of residual product of pressure and self-diffusivity 
with reduced density for carbon dioxide in the gaseous and dense phase 

regions. 
Fig. 4. Relationship of residual viscosity and reduced density 

for carbon dioxide in  the gaseous and liquid states. 
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TABLE 1. LENNARD-JONES FORCE CONSTANTS CALCULATED FROM VISCOSITY DATA ma1 conductivity. The application of 
this approach produced positive differ- 
ences for the quantity ( P D ) "  - ( P D ) .  

T ,  O K .  centipoises u, A. € / K ,  O K .  These residual values were related to 
reduced density to produce the curve 

Johnston and McCloskey ( 1 8 )  198.0 1,005.9 of Figure 6. The available high-pres- 
Kiyama and Makita ( 2 7 )  423.2 2,050 3.900 209 sure data for gaseous carbon dioxide 

of Timmerhaus and Drickamer ( 5 4 ) ,  Johnston and McCloskey (18) 286.6 1,431.2 Kiyama and Makita ( 2 7 )  423.2 2,050 3.821 233 O'Hern and Martin ( 3 6 ) ,  and Robb 
and Drickamer (40)  were utilized in 

Trautz and Kurz (56) 500.1 2,354 the development of this relationship. 
672.2 2,982 3.864 220 A review of their experimental values Trautz and Zink ( 5 7 )  

Vasilesco (60) 759.4 3,260 indicates some scattering, particularly 
Vasdesco (60) 1,281.2 4,655 3.917 203 in the lower density region. The fact - - that for this property the correlation is 

3.876 216 not as precise as that for viscosity and 
thermal conductivity should not reflect 

A similar analysis was applied to ma1 conductivity of carbon dioxide on the method, since reliable self-dif- 
the thermal conductivity data of car- shows a sharp rise near the critical fusivity data are not readily obtaina- 
bon dioxide at high pressures in both point. However this study indicates ble. I t  is important to point out that 
the gaseous and liquid states. The re- that this property should be continu- discrepancies of as much as 50% be- 
lationship between the residual ther- ous in the critical region. This differ- tween reported values are not uncom- 
ma1 conductivities and reduced densi- ence could be attributed to the fact mon for the same temperature and 
ties obtained from the data of several that in experimental measurements pressure conditions. 
investigators was found to be internally near the critical point convective ef- Since no liquid self-diffusivity data 
consistent as shown in Figure 5. The fects are unavoidably present. Since are available, the correlation presented 
residual thermal conductivity at the self-diffusivity is pressure sensitive, it in Figure 6 has been restricted to the 
critical density is found to be (k -k ' ) ,  becomes necessary to introduce a resi- calculation of the product PD for the 
= 8.22 X lo* cal./sec. cm. O K .  The dual quantity involving both the pres- gaseous state only. Until such data can 
corresponding value at atmospheric Sure and the self-diffusivity. An exam- be obtained, the relationship of Figure 
pressure and the critical temperature ination of Equation (6) suggests that 6 cannot be applied properly to the 
k ' T ,  = 4.03 X lo4 cal./sec. cm. O K .  the product of pressure and self-dif- liquid state. Following an approach 
permits the calculation of the critical fusivity P D  should be dependent only analogous to that used for viscosity and 
thermal conductivity k, = 12.25 X upon temperature and the Lennard- thermal conductivity, one can obtain 
lo4 cal./sec. cm. OK. The ratio of Jones force constants. Through this the product P D  at the critical point 
these thermal conductivities 3.040 reasoning it appears that the product from the residual quantity at PR = 1.0 
produces the constant for the relation- p~ should be applicable to a residual as (PD)' - ( P D )  = 0.0818. From 
ship treatment as were viscosity and ther- Figure 3 ( P f l ) ' ~ ,  = 0.117, and there- 

Guildner (11) reports that the ther- 

x 105, 

k ,  = 3.040 k ' ~ ~  ( 8 )  

20 
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Fig. 8. Reduced thermal conductivity correlation for carbon 

dioxide. Fig. 7. Reduced viscosity correlation for carbon dioxide. 
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fore at the critical point the product 
(PD), = 0.0352 atm. sq.cm./sec. The 
product ( P D ) ,  is equivalent to POD. 
and thus enables the direct evaluation 
of the self-diffusivity of carbon dioxide 
at the critical point as D, = 0.0352/ 
72.85 = 48.32 X sq.cm./sec. The 
above values allow the calculation of 
the constant 0.3009 for the relationship 

( P D ) ,  = 0.3009 ( P D ) " T ,  (9) 
Information available in the litera- 

ture for the transport properties of 
substances having critical compressibil- 
ity factors similar to those of carbon 
dioxide should be analyzed to deter- 
mine if Equations ( 7 ) ,  ( 8 ) ,  and (9) 
represent generalizations for this class 
of substances. 

The residual relationships for viscos- 
ity, thermal conductivity, and the 
product P D  are utilized in this study 
for the estimation of these transport 
properties in regions where data are 
lacking. Although the residual viscos- 
ity and thermal conductivity relation- 
ships presented in Figures 4 and 5 ap- 
ply to both the gaseous and liquid 
states, it would be highly desirable to 
obtain self-diffusivities for liquid car- 
bon dioxide so that Figure 6 will in- 
clude properly the liquid state. 

REDUCED STATE CORRELATIONS 

The residual relationship for viscos- 
ity presented in Figure 4 along with 
the information of Figure 1 for viscos- 
ities at moderate pressures enables the 
calculation of viscosity at difEerent 
temperatures and pressures for both 
the gaseous and liquid states. An en- 
larged plot of the reduced density of 
carbon dioxide for both the gaseous 
and liquid regions ( 2 3 )  was used in 
the calculation of viscosity values. Re- 
duced densities corresponding to a 
specific temperature and pressure pro- 
duced residual viscosities p - ~ *  from 
Figure 4. For these conditions a vis- 
cosity value for carbon dioxide could 
be readily obtained from the residual 
viscosity and the corresponding viscos- 
ity at moderate pressure p* obtained 
from Figure 1. These calculated vis- 
cosity values were then reduced with 
the critical value p. = 3,335 x 
centipoises to produce the reduced 
state correlation for carbon dioxide 
presented in Figure 7. This correlation 
is similar to the generalized viscosity 
correlation developed by Uyehara and 
Watson (58 ) .  

A similar approach has been utilized 
to establish the reduced thermal con- 
ductivity correlation presented in Fig- 
ure 8. In its development the residual 
thermal conductivity plot of Figure 5 
and the thermal conductivities at 
moderate pressures presented in Fig- 
ure 2 have been utilized. This correla- 
tion is similar to the reduced state 

Fig. 9. Reduced state correla- 
tion for the product of self- 
diffusivity and pressure for 

carbon dioxide. 

correlation of thermal conductivity for 
the monatomic gases (37) .  

The application of the residual cor- 
relation for P D  to both the gaseous 
and liquid states is uestionable be- 
cause no liquid self-zffusivity values 
have been reported in the literature 
for carbon dioxide. In view of this 
limitation values of self-dausivity for 
only the gaseous state have been cal- 
culated with the residual approach. 
With this restriction the product of 
PD has been calculated for several 
pressures and temperatures in the same 
manner as viscosity and thermal con- 
ductivity. These quantities can then 
be directly reduced with the critical 
value (PD), = 0.0352 atm. sq.cm./ 
sec. to produce the dimensionless 
modulus PRDR. The results of this de- 
velopment are presented in Figure 9. 
In order to extend this information 
into the liquid region self-diffusivity 
values were calculated from the modi- 
fied form of the Stokes-Einstein equa- 
tion proposed by Li and Chang ( 3 0 )  : -=-(,) Dp 1 N ' I 3  (10) 

KT 27r 
By using saturated liquid density val- 
ues for carbon dioxide and the corre- 
sponding saturated viscosity values 
obtained from Figure 7 self-diffusivi- 
ties were calculated at several tem- 
peratures with the following results: 

A.1.Ch.E. Journal 
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T., Reduced Temperature ' T  

Fig. 10. Reduced self-diffusivity 
correlation for carbon dioxide. 

P R  D, sq. cm./sec. PRDR T R  

0.711 0.0565 5.636 x 0.00659 
0.75 0.0976 6.818 0.01378 
0.80 0.1288 8.507 0.02268 
0.85 0.2007 11.24 0.04668 
0.90 0.3294 14.60 0.09953 
0.95 0.5668 19.43 0.2279 

These reduced products PRDR have 
been used to establish the saturated 
liquid line in Figure 9. In order to ex- 
tend this information into the high 
pressure liquid region Equation (10) 
has been based on the saturated liquid 
line of the product of pressure and 
self-diffusivity ( P D )  &, the saturated 
viscosity p8,  and the saturated density 
p. to produce the following relation- 
ship which accounts for the effect of 
pressure at isothermal conditions: 

113 2L= (;) (11) 
D,p, 

With the use of the reduced density 
correlation ( 2 3 )  and the viscosity 
plot of Figure 7 Equation (11) al- 
lows the calculation of self-diffusivity 
values in the high-pressure region of 
the liquid state and thus permits the 
extension of the Pa = 50 isobar to the 
solid-liquid equilibrium line. 

Figure 9 is similar to the reduced 
viscosity and thermal conductivity 
plots presented in Figures 7 and 8. 
The abrupt decrease of the product 
P D  for the saturated liquid state de- 
serves some explanation, since this 
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region has been approximated from 
the Li-Chang equation. It would prove 
interesting to check this region when 
experimental self-diffusivity values for 
liquid carbon dioxide become available. 

With the elimination of pressure as 
a variable in the product PD it now 
becomes possible to construct a re- 
duced state correlation involving only 
self-difhsivity. This has been accom- 
plished by the use of the information 
available in Figure 9 to produce the 
reduced self-diffusivity correlation of 
Figure 10. In  Figure 10 the self-dif- 
fusivity at moderate pressures does not 
approach a limiting value of D, as was 
the case with viscosity and thermal 
conductivity. Instead the reduced self- 
diffusivity DR continues to be directly 
related to pressure. 

RELIABILITY OF TRANSPORT 
PROPERTY CORREUTIONS 

The accuracy of the reduced state 
correlations for viscosity, thermal con- 
ductivity, and self-diffusivity presented 
in Figures 7 ,  8, and 10 has been tested 
with available literature data. Experi- 
mental values for gaseous and liquid 
carbon dioxide, when compared with 
values resulting from these reduced 
state correlations, produced the follow- 
ing average deviations: 

No. of experi- Average 
mental values devi- 

(gas and liquid) ation 
Viscosity 125 2.03% 
Thermal conduc- 79 1.38 

Self-diff usivity 91 13.6 

If thirteen of the 91 experimental self- 
diffusivity values showing the highest 
deviations are excluded from this com- 
parison, the average deviation is re- 
duced to 5.93%. 

These average values represent the 
deviations between values determined 
from the respective reduced state cor- 
relations and the corresponding ex- 
perimental values. Since these experi- 
mental points have an undetermined 
degree of experimental error inherent 
in their determination, the values pro- 
duced from these correlations could 
quite possibly be even closer to the 
actual values of the transport proper- 
ties than the average deviations would 
indicate. 

NOTATION 

C = concentration, g.-moles/cc. 
C, = heat capacity at  constant 

D = self-diffusivity, sq.cm./sec. 
f u C s ) ,  fk('), fD(') = factors of higher ap- 

proximations for viscosity, 
thermal conductivity, and 
self-diff usivity 

k = thermal conductivity, caI./ 
sec. cm. OK. 

tivity 

volume, cal./g.-mole "K. 

k* = thermal conductivity at mod- 
erate pressures, cal./sec. cm. 
0 *7 

M 
N 

9 

R 

r 

t 
T 
T ,  
T, 

T, 
21 

2, 

X 

K. 
= critical thermal conductivity, 

cal./sec. cm. "K. 
= reduced thermal conductiv- 

ity, k/k, 
= thermal conductivity at mod- 

erate pressures and the crit- 
ical temperature, cal./sec. 
cm. "K. 

= molecular weight 
= Avogadro number, 6.0238 

x 10" molecules/g.-mole 
= rate of heat transfer, cal./ 

sec. sq. cm. 
= gas constant, 1.987 cal./g.- 

mole "K. 
= rate of mass transfer, g.- 

moles/sec. sq. cm. 
= temperature, "C.  
= absolute temperature, O K .  

= critical temperature, OK. 
= normalized temperature, 

E 

K 
T/- 

= reduced temperature, T / T ,  
= velocity, cm./sec. 
= molar volume, cc./g.-mole 
= linear dimension, cm. 

Greek Letters 
E = maximum energy of attrac- 

tion for Lennard-Jones po- 
tential, erg. 

K = Boltzmann constant, 1.38047 
x lo"* erg./"K. 

= viscosity, centipoises 
= viscosity of gases at atmos- 

= viscosity at  the critical point, 

= reduced viscosity, p/pc  

pheric pressure, centipoises 

centipoises 

ru 
p p: pC 

Po 

= viscosity of gases at  atmos- 
pheric pressure and critical 
temperature, centipoises 

P = density, g./cc. 
P o  = critical density, g./cc. 
PR = reduced density, p/p.  
0- = collision diameter for Len- 

nard-Jones potential, A. 
7 = shear stress, dynes/sq. cm. 
n(1.1) t [T , ]  = collision integral func- 

tion for Lennard-Jones po- 
tential 

a ( z . a ) t  [T,] = collision integral func- 
tion for Lennard-Jones po- 
tential 
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The Effect of Organic Substances on the 
Transfer of Oxygen from Air Bubbles in 
Water 

W. WESLEY ECKENFELDER, JR., and EDWIN L. BARNHART 
Manhat tan  College, N e w  York, N e w  Yark  

The liquid film coefficient is related to bubble diameter and velocity in pure water and to the 
physical properties of the liquid. The addition to water of organic substances which influence the 
surface tension and viscosity will decrease the size of the air bubble released from a diffuser 
and reduce the transfer of oxygen into the solution. The maximum reduction in oxygen transfer 
occurs in the region of maximum surface tension change. The effect of the addition of several 
organic substances on the oxygen transfer characteristics are shown. 

Aeration involves the transfer of oxy- 
gen from air to a turbulent liquid. In 
diffused aeration air bubbles are formed 
at an orifice from which they break off 
and rise through the liquid, finally 
bursting at the liquid surface. The 
transfer process is considered to occur 
in three phases: during bubble forma- 
tion, during bubble rise through the 
liquid depth, and as the bubble bursts 
at the liquid surface. Oxygen transfer 
during the initial and final phases of 
the bubble’s life may be considered as 
end effects which will be substantially 
constant for a given aeration system. 

In diffused aeration oxygen transfer 
during the bubble rise can be related 
to the characteristics of the bubbles 
released from a submerged orifice. The 
bubble characteristics can usually be 
defined in terms of a Reynolds number 
( 1 ) .  At Reynolds numbers less than 
300 to 400 the bubbles are spherical 
and act as rigid spheres. This corre- 

sponds to an approximate bubble diam- 
eter of 0.2 cm. Over a Reynolds num- 
ber range of 400 to 4,000 the bubbles 
assume an ellipsoidal shape. In this 
range McKeown and Okun ( 2 )  have 
shown that the bubble formed has an 
inverted pear shape. In the early stages 
of the bubble’s life, as it rises through 
the liquid, the bubbles are not in equi- 
librium with the surrounding liquid, 
and they oscillate between a fluid 
sphere and an elongated ellipsoid in 
decreasing amplitude. At Reynolds 
numbers greater than 4,000 the bub- 
bles form spherical caps. 

In the range of Reynolds numbers 
less than approximately 1,000 the liq- 
uid film coefficient in pure water has 
been related to the physical character- 
istics of the aeration system through 
an empirical correlation of the Reyn- 
olds and Shenvood numbers (3.) The 
end effects, which result in a decreas- 
ing transfer coefficent with increasing 
liquid depth, are included in the cor- 

relation as an exponential function of 
depth: 

(1) - . hi13 = - 
I t  was found that this empirical depth 
correction holds well for liquid depths 
in excess of 100 cm. Results obtained 
by several investigators and by the 
authors are shown in Figure 1. The ef- 
fect of depth can also be estimated by 
plotting N d N s ,  vs. liquid submerg- 
ence depth. The average results and 
the spread of the data over a wide 
range of air flows and bubble diame- 
ters are shown in Figure 2.  It is inter- 
preted from this plot that extension of 
the curve to the ordinate (zero depth) 
estimates the end effects. Evaluation of 
the individual set of data employed in 
Figure 2 has shown that the slope and 
intercept of this form of plot vary some- 
what with the bubble characteristics 
and the diffusion device. Further study 
is in progress to more theoretically de- 
fine end effects during bubble aeration. 

For the range of submergence depths 
normally encountered in aeration prac- 
tice Equation (1) can be rearranged 
to define K ,  for a specified operating 
condition : 
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