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In 1943 Gamson et al. (7) estab- 
lished mass and heat transfer factors 
id and i,, for the evaporation of water 
into a passing air stream from the sur- 
face of spherical and cylindrical par- 
ticles arranged in a packed bed. Since 
this initial study, considerable informa- 
tion concerning mass and heat transfer 
for the flow of gases and liquids through 
beds of granular solids has been re- 
ported in the literature. Because of the 
complexity of these processes and ex- 
perimental limitations, these studies 
have been restricted in the range of 
variables considered. 

Several investigators have reported 
mass and heat transfer factors for the 
evaporation of organic substances into 
gases from the surface of spherical par- 
ticles. Hobson and Thodos (10) studied 
the mass transfer across a gas film by 
the evaporation of n-butanol, toluene, 
n-octane, and n-dodecane into streams 
of nitrogen, air, hydrogen, and carbon 
dioxide. Extensions of this study to de- 
termine mass transfer behavior across 
a Iiquid film were conducted by Mc- 
Cune and Wilhelm (12) for the solu- 
tion of p-naphthol by water; GaEney 
and Drew ( 5 )  for succinic acid and sali- 
cylic acid into acetone, benzene, and 

11-butanol; and Hobson and Thodos 
(9) for the transfer of isobutyl alcohol 
and methyl ethyl ketone into water. 

Investigations have also been con- 
ducted for mass transfer into gas and 
liquid streams from fluidized beds of 
spherical particles. McCune and Wil- 
helm (12) determined i d  factors for the 
flow of water through a fluidized bed 
of 8-naphthol particles, while Chu, 
Kalil, and Wetteroth (2) report values 
for the sublimation of naphthalene into 
air. Mass transfer factors have recently 
been reported by De Acetis and Thodos 
(3)  for the evaporation of water from 
the surface of celite spheres randomly 
interspersed with solid spheres to pro- 
duce an extended bed arrangement. In 
an extension of this study McConnachie 
(1 1 ) determined id factors for distended 
beds of celite spheres, formed by sep- 
arating the spheres and holding them 
in place with short lengths of fine rigid 
wire. For these distended beds wall 
effects were eliminated by shaping the 
outer spheres of the bed to the geometry 
of the cylindrical reactor. 

Investigations concerning heat trans- 
fer from the surface of granular par- 
ticles arranged in a packed bed to a 
gas stream flowing through the bed have 

been less extensive than the correspond- 
ing mass transfer studies. Although the 
initial study of Gamson et al. (7) was 
conducted primarily to obtain informa- 
tion concerning mass transfer, in this 
investigation heat transfer factors j. 
were calculated and related to the 
Reynolds number with the assumption 
that the surface temperature of the 
particles was the same as the wet-bulb 
temperature of the inlet air. Similar 
work in this area was later conducted 
by Glaser and Thodos (8) who used 
metallic spheres heated electrically and 
measured surface temperatures directly 
with thermocouples. Baumeister and 
Bennett (1 ) utilized steel spheres 
heated by high frequency induction. 
Recently De Acetis and Thodos ( 3 )  
and McConnachie (11 ) have deter- 
mined i,, factors for the evaporation of 
water into air from spheres arranged 
in packed, extended, and distended 
beds. In these investigations the sur- 
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Fig. 1. Relationship between i d  and Reynolds number resulting 
from the mass transfer data of McConnachie for packed and 

distended beds of spheres. 
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Fig. 2. Relationships between mass transfer 
factor i d  and void fraction e resulting from the 
dato of McConnachie for packed and distended 

beds of spheres. 
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Fig. 3. Relationship between eja ond Reynolds number for a11 types of beds 
of spheres. 

face temperature of the spheres was 
measured directly with thermocouples 
and was found to approach the wet- 
bulb temperature of the inlet air only 
at high air velocities. 

PREVIOUS CORRELATIONS OF MASS 
AND HEAT TRANSFER FACTORS 

Several attempts have been made to 
correlate mass and heat transfer fac- 
tors obtained from various experimental 
investigations. McCune and Wilhelm 
(12) attempted to relate the mass 
transfer group €id with the modified 
Reynolds number D,G/v ,  where a is 
the void fraction of the bed, but found 
that the groups obtained from their 
data for fluidized beds did not correlate 
with the corresponding groups for 
packed beds. In 1951, Gamson (6), 
utilizing the available mass and heat 
transfer data for packed and fluidized 
beds (7, 9, 12) ,  indicated that when 
the mass transfer factor id was plotted 
vs. the modified Reynolds group 
D,G/p( 1 - z ) ,  a separate curve re- 
sulted for each void fraction. In order 
to produce a unique relationship ap- 
plicable to both packed and fluidized 
beds Gamson related the mass transfer 
modulus jd/( l  - a)'.* to the modified 
Reynolds group D,G/p( 1 - a)  . How- 
ever there appears to be no real justifi- 
cation for modifying the Reynolds 
number by the introduction of a factor 
containing the void fraction. In view of 
this consideration an attempt has been 
made in the present study to correlate 
transfer factors with the conventional 
Reynolds number DvG/p, utilizing all 
of the available data including the re- 
cent information for extended and dis- 
tended beds. 

CORRELATION OF MASS AND 
HEAT TRANSFER FACTORS 

In the past, difficulties have been en- 
countered in correlating transfer factors 
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of packed beds with those for fluidized 
beds. For fluidized beds the void frac- 
tion a i s  difficult to determine accurately 
because of the extreme fluctuations of 
the bed height encountered. However 
the recent study of McConnachie (11) 
on mass and heat transfer into air from 
spheres held fixed in space in a body- 
centered cubic arrangement to produce 
a distended bed permits the establish- 
ment of the relationship between the 
transfer factors and the Reynolds num- 
ber D,G/p for different void fractions 
of the distended fixed bed. With th is 
distended bed arrangement void frac- 
tions comparable to those prevailing in 
fluidized beds are realized. 

In Figure 1 the id factor is plotted 
against the Reynolds number for the 
packed bed and distended beds inves- 
tigated by McConnachie. Separate, 
parallel relationships are obtained for 
each void fraction. For four fixed 
Reynolds numbers j 4  was plotted against 
e as shown in Figure 2 and produced 
separate parallel straight lines. The 
straight lines of Figure 2 were found 
to have slopes of -1, indicating that 
€id = constant for each Reynolds num- 

ber, or €id = f ( N R e ) .  since the ratio of 
jh/jd has been shown (7, 11) to be e ~ -  
sentially constant over a wide range of 
Reynolds numbers, a similar depend- 
ence between P i .  and the Reynolds 
number is indicated. 

TREATMENT OF MASS AND 
HEAT TRANSFER DATA 

Experimental mass and heat trans- 
fer data for all types of beds reported 
in the literature were utilized to de- 
termine the exact dependences be- 
tween the products + and a!. and the 
Reynolds number D,G/p. For mass 
transfer the data of the investigations 
for gas and liquid films in packed, 
fluidized, expanded, and distended beds 
were used. The data of Gahey and 
Drew ( 5 )  were particularly important 
in establishing i d  values in the low 
Reynolds region. In Figure 3 repre- 
sentative values obtained from the 
eight basic sources were plotted against 
the corresponding Reynolds number. 
Although some scatter is encountered, 
particularly at low Reynolds number 
where back-mixing effects are prevalent, 
a single relationship appears to exist be- 
tween €id and D,G/p which is inde- 
pendent of the type of bed. The rela- 
tionship representing the data best can 
be expressed by the equation 

0.863 €id = 0.010 + 
NR,".=-  0.483 
for Nab > 1 (1) 

Equation (1) is restricted to the region 
N B a  > 1 because onIy meager mass 
transfer data are available for lower 
Reynolds numbers. Although no experi- 
mental id values have been reported for 
N R s  > 2,140, the trend of the data in 
this vicinity indicates that Equation (1) 
should accurately represent the de- 
pendence between and N R s  in this 
region. 

Similarly the products of heat trans- 
fer factors obtained from the literature 
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Fig. 4. Relationship between ejh and Reynolds number for beds of spheres. 
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and the void fraction of the bed were 
plotted against the corresponding Reyn- 
olds number, as shown in Figure 4. 
Only the data of studies in which sur- 
face temperatures were measured di- 
rectly were utilized and include j h  
values for packed, expanded, and dis- 
tended beds. No experimental heat 
transfer factors are presently available 
for fluidized beds. Again considerable 
scatter is noted at low Reynolds num- 
bers, due to backmixing effects. The 
deviations of the in values reported by 
De Acetis and Thodos (3) can be at- 
tributed to the significant conduction 
and radiation effects which were not 
accounted for in that study. !The best 
relationship, which is limited to the 
region N R s  > 20 for which substantial 
experimental data are available, may be 
expressed analytically as follows: 

0.929 
ejh = 0.0108 -I- 

NReO." - 0.483 
for N,, > 20 ( 2 )  

Dividing Equation (2) by Equation 
(1)  for the region NRs  > 20 where both 

equations apply, one obtains - = - 
= 1.076, which is consistent with the 
previously reported values (7, 11). 

Evnochides and Thodos ( 4 )  have 
established mass and heat transfer fac- 
tors for the %ow of air past a single 
sphere. For this case the void fraction 
is equal to unity. Transfer factors cal- 
culated from Equations (1)  and ( 2 )  
with = 1 are consistent with the cor- 
responding experimental values ob- 
tained by Evnochides and Thodos for 
N R s  - 2,000, which is the lowest 
Reynolds number considered in their 
study and the highest value utilized in 
the present investigation. Therefore 
Equations (1) and (2) do not have the 
disadvantage of the previous correla- 
tions which utilized the factor (1 - e)  
and thus couId not be extended to in- 

.in jn  
€ I d  j d  

clude the limiting case of flow past a 
single sphere. 

Values of mass and heat transfer fac- 
tors calculated with Equations (1 ) and 
( 2 )  were compared with the corres- 
ponding values obtained from experi- 
mental data. Equation (1) was found 
to reproduce 380 id values reported by 
eight investigators with an average de- 
viation of 15.6% while Equation ( 2 )  
reproduced 168 jn values reported by 
four investigators with an average de- 
viation of 17.1%. The average devia- 
tion is defined as the ratio of the dif- 
ference between the value reported in 
the literature and calculated to the 
value reported in the literature. In 
these comparisons i factors were ob- 
tained from experimental data from 
several sources which appear to be in- 
consistent and in which experimental 
errors are indicated. Thus these average 
deviations are quite probably higher 
than those which might have resulted 
if these questionable values had been 
eliminated in the comparisons. 

NOTATION 

C, 
cif = concentration of nontransfer- 

able component, Ib. moles/ cu. 
ft. 

= heat capacity, B.t.u./lb. "F. 

Dp = particle diameter, ft. 
= diffusivity of transferable com- 

ponent in liquid phase, sq.ft./ 
hr. 

D. = diffusivity of transferable com- 
ponent in gas phase, sq.ft./hr. 

G = superficial mass velocity of 
flowing gas, lb./hr. sq.ft. 

h = heat transfer coefficient, B.t.u./ 
sq.ft. O F .  

k* pfl, 
j d  = mass transfer factor, - 

G / M  

h 
j h  = heat transfer factor - 

C P  G 

k = thermal conductivity, B.t.u./ 
hr. ft .  O F .  

k, = mass transfer coefficient for gas 
a m ,  lb. moles/hr. sq.ft. atm. 

k, = mass transfer coefficient for 
liquid film, lb. moledhr. sq.ft. 
Ib. mole 

L 

M 

E 

v 
P 

cu.ft. 
= superficial mass velocity of 

flowing liquid, lb/hr. sq.ft. 
= molecular weight of flowing 

stream, Ib./lb. mole 
= Reynolds number DpG/p 
= partial pressure of nontrans- 

ferable component in gas Nm, 
atm 

= void fraction of bed 
= viscosity, Ib./hr.ft. 
= density, lb./cu.ft. 
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Thermal Conductivity of 

Nonassocia ted Liquids 
A. A. BOND1 

Shell Development Company, Emeryville, California 

The thermal conductivity of liquids numerical values, the largest and the coefficients are sufficiently sensitive to 
composed of nonionized molecules smallest known values differing by less the magnitude of the thermal conduc- 
covers a comparatively small range of than a factor of 10. Yet heat transfer tivity (which is very difficult to meas- 
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