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GENERAL RESEARCH

Mass Transfer in a Rotating Packed Bed with Viscous Newtonian
and Non-Newtonian Fluids

Yu-Shao Chen,† Chia-Chang Lin,‡ and Hwai-Shen Liu*,†

Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan, ROC, and
Department of Chemical and Materials Engineering, Chang-Gung University, Tao-Yuan, Taiwan, ROC

A theoretical analysis was developed to predict the apparent viscosity of a non-Newtonian fluid
in a rotating packed bed. It is based on laminar liquid film flow on a rotating disk with the
assumption of the randomly inclined surfaces in the rotating packed bed. In addition, experiments
of deoxygenation were performed in glycerol solutions and CMC solutions, which are Newtonian
and shear-thinning fluids, respectively. It is shown that mass transfer coefficients decreased
with increasing viscosity, while the centrifugal force still revealed effective in enhancing mass
transfer in viscous media. A correlation for mass transfer coefficient was proposed and valid for
both the Newtonian and non-Newtonian fluids. Compared with a packed column, the influence
of mass transfer coefficients by liquid viscosity was less in a rotating packed bed.

Introduction

A rotating packed bed (i.e., Higee system), which
replaces gravity with centrifugal force up to several
hundred gravitational values, was introduced as a novel
gas/liquid contactor to enhance mass transfer in 1981.1
The system can be operated in higher ratios of gas/liquid
flow rates due to the low tendency of flooding. Under a
centrifugal field, thin liquid films and tiny liquid
droplets are generated, which result in a decrease in
mass transfer resistance and an increase in gas/liquid
interfacial area. An 1 to 2 orders of enhancement in
mass transfer can thus be achieved in a rotating packed
bed. Consequently, the size and the capital of the
processing system would be extremely reduced. The
enhancement of mass transfer on gas/liquid and liquid/
solid systems has been demonstrated in the literature.1-7

Some investigators have reported the correlations for
the mass transfer coefficient in a rotating packed bed;
however, studies of the effect of liquid viscosity on mass
transfer in a rotating packed bed are lacking. For
example, in 1985, Tung and Mah8 proposed a correlation
for a liquid-side mass transfer coefficient, kL, based on
the penetration theory and a developed laminar flow
film model without considering the Coriolis force and
the effect of the packing geometry. In 1989, Munjal et
al.2 proposed a correlation for kL based on the developed
laminar film flow on a rotating disk and on a rotating
blade. In addition, Singh et al.9 presented an empirical
equation for the area of a transfer unit, ATU () QL/
zKLa). The results showed that KLa was proportional
to liquid viscosity to a power of 0.3, which is intuitively
controversial. Though liquid viscosity was included in
these correlations, a reasonable range of viscosity was

not experimentally investigated in these studies. There-
fore, a systematic study of the influence of liquid
viscosity on mass transfer in a rotating packed bed is
needed.

Mass transfer in packed columns has been well-
studied for several decades. Various correlations to
predict a mass transfer coefficient in packed columns
are available in the literature. However, most investiga-
tions employed water as the irrigating medium, and the
correlations in the literature pertaining to the influence
of the viscosity of the liquid phase on the mass transfer
coefficient have shown considerable discrepancy. There-
fore, in 1980, Mangers and Ponter10 measured the
absorption rate of carbon dioxide into pure water and
aqueous glycerol mixtures (Newtonian fluids), covering
a viscosity range of 0.9 to 26 cP in a packed column.
They found that the volumetric liquid side mass transfer
coefficient, kLa, decreased with increasing liquid viscos-
ity. In 1991, Delaloye et al.11 performed an experiment
of deoxygenation in aqueous glycerol solution, viscosity
ranging from 0.8 to 10 cP, in a packed column. A
correlation of kLa with diffusivity of solute, liquid flow
rate, and viscosity was developed.

According to these investigations, it is found that the
mass transfer coefficient decreases as the viscosity of
the liquid phase increases.

In addition, many industrial processes, such as strip-
ping solvent and monomer from polymer solution and
oxygen transfer in fermentation solution, are performed
in viscous media, which very often behave as non-
Newtonian fluids. For a shear-thinning fluid, the ap-
parent viscosity would be reduced under high shear
stress. Consequently, a rotating packed bed would be
expectedly applicable in handling these viscous fluids
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effectively. Therefore, in this study, the influence of the
viscosity of the viscous Newtonian and non-Newtonian
fluids on mass transfer was investigated in a rotating
packed bed. For a non-Newtonian fluid, the apparent
viscosity is a key parameter to predict mass transfer.
Moreover, because it is difficult to directly measure the
apparent viscosity in a rotating packed bed, a theoretical
analysis was developed to predict the apparent viscosity
of a non-Newtonian fluid in a rotating packed bed. In
addition, experimental measurement of the mass trans-
fer coefficient in a rotating packed bed was also carried
out in glycerol solutions and CMC solutions, which are
Newtonian and shear-thinning fluids, respectively.

Theory

Some developments of mass transfer correlations for
a rotating packed bed were based on the film flow
assumption.2,8 In addition, in 2000, Lin et al.12 also
presented a theoretical analysis of the liquid holdup in
a rotating packed bed on the basis of the film flow on a
rotating disk. On the other hand, in 1995, Basic and
Dudukovic13 experimentally measured the liquid holdup
in a rotating packed bed to examine the film flow
assumption. They found that the holdup could not be
properly predicted on the basis of film flow. Burns and
Ramshaw14 and Guo et al.15 reported visual studies of
liquid flow in a rotating packed bed. Both of their results
showed that the flow of liquid was more than the
uniform film flow assumption. Though the models based
on the film flow assumption did not have a strong
physical basis, the results were shown to agree with
experimental data.2,8,12 Therefore, in this study, a model
was proposed on the basis of film flow to estimate the
apparent viscosity of a power-law fluid in a rotating
packed bed.

For a power-law fluid, the apparent viscosity, η, can
be calculated as16

where K is the consistency index, n is the flow behavior
index, and γ̆ is the shear rate, which can be expressed
as

In eq 3, ∆ is the rate of the deformation tensor, defined
as

where V is the velocity of the fluid, and (∇V)′ represents
the transpose of ∇V.

The case of n ) 1 represents a Newtonian fluid with
constant viscosity, whereas n < 1 and n > 1 correspond
to the case of pseudoplastic (shear-thinning) and dila-
tant (shear-thickening) fluids, respectively. For a shear-
thinning fluid (n < 1), such as CMC solution, the
apparent viscosity will decrease with increasing shear
rate. This characteristic would make a rotating packed
bed applicable.

Film Flow on a Vertical Plane. First, consider a
laminar flow of a thin layer of a power-law fluid on a
vertical plane. A coordinate system is defined with the
x axis along the direction of gravity and the z axis

normal to the plane. The equation of motion for the
liquid can be expressed as

where τzx is shear stress for a power-law fluid and is
defined as

where Vx is the velocity in the x direction. The boundary
conditions are given by at the plane surface (z ) 0)

and at the free surface (z ) h)

According to eqs 5-8, the velocity profile of a power-
law fluid on a vertical plane can be obtained

where Vx
∞ is the free surface velocity defined as

Film Flow on a Rotating Disk. The condition that
liquid film flows on a rotating disk is considered, shown
as Figure 1. The liquid velocity is assumed to be
independent of θ. The equations of continuity and
motion for a power-law fluid may be written as

where Vr is the velocity in the radial direction, Vθ is the
velocity in the tangential direction, and Vz is the velocity
in the axial direction, which is perpendicular to the disk
surface. Here, τzr and τzθ are shear stress defined by

In eqs 12 and 13, the terms

have been omitted because these terms are an order of
magnitude smaller than the terms on the right-hand
side. In eqs 14 and 15, η is the apparent viscosity of a
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power-law fluid, and according to eq 2, it can be written
as

The boundary conditions are given by the nonslip
condition at the disk surface (z ) 0)

and negligible shears at the free surface (z ) h)

To overcome the difficulty of numerical computation,
this problem should be simplified by assuming a velocity
profile similar to that of the laminar film flow on a
vertical plane, shown as eq 9.

where Vr
∞ is the radial velocity at the free surface and

only depends on r, and Vθ
∞ is the tangential velocity at

the free surface and also only depends on r. The
volumetric liquid flow rate (QL) can be expressed as

Then, the thickness of the liquid film, h, can be obtained
by integrating the above equation with the aid of eq 18.

Since eqs 18 and 19 satisfy four boundary conditions
(eqs 17a, 17b, 17d, and 17e), the axial velocity can be
obtained by integrating eq 11 from 0 to z with eq 17c.

Substituting eqs 18, 19, and 22 into eqs 12 and 13 and

integrating the resulting equations with respect to z
between z ) 0 and z ) h gives the following equations
for the velocities at the liquid free surface.

Equations 23 an 24 can be solved numerically with
the initial conditions that Vr

∞ ) Vr,i
∞ and Vθ

∞ ) Vθ,i
∞ at

r ) ri to obtain the values of Vr
∞ and Vθ

∞. Then the
velocity profile of a power-law liquid film on a rotating
disk can be obtained by eqs 18 and 19.

Substituting the velocity components, Vr and Vθ, into
eq 16, the apparent viscosity, which depends on r and
z, can thus be evaluated. For a convenient expression
of the viscosity, the mean apparent viscosity in the
z-direction, ηr, which only depends on r, is defined as

Substituting eq 16 along with eqs 18 and 19 into above
equation, ηr can be expressed as

The mean apparent viscosity in the z direction of a
shear-thinning fluid (n ) 0.8) along the radial direction
on a rotating disk for two different initial radial veloci-
ties is shown in Figure 2. It is noted that ηr decreases
along the radial distance. This can be explained by the
fact that, in the outer region, the liquid is under a
stronger shear stress as centrifugal force increases with
radial distance.

In addition, an approximate analytical expression for
the apparent viscosity is developed. It is assumed that
dVr

∞/dr ) 0 and Vθ
∞ ) 0, and that eq 23 can be reduced

to

Then substituting eq 27 into eq 21, we get

The approximate analytical expression of ηr is then

Figure 1. Schematic of flow over a rotating disk.
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obtained by substituting the assumption of Vθ
∞ ) 0, eqs

27 and 28, into eq 26.

The results of the approximate solution are shown as
solid lines in Figure 2. It has been found that the
viscosity predicted by the two different methods started
with different values, whereas the initial condition does
not influence the approximate solution. Although the
apparent viscosity calculated by eq 26 depends on the
initial velocity of liquid, it is clearly seen that the
apparent viscosity is not very sensitive to the initial
condition, except in the short entrance region. The
viscosity predicted by both methods would approach a
similar value at a distant radial location.

Flow in a Rotating Packed Bed. In 1959, David-
son17 used a statistical model to extend the theoretical
kL expression for gravity film flow on a flat surface to a
correlation for the packed bed. He assumed that the
packing consists of a large number of surfaces randomly
inclined at θ to the horizontal, each of length d in the
direction of flow, and of effective width b. According to
these assumptions, the mean centrifugal field in which
liquid flows in a rotating packed bed can be expressed
as

In addition, it is assumed that there are p surfaces
per unit area in a rotating packed bed. Now considering
a differential volume with cross-sectional area 2πrz and
thickness

which is the average length of the surfaces in radial

direction, the surface area per unit volume can be
expressed as

and the liquid flow rate per unit width in a rotating
packed bed, Qw, can be obtained with the aid of eq 31.

The correlation of apparent viscosity for a rotating
packed bed can be developed starting from eq 29. The
terms of rω2 and QL/2πr in the equation are replaced
by eqs 30 and 32, respectively, and for the randomly
inclined surfaces, the apparent viscosity can be ex-
pressed as

Because ηr,RPB varies along the radial direction in a
rotating packed bed, it is useful to define a mean
apparent viscosity for a rotating packed bed (ηjRPB).

Experimental Section

The main structure of a rotating packed bed is shown
in Figure 3. The liquid enters the packed bed from a
liquid distributor and sprays onto the inside edge of the
packed bed. The liquid distributor has two vertical sets
of holes in the opposite direction, and each set has three
0.5-mm-diameter holes. Then the liquid moves outward
through the packing by the centrifugal force, is splashed
onto the stationary housing, and is collected at the
bottom. The gas is introduced from the stationary
housing, flows inward through the packing, and leaves
the rotor through the center pipe. Thus, the gas and
the liquid contacts countercurrently in the rotating
packed bed. The bed can be operated from 600 to 1500
rpm. The inner and outer radii of the bed were 1 and 6
cm, respectively, and the axial height of the bed was 2
cm. The bed was packed with 0.22-mm-diameter stain-
less steel wire meshes, whose porosity and interfacial
area were 0.95 and 829 1/m, respectively.

Figure 4 shows a diagram of the experimental setup.
Fresh liquid at a temperature of 30 °C was pumped into
the rotating packed bed. A nitrogen stream with a flow
rate of 1 L/min was introduced into the bed and
contacted countercurrently with liquid. The concentra-
tions of dissolved oxygen (DO) in the inlet and outlet
liquid streams were measured by a DO probe (Ingold,
type 170).

Glycerol solutions were used as a Newtonian fluid
with various viscosities. The composition and the physi-
cal properties of the solution are presented in Table 1.
The viscosity of the solution was measured by a vis-
cometer (Brookfield, model DV-II+). The diffusivity of
oxygen in glycerol solutions was computed from the
experimental diffusion coefficients reported by Jordan

Figure 2. Apparent viscosity distributions on a rotating disk for
different initial conditions.
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et al.18 The surface tension of the solution was evaluated
from the experimental results of Mangers and Ponter10

and Delaloye et al.11 The density of glycerol solutions
was from the data reported by Perry and Green.19

In addition to the Newtonian liquid, CMC solutions
of different concentrations were proposed as a non-
Newtonian fluids in the study. The rheological behavior
of the CMC solutions was measured using a viscometer
(Brookfield, model DV-II+). The values of the flow

behavior index (n) and consistency index (K) of CMC
solutions of different concentration are listed in Table
2. Then the mean apparent viscosity (ηjRPB) in a rotating
packed bed for different operating conditions can be
calculated using eq 34; the results are also shown in
Table 2. The density and surface tension of the CMC
solutions and the diffusivity of oxygen in the CMC
solutions were approximately the same as those in
water.20

Figure 3. Main structure of a rotating packed bed.

Figure 4. Diagram of the experimental setup.
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Results and Discussion

To derive the design equation for a rotating packed
bed, first consider a differential volume with cross-
sectional area 2πrz and thickness dr. Assuming that the
gas-side mass transfer resistance can be neglected for
the process of deoxygenation, then the mass balance of
solute in this volume for a dilute system is

where x is mole fraction of solute (oxygen) in liquid
phase, kLa is the mass transfer coefficient, and x* is the
equilibrium concentration associated with the gas con-
centration. The overall mass balance is

i.e.,

where QG is gas flow rate; H is Henry’s constant; xo is
the outlet dissolved oxygen concentration in the liquid;
yi is the inlet oxygen concentration in the gas; and S is
stripping factor, defined as

Then the mass transfer coefficient can be obtained by
substituting eq 37 into eq 35 and integrating the
equation from r ) ri to r ) ro with the boundary
conditions x ) xi and x ) xo, respectively.

This equation is similar to that proposed by Singh et
al.9

Figure 5 shows kLa values in water as a function of
the liquid flow rate for four different rotational speeds.
As expected, increasing the liquid rate increased the kLa
value. This observation is similar to that for a packed
column. In addition, it is also found that kLa increased
as the rotational speed increased, indicating that the
mass-transfer resistance was reduced with an increase
in centrifugal force. However, the kLa value does not
significantly vary with rotational speed at a low liquid
rate. The reason for this phenomenon may be that at a
low liquid rate, most of the bed is not irrigated by liquid,
and a severe channeling of the gas and the liquid may
occur. Under this condition, only limited improvement
on the maldistribution of liquid could be achieved by
increasing the rotational speed.

For glycerol solutions that were the viscous Newto-
nian fluids, the viscosities ranging from 1 to 40.5 cP and
liquid flow rates of 143 and 258 mL/min were investi-
gated. Figure 6 shows the dependence of kLa on the
liquid viscosity for various rotational speeds. It is clear
in the figure that kLa decreases as the viscosity in-
creases. This characteristic is similar to the results in
a packed column.10,11 An increase in liquid viscosity will
lead to a slower flow of the liquid, a smaller degree of
liquid mixing at the packing junction, and thicker liquid
films, which cause the decrease in mass transfer ef-
ficiency. For example, when the liquid rate and the
rotational speed were 258 mL/min and 1500 rpm,
respectively, the residence time of the liquid would
increase from 0.10 s to 0.34 s as the viscosity increased
from 1 to 40.5 cP. However, it is also noted in Figure 6
that the mass transfer coefficient increased with in-
creasing rotational speed for all the viscosities. It has
been proven that the mass transfer efficiency can be
intensified by centrifugal force when water is the
irrigating medium. For the viscous media used in this
study, it is further shown that the centrifugal force could
also reduce mass transfer resistance effectively.

Figure 7 shows the kLa value as a function of the
rotational speed for various CMC concentrations (non-
Newtonian fluid) at a liquid rate of 200 mL/min. It is
shown in the Figure that the concentration of CMC
solution has a significant effect on kLa. The apparent
viscosity of these non-Newtonian solutions can be

Table 1. Concentrations and Physical Properties of
Glycerol Solutions

glycerol concn
(wt %)

µ
(mPa s)

F
(kg/m3)

σ
(10-3 kg/s2)

D
(10-9 m2/s)

0 1.04 996 73.0 2.10
26 1.95 1059 71.5 2.26
46 3.98 1110 70.1 1.17
62 9.32 1154 68.6 0.94
68 14.4 1170 67.8 0.80
75 25.1 1189 66.9 0.59
80 40.5 1202 66.1 0.49

Table 2. Rheological Parameters of CMC Solutions and
the Apparent Viscosities by Theoretical Analysis

apparent viscosity, ηj RPB (cP)
CMC
concn
(wt %)

K
(Pa sn) n 600 rpm 900 rpm 1200 rpm 1500 rpm

0.005 0.0014 0.9787 1.22 1.20 1.19 1.19
0.01 0.0026 0.9107 1.38 1.32 1.27 1.23
0.02 0.0058 0.8237 1.72 1.55 1.43 1.35
0.05 0.0194 0.7974 5.76 5.07 4.64 4.32
0.1 0.0526 0.8060 19.08 16.92 15.53 14.54
0.2 0.1036 0.7666 34.07 29.34 26.39 24.31
0.5 0.5670 0.7004 204.36 166.92 144.59 129.35

QL dx ) kLa(x* - x)2πrzdr (35)

QL(x - xo) ) QG(y - yi) ) QG(Hx* - 0) (36)

x* ) 1
S

(x - xo) (37)

S )
HQG

QL
(38)

kLa )
QL

π(ro
2 - ri

2)z

ln[(1 - 1
S)xi

xo
+ 1

S]
1 - 1

S

(39)

Figure 5. Dependence of kLa in water on liquid rate at various
rotational speeds.
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calculated by eq 34 with the help of the rheological
properties listed in Table 2. The apparent viscosity in
a rotating packed bed was found to increase with
increasing concentration of the CMC solution and
decrease with increasing rotational speed. The decrease
of the apparent viscosity was more obvious for the fluid
with small n value. For example, a 37% reduction of the
apparent viscosity was achieved for 0.5% CMC solution
as the rotational speed increased from 600 to 1500 rpm.
On the basis of the apparent viscosity of the CMC
solutions listed in Table 2, it can be seen that the kLa
decreased with increasing apparent viscosity. This
characteristic indicates that the effect of the apparent
viscosity of a non-Newtonian fluid on mass transfer may
be similar to that of the viscosity of a Newtonian fluid
on mass transfer.

A correlation of kLa for both viscous Newtonian and
non-Newtonian fluids was presented in eq 40 from the
experimental results shown in Figures 5-7 with the

apparent viscosities of the CMC solutions predicted by
theoretical analysis shown in Table 2.

In the equation, dp is the spherical equivalent diameter
of the packing, Sc is the Schmidt number, Re is the
Reynolds number, Gr is the Grashof number, and We
is the Weber number. As shown in Figure 8, most of
the experimental results lie within (30% of the values
estimated by eq 40. This result suggests that the
correlation is valid for both Newtonian and non-New-
tonian liquid systems, in which the apparent viscosity
of a non-Newtonian fluid is estimated by the theoretical
analysis on the basis of the film flow in a rotating
packed bed.

From eq 40, it is found that kLa is proportional to the
liquid viscosity to the power of -0.32. Comparing with

Figure 6. Dependence of kLa in glycerol solutions on liquid
viscosity at various rotational speeds at a liquid rate of (a) 143
mL/min and (b) 258 mL/min.

Figure 7. Dependence of kLa in CMC solutions on rotational
speed at various CMC concentrations.

Figure 8. Comparison of experimental values of kLa with results
calculated using eq 40.

kLadp

Dat
) 0.9Sc0.5Re0.24Gr0.29We0.29 (40)
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the result reported by Delaloye et al.11 for a packed
column, shown as eq 1, less influence of liquid viscosity
on mass transfer was obtained in a rotating packed bed
than in a packed column. On the other hand, for a shear-
thinning fluid, the apparent viscosity can be further
decreased under a centrifugal field. As the result, a
rotating packed bed is believed to be capable of handling
the viscous Newtonian fluids and shear-thinning fluids.

Conclusion

Though liquid viscosity was included in some correla-
tions for mass transfer in a rotating packed bed, the
effect of liquid viscosity on mass transfer has not been
actually investigated. Therefore, this study performed
experiments of deoxygenation in viscous Newtonian
fluids and shear-thinning fluids in a rotating packed bed
to investigate the influence of liquid viscosity on mass
transfer. The apparent viscosity of the shear-thinning
fluid in the bed is an unknown parameter and should
be determined first. A theoretical analysis was devel-
oped to predict the apparent viscosity of a power-law
fluid in a rotating packed bed. It is based on the laminar
liquid film flow on a rotating disk, assuming that the
velocity distribution is similar to that on a vertical
plane. This analysis was further extended to a correla-
tion for a rotating packed bed on the basis of a statistical
model proposed by Davidson.16 With the rheological
properties of the solutions, the apparent viscosity in a
rotating packed bed could be calculated for different
operating conditions. According to the results of our
experiments, it is clear that centrifugal force intensifies
mass transfer in viscous media. In addition, a correla-
tion for kLa in the rotating packed bed was proposed. It
is noted that the correlation is valid for both viscous
Newtonian fluids and non-Newtonian fluids, and the
dependence of kLa on liquid viscosity is found less in a
rotating packed bed than in a packed column.
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Nomenclature

a ) gas-liquid interfacial area (1/m)
ac ) centrifugal acceleration (m/s2)
at ) surface area of the packing (1/m)
b ) effective width of packing surface (m)
D ) diffusion coefficient (m2/s)
d ) length of the packing surface (m)
dp ) spherical equivalent diameter of the packing ) 6(1 -

ε)/at (m)
g ) gravitational force (m/s2)
H ) Henry’s law constant
h ) liquid film thickness (m)
K ) consistency index (Pa sn)
kLa ) volumetric mass transfer coefficient (1/s)
L ) liquid mass flux [kg/(m2s)]
n ) flow behavior index
p ) number of surfaces per unit area in a rotating bed
QG ) gas flow rate (m3/s)
QL ) liquid flow rate (m3/s)
Qw ) liquid rate per unit width in a rotating packed bed

(m2/s)
ri ) inner radius of the packed bed (m)
ro ) outer radius of the packed bed (m)
S ) stripping factor defined as eq 38

V ) velocity of fluid (m/s)
Vr ) velocity in the radial direction (m/s)
Vr

∞ ) radial velocity at the gas-liquid surface (m/s)
Vr,i

∞ ) Vr
∞ at r ) ri (m/s)

Vx ) velocity along the direction of gravity on a vertical
surface (m/s)

Vx
∞ ) Vx at the gas-liquid surface (m/s)

Vz ) velocity in the axial direction (m/s)
Vθ ) velocity in the tangential direction (m/s)
Vθ

∞ ) tangential velocity at the gas-liquid surface relative
to the disk surface (m/s)

Vθ,i
∞ ) Vθ

∞ at r ) ri (m/s)
x ) mole fraction of solute in liquid stream
x* ) equilibrium concentration associated with the gas

concentration
xi ) mole fraction of solute in the inlet liquid stream
xo ) mole fraction of solute in the outlet liquid stream
y ) mole fraction of solute in gas stream
yi ) mole fraction of solute in the inlet gas stream
z ) axial height of the packing (m)

Greek Letters

∆ ) rate of deformation tensor (1/s)
γ̆ ) shear rate (1/s)
ε ) porosity of the packing
η ) apparent viscosity (Pa s)
ηjRPB ) mean apparent viscosity in a rotating packed bed

defined by eq 34 (Pa s)
ηr ) mean apparent viscosity in z direction (Pa s)
ηr,RPB ) mean apparent viscosity in z direction in a rotating

packed bed (Pa s)
θ ) angle of packing surface to the horizontal (rad)
µ ) viscosity (mPa s)
F ) density (kg/m3)
σ ) surface tension (kg/s2)
τ ) shear stress (Pa)
ω ) rotational speed (rad/s)

Dimensionless Groups

Gr ) Grashof number ) dp
3ac‚F2/µ2

Re ) Reynolds number ) L/atµ
Sc ) Schmidt number ) µ/FD
We ) Weber number ) L2/Fatσ
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