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Abstract - The purpose of this work was to study the mass transfer performance of rotating packed beds 
applying the “Higee” process. The operations were carried out with the n-hexane/n-heptane distilling system 
at atmospheric pressure and under total reflux conditions. The rotating speed could be varied between 300 and 
2500 rpm, which provided centrifugal forces from 5 to 316 times the Earth’s gravity. The effects of 
concentration, vapor velocity, rotating speed and packing type (two different Raschig ring sizes and structured 
wire mesh packing) on mass transfer behavior were analyzed. Experimental results showed that the mass 
transfer coefficient depends on the liquid flow rates and rotating speed. The equipment had high separation 
efficiency in a reduced bed volume. 
Keywords: Distillation; Mass transfer coefficient; Rotating packed bed. 

 
 
 

INTRODUCTION 
 

Packed columns are important for large-scale 
vapor-liquid operations, such as distillation, 
absorption and stripping. The capacity of these 
columns for countercurrent mass transfer is limited 
by flooding. As a consequence, columns with a large 
diameter are usually required to obtain high 
separation degrees. To overcome this limitation the 
“Higee” technology (“ high g” − high gravity) 
utilizes a rotating packed bed (RPB), first developed 
by Ramshaw and Mallinson in 1981 (Ramshaw, 
1983), which can induce centrifugal forces over 1000 
times that of the Earth’s gravity. The increased 
driving force allows for increased throughput in the 
unit and improved mass transfer efficiency. 

In addition, packings with larger specific area and 
higher void fraction can be used. Under high 
centrifugal acceleration, thinner films and smaller 
droplets may be formed. According to several 

authors (Ramshaw, 1983; Kelleher and Fair, 1996; 
Lin et al., 2002), this column type is highly efficient 
and allows to use smaller, achieving the goal of a 
reduction in volume of two to three orders of 
magnitude over conventional packed beds. A critical 
view of the developments in understanding the 
transport processes in rotating packed beds and the 
directions taken to better achieve the goal are 
outlined by Rao et al. (2004). 

According to Kelleher and Fair (1996), a lack of 
understanding of the contact process plus a relatively 
high cost have limited its industrial use. However in 
special situations, the smaller size and lower weight 
of the RPB compared with the traditional contact 
columns made the Higee more competitive than 
larger and bulkier columns. 

The centrifugal column offers many other 
advantages, such as lower liquid hold-up; higher 
vapor and liquid flows; quicker achievement of 
steady state; the ability to process dangerous 
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operations; and the opportunity to process lower 
inventories of corrosive, toxic or inflammable 
materials, reducing the risks of fire or explosion. 
Also, heat-sensitive materials can be processed 
effectively, so RPBs have been applied to processes 
such as ozone oxidation and synthesis of drug and 
inorganic nanoparticles (Chandra et al., 2005; Chen 
et al., 2005a,b; Chen et al., 2006; Yang et al., 2006).  

The gas-side and liquid-side mass transfer and 
hydrodynamic behavior in high-gravity contactors 
have been studied. However, the Higee distillation 
process is still poorly understood. Kelleher and Fair 
(1996) first reported hydrodynamic data and mass 
transfer for distillation in rotating packed beds using 
the cyclohexane/n-heptane system at operating 
pressures of 166 and 414 kPa and under conditions 
of total reflux as well as design correlations. Lin et 
al. (2002) presented rotating packed bed distillation 
experiments using the methanol/ethanol system at 
atmospheric pressure and total reflux conditions with 
stainless wire mesh packing. An empirical 
correlation for pressure drop and HETP (height 
equivalent of a theoretical plate) is proposed in this 
paper. 

The present work was undertaken to study the 
behavior of mass transfer in a rotating packed 
column distillation for different kinds of packing. 
Experimental data were obtained to determine the 
volumetric overall vapor-side mass transfer 
coefficients, Kyae, for the n-hexane/n-heptane binary 
system and to analyze its dependence on rotating 
speed and mass flow. 
 
 
EXPERIMENTAL SETUP AND PROCEDURE 

 
Figure 1 shows a diagram of the experimental 

distillation unit and the main structure of the rotating 
packed bed (rotor) used in this study. An external 
cylindrical case, made of glass, houses the 
centrifugal equipment. The rotor is shaped like a big 
doughnut, within which the packing is arranged. The 
rotating torus of packing has an outer radius of 
8.0 cm, an inner radius of 2.2 cm and an axial length 
of 4.0 cm. Three different packings (r01 and r02 
random Raschig ring packing and e01 structured 
wire mesh packing) were used in this rotor for each 
experiment. The wire mesh packing was composed 

of 35 layers of wire mesh sheet with a standard 1.0 
mm sieve opening. The characteristics of the 
packings are shown in Table 1. These packings were 
chosen mainly due to the fluid flow path inside the 
column; while in the conventional packing column 
an axial fluid flow is found, in the RPB column the 
main fluid flow path is a radial flow. In addition, the 
feasibility of adapting them to a small size doughnut-
shaped rotor and availability were very important 
factors that affected the choice. 

The vapor was introduced into the housing and 
flowed radially in countercurrent to the liquid from 
the outer edge to the central gap of the rotor called 
the “rotor eye.” A 3 cm tall weir was provided to 
avoid liquid drainage at the vapor inlet. 

The liquid from the condenser was sprayed by a 
distributor system from the rotor eye to as far as the 
outer edge because of the centrifugal force. This 
distributor at the “rotor eye” was formed of a group 
of fins (4.0 cm long and 1.7 cm wide) arranged 
helicoidally. Figure 1 shows a detail of the 
distributor. 

A motor was connected to the bed through a 
pulley system to produce the bed rotation and its 
rotating speed was varied within the range from 300 
to 2500 rpm, which resulted in a centrifugal force 
equivalent to 5 g to 316 g. 

In this work, all experiments were carried out 
under total reflux conditions at atmospheric pressure. 
The liquid loads ranged from about 5.7 cm3/s to 
29.0 cm3/s for the r01 and r02 packings and from 
about 2.0 cm3/s to 18.5 cm3/s for the e01 packing. 
For these, the power of six electrical resistances 
ranged between 1500 W and 7500 W. For total 
immersion of these electrical resistances, 5 liters of 
liquid holdup were provided in the reboiler. 

The composition of n-hexane in the reboiler (xA,F)  
was maintained at 3 mole% during the conduction of 
the experiments. Liquid samples at rotor outlet (xA,0) 
and liquid reflux of the column (xA,1)  were taken and 
analyzed after the steady state was obtained. The 
average time to attain the steady state was about 20 
minutes after establishing liquid reflux. All 
compositions were analyzed through refractive index 
measurement at 20oC. The physical properties of the 
pure components were calculated using experimental 
data provided by Vargaftik (1975) and Reid et al. 
(1987). 
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Figure 1: Sketch of the distillation column and the rotating packed bed 

 
Table 1: Rotor and packing characteristics 

 
Packing r01 r02 e01 
size 102 (m) 0.90 0.70 - 
thickness 102 (m) 0.20 0.15 - 
a (m2/m3) 627 765 2100 
void fraction 0.62 0.55 0.74 
type ring ring wire mesh 
material ceramic ceramic stainless steel 

 
 

RESULTS AND DISCUSSION 
 
Volumetric Overall Mass Transfer Coefficient 

 
The Kyae obtained for the centrifugal bed 

could be determined using mass balances on a 
differential volume of the Higee rotor and transfer 
unit concepts, as shown in Figure 2. The equilibrium 
vapor composition and temperature at the average 
local atmospheric operating pressure of 709 mmHg 
were predicted using the Wilson equation. The 
binary interaction coefficients were obtained from 
Gmehling and Onken (1977). 

Liu et al. (1996) presented an equation for the 
volumetric overall vapor-side mass transfer 
coefficient for the process depicted in Figure 2, 
assuming constant liquid and vapor flow rates and 
equimolar counterdiffusion mass transfer, and it can 
be applied to systems where the equilibrium curve is 
predicted by Henry’s law (y*= m x). Since the liquid 
composition of n-hexane in the reboiler (xA,F) was 
kept at 3 mole% and the rotor outlet (xA,1) and inlet 
(xA0)) liquid composition depended on efficiency 
(i.e., on the operating conditions), Henry’s law not 

always could be applied. Thus, a similar equation 
was deduced for a more general equilibrium curve 
(y*= m x+b): 
 

A,1 A,1mol
y e 2 2

A,2 A,1a e i

y -m x -bV 1K a = ln (1-S) +S
S-1 y -m x -bh π(r -r )

⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

   (1) 

 
where S is a distillation factor defined by 
 

mol

mol

mV
S

L
=                (2) 

 
The values of m and b were determined for each 

run fitting the best straight line between xA,0  and xA,1 
at the VLE curve. 

Figures 3 and 4 show the effect of rotating speed 
on the volumetric overall vapor-side mass transfer 
coefficient for various liquid flow rates at the same 
concentration for the Raschig ring and structured 
packings, respectively. According to the results 
shown in these figures, the effect of rotating speed 
on Kyae at high liquid flow rates is more considerable 
than at low liquid flow rates for both packings. 
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Figure 2: Differential volume of the Higee rotor 
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Figure 3: Effect of rotating speed on Kyae for different size of Raschig rings 
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Figure 4: Effect of rotating speed on Kyae for the e01 packing 
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As shown in Figure 3a, for higher liquid flow 
rates such as 1.0 kg/m2s and 1.6 kg/m2s, there were 
considerable increases in Kyae at rotating speeds up 
to 1100 rpm, showing the effect of the centrifugal 
force. Above this value, Kyae was practically 
constant, probably due to the small residence time of 
the liquid and vapor currents. This behavior was 
similar to those shown in Figure 3b, at the high 
liquid flow rate that provided a maximum Kyae at 
around 1500 rpm. However, Figures 3a and 3b show 
that at low liquid flow rates, such as 0.3 kg/m2s and 
0.6 kg/m2s, Kyae increased with liquid flow rate and 
slightly increased with increasing rotating speed, 
showing a similar trend. This suggests that at lower 
liquid flow rates centrifugal force had practically no 
effect on Kyae. Comparison of Figures 3a and 3b, 
shows that the r01 packing (higher void fraction) 
provided higher Kyae values than the r02 packing 
(higher specific area). This result led us to conduct a 
new set of experiments using the e01 packing, which 
provided the highest void fraction. 

Figure 4 shows the effect of rotating speed on Kyae 
for the e01 packing under the same conditions as those 
presented for the r01 and r02 packings. The same trend 
can be seen for the e01 packing, i.e., the effect of 
rotating speed on Kyae at high liquid flow rates was 
greater than at low liquid flow rates. However the 
considerable increase in Kyae at rotating speeds up to 
1100 rpm did not occur. Also, the results show that, at 
low liquid flow rates (such as 0.6 kg/m2s) the e01 
packing had the lowest Kyae value, but at high liquid 
flow rates (such as 1.0 kg/m2s) this packing had the 
highest Kyae value, allowing us to conclude that the 
effect of liquid flow rate was stronger for the e01 than 
for the Raschig ring packing. It is very important to 
observe that the operation with liquid flow rate near 
1.6 kg/m2s was not possible due to excessive liquid 
holdup inside the condenser, probably caused by the 
increasing pressure drop. 
 
Area of Transfer Unit – ATU  

 
According to Equation 1, the factor Vmol / (ha 

Kyae) is defined as ATUG (area of transfer unit). The 

ATU concept is in a form similar to that of HTUG 
(height of a transfer unit), used in the conventional 
column, and it denotes a measure of column efficiency. 
According to the equipment configuration, the Higee is 
a polar rather than a Cartesian coordinate system, i.e., 
the ATUG definition is a convenient way to accomplish 
radial change.  

HETP (height equivalent of a theoretical plate) is 
the other way to express equipment efficiency. Lin et 
al. (2002) presented HETP data. The rotating size 
utilized in our work was small, resulting in a very 
low number of theoretical plates and so HETP data 
can not be distinguished properly. 

Changes in Kyae with rotating speed are directly 
reflected in the value of separation efficiency. The 
effect of rotating speed on ATUG for various liquid 
flow rates, using the r01 and the r02 packings at a 
fixed concentration, is shown in Figure 5. ATUG 
decreased with increasing rotating speed, except at 
the highest liquid mass flow rate for the r02 packing, 
which provided minimum ATUG at around 
1500 rpm, as shown in Figure 5b.  Figure 5a shows 
that in the range of 300 to 1300 rpm ATUG was 
highly dependent on rotating speed for all liquid flow 
rates. This suggests that the centrifugal column 
achieved greater efficiency at higher rotating speeds 
and at lower liquid flow rates. 

Those figures also show that the efficiency of the 
r01 packing was only slightly affected by liquid flow 
rate, while for the r02 packing, the effect of LQ  on 
ATUG was stronger. Efficiency decreased with 
increasing LQ , reaching a minimum value 
(maximum ATUG) at 1.1 kg/m2s. After that, it began 
to increase. This behavior occurred because this 
condition was found near the operational limit of the 
column (2.0 kg/m2s). 

In Figure 6 the ATUG results for the e01 packing 
are presented. As expected, the centrifugal column 
achieved the highest efficiency at higher rotating 
speeds and at lower liquid flow rates. The effect of 

LQ  on ATUG was very strong, showing the same 
behavior as seen for the r02 packing. The lowest 
efficiency was achieved at 0.7 kg/m2s. 
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Figure 5: Effect of rotating speed on ATUG 
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Figure 6: Effect of rotating speed on ATUG 

 
 
Comparative Analysis of Conventional and RPB 
Columns 
 

The conventional and centrifugal columns were 
compared for the Raschig packing. 

Figure 7 contains the results on the centrifugal 
Kyae obtained experimentally with Equation 1 for 
RPB and Kyae calculated using the correlation 
proposed by Onda et al. (1968) for the conventional 
packing column under the same liquid mass flow that

those obtained for the RPB. 
The centrifugal Kyae was higher than the conventional 

Kyae (up to 15.1 times), as shown in Figure 7. 
Furthermore, the centrifugal Kyae was highly dependent 
for all liquid flow rates at the same rotating speed. 

The volume of the conventional equipment was 
also calculated. For the same degree of separation 
(equal NTUG), a conventional bed whose volume of 
r01 Raschig ring packing was 8 to 15 times greater 
was required, as shown in Table 2. 
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Figure 7: Comparison of the centrifugal and conventional Kyae 
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Table 2: Comparison of the volume of conventional and centrifugal beds 
 

 LQ = 1.6 kg/m2 s, A,Fx = 0.03, Raschig ring – r01 

Centrifugal column: νcent = 7.4 10 4 m3, ha,cent = 0.04 m 
Conventional column ω  (rpm) ha,conv (m)  νconv .103 (m3) νconv /νcentr 

500 0.0634 1.896 2.6 
900 0.1046 3.150 4.3 
1300 0.1145 3.455 4.7 
1900 0.1097 3.305 4.5 
2500 0.1109 3.343 4.5 

 
 

CONCLUSIONS 
 

This study investigated the behavior of a 
centrifugal packed bed distillation column using the 
n-heptane/n-hexane system. The volumetric overall 
vapor-side mass transfer coefficient was determined. 

The results of the experimental analyses indicate 
that the effect of rotating speed on Kyae at high liquid 
flow rates was greater than at low liquid flow rates 
for all packing types. At lower liquid flow rates, Kyae 
slightly increased with increasing rotating speed. The 
Raschig packing with a higher void fraction (r01) 
provided higher Kyae values than the packing with a 
higher specific area (r02). 

Lower liquid flow rates were obtained for the 
structured packing. The same trend of the effect of 
rotating speed on Kyae as that observed for the r01 
and r02 packings was observed for the e01 packing. 
However the effect of liquid flow rate was stronger 
for the e01 than the random packing. 

The separation efficiency of a rotating packed bed 
represented by ATUG increased with rotating speed. 
The same trend in rotating speed was seen for all 
liquid flow rates with rotating speeds up to 1300 
rpm, except at the highest liquid mass flow rate for 
the r02 and e01 packings. Therefore, the centrifugal 
column was more efficient at higher rotating speeds 
and at lower liquid flow rates. 

For the r01 packing the efficiency was almost not 
affected by liquid flow rates while for the r02 
packing, this effect was stronger. For the e01 
packing, this effect was even stronger. 

The volumetric overall mass transfer coefficients 
for the centrifugal bed were higher than those for the 
conventional column. The column volume of the 
centrifugal column is almost 5 times smaller than 
that of the conventional. Centrifugal force was an 
important parameter, giving better mass transfer 
results than the conventional packed bed. 

NOMENCLATURE 
 
ATUG area of transfer unit for gas 

phase 
 

b linear coefficient of 
equilibrium curve 

 

g gravitational acceleration  
ha axial height of rotor, m  
Kyae overall  volumetric overall 

vapor-side mass transfer 
coefficient 

 

Lmol,0 molar flow rate of liquid at 
rotor inlet 

 

Lmol,1 molar flow rate of liquid at 
rotor outlet 

 

m slope of equilibrium curve  
LQ  average liquid mass flow rate  

re rotor outer radius  
ri rotor inner radius  
S distillation factor mol mol(mV / L )
Vmol,1 molar flow rate of vapor at 

rotor outlet 
 

Vmol,2 molar flow rate of vapor at 
rotor inlet 

 

v volume  
xA,0 mole fraction of liquid at 

reboiler 
 

xA,1 mole fraction of liquid at 
rotor outlet 

 

xAF mole fraction of liquid in the 
reboiler 

 

yA,1 mole fraction of vapor at 
rotor inlet 

 

yA,2 mole fraction of vapor at 
rotor outlet 

 

 
Greek Letters 
 
ω  Rotating speed  
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Subscripts 
 
cent  centrifugal  
conv  conventional  
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