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OBJECTIVES 

The objectives of this program are to develop 
and evaluate advanced processing technologies 
that can reduce the cost of upgrading sub quality 
natural gas to pipeline standards. The successful 
application of cost-effective, new technologies will 
facilitate the production of sub quality natural gas 
that otherwise would be too expensive to produce. 
The overall program is focused on the following 
activities: 

- evaluation of the potential of structured packing 
for the removal of acid gases from natural gases, 

- expansion of the currently available database of 
the fluid dynamics of rotating gas liquid 
contactors. 
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BACKGROUND INFORMATION 

Almost all of the natural gas produced in the 
United States is subjected to some form of 
processing before it is introduced into the pipeline 
system. Approximately 50% of the gas processed 
requires only dehydration while the processing for 
the remainder is more extensive and dependent 
upon the constituents that must be removed to 
meet pipeline standards. Currently, there are 
more than 1200 natural gas dehydration facilities 
in operation in the United States and over 600 
other natural gas processing plants being operated 
to do gas treating and sulfur recovery. It has been 
estimated that during the period 1995 - 2000, 
approximately 600 new dehydration facilities will 
be required along with an additional 200 gas 
treating and sulfur recovery plants will be placed in 
operation to meet the meet the demand for natural 
gas and accommodate the new resources being 
produced (1). A survey conducted in 1993 
indicated that the expenditure of approximately 
$1.7 Billion would be required for new facilities 
over the next 10 year period to meet the projected 

natural gas demands (1). New technologies that 
can reduce the cost of gas processing will help 
insure the availability of natural gas at prices 
competitive with other energy options. 

In addition to the requirement for new 
facilities, fiequently there are needs for revamping 
or debottlenecking the existing plants as the 
requirements for processing change because of 
such factors as increased demand, changes in feed 
gas composition or changes in feed gas pressure. 

Because most of the constituents (i.e. carbon 
dioxide, hydrogen sulfide and water vapor) being 
removed from natural gas are themselves gaseous 
at usual process conditions, gas-liquid contacting 
is a fundamental step in most processes. Higher 
efficiency gas-liquid contacting elements can have 
a marked impact on the size of processing 
elements, the weight of the units, the operating 
limits of these elements, solvent selection, 
operating costs and capital costs. 

Structured Packing 

Structured packings, in contrast to random 
packings, provide for the organized contacting of 
the liquid and gas streams throughout a column. 
Liquid flows as a thin film down individual 
surfaces set at a constant angle to the-gas flow 
where the capillary action of the material or 
surface treatment of the material contributes to the 
uniform spreading of the liquid. As a result of 
these flow patterns, intimate contact is provided 
between the gas and liquid phases, "by-pass'' is 
minimized, mass transfer is enhanced, the onset of 
flooding is delayed, there is reduced gas-liquid 
drag and, as a result, lower pressure drops than 
that required for a random packing. 

The capacity of structured packings is higher 
than the capacity of tray contactors or dumped 
packing for a given efficiency. Depending on the 
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physical properties of the solvent and the 
operating conditions, the structured packings can 
offer capacity increases of 80% or more (2). An 
important aspect of this increased efficiency is that 
equilibrium conditions can be more closely 
approached which can translate into a reduction in 
the circulation rate of the absorption media. 

The potential benefits of expanding the use of 
structured packings for natural gas processing is 
demonstrated by the information available from 
two different applications. 

In a natural gas dehydration plant, ARCO Oil 
and Gas Company achieved excellent performance. 
with structured packing at pressure of 1000 psig 
and higher. For this application, ARCO was able 
to reduce the column size by 62%, vessel weights 
by 50%, internal weights by 50%, and costs by 
30% compared to conventional contactors. 

The application of structured packings to the 
processing of natural gas containing both C02 and 
H2S at a combined concentration of approximately 
one percent has been examined in a study 
considering both a structured packing design and a 
tray column design. They concluded that the 
height of the tray column would be 52.5 feet with 
a diameter of 3.6 feet. The column with the 
structured packing would be 36.1 feet with a 
diameter of 2.3 feet. For both designs, the H2S 
concentration in the exit gas was 2 ppm. 
However, the structured packing column had 
slipped 90% of the C02 while the tray column had 
slipped only 60% (3). 

While the use of structured packings has been 
incorporated into some gas processing 
applications, it has yet to be successfblly applied in 
the United States for natural gas sweetening. This 
application is one of the focal points of the current 
R&D program in progress at the INSTITUTE OF 
GAS TECHNOLOGY (IGT). 

Rotating gas-liquid contactor 

The rotating gas-liquid contactor was 
conceived by Colin Ramshaw of Imperial Chemical 
Industries (ICI) of Great Britain in the mid-1970's. 
The original work investigated the validity of a 
modified Shenvood Correlation to predict flooding 
in enhanced gravity contactors and demonstrated 
that significant enhancements of mass transfer 
coefficients could be realized under same flow and 
rotational conditions. In 1984, Glitsch Inc. was 
granted exclusive rights to develop and market the 
IC1 rotating contactor technology on a world wide 
basis. 

A rotary contactor, depicted in Figure 1, uses a 
rotating bed of high specific surface area and high 
voidage packing to promote intense gas-liquid 
mixing and disengagement in a counter current 
flow configuration. Liquid is introduced at the 
inner radius and accelerated outward through the 
packing. Gas is introduced at the outer radius and 
flows inwardly across the rotor, exiting at the 
inner radius. Packings with specific surface areas 
as high as 40 cm2/cm3 and void fractions of 0.92 
have been studied. Rotational speeds providing 
centrifugal forces up to the equivalent of 100 g's 
have been investigated. 

LEAN 
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Figure 1. Schematic Diagram of Rotating 

Contactor 



Rotating gas-liquid contactors have been 
successfblly used by the U.S. Coast Guard to air- 
strip aromatics from ground water at atmospheric 
pressure and proprietary experiments have been 
carried out to evaluate the possible application of 
the technology to bulk C02 removal from natural 
gas, natural gas dehydration and selective H2S 
removal from natural gas containing both C02 and 
H2S. In addition, the use of a rotating contactor 
for distillation operations is under investigation at 
the University of Texas. Currently, rotating gas- 
liquid contactors are not in use in the natural gas 
processing industry. 

While a number of applications have been 
explored experimentally, a review of the available 
information and the data in the open literature has 
indicated that an expansion of the existing data 
base will facilitate the optimization of rotating gas- 
liquid contactors for natural gas processing 
application. Expansion of this data base to better 
characterize the fluid dynamic behavior of a 
rotating contactor as a knction of operating 
variables and liquid properties is part of the overall 
objectives of the program now in progress at IGT. 

PROJECT DESCRIPTION 
Mass transfer studies with a centrihgal 

contactor have shown that the operational 
environment provided in the contactor result in 
transfer heights of 2.5 centimeters compared to 
the transfer heights of 1.25 to 2 feet for 
conventional column contactors. These 
significantly smaller heights of transfer units lead 
to large reductions in the physical size of a unit to 
effect a given separation. A preliminary 
engineering design study indicated that a 
processing duty requiring a conventional packed 
column diameter of 4.5 feet and height of 45 feet 
(715 cubic feet of packing) could be accomplished 
using a rotor with an outer diameter of 39 inches, 
an inner diameter of 14 inches and an axial length 
of 18 inches (10 cubic feet of packing). 

Based on the studies to date and the available 
data, rotary contacting devices appear to offer the 
following advantages over conventional 
contactors : 

Small size, low profile 
Lowweight 

0 Low liquid hold-up 

Rapidly attains steady state 
0 Easily emptied and cleaned 
0 Easily transported 

Insensitive to motion and orientation 

Structured Packing 

The effectiveness of using structured packing 
for acid gas removal in natural gas sweetening 
applications is being evaluated through a series of 
field tests. A 10 GPM skid-mounted amine unit 
has been designed and is under construction. The 
skid will incorporate a nominal 8 inch diameter 
structured packing absorption column. The unit 
will have a gas processing capacity ranging from 
0.25 - 1.25 million SCFD depending on the acid 
gas content of the feed gas. 

A team consisting of the program sponsors 
(DOE, GRI and IGT's S M P ) ,  a structured packing 
manufacturer (KOCH) and a solventmanufacturer 
(Huntsman) has been formed to both oversee the 
planned tests and provide materials for the 
program. It is anticipated that testing will be 
conducted at three different sites - each site 
providing a different quality of natural gas for 
testing. Three sites located in Texas are currently 
under consideration. These sites would provide a 
range of sub quality natural gas for processing 
with low acid gas concentrations (2 to 5%), 
medium acid gas concentration (5 to 15%), and a 
high acid gas concentration (>15%). 
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In conjunction with the structured packing field 
tests, a series of experiments will be conducted to 
evaluate the effectiveness N-formyl morp holine as 
an absorbent for acid gas removal from sub quality 
natural gas. N-formyl-morpholine (NFM), a 
potential physical absorbent for acid gases, is being 
studied at IGT under a program jointly funded by 
the Gas Research Institute and the IGT S M P  
program. Laboratory experiments indicate that 
NFM/H20 mixtures have the potential to be cost 
effective solvents for removing C02 and H2S 
from natural gas under same process conditions. 
By conducting parallel experiments, the 
performance ofNFM as an absorbent can be 
compared directly with the amine solvents being - 
used in the structured packing field tests. 

Rotating gas-liquid contactor 

Expansion of the available data base on the 
hydraulic characteristics of a rotating gas-liquid 
contactor is being pursued through a series of 
laboratory experiments. A 100 GPM, low 
pressure rotary contactor system has been 
assembled at IGT's Energy Development Center to 
examine the fluid dynamic behavior of this type of 
contactor. The studies are determining the effects 
of liquid viscosity, liquid surface tension and 
operating conditions on liquid residence times and 
flooding limits. 

The rotor has an outer diameter of 80 cm, an 
inner diameter of 25.4 cm and an axiai height of 
12.7 cm. The rotor packing is metallic with a 
specific surface area of 25 cmZ/cm3 and a volume 
void fraction of 0.95. The unit can be operated at 
rotational speeds in the range of 600-1200 RPM 
and can provide induced accelerations of the order 
of 100 g's at the inner radius. 

The unit is equipped with two conductivity 
probes which respond to the presence of a pulse of 
a salt solution when it is injected into the liquid 
stream. One probe is located in close proximity to 

the inner radius of the rotor and the other is 
located immediately adjacent to the outer radius of 
the rotor. The conductivity transients detected by 
each probe, as the salt-liquid pulse passes, are 
continuously recorded by the data acquisition 
system. 

Over 60 experiments have been conducted to 
determine the flooding characteristics of the unit 
as a fbnction of rotational speed. Other 
experiments have been conducted to determine 
residence time data using simulated solvents 
ranging from 40 - 70 dynes/cm. 

RESULTS 

Structured packing 

The natural gas sweetening, structured packing 
field tests are scheduled to be conducted in 
calendar year 1 995. Design, procurement and 
construction of the field test unit, shown in 
Figure 2, is proceeding on schedule. The results 
of these tests will be presented at a subsequent 
contractors' project review meeting. 

Ten GPM Skid Unit For Testing 
Both Chemical And Physical Solvents 

To Main .~ 
Plan: 

Abso*e, .::::..:. 
:-y-,.:. ...... . .,... *..̂  ..., t. . . .  

r :. Dual Air Cooler 

Subquality E>$, Hest 
Natural Gas Heat i 

Exchanger j . Exchanger 
L..  . . . . . . . . .. . . . . . . . .. , . . . .. , .. . .. . .. . . . .. ... ... SIream 

Figure 2. Flow Diagram for Field Skid 



Rotating gas-liquid contactor 

Flooding experiments 

Flooding points were systematically determined 
by observing the pressure drop across the rotor for 
varying gas flow rates at a fixed liquid rate and a 
preset spin rate. The onset of flooding at the inner 
radius of the contactor is manifested in a change in 
the slope of the pressure drop vs. gas flow rate 
curve. Figure 3 is a typical plot of data obtained 
during a flooding point experiment. 

Flooding Trst 750 RPM, 45 GPM 

where UG = superficial gas velocity at ID 
= packing specific surface area UP 

ri = innerradius 
w = radiansls 
p = density 
v = viscosity 
E = void fraction 

subscripts L, G and W refer to liquid, 
gas and water 

where L and G denote liquid and gas mass flow 
rates per unit area at the inner radius. 

Figure 3. Typical Flooding Curve 

The results of the flooding experiments have 
been compared with flooding predictions using the 
Shemood flooding correIations and the 
experimental data reported by Singh (4). In his 
experimental studies, Singh used a rotor with 
internal dimensions and packing characteristics 
similar to those of the rotor used in the IGT 
experiments. 

Figure 4 shows the experimental data obtained 
at spin rates of 750, 900 and 1200 RPM for the 
range of liquid flow rates and surface tensions 
investigated. The data are presented using the 
dimensionless groups associated with the 
Shenvood relationship where 

10 1 1 
1 

0.1 
0.01 

0.001 
0.01 0.1 1 10 

F2 

!-UT -Sh e750 a900 ~1200 I 

Figure 4. IGT Experimental Flooding Data, 
Operating Limit Curves 

The data in the figure show that the Shenvood 
relationship considering the data for "dumped 
rings" effectively represents the IGT experimental 



flooding at a spin rate of 750 RPM. However, at 
the higher spin rates the observed experimental 
flooding conditions fall below those associated 
with the "dumped ring" data and approach the 
operating curve developed by Singh as the spin 
rate increases to 1200 RPM. 

Figure 5 compares the IGT experimentally 
determined gas flow rates associated with flooding 
and the gas flow rates predicted by the "dumped 
ring I' flooding correlation for the experimental 
liquid rate and spin rate. At a spin rate of 750 
RPM, the experimental data and the predicted gas 
flow rates are in good agreement. At the higher 
spin rates of 900 and 1200 RPM, the 
experimentally observed gas flow rates are 
significantly lower than those predicted by the 
"dumped ring" data. 

A - 
21600 
$400 
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0 400 
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Figure 5. Flooding Data Comparison 
IGT vs. SHERWOOD 

. When examining these data, both the nature of 
the experiment and the parameters associated with 
the flooding correlations need to be considered. 
The term designated as "Fl" assumes that the 
liquid is experiencing the centrifbgal force 
associated with the rotating rotor. Once the liquid 
reaches and is, in effect, "captured" by the rotor, it 
will be accelerated by the centrifbgal force. 
However, since there is a finite distance between 
the injector and the rotor face, there will be a short 

time during which the liquid is exposed to the high 
velocity gases without the benefit of the 
centrifbgal forces associated with the rotor. In this 
initial volume, the liquid is likely to be in the form 
of droplets with diameters distributed over some 
range which is dependent on the geometry of the 
injector, the pressure drop across the injector 
orifices, the viscosity of the liquid and the surface 
tension of the liquid. As lower liquid flow rates 
are considered, the Sherwood flooding correlation 
would indicate that the system will accommodate 
higher gas throughputs. If entrainment of the 
liquid begins to occur in the space between the 
liquid injector and the inner radius of the rotor, 
overall system pressure drop variations will be 
encountered at gas velocities below those 
predicted by the Sherwood type correlations. 
Both the initial droplet diameter and the initial 
droplet velocity would be important in determining 
when this entrainment would occur. 

Figure 6 presents the flooding data with spin 
rate as the parameter. Flooding boundaries, as 
defined by the Sherwood correlation, are shown as 
continuous line. The IGT experimental data are 
super imposed as individual data points. A 
comparison of the experimental data with the 
predicted flooding curves shows that as the liquid 
rate is decreased and, therefore, as the momentum 
of the liquid stream decreases, the difference 
between the expected gas velocity at flooding and 
the experimentally observed gas velocity increases. 
This difference becomes more pronounced at 
higher spin rates. 

A series of tests was carried out to investigate 
the effect of surface tension on flooding. Liquid 
surface tensions were varied by the addition of a 
surfactant or the use of deionized tap water which 
could provide a liquid stream with a surface 
tension as high as 72 dynes/cm. The results of 
these tests are summarized in the following 
Table 1. 



Table 1. Flooding Points 

RPM GPM I SCFM" I inHz0 
49.0 dvneslcm 

I I 30 I 995 19.5 J 900 
900 90 I 750 23.3 
1200 88 73 5 I 20.6 

61.2 dynes/cm 
900 30 845 17.1 
900 90 710 21.5 
1200 90 775 20.5 

* denotes conditions at flood 
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400 
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Figure 6. Flooding Data Comparison 
IGT vs SHERWOOD 

While this data set is limited, the data suggest 
that the increase in surface tension from 49 
dynedcm to 61.2 dynes/cm resulted in the onset of 
flooding at lower gas rates with the attendant 
lower pressure drop at flood. Additional analyses 
is required to determine the extent of any 
relationship that may exist between liquid surface 
tension and flooding conditions. 

Residence times 

Figure 7 shows a typical set of the pulse 
records that are obtained during the liquid 

residence time experiments. With these records, it 
is possible to identify several characteristic times 
to describe the data. These include the differences 
in the times associated with initial changes in 
conductivity at each of the two probes (i.e. a first- 
to-first time), the differences in the times 
associated with the achievement of the maximum 
conductivity at each of the probes, a time that is 
characteristic of the dilution process and the 
difference in the concentration weighted average 
times for each of the pulses. The concentration 
weighted time for each pulse is computed 
according to the following: 

Iptopt ime]  

O /  4 6 8 10 12 14 
-1 Time Seconds 

- INLET -OUTLET 

Figure 7. Typical Residence Time Tracing 
Curve 

and c and t denote concentration and time 
respectively. 

The dilution process which represents the 
removal of the salt pulse from the rotor can be 
viewed in the context of a well stirred reactor. 



This simplified mode1 provides the following 
expression: 

where Cr = salt concentration in rotor volume 
v = volumetric flow rate 
V= the volume being diluted 
t = time 
k = constant of integration 

It should be noted that the term (v/V) is the 
reciprocal of the "plug flow" residence time for the 
volume V. 

% 

This expression suggests that the slope of the 
concentration (or conductivity) pulse plotted as 
the logarithm of the concentration vs. time will be 
related to the "plug flow" time provided the semi 
logarithmic relationship is linear. Figure 8 
presents semi logarithmic plots for two of the 
downstream pulse that were recorded. For each 
pulse, a reasonably linear segment can be seen 
after the maximum voltage has been recorded. In 
almost all cases, a linear segment can be identified 
covering a period of several seconds. A linear 
regression analysis of these data segments included 
10 to 20 data points and provided a basis for 
calculating (v/V) values. Correlation coefficients 
were in the range of 0.98 to >0.99 indicating a 
very high level of correlation. 

During the experiments, each electrode was set 
to a different sensitivity in order to capture the 
conductivities on the same scale. As a result, no 
conclusions can be drawn with respect to the 
relative values of the two pulses. However, both 
electrodes were recording against the same time 
scale. 

The overall reproducibility of the experimental 
data was found to be excellent. Six independent 
runs were carried out at 900 RPM, 90 GPM and 
gas flow rates of approximately 637 SCFM. An 

analysis of the integral residence times from these 
runs yielded a mean residence time of 3.3 seconds 
and indicated there was a 95.45 percent probability 
that the "true integral residence time" was between 
3.28 and 3.39 seconds. 

511 I + I 

0 5 10 15 20 25 
TIME Seconds 

-1 [- 60/120Oe 30/750 1 
Figure 8. Tracer Response Logarithm Curve 

The characteristic times obtained during 
residence time experiments are summarized in the 
Table 2 at the end of this paper. All duplicate runs 
have not been included. However, several are 
included and the general reproducibility of the data 
is apparent. 

Figure 9 shows experimental characteristic 
times at constant spin rates and liquid-flows as a 
function of gas flow rate. Both the integral times 
and the V/v times are presented. These data 
indicate that the integral times may have a weak, 
inverse dependence on gas flow rate over the 
range of flow rates studied; this dependence being 
more pronounced at the lower spin rates and lower 
liquid rates. The V/v times do not suggest any 
dependency on gas flow rates. This second order, 
or lack of, dependency of times on gas flow rate 
allows gas flow rate variations to be disregarded 
to a first approximation when examining the 
influence of other parameters on liquid residence 
times. 



The pulse records shown in Figure 7 are typical 
of all conductivity traces in that each of the 
different characteristic times can be readily 
determined. The characteristics of these traces are 
such that they suggest the liquid, as it flows 
through the contactor has both a ''plug flow" 
character and a "well stirred volume" character. If 
the liquid volume in the rotor responds to flow 
variations as a plug flow volume, the "first-to- 
first" times will represent the residence times and, 
for a square wave disturbance, the response pulse 
will also be square. However, if the liquid volume 
responds as a well stirred volume, a flow 
disturbance will be sensed immediately and the 
"first-to-first" time will be zero. The liquid 
residence time will the be characterized by the V/v 
time. 
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Figure 9. "L" Times vs Gas Rate 
(Integral & V/v Times) 

Figure 10 compares the experimentally 
determined V/v times and the "first-to-first'' times 
with liquid flow rate as the parameter. A one-to- 
one correlation line is included. This figure 
indicates that there are conditions where the ''first- 
to-first" plug flow time and the V/v plug flow time 
are in good agreement. Data points to the right 
and below the "one-to-one" line are associated 
with experimental conditions which tend to 
produce lower liquid velocities and more back 
mixing occurring in the rotor. 

Assuming that the V/v times can be interpreted 
as the characteristic plug flow time in the rotor, 
liquid hold up volumes can be calculated directly. 
These liquid hold up volumes are shown in Figure 
1 1. Knowledge of the liquid holdup volumes is 
important because the holdup volumes will affect 
the mass transfer process, the pressure drop 
through the rotor and impact the effectiveness of 
any selective absorption application. 
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Figure 10. Residence Time Comparison 
(V/V vs f to f )  

Currently, there are no detailed analytical 
models for adequately predicting the residence 
time characteristics and holdup volumes of a 
rotating gas-liquid contactor. Analyses have been 
carried out to examine the hydrodynamics of fluids 
on rotating blades or spinning disks (5). However, 
use of these analyses may be limited because of the 
assumptions that are made. These analyses 
assume that the thickness of spreading liquid films 
can continuously decrease as the liquid flows 
across the rotor without regard to surface tension 
effects, that all surfaces are hlly wetted at any 
liquid rate and that the liquid flow is not effected 
by the counter current gas flow. With these 
assumptions, a relationship for the liquid film 
thickness can be derived with the form: 



downstream response. Both of these differences 
suggest that the lower surface tension liquids will 
experience more dispersion and better mixing in 
the rotary contactor. 
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Figure 13. Holdup Volumes 
Spinning Disk Model 

Integral residence time data as influenced by 
liquid surface tension is summarized in the 
following Table 3 : 

Table 3. Effects of the Surface Tension on 
Residence Time 

1 I 1 Residence Time 
I I Dvnedcm I 41.9 1 50 I 72 1 

RPM GPM 
900 60 4.31 4.42 4.53 
900 90 2.68 3.22 3.29 

I 900 I 30 I 6.98 I 7.87 1 8.11 I 
1200 90 1.99 2.11 2.49 
750 75 4.11 3.88 4.05 

1 600 1 60 I 5.01 I 5.00 1 5.41 I 

A comparisons of these times indicates that 
higher residence result from higher surface tension 
liquids. This, in turn, will translate into higher 
liquid holdup volumes in the rotor. 

FUTURE WORK 

The following tasks are planned for the third 
year of the project: 

Field Experiment Site Selection 

Field experimental studies to evaluate high 
efficiency gas-liquid contactors using 
structured packing for acid gas removal 
applications. 

Fluid Dynamic Studies- Expansion of the 
currently available database of the fluid 
dynamics (effects of surface tension and 
viscosity on residence time) of rotating gas 
liquid contactors. 

Data Analysis and reports 
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Table 2. Time Characterization of Residence Time Pulse Experiments 

RUN# I GPM I SCFM I Int (sec) I V/v(sec) I p to p (sec) I f to  f(sec) 
600 RPM 
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Figure 14. Surface Tension Effects on Residence Time 
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