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ABSTRACT

Gas-gas separation is a critical process in natural gas
purification. Removing acidic gasses from natural gas is
particularly important to protect the pipeline from corrosion.
Using a membrane to purify natural gas is receiving a lot of
attention recently. Membrane performance can be enhanced by
either improving the permeability or the selectivity of the
membrane or by enhancing the momentum mixing in the bulk
flow. Our work will focus on improving membrane
performance by enhancing momentum mixing in the bulk flow
for gas-gas separation to purify natural gas. Pulsating flow in a
channel with turbulators will be considered. Computational
fluid dynamics simulation will be conducted for turbulent flow
of multicomponent fluid including mass transfer of each
species. RANS - Reynolds-Averaged Navier-Stokes equation
along with mass transport equation will be employed to
simulate 2-D transient turbulent flows of bulk fluid. The
membrane will be modeled as a functional surface where the
flux of each component will be determined based on the local
partial pressure of each species, composition, and permeability
and selectivity of the membrane. The performance of the
system will be measured by maximum mass separation with
minimal frictional losses.

INTRODUCTION

Natural gas supplies nearly 24% of the world’s energy
consumption and it is predicted by the International Energy
Agency that the demand for natural gas will grow by
approximately 43% through 2035. The large demand for natural
gas has motivated more study into the classical problem of
extraction and transport. In this study the problem of effectively
removing impurities in natural gas will be addressed. Natural
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gas extracted has 10% to 30% impurities. Raw natural gas
contains ethane, propane, butane, water vapor and acidic gases
such as carbon dioxide and hydrogen sulphide. The acid gasses
and water vapor are dangerous as they cause corrosion in the
natural gas pipelines. To protect the pipelines these impurities
need to be minimized. The conventional method of removing
water vapor from natural gas is by running the gas through a
Glycol dehydration plant. Similarly amine gas treatment is the
method of removing the acidic gases. These processes are not
cost effective.

An alternative method for purifying natural gas is through
the use of membrane technology [1]. Membrane technology has
been investigated to a great extent and several ways to improve
this method have been developed. Some approaches include:
improving the permeability and selectivity of the membrane [2-
6]; operating the membrane at optimum temperature and
pressure [7-9]; or improving the separation module(s) [10]. Yet
another approach to improve membrane performance is to
enhance the turbulent mixing in the bulk flow. Enhancing
turbulence to improve membrane performance has been studied
extensively in the context of Reverse Osmosis and in the food
industry [11-23]. However, the effect of turbulent pulsating
flow and the effect of the vortex shedding on the membrane
performance in gas-gas separation is not studied.

In a past study the present investigators studied the effect
of spacers on multicomponent flows of CH, and CO, in a
channel bounded by two membranes [24]. It was concluded that
the presence of spacers, which introducing turbulent mixing,
improves the effectiveness of the membrane. In the present
study the effects of unsteady pulsation upstream of the flow is
studied. A k-w turbulent model, which includes unsteady
effects, is employed to characterize the flow. The CO,



absorption and CH, loss through the membrane are calculated
and compared with results in a flow without pulsation.

NOMENCLATURE

surface area

concentration

mass diffusivity

mass flux through the membrane
channel length

permeability

Reynolds Number

Schmidt number

Average velocity at the inlet
velocity on the membrane at y direction
spacer diameter

turbulent kinetic energy
channel height

membrane thickness

mass

pressure

x-component of the velocity
y-component of the velocity
x-direction

y-direction

kinematic viscosity

density

selectivity

specific dissipation rate
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%m percentage of the mass absorbed

f frequency of pulsation at inlet

a amplitude of pulsation at inlet
Subscripts

a species: CO, or CH,

b species: CO, or CH,

alb ratio of properties of a to properties of b
Jii x- and y- directions

CO, properties of CO,

CH, properties of CH,

w properties on the surface of membrane
T eddy properties

GOVERNING EQUATIONS

Two dimensional flows in a channel bounded by two
parallel membranes with unsteady pulsations in the inlet
velocity are studied here for Reynolds number of 800. The
aspect ratio of the computational domain is 120 (L/h) where L
is the channel length and h is the gap between two parallel
membranes. The Reynolds number based on the inlet condition
is Re = Uh/o with U is the average fluid speed and v is the
kinematic viscosity.

The flow at the inlet is periodically changing in time. The
frequency is set as f and the amplitude of the pulsation is said
to be a. Equations governing the fluid motion inside the channel
between membranes are Navier-Stokes equation
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Here u; is the fluid velocity vector, p is the pressure, X; is the
spatial coordinate, t is the time and p = Ccoz pcoz2 + Ccha Pchs 1S
the density of the binary mixture with Cco,, pcoz and Cepa, pPcHa
are the concentration and the density of CO, and CHy,
respectively. x = x; is the stream-wise direction, x = x, is the
span-wise direction, u = u; is the stream-wise component of the
velocity vector and u = u, is the span-wise component of the
velocity vector. The density of the mixture is assumed to be
constant and calculated using the concentration of the species at
the inlet. Species equation is of the form:
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D is the diffusion coefficient and C, is the concentration of
species “@” in a binary mixture of CH, and CO,.

k-w turbulent modeling is employed to simulate flow past
arrays of spacers

(4)

where U = u, X = Xy and y = X,. vy is the eddy viscosity and is
determined using the k-« model.
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Here k is the turbulent kinetic energy and w is the specific
dissipation rate. The constants are selected to be o=1and g =
0.09. Species equation for the k- model is of the form:

%((D +oDy) Z—Z’) (D

where D+ is the eddy diffusion coefficient and Scy is the
turbulent Schmidt number. Scy is selected to be 0.85 in the
present work.
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On the surface of the membrane, the no-slip boundary
condition is imposed on the velocity field with the suction rate
(y-component of the velocity) calculated from local pressure
and concentration. The mass flux of species “a” through a
membrane is given by

Jo="2(p%" - 1)

where ], is the volume flux of species “a” per unit area
extracted from the feed flow, | is the thickness of the
membrane, P, is the permeability of species “a”, Ap,

a,
(pP — p@) is the partial pressure difference of species “a”
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a
across the membrane. Species “a” can be either CO, or CHj.



The suction rate on the surface of the membrane can be
determined as

P
Vo = Jeo, +Jen, = =2 [@bpror + (1 = @)Apco, | )
where V,, is the suction rate. The selectivity of the membrane, «

= PcralPcoy, is defined as the ratio of the permeability of the
species. Total pressure of the mixture Apyt = Apcha + Apcoz

The concentration at the membrane wall is determined
from [12,15-18,23]
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= Wea(1-3)
The membrane performance is determined by the amount of
CO, absorbed by the membrane and the amount of CH, which
is lost through the membrane during the process.

Commercial software, CFX, is employed to solve the
momentum, continuity, and mass transport equations. The k-m
turbulence models for flows in channels with spacers are used
for Reynolds number of 800. The diffusion coefficient for CO,
and CH, is 1.9x10°° m%s. The concentration of CH, at the inlet
is selected to be 0.7. The permeability of the membrane for CO,
is 6.8x10”° gpu and the selectivity is 0.0086. In order to ensure
spectral convergence, simulations are conducted using 1.2x10°,
1.7x10°% and 2.1x10° cells. The flow and concentration fields
are nearly identical for all meshes selected. All the results
presented in the present study are obtained using 1.2x10° cells.
The time step is selected as 2.5x107s; providing fifty discrete
points in time to every periods of the vortex shedding.

GEOMETRY

Flow geometry consists of seventeen circular cross-
sectioned spacers. They are arrayed with their origins placed at
the mid-plane between the membranes, as shown in Figure 1.
For the Reynolds number selected (Re = 800) the temporal and
spatial structures of the flow will be dominated by the vortices
shed from cylinders.
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Figure 1 Schematic of the flow channel with arrayed
spacers
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RESULTS AND DISCUSSION

The lift force exerted by the fluid on the cylinder at the
first row is depicted in Figure 2 for three different pulsating
frequencies at Re = 800. The fact that the frequency of the
fluctuations of the lift force is nearly the same for all three
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cases implies that the lift force is dominated by the vortex
shedding. For no pulsation the Strouhal number (dimensionless
frequency) is predicted to be about 0.2, which matches with
those reported in the literature. These results also clearly show
that the frequency of the vortex shedding is hardly influenced
by the periodic flow imposed at the inlet.

For the pulsating and the steady flow at the inlet, suction
from the membrane surface results in continual decrease of the
mass flow rate through the channel. Since both membranes
have the same functionality, the time-averaged velocity field is
symmetric about the mid-point of the channel. The periodically
alternating vortex shedding from top and bottom regions of the
rear stagnation point causes flow asymmetric at any instant.
Starting with the uniform 70% CH, concentration at the inlet,
the mixture becomes richer with the CH4 away from the inlet.
Both CO, and CH, are absorbed from the mixture in the
channel by the membrane. The absorption of CO, exceeds that
of the CH,, which leads to the richer CH, concentration.
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Figure 2 a) Lift force vs time and b) the power spectral
density of the lift force

The velocity and concentration fields near spacers are
obtained by employing turbulent modeling for Re = 800. Figure
3 shows the velocity vectors and the contours of the
concentration of CO, The K&rméan vortex shedding is
dominating the flow and concentration field in the wake of



spacers. The transient simulation conducted here predicts flow
structures caused by the vortex shedding from the spacer for
three different pulsation frequencies (0 Hz, 250 Hz and 665
Hz). Mixing caused by the vortex shedding is expected to
enhance the membrane performance.

In order to determine membrane performance, the

percentage mass change of the CO, absorbed and the CH, lost
is determined from

%Ma — Ma,in_Ma,out 100

Ma,in

(13)

Here M, is the mass of species “a” in a binary mixture of CH,
and CO,. The subscripts “in” and “out” denote the mass of each
species at the inlet and the outlet of the channel.
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Figure 3 Velocity vectors (1) and contours of concentration
of CO, (2) at Re = 800 for pulsation frequency of a) 665 Hz,
b) 250 Hz and c) 0 Hz
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Figure 4 depicts the percentage change mass of CO, and
CH, between the inlet and the exit of the channel for Re = 800
for all three pulsating frequencies. The solid line denotes the
steady state and transient simulations without the pulsation at
the inlet. Obviously the effects of the vortex shedding on the
CO; extracted through the membrane are captured by the time
averaged representation obtained directly from the steady state
simulations. The red and green lines in Figure 4 denote the
percentage change mass of CO, for pulsating flow at the inlet
with 250 Hz and the 665 Hz frequencies, respectively. They
vary with time with the same frequency of pulsation. The
average of percentage mass change is slightly lowered
compared to the no pulsation case. As the pulsation frequency
increases the time average of the mass percentage decreases.
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Figure 4 Percentage mass of CO, extracted through
membrane at Re = 800 for different pulsating frequency at
the inlet.

Figure 5 shows the Sherwood number right behind the first
cylinder (d/x = 5.5), middle point between the first and the
second cylinder (d/x = 7.5) and the right before the second
cylinder (d/x = 9.5) as a function of time. The Sherwood
number is periodic in time at all locations for all three cases;
following the frequency of vortex shedding in each case, as
shown in Figure 5. The average value of the Sherwood number
right behind the cylinder is nearly the same for all cases, while
the Sherwood number is higher in the middle of the cylinders
and the front of the cylinders at lower frequencies. The mass
flux at the surface of the membrane is strongly influenced by

the nature of the vortex shedding at this Reynolds number of
800.
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Figure 5 Sherwood number vs time at Re = 800 for
pulsating frequency at the inlet a) 0 Hz, b) 250 Hz and c)
665 Hz.
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CONCLUSION

Multicomponent flow of CH, and CO, in a channel
bounded by two membranes is examined at Re = 800 for three
different pulsating frequencies applied at the inlet. Flow
simulations are conducted with the spacers. The k-w model is
used to predict the turbulent flow characteristics in the channel
with the arrayed spacers. The presence of the spacers results in
the vortex shedding that dominates the flow and concentration
fields in all three cases. The Sherwood number is increased
significantly compared to the case with no spacer due to
momentum mixing caused by the vortex shedding. The
frequency of the vortex shedding is nearly the same for all three
cases studied here.
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