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ABSTRACT

The separation of two immiscible liquids in hel-
ical pipes was investigated in this study. Assuming
perfectly mixed liquids at the pipe inlet, the flow
conditions and pipe dimensions have been varied
in order to study the separation performance. The
two immiscible liquids are water and amine. Three
different pipe orientations were compared, i.e., ver-
tical upward, vertical downward, and horizontal flow.
A laminar flow is considered, covering the optimal
range of Reynolds numbers (around Re = 225-563)
for separation. Additionally, the separation beha-
viour was compared in two different pipe diamet-
ers. The Volume Of Fluid (VOF) method was used
to model the contact surface between the two immis-
cible liquids. The separation is quantified using the
average mixing coefficient of the two liquids. Com-
panion experiments to validate the results of this nu-
merical study are currently running.

Keywords: CFD, Effect of geometrical paramet-
ers, Helical pipes, Immiscible liquids, Liquid-
liquid separation and mixing, VOF

NOMENCLATURE

A [m?] cross-sectional area

As [m?] grid face area

D [m] coil diameter

L [m] length of coil

M. [-1 mixing coefficient

P [m] coil pitch

\% [m3] volume of computational cell
Vi [m3] volume of phase m

X/L [-] dimensionless axial length
CFL [-] Courant-Friedrichs—Lewy

number

De [-] Dean number

Re [-] superficial Reynolds number
d [m] pipe diameter

fo [N] body force

g [m/s?] gravitational acceleration

i [-] unit vector of Cartesian axes
k [-] number of fluid phases

n [-] number of turns

p [N/m?*] pressure

u [m/s] flow velocity

v [m/s] average flow velocity

v [m?] Average volume of computa-

tional cell

a [-] volume fraction

O [-] local grid volume fraction of
phase m

0 [-] curvature ratio (d/D)

y dimensionless pitch (P/nD)

U [Pa s] dynamic viscosity

m [-] surface-averaged volume frac-
tion of phase m

0 [kg/m®]  density

Subscripts and Superscripts
a, m, w amine, phase m, water

f grid face
C coefficient
1.INTRODUCTION

In helical pipes, a centrifugal force is generated
due to the fluid motion in a curved path, creating a
secondary flow in the form of counter-rotating vor-
tices (also known as Dean vortices) even for lam-
inar flow conditions [1]]. Due to this secondary flow,
the performance of helical pipes concerning several
processes like mixing, heat transfer, mass transfer,
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and residence time distributions is improved when
compared to that of straight pipes [2H6]. Helical
pipes provide other advantages when used for such
processes as they involve no moving parts, need no
source of power, and are compact in design. Accord-
ingly, helical pipes need low maintenance and con-
sume low energy. On the other hand, the pressure
drop in helical pipes is usually higher compared to a
straight pipe of the same length [4].

Multiphase flows of immiscible fluids can be
found in important physical and chemical applica-
tions, comprising petroleum, food, oil, nuclear, poly-
mer, and pharmaceutical industries [5]]. The flow of
immiscible fluids can involve gas-liquid or liquid-
liquid flows. The complexity of such flows depends
strongly on the properties of the phases, their volume
fractions, and the flow regime (e.g., disperse, slug,
plug, segregated...). Furthermore, the presence of the
centrifugal force and the secondary flow in helical
pipes add to the complexity when investigating such
flows [5]].

Numerous studies can be found in the literature
for the flow in helical pipes concerning miscible flu-
ids [3,4,/6-9]] as well as immiscible fluids [5,/10-13]].
When investigating miscible fluids in helical pipes,
researchers consider mainly the overall flow features,
the structure of the generated vortices, mixing per-
formance, enhancement of heat/mass transfer, and
process intensification in general.

Similarly, different objectives are considered for
studies examining immiscible fluids in helical pipes
(as in the present work). For instance, the enhance-
ment of mass transfer between two immiscible li-
quids in a curved pipe was investigated by Gelfgat
et al. 2003 [11]]. Their results showed that the intens-
ity of Dean vortices does not increase in a monoton-
ous manner when increasing Reynolds number (Re).
They found an optimal value of Reynolds number at
Re = 50 to enhance mass transfer for the considered
pipe dimensions.

The phase distributions and the flow regimes of
immiscible liquid-liquid flows in helical and curved
pipes were thoroughly studied in the literature. Three
main flow regimes were found in the study of Sharma
et al. 2011 [14] for a kerosene—water flow through
curved return bends, including stratified, plug, and
dispersed flow regimes. Though they found no sig-
nificant effect of the flow orientation (upward, down-
ward, or horizontal) on the flow regimes, this may be
due to the small pipe length considered in their study
(only a half-coil turn). In the experimental studies of
Pietrzak 2014 [[15] as well as Ali and Mandal 2019
[10] for oil-water two-phase flows, additional flow
regimes were observed, such as dispersed (drops),
plugs, stratified, wavy, and annular-dispersed flows.
These flow regimes were found different when com-
pared to those of straight pipes, whereas it was shown
that the viscosity plays a key role concerning flow re-
gimes [10]. Based on pipe dimension and flow con-
ditions, numerous flow regimes can be obtained for

curved pipes, as found in some recent studies [|16].

Several applications necessitate separation of
fluid phases, including for instance pharmaceutical
and oil industries [[17], to extract, isolate, purify, re-
use, or recover either of the phases. However, the
separation of immiscible fluids is not easy once the
fluids are in contact. Examples of known separa-
tion techniques are distillation [18]], chromatography
[19], filtration [20], centrifugation [21]], and gravity
settling [22]. These techniques depend on various
forces like centrifugal, buoyant, surface tension, ca-
pillary, viscous, and/or gravitational force, as well
as combinations of them to separate the phases [23]].
Consequently, numerous types of separators can be
found in the literature. However, most separators are
complex in design, limited to specific applications,
or not suited for continuous processes.

The simple and compact design of helical pipes
was considered for separation processes in several
studies. For instance, Zhang et al. 2006 [12]] invest-
igated the separation of oil-water flows in a coiled
configuration. It was shown that the separation is
normally faster when the water droplet diameter is
larger. It was also found that the increase of the flow
rate or the reduction of the curvature ratio can im-
prove the separation [12,24]. However, this is valid
only for a restricted flow range due to the continu-
ous change of vortical structure with the flow rate
[3,14,125,26]]. This was confirmed in gas-liquid sep-
aration studies in a helical configuration, where it
was revealed that the trend of the separation beha-
viour changes for different flow rates [[13//23]. For
example, three different trends were found in [[13]] by
increasing the fluid velocity, i.e., increasing, decreas-
ing, and increasing again. A similar conclusion was
reported in [23]], where the increase of the centrifugal
force was not always positive concerning separation.
This is mainly happening because the flow velocity
affects the structure of the Dean vortices, the mag-
nitude of different forces acting on the flow, and the
residence time available for separation. Accordingly,
there exist optimal conditions (in particular in terms
of the Reynolds number) for fluid separation in hel-
ical pipes.

Based on the literature, the underlying process is
still not fully understood. Additionally, most of the
previous studies involve some limitations, i.e., too
short pipes, a single pipe orientation, a single meas-
urement location (outlet), and/or a limited range of
flow conditions. Therefore, the present work invest-
igates in more detail the separation behaviour, partic-
ularly when the fluids are initially perfectly mixed at
the inlet, which is common in industrial processes.
For example, to improve chemical reactions, cata-
lysts should be highly dispersed and well mixed with
the main flow. In our previous study [27]], the flow
of two immiscible liquids (amine and water) in hel-
ical and straight pipes was studied computationally to
identify optimal separation conditions. It was shown
that the separation is very limited in straight pipes
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for different orientations, while a very good separa-
tion was obtained in a horizontal helical pipe at an
optimal water Reynolds number of about 225. How-
ever, a single helical pipe with constant dimensions
was considered. Accordingly, in the present paper,
we extend these investigations further by consider-
ing helical pipes with two different pipe diameters.
An implicit, unsteady, and segregated solver was em-
ployed. The Volume Of Fluid (VOF) method was
used to model the interface between the two immis-
cible liquids. The separation was quantified using the
average mixing coefficient of the two liquids [3}4].
Companion experiments to validate the results of this
numerical study are currently running.

2. NUMERICAL MODELING

2.1. Governing equations

For transient conditions, Cartesian coordinates,
an incompressible, Newtonian, and adiabatic flow,
the governing equations of the CFD (Computational
Fluid Dynamics) model can be written as: Continuity
equation:

c')u,-
— =0 1
oy, =0 (1

Momentum equation:

ow 0w\ _ _op 9 | (Ou Ou;
P\ar ""ox;) T Tox T ax; |M\ox; T ox;

+pgi+ Jo. (D)

where i = 1,2,3, p is the pressure, u is the velocity,
u is the dynamic viscosity, p is the density, g is the
gravitational acceleration, and f; is the body force.

2.2. Volume Of Fluid method

The Volume Of Fluid method (VOF) was used to
model the interactions between the two immiscible
fluids. The VOF technique was initially established
to predict the interface between different fluids. In
the VOF formulation, an additional transport equa-
tion is solved for the local volume fraction (@) of
the liquids, while keeping the benefit of modeling the
two fluids by one set of conservation equations (one-
fluid formulation). Common velocity, pressure, and
temperature fields are assumed. The VOF method
was successfully employed in several studies con-
sidering immiscible fluids, showing reliable results,
e.g., [27H31]]. In a flow of k phases (here, k = 2), the
phase volume fraction of phase m is given by:

am = - 3)

where, V,, is the volume of the phase m in the com-
putational cell, and V is the volume of the cell. In
each cell, the summation of the volume fractions of
all phases must be one. Accordingly, based on the
volume fraction, the existence of different fluids in a
computational cell can be distinguished. If a phase m
is not existing in a cell, a value of @, = 0 is expected,
while @, = 1 means that the phase m completely fills

the cell. The phase volume fraction between 0 and 1
(0 < ap < 1) indicates partial presence of the phase
m, which also means that the cell contains a local
interface between both phases. The scalar transport
equation of the volume fraction of phase m (ap,) is
given by:
Oaym , Oay
o " o
For the cells containing a local interface, the

mixture properties are determined based on the frac-
tion of each phase.

=0 )

2.3. Mixing and separation quantification

The mixing coeflicient (M) was used to quantify
the separation behaviour in the present work [3./4127}
28]. The mixing coefficient indicates how well the
phases are mixed (or separated) on a specific cross-
section. It can be calculated for a phase m over a
cross-sectional area of A by:

_ Xrlam — amlAy

M. ., =1 = ()
e [l 25 Af
with
o 1
%:Zf%m ©)

where @, is the surface-averaged volume fraction of
phase m over the cross-sectional area A, and Ag is
the area of a computational cell face. To obtain the
overall mixing value M, of the two liquids, the mix-
ing coefficient is calculated individually for each li-
quid, and then an average is calculated. Note that,
the separation would be easier if the liquids are only
incompletely mixed [12]. Accordingly, a value of
M. = 1 means 100% mixing (i.e., no separation at
all), which was assumed always at the inlet, repres-
enting the worst-case initial condition for the separa-
tion of the liquids.

2.4. Numerical settings

The CFD code STAR-CCM+ was employed to
perform the numerical simulations. An implicit, un-
steady, and segregated solver was used. The second-
order upwind scheme was chosen for calculating the
convective fluxes. Further, the first-order upwind
scheme was set for temporal discretization. To en-
sure that the maximum local Courant—Friedrichs—
Lewy number (CFL) is always lower than 1, an ad-
aptive time step was utilized, where the CFL number
was calculated based on the maximum velocity and
the minimum cell size of the whole domain. Accord-
ingly, the time step varies in the approximate range
between 2 x 10™* and 8 x 10™* s. Ten inner iter-
ations were necessary to ensure convergence of all
absolute residuals within each time step. The sim-
ulations were stopped after a total physical time of
at least 1.4 times the average residence time of the
flow in the pipes. For instance, the total physical time
computed was 20 and 75 s for the superficial Reyn-
olds number of water Re,, = 563 and Re,, = 225,
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Figure 1. Different orientations considered.

respectively. A no-slip boundary condition was set
on the walls. At the inlet of the computational do-
main, a Hagen-Poiseuille parabolic velocity profile
was considered, to avoid the numerical errors com-
ing with the plug-flow (uniform velocity) assump-
tion [3]]. Additionally, a perfect mixture was always
set at the inlet surface (100% mixing, M, = 1) with
a volume fraction of 0.5 for each liquid. This con-
dition corresponds to the theoretical worst case for
the separation of the liquids. At the outlet surface, a
constant-pressure boundary condition was applied.

2.5. Geometrical settings

As mentioned in the introduction, three different
pipe orientations were considered in the investiga-
tions: horizontal, vertical upward, and vertical down-
ward, as shown in Figure[T] The dimensions of the
basic helical pipe (G1) were selected based on an ex-
isting prototype, which was used in several previous
experimental and numerical studies [[2-4,/61/7,26,27].
The geometrical parameters of the different pipes
considered in the present study are listed in Table [T}
The first geometry (G1) has a pipe diameter of d = 10
mm, a coil diameter of D = 118 mm, a pitch of
P = 16 mm, a total number of turns of n = 3, and
total length of L = n+/(xD)? + P = 1112 mm. G2
has similar dimensions except that the pipe diameter
isd =5 mm.

Table 1. Geometrical parameters of the different
helical pipes considered in this study.

Coil | Pmm | dmm | Dmm | Lmm | §=d/D | y=P/nD | n
Gl 16 10 118 1112 0.084 0.043
G2 16 5 118 1112 0.042 0.043 3

w

2.6. Flow conditions

The liquids considered are water and amine, typ-
ically found in the hydroformylation process [27].
The density of water is py = 999.79 kg/m?, the dens-
ity of amine is p, = 791 kg/m?, the dynamic viscos-
ity of water is u,, = 8.887 - 107* Pa-s, the dynamic
viscosity of amine, u, = 1.99 - 1073 Pa-s. The con-
sidered surface tension coefficient between water and

Figure 2. Sample view of the applied hexahedral
mesh (G1 with 1.85 million cells).

amine is set to 0.0285 N/m [27]]. Two different Reyn-
olds numbers were studied as given in Table 2] cor-
responding to the optimal range for separation [27].
Rey and Re, are the superficial Reynolds numbers of
water and amine, as defined by Equations [7] and [8]
respectively, and v is the average velocity of the flow
at the inlet surface. At the end, three flow cases with
three different values of Dean number (De = Re V)
are considered as listed in Table 2]

wvd
Re,, = 2 (7)
Hw
d
Re, = 2 ®)
Ha

Table 2. Different flow conditions considered.

Case # | Coil | v(m/s) | Re, | Rey | De, | Dey
1 Gl 0.02 79 | 225 | 23 65
2 Gl 0.05 199 | 563 | 58 164
3 G2 0.04 79 | 225 | 16 46

3. COMPUTATIONAL MESH

The meshing parameters were selected based
on previous studies after performing a mesh-
independence test to ensure that mesh-independent
results are obtained [27}32]. Since the coil geo-
metries have different dimensions, scale factors were
used to always generate cell elements of the same
size as in [27}/32]], ensuring a constant resolution in
space for all geometries. This leads to hexahedral
grids with approximately 1.85 million cells for GI,
while G2 has approximately 0.84 million cells. A
sample view of a selected mesh is shown in Figure[2}

4. RESULTS AND DISCUSSIONS
4.1. Time averaging

For a specific cross-section, the instantaneous
mixing coefficient M. varies strongly with time due
to the various flow regimes generated along the coil.
Accordingly, a time-averaged value of M. was used.
When averaging on time intervals lower than 3 s, no-
ticeable variations in the mixing coefficient values
are observed; while, when averaging for more than
3.5 s, a stable average could be obtained. For in-
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Figure 3. Time-averaged M. of two different aver-
aging times (3.5 or 5 s) for horizontal flow in G1
at Re,, = 563.

stance, the value of M, obtained when averaging dur-
ing 3.5 and 5 s are identical for the horizontal flow
in G1 at Re, = 563. The averaged M, is shown
in Figure [3] against the coil axial length. No sig-
nificant changes can be seen between the averaged
curves of the two time periods, confirming proper
time averaging. Accordingly, a time duration of 3.5 s
has been kept to calculate the time-averaged mixing
coeflicient.

4.2. Effect of pipe orientation

Figures [a], [4b] [Ad show the volume fraction of
amine for upward, downward, and horizontal flow,
respectively, at Re,, = 563 in G1. To track phase
separation, the amine phase is represented in Figure[d]
by (red) iso-surfaces that show all cells with amine
volume fractions between 0.99 and 1 (almost pure
amine). The blue color indicates almost pure water,
while the green color represents a perfect mixture of
the two liquids, as prescribed at the inlet surface.

For the upward flow shown in Figure [4a] a thin
water layer separates and accumulates gradually on
the lower side of the pipe due to its higher dens-
ity. However, no significant separation is observed
for this pipe orientation. This is also the case for
the downward flow shown in Figure[b] which shows
only a minor separation of amine after two coil turns.
On the other hand, rapid separation of amine is tak-
ing place after only half a turn as demonstrated in
Figure [4c| for the horizontal pipe orientation. Addi-
tionally, the amine phase is accumulating (red color)
at the end of each turn, showing significant separ-
ation. Note that, the buoyant force changes direc-
tion each half-turn, allowing a local accumulation of
amine (the lighter phase) before the maximum pres-
sure (at the lowest part of each turn).

Figure|§| shows the minimum, average, and max-
imum mixing coefficients for different pipe orienta-
tions at Rey, = 563 in G1. For the upward flow shown
in Figure [5a] the mixing coefficient drops progress-
ively with the accumulation of water phase shown
above, yet a very limited separation takes place. Sim-
ilarly, a poor separation is taking place for the down-
ward flow as shown in Figure 5b] Additionally,
large fluctuations of the mixing coefficient occur in

9utlet
e,

g

Inlet
Pipe surface

(a) Upward flow

Outlet
Pipe surface

Cross-section

(b) Downward flow Flow

Inlet

Pipe surface Cross-section

(c) Horizontal flow

Volume Fraction of Amine
0.0 0.2 0.4 0.6 08 1.0

[ .
Figure 4. Upward, downward, and horizontal
flow in G1 at Re,, =563.

the third coil turn due to the separation of amine
droplets and slugs. For the horizontal flow, the av-
erage mixing coefficient fluctuates periodically along
the pipe length corresponding to local accumulations
of amine. Here, the average mixing coefficient is
very low (0.04) after about two turns, with very lim-
ited changes between minimum, average, and max-
imum mixing coefficients, demonstrating very good
separation.

4.3. Effect of Reynolds number

Figure [6] compares the volume fraction of amine
(red represents pure amine) in G1 between Rey, =
225 and Re,, = 563. As shown, a very good sep-
aration takes place for both values. Nonetheless, a
plug flow regime occurs on the left side of the pipe at
Rey = 225, while an intermittent flow regime is ob-
served at Re,, = 563 on the same side. For the higher
value of the Reynolds number, the residence time is
lower, leading to a slightly lower separation (smaller
accumulation of amine). The corresponding mixing
coefficients are shown in Figure [7]] Again, the mix-
ing coefficient behaviour is similar for both Reynolds
number values. However, it is slightly higher for Re,,
= 563, due to the lower residence time.
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(G2), where a flow regime transition occurs and only
a plug flow is observed after approximately two coil
turns, leading to a very slow and improper separation.
Figure 5. Mixing coefficients in G1 at Re,, = 563. In G2, no accumulation of amine can be observed.
This happens mainly due to the increased flow velo-
city and the strongly reduced residence time as well
as the decreased curvature ratio. For the very low
curvature ratios, the flow behaviour becomes close to
that in a straight pipe, decreasing the separation. This
reduced separation is quantified by the mixing coef-
ficients as shown in Figure 0] where the values are
much higher when compared to those of G1 shown in
Figure[7al Consequently, it would be recommended
to utilize the horizontal orientation with appropriate

Dimensionless axial length, X/L

(c) Horizontal flow

flow conditions and pipe diameter to ensure efficient

(a) Re,, =225 () Re, =563 separation of immiscible liquids. The investigations

o . Vd““}ffracmn g’g Amine 53 B will be extended in the future to study the other geo-
e ER metrical parameters as well as fluid properties.

Figure 6. Volume fraction of amine for horizontal
flow in G1 at Re,, = 225 and Re,, = 563.

4.4. Effect of pipe diameter

In this section, the influence of varying the pipe
diameter is considered comparing G1 with d = 10
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Figure 8. Volume fraction of amine for horizontal
flow in G1 and G2 at Re,, = 225.
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Figure 9. Mixing coefficients for horizontal flow
in G2 at Re,, = 225.

5. CONCLUSION

The separation of two immiscible liquids (wa-
ter and amine) in helical pipes was studied for vari-
ous conditions. The Volume Of Fluid (VOF) method
was used to model the contact surface between the
two immiscible liquids. The separation is quantified
using the average mixing coefficient of the two li-
quids. A perfect mixture was assumed at the pipe
inlet, representing the worst case for the two liquids
two separate. The separation performance was com-
pared for three different pipe orientations, i.e., ver-
tical upward, vertical downward, and horizontal flow.
Additionally, two values of Reynolds number and
pipe diameters were studied. Only very poor separ-
ation is happening in the upward and the downward
flow, while the horizontal pipe orientation leads to
much better separation. When increasing the Reyn-
olds number from 225 to 563, the residence time de-
creases, leading to a slightly lower separation. Fur-
ther, when reducing the pipe diameter from 10 to 5
mm at the same Reynolds number (225), a flow trans-
ition occurs, leading to a plug flow in the pipe, which
eliminates the accumulation of the lighter phase and
reduces the phase separation strongly. Accordingly,
it would be generally recommended to employ the
horizontal orientation with appropriate flow condi-
tions and coil dimensions to ensure efficient separ-
ation of immiscible liquids.
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