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ABSTRACT

Forward osmosis spiral wound membrane (SWM) element has a modified envelope geometry
equipped with central glue line and blocked central tube to accommodate forward osmosis process.
Due to modified module structure, water channel inside modified SWM element creates unique flow
behaviors and affects performance of modified SWM element. However, research on this issue is
severely limited in the current stage. Several studies used two-dimensional simulation approaches on
this modified SWM element envelope geometry; however, three-dimensional simulation considering
effects of spacer-filled channel has not been performed yet. This study employs three-dimensional
computational fluid dynamics to investigate effects of different ratio between length and width of
membrane envelope and central glue line length and envelope length. Various hydrodynamic param-
eters such as Reynolds number, power number, Fanning friction factor, and wall shear rate were cal-
culated and compared. Simulation results showed that short and wide envelope geometry is more
advantageous for low energy consumption while narrow and long envelope geometry induce higher
wall shear rate.

Keywords: Computational fluid dynamics; Forward osmosis; Spiral wound element; Spacer-filled

channel; Hydrodynamics

1. Introduction

Forward osmosis (FO) has attracted much attention from
both academic and industrial fields as an emerging mem-
brane separation technology during the past decades. This
research concentration on FO technology is due to several
advantages over other membrane technologies such as low
capital cost, low operating cost, and less problematic foul-
ing issues [1]. Most of all, the reverse osmosis (RO) process,
which is dominant technology in the industry during the last
40 years, has significantly improved its energy efficiency and
reached its saturation point. In the research circles, therefore,
it is now understood that, the opportunity for further signif-
icant reduction in energy consumption for the RO process
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is slim, whereas FO is expected to address shortcomings of
existing pressure-driven membrane processes [1-3].

Among several types of membrane modules, spiral
wound membrane (SWM) element is the most commonly
used and has dominated desalination membrane market for
several decades since its origination. With the development
of membrane technology, there have been numerous stud-
ies investigated on geometric features of SWM and how they
affect the hydrodynamics inside modules and membrane
performances [4-7]. There could be a number of geometric
factors affecting performance of SWM module but most of
them fall into the following categories: the geometry of the
membrane envelopes (length, width, and the number of
envelopes), channel heights (spacer filaments thickness),
spacer’s orientation, shape, dimensions, and mesh [4].
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An SWM element is typically used for the RO and
ultrafiltration process and is manufactured by winding the
flat sheet membranes around a perforated central pipe. As
FO technology was introduced to desalination research field
since early 90s, this SWM was modified to accommodate FO
process. Because of complexity of FO process, structures of
FO SWM are modified with additional structural features.
Central pipe is blocked at the center, and center glue line
(GL) is inserted into the membrane envelope, which divert
the draw solution along flow path induced by center GL and
blocked central pipe. During its transit of the draw channel,
the draw solution is diluted by osmotically pulling water
through the membranes from the feed solution.

Regarding modified FO SWM element, there have been
several papers attempted to analyze mass transfer and mem-
brane performance associated with membrane envelope
geometry. Jung et al. [8] evaluated the FO membrane per-
formance, permeate flux, and recovery rate depending on
membrane orientation, flow direction of feed and draw solu-
tions, flow rate, and solute resistivity using two-dimensional
(2D) FO simulation. Gu et al. [9] carried out simulations for a
comparison between FO plate and frame and modified SWM
module with varying four types of operating conditions:
volumetric flow rate of the feed and the draw solution, the
concentration of the draw solution, flow direction, and the
membrane orientation. However, due to inherent limitation
of 2D simulation approach, above studies are limited to 2D
mass balance equations and only the dominant flow direction
is considered which does not take into consideration of the
effects of spacer and the associated complex flow behaviors.

Researchers in the field of membrane science using com-
putational fluid dynamics (CFD) tools for flow visualization
through membrane module have generally made the assump-
tion that the flow through a spacer-filled rectangular channel
is a good representation of the flow in case of SWM elements
having similar spacer in the feed channel. This assumption
was first validated experimentally by Schock and Miquel [10]
and later by Ranade and Kumar [11,12] using a periodic unit
cell approach. Most studies have followed this so-called, “unit
cell” approach, however, in case of modified SWM element,
this approach is not applicable. In draw channel of modified
SWM envelope, the flow direction is not constant but changes
along the flow path set by blocked central tube and central
GL. In this case, periodic or symmetric boundary condition is
not appropriate to use because it violates the assumption of
unit cell approach which is flow direction has to be constant
while flowing and side wall effect is negligibly small. In this
study, therefore, a single unit cell approach will be extended
to “envelope unit approach” to address this issue.

The objective of this paper is to investigate effects of
geometric features of FO-modified SWM envelope based on
various hydrodynamic parameters that dictate energy con-
sumption and hydrodynamics inside water channel of specific
envelope unit. To the best of the authors” knowledge, this is the
first study to investigate hydrodynamics of FO SWM element
envelope draw channel with considering presence of spacers
in three-dimensional (3D) coordinate system. The approach
and results presented in this work will have significant impli-
cations for elucidating the relationship between modified
SWM envelope geometry and membrane performance. This
study also suggests important design factors such as ratio of

envelope length and width, central GL, and envelope length of
FO SWM element membrane envelope and element.

2. Simulation approach
2.1. Envelope geometric conditions and boundary conditions

In the current simulations, 15 envelope geometries with
different geometrical features have been studied. For geomet-
rical features to be compared based on hydrodynamic parame-
ters, length—width (LW) ratio and GL ratio have been used. LW
ratio and GL ratio are defined as proportion of envelope length
to envelope width and the proportion of center GL length to
envelope length, respectively. They will be referred to as “GL
ratio” and “LW ratio” in the following sections. Ranges of
0.67-3 and 0.1-0.9 for LW ratio and GL ratio were used in cur-
rent simulations. In order to compare geometries with different
LW ratio, envelope area and inlet flow velocity have been kept
constant while envelope length and width have been adjusted
according to each LW ratio. In this way, hydrodynamics in
each geometry can be compared exclusively depending on its
ratio of envelope length and width under identical condition of
membrane surface area and hydrodynamics.

Existing studies on hydrodynamics inside SWM
spacer-filled channel occasionally used Reynolds number to
facilitate the comparison of results to identify effects of differ-
ent geometrical features in SWM water channels. However,
for practical flow velocity condition of modified SWM ele-
ment draw channel, inlet velocity condition was chosen as
6 L/min from literature regarding FO SWM pilot [13,14] and
modified according to geometrical features of modified SWM
element used in the literature. The inlet velocity condition is
determined using the equation below:

u, = 2 1
* nHbe M

where u, is inlet velocity, Q, is inlet flow rate, n, is number of
envelopes, H is channel height, b is channel width, and € is
porosity of channel. This inlet velocity condition does not devi-
ate much from values of other FO SWM simulation studies [8,9].

Each geometry is filled with unwoven net-type spacers,
which is most basic and common shape in spacer research. In
order to evaluate effect of spacer filament orientation, spacer
angle is set to transverse and axial to inlet flow direction to
observe effects of spacer angles to inlet flow direction, which
are attached to top and bottom walls, respectively. All spacer
filaments are assumed to have cylinder shape which is not
technically true for commercial spacers but a reasonable
assumption [15]. Example of envelope geometry used in this
study is illustrated in Fig. 1. Dimension of commercial spacer
(Toray 8040 FO element) was measured strictly to be used
in the simulation. Surface of spacer filaments are treated as
no-slip walls with zero velocity. A constant ambient pressure
is prescribed for the outlet boundary condition.

2.2. Governing equations and modeling software

The Navier-Stokes equations were employed to describe
conservation and transport processes as shown below.
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The Newtonian fluid was assumed, and steady-state and
laminar-based solver has been adopted. Based on results
of channel and hydraulic Reynolds numbers, laminar flow
regime was assured in this study. This will be further dis-
cussed in section 3.
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where u, v, and w are velocity in x, y, and z directions, p is
density, and P is pressure.

For the simulations in this work, ANSYS 18.0 modules were
used to simulate the flow through the SWM element FO draw
channels: ANSYS Geometry, ANSYS Meshing, ANSYS CFX,
and ANSYS Workbench. Simulations were run in the SIMPLE
(Semi-Implicit Method for Pressure Linked Equations) algo-
rithm for pressure-velocity coupling and first-order upwind
algorithm for discretization of the conservation equations. A
root-mean-square residual criterion was set to 10*. The sim-
ulations were run on a PC equipped with Intel Xeon CPU
E5-2620v4 eight-core 2.1 GHz processor, NVIDIA GeForce GT
710, and 128 GB of ECC registered DDR3 memory.

2.3. Hydrodynamic parameters

Effects of GL ratio and LW ratio of envelope geometries
were compared based on hydrodynamic parameters pre-
sented in the following sections. In geometries of LW ratio,
channel width was kept constant by adjusting central GL
length accordingly. In geometries of GL ratio, however, there
is difficulty to specify representative channel width and
channel length because these two parameters are not constant
when GL ratio changes. For this reason, channel Reynolds
number was used instead of hydraulic Reynolds number,
and only shear rate and pressure drop were analyzed for GL
ratio comparison. Definition of channel Reynolds number is
well explained in other literature [16].

Most hydrodynamic parameters considered in this study
take account of different geometrical features for each geom-
etry such as volume of fluid, porosity of channel, hydraulic
diameter, and characteristic channel length. This facilitates
comparing the geometries on fair terms.

2.3.1. Reynolds number

Hydraulic Reynolds number was employed to examine
effects of envelope geometries on flow behaviors inside enve-
lope geometry channel. These parameters have been widely

used in literature regarding flow through spacer-filled nar-
row channel and showed good agreement with experimental
results [10,17-21]. Hydraulic diameter, fluid and channel vol-
ume, and wetted surface area were carefully extracted from
simulation results. More details on hydraulic Reynolds num-
ber can be found elsewhere in the literature [19].

Q
Uy = A (6)
eff

The effective velocity, u ,, parameterizes the bulk average
velocity of fluid in the channel. Where, volumetric flow rate,
Q, divided by the effective area for flow.

Aeff :Hbe (7)

The effective area, A, parameterizes the effective
cross-sectional area of the spacer-filled channel.

pucffdh
n

Rey = ®)

2.3.2. Fanning friction factor

Fanning friction factor is dimensionless parameter nor-
mally used to estimate pressure drop in channel flow and
for conduits without obstacles are defined by the following
relation. However, the above equation is modified for flow
with obstacles [10] such as spacer-filled narrow channels and
the Fanning friction factor is related to hydraulic diameter,
effective velocity, channel length, and pressure drop across
the membrane. Fanning friction factor is defined as follows:

d,AP
T 9)

eff

f:2pu

where d, is the hydraulic diameter, AP is the channel pres-
sure drop, p is the fluid density, u_ is the effective velocity,
and L is the channel length.

2.3.3. Specific power consumption

Specific power consumption (SPC) indicates the hydrau-
lic energy required to overcome the fluid’s channel pressure
drop per unit length of the domain. SPC is defined by below
equation [22].

AP

SPC=u,, R (10)

AP
where —— is the channel pressure drop per unit length.

2.3.4. Power number

Power number is another parameter, derived by
dimensional analysis, utilized in the literature to estimate
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power consumption to flow through narrow spacer-filled
channel [23]. The use of power number can be found in other
literature [15,20,24]. The power number is expressed and
related to SPC power number as follows.

2174 2174
p'H AP | up H
Pn=SPC[ 3 j:T[ e

" " 11

2.3.5. Wall shear rate

Wall shear rate indicates the rate of stress that is tangen-
tially exerted on the wall of the membrane. Efficiency of a
membrane element significantly depends on the efficacy of
channel geometries to increase mass transport away from
the membrane surface into the bulk fluid by increasing shear
rate at the membrane surface [25]. It has been reported that
mass transfer is significantly enhanced in the regions of high
shear rate [21]. Shear rate on membrane surface has signifi-
cant improvement on permeate flux [26,27], scaling [28], and
biofouling mitigation [29]. In the case of FO draw channel,
dilutive concentration polarization (either internal concen-
tration polarization or external concentration polarization)
can be alleviated by high wall shear rate because higher shear
rate implies a higher possibility to swipe the concentration
boundary layer, thereby increasing the mass transfer and
permeate flux [30].

Shear rate applied on upper and lower membrane wall
was visualized in each geometry using shear rate contour
and average shear rate was compared. In Ansys CFX, shear
rate is calculated based on the following equations.

s Lfau, ou,
) oX, 0X, (12)

ou, 2
Shear rate = {2 6—;’} (13)

where S_is the strain rate tensor, U, is the flow velocity paral-
lel to the wall, and X]. is the spatial coordinate.

Leaf width

Fig. 1. Example of envelope geometry with major parameters
indicated.
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3. Results and discussion
3.1. Comparison of velocity volume rendering

To visualize velocity distribution in 3D spatial geom-
etry and spots dead zone where water flow stagnates,
volume-rendering function of CFX has been utilized. In
volume-rendering contours, transparent region represents
zero velocity while opaque region represents non-zero
velocity with velocity indicating transparency and color in
the given range.

Figs. 2(a), (b), and (c) illustrate velocity volume rendering
with different GL ratio. At GL ratio 0.9, velocity is severely
concentrated at the tip of central GL. As GL ratio decreases,
velocity concentration is reduced but high-velocity zones
are still present throughout all geometries with different GL
ratios, even at 0.1 GL ratio, which is negligibly short central
GL. Meanwhile, as evident from Figs. 2(d), (e), and (f), GL
ratio also plays a decisive role in the sense that it dictates
dead zone creation. In GL ratio 0.9, for instance, it is hard to
identify any transparent spots through whole fluid domain,
while in GL ratio 0.1 nearly about half of fluid domain seems
dead zone. Dead zones are mainly formed in a vicinity of
both corners on opposite sides of inlet and outlet.

Meanwhile, in volume-rendering contours of different
LW ratio, there was no noticeable difference in dead zone for-
mation found by LW ratios (Figs. 2(d), (e), and (f)). However,
imbalance of velocity distribution seems getting severe as LW
ratio lowers. For example, as LW ratio decreases low-velocity
zone, which is indicated as dark blue, expands from both of
corners in domains while area of high-velocity zone, which
is indicated as light green, widens from the tip of central GL.
Generally, the envelope with higher LW ratio seems more
beneficial in terms of even flow distribution.

Besides observations made above, angled geometric
features such as corners of envelope and tip of central GL
tends to encourage creation of dead zone and excessively
high-velocity zone. In this regard, there is still room for
improvement of modified SWM envelope design for even
flow distribution. For example, curved shape of corners and
tip of central GL can be suggested.

3.2. Reynolds number

Reynolds numbers for 15 cases with different geometrical
parameters were calculated and compared. For LW ratio, Re,
showed negligible deviation from each other (Table 1). This
indicates that hydrodynamic condition for LW ratio compar-
ison was sufficiently fair based on definition of hydraulic
Reynolds number. Many studies compare performance of
different geometries as a function of Reynolds number, how-
ever, in this study, Reynolds number is fixed as much as pos-
sible to compare geometries with different LW ratio.

However, in the comparison of GL ratio, Re, revealed
linear correlation to GL ratio. Increasing Reynolds number is
one of the ways to improve mass transfer in membrane chan-
nel, however, high Reynolds number means additional cost
as energy losses also increase with increasing Reynolds num-
ber thus these two variables need to be interpreted together
carefully [20].

In general, the Reynolds number at which the flow
becomes unsteady in spacer-filled narrow channels depends
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on the geometry of the obstructions and can range from 200
to 600 [31]. For this reason, most literatures on 3D model-
ing for spacer-filled channel limits Reynolds number used as
variables up to 200. As presented in Fig. 3, overall Reynolds
number is around 25~30 and maximum Reynolds number is
30.48 for GL ratio 0.9. This low Reynolds numbers assure that
all flow conditions in this simulation fall into laminar flow
regime which is suitable for laminar solver.

3.3. Pressure drop and energy consumption

Pressure drop is a crucial hydraulic parameter because it
is directly related to energy consumption in most membrane
process. Fig. 4 indicates correlation between pressure drop
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Fig. 3. Channel Reynolds number as a function of GL ratio.
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Fig. 2. Velocity volume rendering of GL ratio: (a) GL ratio 0.9, (b) GL ratio 0.5 (c) GL ratio 0.1 (d) LW ratio 3.0 () LW ratio 1.0 (f) LW

ratio 0.67.
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and GL ratio. Up to 0.6, it showed gradual increase, but after
0.6 it shifted to steep exponential growth curve. In consid-
eration of linear increase of Reynolds number shown in the
previous section, keeping GL ratio below 0.7 seems beneficial
for energy efficiency of envelope unit.

In general, comparisons at the same flow condition for
different geometries cannot be made by comparing a sin-
gle dimensionless number because both pressure drop and

Table 1

Simulation parameters used in this study
Parameter Value
Geometrical parameters
Filament diameter, m 0.001
Filament spacing, m 0.006
Spacer diameter 0.002
(channel height), m
Flow angle of attack 0°
Envelope area, m* 0.1

Spacer angle 0° and 90° (Angle between axial,
transverse filaments, and inlet

flow direction)

Porosity of channel 0.8731
Boundary conditions
Inlet velocity, m/s 0.008768

Pressure outlet, Pa 101,325 (ambient pressure)

45
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Fig. 4. Pressure drop as a function of GL ratio.

Table 2
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pumping power are dimensional quantities and they have
differing relationships to other properties. Power number
and Fanning friction factor are both dimensionless numbers
quantifying of energy losses through channel geometries.
However, they can be differentiated by their derivation pro-
cess and parameters used in equations [16]. Fig. 5 indicates
power number and Fanning friction factor depending on LW
ratio. Both graphs showed steep logarithmical increase up
to LW ratio 2 and after that there is no significant increase
of energy requirements. Both plots of power number and
Fanning friction factor closely match with slight deviation
after LW 1. Considering simulation results presented above,
short and wide membrane envelope, especially less than LW
ratio 2 is desirable to minimize energy consumption of modi-
fied SWM envelope unit. Geometrical parameters and hydro-
dynamic parameters in different LW ratio are show in Table 2.

3.4. Shear rate on membrane walls

Fig. 6 indicates an increasing trend of average wall shear
rate as a function of GL ratio. Plots of total average shear rate,
average shear rate on top wall and bottom show linearly pro-
portional tendencies. Total average shear rate is the average
of shear rates on both top and bottom walls. However, it is
notable that shear rate of top membrane wall shows much
steeper increase rate compared with shear rate of bottom
membrane wall. This also can be confirmed in shear rate con-
tours given in Fig. 7. In Fig. 7, shear rate distributions are

A Powernumber @ Fanning friction factor
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Fig. 5. Power number and Fanning friction factor as a function
of LW ratio.

Geometrical parameters and hydrodynamic parameters in different LW ratio

Parameter LW ratio

3 2.5 2 1.5 1 0.67
d, (m) 0.00233 0.00232 0.00234 0.00234 0.00233 0.00233
u (m/s) 0.0101 0.0101 0.0101 0.0101 0.0102 0.0102
Channel length (m) 0.338 0.306 0.271 0.231 0.181 0.139
Re, 26.3 26.2 26.5 26.5 26.5 26.6
AP 96.02 95.52 94.92 92.84 88.32 80.34
1 (Pa/m)
SPC (W/m?) 0.00097 0.000962 0.000953 0.00094 0.000898 0.000817
P 21.874 21.711 21.501 21.217 20.261 18.435

n
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illustrated on top walls (Figs. 7(a), (b), and (c)) and bottom

@ Topmembrane wall M Bottom membrane wall A Total average shear rate walls (Flgs 7(d), (e)/ and (f)) with GL ratios 0.9’ 0.5’ and 0.1. As
60 mentioned in Section 2.1, spacer filaments are aligned trans-
versally and axially on top and bottom membranes, respec-
tively. From figures above, GL ratio has a significant effect on
distribution and extent of shear rate as it showed quite differ-
ent appearance in shear rate contours on both walls. On top
membrane walls where spacer filaments are attached parallel
to main flow direction (i.e., flow direction of inlet and out-
let), higher shear rates are shown. Most high shear rate zones
o are concentrated on areas where fluids flow along the main
0 02 04 06 08 i flow direction. On the contrary, shear rate of bottom mem-
brane walls where filaments are set to perpendicular to the
main flow direction shows lower average shear rates. Most
of high shear rate zones are concentrated on areas where
Fig. 6. Wall shear rate as a function of GL ratio. fluids flow transverse to the main flow direction. The high
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(b) GL ratio 0.5 (e) GL ratio 0.5
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(c) GL ratio 0.1 (f) GL ratio 0.1

Fig. 7. Shear rate contour of GL ratio at top wall is (a) 0.9, (b) 0.5, and (c) 0.1, and GL ratio at bottom wall is (d) 0.9, (e) 0.5, and (f) 0.1.
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shear rate zones also match well with high velocity zone
shown in volume-rendering contours in previous section. In
this respect, based on inlet and outlet flow direction, parallel
spacer orientation is preferred over perpendicular orienta-
tion in terms of increasing wall shear rate and this propensity
gets more intensified as GL ratio increases.

Fig. 8 presents trends of average shear rate depending
on LW ratio on top and bottom membrane walls and sum of
shear rate on both walls. In Fig. 9, shear rate distributions are
shown on top walls (9a, (b), and (c)) and bottom walls (9d,
(e), and (f)) with LW ratios 3.0, 1.0, and 0.67. Interestingly, as
LW ratio increases, both graph lines reveal trends opposed
to each other. Shear rate of top membrane wall increases
logarithmically, while shear rate of bottom membrane
wall decreases logarithmically. In both of membrane walls,

(c) LW ratio 0.67

@ Bottommembrane wall M Top membranewall A Total average shear rate

60

N
o

R?=0.926

WALL SHEAR RATE (S"-1)
N
]

R?=0.985

0 1 2 3 4

LW RATIO

Fig. 8. Wall shear rate as a function of LW ratio.

s s

() LW ratio 0.67

Fig. 9. Shear rate contour of LW ratio at top wallis (a) 3.0, (b) 1.0, and (c) 0.67, and LW ratio at bottom wall is (d) 3.0, (e) 1.0, and (f) 0.67.
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variation rate of shear rate seems to become insignificant
after LW ratio 2.5. This can be most likely attributed to the
ratio between axial area and transversal area depending on
LW ratio. Because the area in which flow direction is axial to
the main flow direction increase with increasing LW ratio,
higher average shear rates are induced on bottom membrane
walls. On the other hand, as LW ratio decreases, which means
transverse flow area increases, average shear rate on top
membrane walls increases. This trend is also evident in shear
rate contours in Fig. 9. It is very probable that axial spacer
filaments of top membrane wall produces higher wall shear
rate and high LW ratio (i.e., longer envelope geometry) cre-
ates higher shear stress due to larger axial flow area. As it
is shown in shear rate contours of GL ratio, high shear rate
zones in LW ratio also match well with high velocity zones in
volume-rendering contours.

In conclusion, in order to boost wall shear rate, two
aspects can be considered based on results from the simula-
tions. (1) Orientation of filaments should be parallel to dom-
inant flow direction, which is normally direction of inlet and
outlet flow of envelope geometry. However, it is worth not-
ing that transverse filaments of bottom membrane wall play
a role of pushing up water flow to give high shear rate on
opposite wall. (2) Envelope geometry should be narrow and
long rather than wide and short. This is because larger area
with axial flow is more favorable for wall shear rate when
spacer filaments are set to be axial. In order to improve shear
stress applied on membrane surface, spacer angle should
be oriented to parallel to main flow direction. In addition,
as shown in volume-rendering contours, shear rate contours
also show dead zones at near-angled geometries.

4. Conclusion

3D-CFD was used to investigate the effects of modified
SWM element envelope geometry on hydrodynamics inside
membrane envelope depending on different GL and LW
ratios. Hydrodynamic phenomena were examined by uti-
lizing various parameters such as Reynolds number, power
number, Fanning friction factor, and wall shear rate. Each
parameter was calculated based on data extracted from CFD
simulation. Based on the numerical results and membrane
envelope geometries studied, the following conclusions can
be drawn:

e Angular shape of corner of membrane envelope and tip
of central GL encourage dead zone creation which has
adverse effects on general membrane performance and
fouling tendency.

e GL ratio higher than 0.6 should be avoided because
pressure drop increases rapidly and aggravate flow
distribution.

e Short and wide membrane envelope geometry is more
desirable with regard to low energy consumption, while
narrow and long envelope tends to create higher total
average shear rate.

e Parallel alignment of spacer filaments to the main flow
direction induce higher shear rates in modified SWM
envelope geometry.

It should be noted that this study used impermeable
boundary condition to simulate performance of unit envelope,

C. Lee et al. / Desalination and Water Treatment 112 (2018) 282-291

which means mass transfer was not considered in the current
simulation. Impermeable boundary condition was occasion-
ally used because permeation velocity is negligibly lower
than feed velocity in most of the membrane processes [32,33].
However, in order to examine major membrane performance
such as water flux, further simulation based on permeable
boundary condition is necessary.

Symbols

— Channel width, m

— Hydraulic diameter, m

— Fanning friction factor
Channel height, m

— Channel length, m

— Number of envelopes

— Channel pressure drop, Pa
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— Pressure drop per length, Pa/m

— Power number

— Inlet flow rate, m3/s
Hydraulic Reynolds number
Strain-rate tensor

Specific power consumption, W/m?
Inlet velocity, m/s

— Effective velocity, m/s

— Displacement, m

— Velocity in x direction, m/s
Velocity in y direction, m/s
— Velocity in z direction, m/s
— Spatial coordinate

— Channel porosity

Dynamic viscosity, Pa s

— Density, kg/m?
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