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Abstract: Reverse osmosis (RO) is the leading technology in desalination for both, brackish and
seawater. Modeling RO process is a complex task as there are a high dependence on the operating
conditions and feedwater characteristics. One of the main drawbacks of this technology is the
performance decay due to fouling impact. Usually, fouling make the pressure drop to increase.
This increase has not been reflected in the proposed models in RO process. The aim of this work
was to proposed a time-dependent model for the pressure drop in RO process. For this purposes
long-term experimental data of two full-scale brackish water RO desalination plants with two
stages each were used. The first desalination plant was operating along 11 years in continuous
regime while the second desalination plant was in operation during 14 years in intermittent
regime. In the first desalination plant, the pressure drop ranges were 75-250 kPa and 25-150
kPa in the first and second stage respectively while in the second desalination plant were 50-
200 kPa and 20-125 kPa. The behavior of the experimental data in both cases was close to
an exponential function. The mentioned function was fitted in time domain using the standard
deviation as error function.

Keywords: Process modeling and identification, time varying parameter plant, pressure drop,
reverse osmosis, fouling.

1. INTRODUCTION

Reverse osmosis (RO) is the most widespread desalination
technology for both seawater and brackish water. This
has led to numerous attempts to improve its reliability
and efficiency by using new materials Aani et al. (2018),
optimizing the RO system design Ruiz-Garćıa and de la
Nuez-Pestana (2018) and studying different feed spacer
geometries (FSGs) Wang et al. (2019) with its impact on
commercial spiral-wound elements Ruiz-Garćıa and de la
Nuez Pestana (2019). Feed spacers geometry has a relevant
impact,among other things, on pressure drop (∆p) in RO
systems.

Usually, the effect of FSGs on ∆p is shown through the
friction factor (λ), which depend on Reynolds number
(Re) and two parameters (a1 and b1) (1). The mentioned
coefficient are determined by using computational fluid
dynamics (CFD) and/or experimental procedures. The
feed spacers has different characteristics such as material,
filament cross-section, filament torsion, location of trans-
verse filament, angle between crossing filaments (β), height
of the feed channel (h), etc. A.H. Haidari et al. (2018b)
that influence the RO process performance.

λ = a1 ·Reb1 (1)

There are several works published about hydrodynamics
and pressure drop dealing with spacer geometries. Belfort

and Guter (1972) evaluated various commercial spacers
for electrodialysis process. They analyzed the spacers in
terms of porosity, dead flow area capability, drag coefficient
(Cd ≡ λ) and pressure drop proposing some optimal
spacer screens. Equation (2) show the expression for the
Cd, parameters a2, b2 and c were calculated for different
FSGs. Belfort and Guter (1972) also carried out a hy-
drodynamic work related to desalination by electrodialysis
process. They proposed a turbulent flow theory by using
the relation of Blasius (3) in a channel. Sonin and M. S.
Isaacson (1974) studied the hydrodynamic performance of
an electrochemical system taking into account the channel
geometry with spacers (eddy promoters) and flow condi-
tions. They proposed the (4) for a Re between 300 and
2,000.

λ =
( a2

Reb2

)
+ c (2)

λ = 0.316 ·Re−0.25 (3)

λ = 20 ·
(
h

l

)0.6

·Re−0.5 (4)

where h is the is the height of the feed channel and l
the cylinder spacing between successive spacers. Chiolle
et al. (1978) proposed a mathematical model for two RO
membrane separated by a spacer net to treat seawater.
Equation (5) was used to calculate the ∆p. It can be seen



that the authors used the equation of a previous work
Belfort and Guter (1972) with a2 = 310, b2 = 1 and c = 0.

dp

dx
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310

Re

)
· ρ · v

2

h
(5)

where ρ is the density and v the cross flow velocity.
Kuroda et al. (1983) measured ∆p in channels with non
permeable walls obtaining the parameters indicated in (1)
for Re between 50 and 700. Schock and Miquel (1987)
tested the performance of RO SWMMs (FilmtecTM FT30,
Toray PEC 100..) considering experimental work in spacer-
filled channels. The presence of feed spacer reduces the
cross section area, this should be taken into account when
velocity in s SWMM is calculated. Effective area (Aeff)
was estimated by the mentioned authors by calculating the
porosity (ε). Equation (6) was obtained for 100 < Re <
1, 000.

λ = 6.23 ·Re−0.3 (6)

Avlonitis et al. (1991) carried an experimental work us-
ing the SWMM FilmtecTM FT30 SW. The experimental
considered a range of operating pressure and temperature,
0.77 mm as h, which is the same value use by G. Shock and
A. Miquel Schock and Miquel (1987) for the FT30 SWMM.
Avlonitis et al. (1991) deduced the (7) for λ in the feed
channel. Other interesting work was done by Bouchard
et al. (1994) on modeling ultrafiltration membranes. For
estimating ∆p they used the (8), which has been also used
by other authors Alhseinat and Sheikholeslami (2012);
Chen et al. (2004) in a RO process.

λ = 309 ·Re−0.83 (7)

∆p(x, t) = ∆p0 −
12 ·Kspacer · η

h2

∫ x

0

v(ξ, t)dξ (8)

where ∆p0 is the initial pressure drop, η is the water vis-
cosity, ξ is a dummy integration variable and Kspacer(≥ 1)
is a coefficient to consider the effect of the spacer in the
pressure drop along the membrane feed channel. A.R. Da
Costa et al. (1994) calculated Cd for different spacer filled
channels for ultrafiltration. Three spacer groups were iden-
tified based on their hydrodynamic performance (a1 and
b1 values). Values from 0.36 to 7.38 and from 0.16 to 0.40
were obtained for a1 and b1 respectively. This work was
used by Abbas (2005) in a simulation and analysis of and
industrial brackish water RO (BWRO) desalination plant.
C.C. Zimmerer and Kottke (1996) studied the variation
of λ with Re for different inclination angles and with a
dimensionless wavelength value of 5.5. They concluded
that with a proper choice of geometric parameters, the
to basic flow types (channel flow and corkscrew flow) can
be overlapped to a mixing flow. A review about SWMMs
and feed spacers was carried out by Schwinge et al. (2004).
They remarked that SWMM optimization require to take
into consideration the pressure loss due to spacer charac-
teristics. They mentioned that the use of CFD instead of
cell experiment should be use for understanding the flow,
shear and pressure loss in SWMMs and assisting in the
design of novel spacers. Geraldes et al. (2005) modified
the correlation of λ established by Shock and Schock and

Miquel (1987) (6) by adding an additional factor (Kλ) to
take into consideration pressure losses in the feed of the
PVs and SWMM fittings. In their work, these correlations
were used to simulate and optimize medium-sized seawa-
ter RO (SWRO) processes. C.P. Koutsou et al. (2007)
presented a numerical and experimental study about the
effect of FSGs in spacer-filled channels.

A comparison of pressure drop with different FSGs was
carried out. One of the conclusions was that the pres-
sure drop is very sensitive to the angle between axial
filaments and the attack angle. Kavianipour et al. (2017)
used CFD simulation for estimating λ for different feed
spacers: ladder-type, triple, wavy, submerged and plain.
The used (1) and showed that the configuration with less
pressure drop was the plain and with the highest was the
ladder-type. Z. Han et al. carried out a couple of works
based on simulations using CFD in SWMMs Han et al.
(2018a,b). They studied different geometries by fitting λ
using (1) Han et al. (2018a). The second work was about
studying the flow pattern considering different feed spacers
(cavity, zig-zag and submerge). In this work, the above
mentioned correlation for λ was also fitted. A.J. Karabelas
et al. (2018) studied the effect of feed spacer compression
on SWMM performance. A comprehensive method for
performance assessment of particular feed spacer types
was proposed. A.H. Haidari et al. (2018a) evaluated the
performance of different FSGs using a particle image ve-
locimetry to assess the velocity profiles. They established
that the estimation of the obtained velocity maps were rea-
sonable on the horizontal plane but, further experimental
investigations would be required to quantify the effect of
velocity in the vertical direction. Other interesting work
was carried out by A.H. Haidari et al. (2019), in this work,
the effect of feed spacer orientation on hydraulic conditions
was studied. Assessment of pressure drop results consider-
ing different attack angles was done, higher pressure losses
were observed with flow attack angle of 45◦ than 90◦. The
authors used a correlation similar to (1) to determine λ.

In general, the CFD studies are focused on improving the
design of FSGs by studying little pieces of spacer-filled
channels due to computational capacity and calculation
time required. The models obtained by CFD are complex
and would require a lot of time to be directly applied to
an entire RO system. This is the reason why some authors
have deduced simple correlations from CFD studies for
estimating λ. Some works have considered fouling effects
on pressure drop using CFD simulation and/or experimen-
tal work in small cells. Fouling effect on pressure drop in
commercial SWMMs should be taken into account by con-
sidering experimental data of full-scale desalination plants
operating under real conditions. A model for estimating
the pressure drop considering the mentioned fouling ef-
fects on RO systems in long-term operation has not been
proposed so far. The aim of this work was to propose a
model for estimating the pressure drop in full-scale RO
systems. This model took into consideration the fouling
effect by establishing a time dependent λ. This consid-
eration is due to the fact that throughout the operating
time (t), the SWMMs usually get fouled, which causes λ
to vary. This affects the flow patterns in the feed channel.
Experimental data of two full-scale BWRO desalination



plants Ruiz-Garćıa et al. (2018); Ruiz-Garćıa and Ruiz-
Saavedra (2015) were used to evaluate and fit the proposed
model.

2. MATERIAL AND METHODS

2.1 Experimental data

Both full-scale BWRO desalination plants are located
northwest of island of Gran Canaria (Canary Islands,
Spain). These plants and most of its operating data have
been described in detail in previous works Ruiz-Garćıa
and Ruiz-Saavedra (2015); Ruiz-Garćıa and Nuez (2020).
Fig. 1 show a general diagram of the BWRO desalination
plants where the feedwater sources were groundwater
wells and cartridge filters and antiscalant dosing were
used in the pre-treatment stage. In the first plant, the
RO system was equipped with 5 PVs. The configuration
was 3:2 and the number of elements by PV was 6. The
membrane element used was the BW30-400 FilmtecTM,
whose characteristics are available in the literature Abbas
(2005). The feedwater flow (Qf) was 25 m3/h and Qp was
about 15 m3 h−1. It should be considered that pressure is
usually measured at the inlet and outlet of the PVs.
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Fig. 1. Flow diagram of BWRO desalination plants.

The RO system of the second plant also had two stages
but, 5 BWRO membrane elements per PV and element
installed was the same as the in the first plant. The feed
capacity of this BWRO desalination plant was around 17
m3 h−1 and the production flow was between 10 and 11.5
m3 h−1. It should be considered that the operating data
were measured in full-scale BWRO desalination plants
where the dispersion of the experimental data are usual
due to the operating conditions in such kind of plants
(fluctuations, chemical cleaning in place, cartridge filters
replacement, shut down and start-ups, etc.).

2.2 Pressure drop in spacer-filled channels

The modeling of pressure drop in the BWRO system was
done considering some assumptions:

• Flat feed channels of the SWMMs.
• Only the pressure drop measured between the inlet

and outlet the PV was considered.
• Constant feed-brine flow per stage (Qfb).

Usually, when the flow regime is laminar the relation
between shear stresses and velocity gradients is known.

For unidirectional flow and non-compressible fluids, this
relation is shown in (9).

τxy = −η · dνx

dy
(9)

where τxy is the shear stress in the x direction, η is the
water viscosity and νx the velocity in the x direction.
In many cases, ν or pressure profiles are not easy to be
calculated, particularly if the geometry is complicated as it
happens in spacer-filled channels. In this cases, an average
shear stress (τav) is used (10) Bird (2002).

τav = λ · ρ
2
· ν2

av (10)

where ρ is the water density and νav the average velocity.
A momentum balanced applied in a flat feed channel gives
(11):

∆p = τav · L · P
A

(11)

where L is the feed channel length, P is the wetted perime-
ter and A is the cross section of the feed channel. The
hydraulic diameter (dh) is four times A divided by P . From
(11) and (10), (12) is obtained. Considering that pressure
is only x dependent and applying a momentum balance to
an infinitesimal control volume in the feed spacer channel
and changing the pressure order (13) is deduced. Equation
(13) has been used previously in some works Geraldes et al.
(2005); Du et al. (2014).

∆p = λ · ρ
dh

· ν
2
av

2
· L (12)

dp

dx
= −λ · ρ

dh
· ν

2
av

2
(13)

In this work, it was considered that pressure drop is op-
erating time (t) dependent since when an RO system get
fouled the pressure drop increases. Fouling in RO systems
produce λ to change with the operating time, taking this
into account, (1) could be written as (14).

λ = f(t) · a1 ·Reb1 (14)

where f(t) is a function that depends on t. Equation (15)
show the proposed expression for f(t). Introducing (15)
into (12), (16) was obtained. Usually, full-scale desalina-
tion plants work with constant permeate flow (Qp). Con-
stant feed-brine velocity (νfb) per stage was considered as
in this sort of plants is not common to have measurement
inside the PVs to check how νfb varies along the PVs (x
direction) and with t. For determining the νfb per stage
the software of the membrane manufacturer (WAVE) with
the initial operating conditions was used. Concerning the
first desalination plant, in the first stage a 77% of the
Qp was the estimated production and 23% in the second
stage. 82% of the Qp was the estimated production in the
first stage and 18% in the second stage of the second
desalination plant. After considering the pressure drop



depends on x and λ(t), the variation of pressure drop with
t can be written as (16). In this case x was constant as
∆pfb was measured between the beginning and the end of
the PVs in both stages, x was assumed to be 6 m and 5 m
respectively in both desalination plants.

f(t) = δ ·
(

1 − e−
t
T

)
(15)

∆p(t) =
ρ

dh
· ν

2
av

2
· x · a1 ·Reb1 · δ ·

(
1 − e−

t
T

)
(16)

The index chosen in this paper is the standard deviation.

where yi,exp are the experimental data, yi,calc are the
calculated data and N is the number of samples. The data
collection frequency in the second plant was very variable.
In the first 100 days of operation a high quantity of data
were collected in comparison with the rest of the operating
time. In order to avoid the fitting was centered where there
are more experimental points (first 100 days) the Integral
of Time multiplied by Squared Error (ITSE) was used,
since we are interested in the behavior of the pressure drop
in long-term.

3. RESULTS AND DISCUSSION

Figs. 2 and 3 shows the pressure drop of the first BWRO
desalination plant in stage 1 and 2 respectively. Pressure
drop in stage 1 was between 75 and 250 kPa while in the
second stage was between 25 and 150 kPa. In the first
stage, quite high values can be observed between the oper-
ation days 1,500 and 2,000. This was cause of high fouling
effect on BWRO during that period that corresponded
with a notable decrease in the water permeability coef-
ficient Ruiz-Garćıa and Ruiz-Saavedra (2015). The high
values in the second stage in the end of operating time
were due scaling, mainly calcium carbonate Ruiz-Garćıa
et al. (2018).
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Fig. 2. Pressure drop in stage 1 in the first BWRO
desalination plant.

In the second BWRO desalination plant, pressure drop in
stage 1 was between 50 and 200 kPa while in the second
stage was between 20 and 125 kPa as it can be seen in
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Fig. 3. Pressure drop in stage 2 in the first BWRO
desalination plant.

Figs. 4 and 5. In general, the values were lower in com-
parison with the first desalination plant causes les BWRO
membrane modules were disposed in series in each stage.
It should be remarked that the first desalination plant
was operating continuously while the second desalination
plant operated intermittently. Beside this, more chemical
cleanings were carried out in the first plant than in the sec-
ond, these operating conditions affected the performance
of both desalination plants in terms of fouling impact and
it also affects the pressure drops in each stage throughout
the operating time.
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Fig. 4. Pressure drop in stage 1 in the second BWRO
desalination plant.

Table 1 shows the values of the calculated parameters for
the proposed model. The time constants (T ) were quite dif-
ferent in the second plant from one stage to another. This
was because the pressure drop in the second stage show
a faster stabilization while in the first stage the pressure
drop increased along the operating time. Probably, this
was due to biofouling and colloidal fouling impact, which
is usually higher in the first stage than in the second.



Table 1. Calculated parameters for each model

Parameter Plant 1, stage 1 Plant 1, stage 2 Plant 2, stage 1 Plant 2, stage 2

δ 4.6898 3.0490 5.9381 2.7762
T 294.1176 434.7826 370.3704 166.6667
σd for plant 1,
ITSE for plant 2

2.8738 2.1473 1.5579× 108 2.7617× 108
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Fig. 5. Pressure drop in stage 2 in the second BWRO
desalination plant.

4. CONCLUSIONS

A time-dependent model for the friction factor in filled
channels of spiral wound membrane modules was proposed
in this study. The experimental data showed a relatively
fast increase at the beginning of the operating time and
certain stabilization in long-term operation. This behavior
resembles the proposed exponential function. Modeling
RO process is complex as there are many variables that
depends on the operating conditions and fluctuating water
source characteristics, pressure drop is one of them that
should be into consideration when control systems are
designed for this sort of desalination plants.
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