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A B S T R A C T

Feed spacer orientation affects the velocity pattern and pressure drop of spacer-filled channels such as those
encountered in Spiral-wound Membrane (SWM) modules of Reverse Osmosis (RO). However, there are only
limited numbers of experimental studies on this topic. This study sets out to reveal more detailed information on
the pressure drop and velocity patterns of spacer-filled channels. Particle Image Velocimetry (PIV) is used to
provide high-resolution velocity maps for three commercial feed spacers of different thicknesses at a flow attack
angle of 45° and 90°. The pressure drop is measured for the applied operational conditions (Re < 250). Results
showed higher pressure losses, a better mixing of flow, a lower variation of temporal velocity, and a smaller
variation of velocity over the channel height in the orientation with a flow attack angle of 45° as compared to
90°. The results presented here can be used to validate numerical studies, determine the fouling-sensitive regions
in a spacer-filled channel and consequently, design the optimal spacer with respect to its orientation and
thickness.

1. Introduction

Reverse Osmosis (RO) has become a popular technology around the
world for production of highly purified water [1]. The coming decades
are likely to witness an even greater use of RO for purification of fresh
surface water as a consequence of the emergence of new types of mi-
cropollutants such as drug residues in fresh water, which cannot be
removed with conventional treatment plants. For instance, Wong et al.
[2,3] reported that certain species are in danger of extinction in almost
half of European and North American rivers and lakes because of the
pollution of these ecosystems [4].

The Spiral-Wound Membrane (SWM) configuration is the most
common configuration applied in Nanofiltration (NF) and RO because it
offers a good balance between ease of operation, fouling control, per-
meation rate, and packing density [5–8]. However, a wider and more
efficient application of SWM configuration requires further improve-
ments of the module’s components such as the feed spacer [3,9–12].
The feed spacer works as a supporting net and keeps two adjacent en-
velopes apart [13,14]; it thereby provides a passing channel for feed
water to move tangentially over the active layer of membrane sheets
[15]. In addition, the feed spacer determines the hydraulic conditions of

the feed channel such as the pressure drop and the time and location of
initiation of the fouling. Thus, any alteration in geometrical char-
acteristics of the feed spacer results in the changing of hydraulic con-
ditions of the SWM module.

A slight increase in the thickness of the feed spacer (from 28 to 34
mils) is one of the few changes that feed spacers have undergone since
the first design of SWM modules of RO. This improvement led to the
manufacturing of low-pressure RO modules. At a constant production
rate, low-pressure modules have a lower fouling tendency and pressure
drop [16] and consequently consume less energy compared to modules
composed of 28 mils (0.7 mm) spacers. Such improvements are parti-
cularly attractive when fresh water is used as the feed for SWM modules
of RO because of a higher ratio of pressure losses to applied pressure in
fresh water. This higher ratio can be explained by the fact that the
applied pressure in fresh water is lower than brackish water and sea-
water due to its lower osmotic pressure, but the pressure drop along a
(clean) SWM module is the same for all types of water due to constant
geometrical characteristics of the feed spacer and feed channel in
commercial modules.

Considering the amount of water produced by RO plants worldwide
and high energy costs, even a small improvement in the efficiency of
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