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Performance and control of a reverse it

osmosis unit integrated with Pelton
Wheel to supply emergency electric loads
under various operating conditions
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Abstract

Nowadays, the whole world is moving very quickly into the field of seawater desalination. This is because the world
suffers from a lack of potable water. Water and energy are adjoining linked fields. The present work aims at investigat-
ing the performance of a reverse osmosis (RO) plant integrated with Pelton Wheel under various operating conditions.
The main reason for using Pelton turbine instead of the pressure exchanger (PX) is the low cost of Pelton compared
to that of PX. The RO system integrated with the Pelton Wheel was tested under various operating pressures of 650,
700, 750, 800, and 850 kPa. Changing the feed water pressure affects the pressure of the reject entering the Pelton
wheel and this, in turn, affects the velocity of the water jet. Also, the impact of varying the feed water salinity (total
dissolved solids (TDS) =400, 500, 600, 700, and 850 ppm) and temperature (20-39 °C) on the permeate and reject

of RO was tested. In addition, a theoretical modeling was built to predict the performance of the RO system. The
permeate flow rate was increased by raising the RO operating pressures. The permeate flow rate was augmented
from 2.5 to 4.3 L min~' when increasing the operating pressure from 650 to 850 kPa, respectively. Therefore, the per-
meate flow rate is enhanced by around 72% when increasing the operating pressure by only 30%. Besides, increasing
the pressure by 30% (from 650 to 860 kPa) decreased the generated power of the Pelton Wheel by approximately
72% (from 960 to 270 W, respectively). Also, increasing the feed water salinity leads to raise the salinity of RO perme-
ate, and vice versa. The RO permeate salinity is raised from 165 to 285 ppm when increasing the operating pres-

sure from 650 to 850 kPa, respectively. As well, the more the increase in feed water temperature, the more improve

in the permeate flux and salinity. The permeate TDS was decreased from 140 ppm at feed-water temperature 20 °C
to 56 ppm at feed water temperature 39 °C. In this study, the Arduino program circuit was used to supply the required
emergency loads by controlling the pressure values of high-pressure pump due to easy and open code program.
Finally, the theoretical modelling results are in good correspondence with the experimental results. The average
deviation among the theoretical and experimental results was 3.5%.
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1 Introduction
The availability of water in communities is one of the
main reasons for their survival [1, 2]. In addition, it was
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been reported that water is being consumed at a rate
almost twice the rate of population growth [5]. Also, the
rapid development in agricultural technology, industry
and medical equipment has exacerbated the water short-
age problem [6—8]. In many places around the world,
various desalination methods are used to overcome the
problem of water shortage [9-13]. Reverse Osmosis (RO)
technology and thermal distillation techniques are the
well-known categories of desalination plants. Unlike the
thermal distillation techniques, the RO systems have the
advantages of small-horizontal space for infrastructure,
simplicity for operation, low chemical constraints, simple
procedures for operation, station compactness, capabil-
ity of desalinating either saline, brackish, or geothermal
waters, and selective separation [14, 15]. Another feature
that distinguishes the RO method from other methods is
its economics in operation and production [16], which
facilitates its spread in all commercial societies unlike the
other distillation techniques [17, 18].

The parameters affecting the performance of RO unit
are the operating pressure, feed salinity, water flux, feed
pH, permeate recovery ratio, and temperature of feed
water. Ansari et al. [19] evaluated the performance of
50 m® d™! RO unit with varying the input parameters of
pressure and salinity. Pressure was varied between 500
and 1300 kPa, and salinity varied from 1000 to 5000 ppm.
Results obtained that the performance greatly depends
on the feed pressure and feed salinity. The increase of
pressure at constant salinity leads to a linear rise in the
flow of permeate. Also, salt rejection is decreased non-
linearly with the increase of feed water salinity. The rela-
tion between the flow rate and salinity is linear. Al-Jeshi
et al. [20] investigated the effect of pressure on the per-
formance of RO membrane in water containing 50% oil.
The applied feed pressure varied from 80 to 160 MPa.
The authors observed that the increase in feed pressure
increases the rate of permeation, leading to oil dilu-
tion and increasing the product water flow. In addition,
Shaaban et al. [21] designed, constructed and tested a
typical RO system in hot climate conditions. They used
ROSA software to analyze seven various membrane ele-
ments when applying a pressure varying from 260 to
600 kPa. Results showed that the osmotic pressure is
increased by increasing feed water salinity. Increasing
feed pressure and decreasing salinity increase permeate
flux. Moreover, Kim et al. [22] investigated the applica-
bility of a two-stage seawater RO system in the Arabian
Gulf regard to the extreme conditions such as high tem-
perature (from 20 to 40 °C) and salinity (from 30,000 to
60,000 mg L) for a water capacity of 10,000 m® d~%. It
was found that the achieved recovery increased from 31
to 34%, although the system was used under extreme con-
ditions. Therefore, a linear relationship was concluded
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between the water flux and feed pressure of RO unit
[23]. In addition, a nonlinear-direct relationship was con-
cluded by Shamel and Chung [24] between the feed pres-
sure and salt rejection of RO unit. They also reported that
the permeated flux of RO unit is proportional with the
feed water temperature. Moreover, Jin et al. [25] tested
the performance of RO membranes for treating brackish
water under various operating temperatures of 15, 25 and
35 °C. They reported that raising the feed water tempera-
ture led to reducing the solute concentration polarization
and improved the water and salt permeability. Also, the
consumed power was reduced by raising the feed water
temperature. Besides, Mohammed et al. [26] investi-
gated the influence of temperature on performance of RO
membrane with regard to time. The applied temperatures
varied among 25, 35 and 45 °C. It was observed that salt
rejection was decreased by the increase of feed water
temperature. That is because of the decrease of feed solu-
tion viscosity that results in decrease in the fouling on the
membrane surface. Additionally, Odabasi et al. [27] ana-
lyzed the effect of several parameters on the performance
of RO membrane processes using some machine learning
techniques. One of these parameters was the feed flow
rate. It was found that there was an interconnected rela-
tionship between feed flow rate and permeate flow rate.
High flow rate was desired for more efficient RO mem-
brane operations. Furthermore, Ali et al. [28] simulated
the integrated membrane desalination with RO mem-
brane. Several configurations of hybrid systems includ-
ing cascading and brine recycling were investigated.
The performance was improved due to increasing the
recovery rate and reducing the energy consumption. The
water recovery ratio varied between 30 to 40% when the
operating pressure of RO varied from 600 to 4000 kPa.
The recovery ratio was also improved through the brine
recycling. The water recovery ratio reached 90%, how-
ever it encountered the increased cost. Generous et al.,
[29] investigated a design model to study the perfor-
mance of RO membrane. The effect of recovery ratio on
the model performance was conducted. As a result, when
the recovery ratio is increased, the cost of product water
is decreased. Cost was observed to be reduced by 28%
when recovery ratio is increased from 30 to 50%.
Therefore, the best performance of a RO unit can
be achieved by integrating the unit of a PX (pressure
exchanger), which is used as an excellent energy recovery
system (ERS). However, the PX is expensive, especially
for the remote areas and poor people. Consequently, the
main aim of the present work is to investigate the perfor-
mance of the RO plant integrated with a Pelton Wheel
under various operating conditions. This is to obtain
the performance of the proposed system to be used for
remote areas and poor people with large families. The
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cost of the Pelton turbine is marginal as compared to that
of the PX ERS. The proposed RO system integrated with
the Pelton Wheel was evaluated under various operating
pressures of 650, 700, 750, 800, and 850 kPa. Changing
the feed water pressure affects the pressure of the reject
entering the Pelton wheel and this, in turn, affects the
velocity of the water jet. The plant was operated with
several pressures and measured the voltage and current
generated by the Pelton wheel using a Watt meter to indi-
cate the resulting power. Also, the impact of varying the
feed water salinity (total dissolved solids (TDS)=400,
500, 600, 700, and 850 ppm) on the permeate and reject
was assessed. Additionally, the influence of the various
temperatures of feed water on the permeate salinity was
studied. Finally, an automatic control system (by Arduino
Program Circuit) was incorporated to the system to con-
trol the electric power generated to supply emergency
loads or storage the power through batteries related to
the permeate flow rate of water.

2 Preparation, assembly, and testing methodology
As well-known, the RO plant consists of a low-pressure
pump, high-pressure pump, RO membrane, recovery sys-
tem, and auxiliary measuring and controlling instruments
such as the pressure switches, valves, flow meters, Arduino
circuit...etc. The recovery system utilized was a Pelton
Wheel. A photograph of the tested RO plant is illustrated
in Fig. 1.

The used RO membrane was a polyamide composite
membrane. It is characterized by low operating pressure,
higher flow, and improved desalination. It is employed in
drinking water treatment plants in municipal drinking
water supply, various industrial water purification, sea-
water desalination project, etc.

Firstly, the DuPont RO membrane 4021 is installed in
its housing according to the direction of the flow. Then,
the end caps are installed for the feed side and the end

Fig. 1 Photograph of the investigated RO unit with ERS of Pelton
Wheel
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side. The inlet of the membrane is coming from the high-
pressure pump. The output is divided into permeate and
reject. In addition, the dual media was filled with gravel,
sand, and coal. These three materials occupied almost
two-thirds of the media filter. It is installed after the
low-pressure pump and before the cartridge filter. When
operating for the first time, the membrane is separated,
and the device is turned on to wash the media filter. A
cartridge filter of the type of the spun bonded filter car-
tridge was selected for more pre-filtration process. It is
a piece of tubular filtration equipment that can be used
in several applications for an array of filtration require-
ments. A cartridge is encased within a housing or a cas-
ing and used to remove unwanted particles, pollutants,
and chemicals from liquids. Spun Bonded Cartridge fil-
ters (Filter Concept) are manufactured through a process
that thermally bonds pure Polypropylene microfibers
with lower density at the outside surface and progres-
sively higher density toward the center. Water goes
through the filter matrix and retains the particles inside
the matrix that have higher efficiency and longer filters
life. The Cartridge filter is installed after the media filter
and before the high-pressure pump.

Moreover, three types of pumps are used for the pur-
pose of operating the entire system: high pressure pump,
low pressure pumps, and two dosing pumps. A low-pres-
sure pump is used in order to withdraw feed water and
deliver it to the media filter. High pressure pump is used
in our project to increase the pressure of water stream
before entering the RO membrane. The installed high-
pressure pump is a peripheral electric pump with com-
pact dimensions, and it is controlled (pressure values)
by Arduino circuit to control the output of generated
electric power. The motor is a closed asynchronous type
with external ventilation cooling. The rotor is running on
permanently lubricated ball bearings, oversized to ensure
low noise and durability. For the protection of the three-
phase motor, a remote overload cut-out was used.

A dosing pump is a positive displacement pump that
is designed for the purpose of injecting a chemical sub-
stance into the flow of water, gas, or any other fluid. Two
pulse injection diaphragm pumps (dosing pumps) were
used for the purpose of injecting doses of chlorine and
antiscalant from the dosing tanks to the stream of water.
They have a controller that switches the pump on or off
and controls the flow rate.

Furthermore, a solenoid valve is used as a safety valve
to protect the low-pressure pump from low pressures. It
prevents pressure from decreasing lower than 200 kPa.
Also, a PVC (polyvinyl chloride) ball valve is used as an
isolation valve for the operation of the system.

Pelton wheel is the preferred turbine for hydropower
when the hydraulic head or the source of water at low
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flow rates. Regarding the flow rate and pressure of
the RO system, the specifications of the Pelton Wheel
are designed and calculated as tabulated in Table 1.
Buckets were made of PVC material with the dimen-
sions obtained in Table 1. The length of the handle of
the bucket is 2 cm and the gap between two handles is
0.75 cm. Also, the rim is made of PVC with thickness
of 0.75 cm. The length of the shaft is 5.5 cm. It is made
of stainless steel. Besides, the wheel casing is made of
2 mm stainless steel sheet metal. It has two holes, one
for the nozzle and one for the shaft. A schematic dia-
gram of the investigated RO unit with ERS of Pelton
Wheel is shown in Fig. 2.

Table 1 Parameters and specifications of the Pelton Wheel

Parameter Value
Speed ratio 044
Wheel mean diameter 20cm
Radial length of the bucket 4.2cm
Axial width of the bucket 6.cm
Depth of the bucket 22cm
Number of buckets 12
Shaft hole diameter Tcm
Angle between two buckets 30°
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For evaluating the performance of the RO plant, suit-
able measuring instruments were utilized such as the
TDS meter to measure the TDS of feed water, reject
and permeate. Also, a Watt meter was utilized to meas-
ure the electric power generated by the Pelton wheel. A
pH meter was used to measure the pH of the feed water,
permeate, and reject of RO plant. In addition, the pres-
sure gauge is used to measure the pressure in all the parts
of the system, and there are inputs to Arduino circuit to
evaluate the decided pressure that generates the needed
electric power. Besides, a flowmeter was used to meas-
ure the flow rate of the feed water, permeate, and reject
entering the Pelton wheel.

3 Experiments

The experimental tests were conducted in the labs of Kaf-
relsheikh University, Kafrelsheikh (31.1107° N, 30.9388°
E), Egypt. The experimental test-rig was boosted by a
feeding reservoir to be used for the purposes of various
water salinities. Also, the brine of the desalination system
was connected to the plumbing network of the lab. The
experimental steps are as follows.

1. Before operating and testing the plant, the plant was
switched on the washing cycle to wash the media
filter. Note that this process is conducted only once
in the lifetime of the media filter. After the washing

1 Feed water 12 Cartridge filter i
! 2 Feed water tank 13 Solenoid valve |
13 Dosing pump 14 High pressure pump |
14 Chlorine tank 15 Pressure gauge !
s Valve 16 RO membrane I
: 6 Low pressure pump 17 Pressure gauge :
17 Media filter 18 Valve -
: 8 Pressure gauge 19 Permeate tank :
HE Valve 20 Reject tank I
1110 Dosing pump 21 Pelton Wheel -
111 Antiscalant tank 22 Battery :

Fig. 2 Schematic diagram of the investigated RO unit with ERS of Pelton Wheel
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cycle, the plant is fully operated and connected to the
Pelton Wheel by using the reject in operating the Pel-
ton Wheel to generate electricity.

2. The RO system integrated with the Pelton Wheel was
tested under various operating pressures from 650 to
850 kPa. The effect of varying the operating pressure
on the permeate and generated power of the Pelton
Wheel was investigated. Changing the feed water
pressure affects the pressure of the reject entering the
Pelton Wheel and this, in turn, affects the velocity
of the water jet. The plant was operated with several
pressures with measuring the electric power gener-
ated by the Pelton wheel using a Watt meter to calcu-
late the resulting power.

3. Also, the impact of varying the feed water salinity
(TDS from 300 to 850 ppm) on the permeate and
reject was tested.

4. Additionally, the influence of the various tempera-
tures of feed water on the permeate salinity was stud-
ied.

5. Incorporating the needed generated electric power
according to on-time loads by Arduino program cir-
cuit.

Finally, the last step was flushing by the domestic water
for a while to make sure that there is no concentrated
solution left in the system. All tested parameters are tab-
ulated in Table 2.

As mentioned above, the RO system was integrated
with the appropriate measuring tools to be able to eval-
uate the plant performance. To appropriately assess
the experimental data, it is critical to determine the

Table 2 Steps and parameters of experiments

Testing Parameter Values Unit

Pressure, P 650 kPa
700
750
800
850
Feed water salinity, TDS 850
700
600
500
400
300
Feed water temperature 20 °C
325
355
375
39

Stept1

Step#2 ppm

Step#3
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preciseness of the observed variables. The Holman [30]
approach is employed to evaluate the finding uncer-
tainties. Table 3 shows the uncertainty of devices deter-
mined using the Holman technique.

4 Theoretical modelling of the RO system
In the current work, a single stage of RO membrane
was tested. Figure 3 describes a schematic diagram of
the tested one-stage RO unit. The feed water was forced
to enter the membrane under the high pressure deliv-
ered by the high-pressure pump. The modeling equa-
tions are solved by Engineering Equation Solver (EES)
software to obtain the performance of the RO unit.
Besides, the volume flow rate of the permeate (Qp)
can be found as a function of the membrane surface
area A in [m?] and the water flux of membrane J, in [m
s [31]:

Qp =Jw-A (1)

The water permeability “A " and solute transport fac-
tor are the parameters that determine the solution dif-
fusion model for RO membrane unit, and those factors
are introduced by the manufacturer. Therefore, regard-
ing this model, the pure water flux “J,,” can be deter-
mined by [25].

]w = Am-Peff (2)

where, P4 is the residual transmembrane pressure, and it
is calculated by.

AP¢
Pegg=( Pt — Pp — APip — ) (T[w - Tfp) (3)

Also, the flux of salt “J;” equals [25].
Js=B(Cyw — Cp) (4)

Where B is the solute permeability. Therefore, the
pure water flux and salt flux are utilized to determine
the velocity of permeate as following [32].

Table 3 Errors of measurable tools

Tool Unit Range Accuracy  Error, %
Gauge pressure for LPP kPa 0-10000  +1 0.25
Gauge pressure for HPP - kPa 0-2000 +0.5 0.5
Temperature sensor °C 0-100 +0.1 0.05
Flowmeter Lmin~"  0-40 £1 1.25
TDS meter ppm 0-1000 +1 0.002
pH meter - 2-14 +0.02 0.0025
Watt meter W 0-6000 +1 0.25
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Fig. 3 Schematic diagram of the tested one-stage RO unit

_ Jw +Js
Pp

Vi (5)

Besides, the retentate volume flow rate is calculated by
[32].

Qr = Qf - Qp (6)

Also, the concentration of permeate can be calculated
by [32].

Js
Cp = Viw (7)

Hence, the membrane material balance can be formu-
lated as [25].
C
R=1- 2

- ®)

Where R is the intrinsic or real solute rejection by the
membrane. Also, the concentration of retentate can be
determined by [32].

Cf X Qf — C, x Q
C = a PT P ©9)

Whilst the membrane energy balance can be formu-

lated as.

Py =Pf — APjy, — APout — APy (10)

However, the above relations are not yet enough to fully
depict the RO membrane system. To further look into the
mass transfer principles in RO membrane, the Film Theory
can be referred, which considers the concentration polari-
zation factor on the membrane feed side. Unfortunately,
this concentration polarization process negatively affects
the productivity of the treated water as well as the rejec-
tion of salts. In addition, it raises the osmotic pressure near
the wall of the membrane more than that of the bulk feed
water, and it declines the difference in net driving pressure
throughout the membrane.
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RO membrane

&Q)

Permeate

Reject

Therefore, the concentration on wall of membrane feed
side is formulated by [32].

C+C .
cwch+( f; r—(:P>.evk

(11)

Where C,, and C,, are the concentration of the salt at
membrane surface and in bulk solution, respectively.
Also, k is the convective mass transfer coefficient, and it
can be determined by [32]

0.023 x (Re)7> x (5.)0% x for Turbulent flow (Re >2100)
(12)
Moreover, based on the temperature, density, and salt
concentration, the osmotic pressure (m —Pa) can be
determined as following [32].

162 RexSex Dy \O22 _ b, for Laminar
ke 2 e X Dur or Laminar flow (Re < 2100)
Ds
Dcn

7(C,T) = (0.6955 + 0.0025T) 108.% (13)

It should be noted that the water flux depends mainly
on the net pressure driving force across the membrane
(AP — Am), which means the difference in the transmem-
brane pressure minus the difference in the osmotic pressure
of the feed and permeate sides. While the salt flux relies
mainly on the salt concentration difference across the mem-
brane due to that the salt flux is the salt quantity moving
through a unit membrane surface area per unit time [31].

The total pressure drop through the membrane equals
the summation of the friction losses through the mem-
brane channel (AP;) and the minor losses at the inlet and
outlet of membrane manifolds (AP;, and AP ). The fric-
tion loss through the membrane channel (APy) is deter-
mined by fanning equation as following [32].

Lch

APf=2 x fx p X Vgh X
Dch

(14)

As well-known, the fanning friction factor (f) is deter-
mined based on the Reynolds number (Re) as following.
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‘. 1—2 for Laminar flow (Re < 2100)
) %21 for Turbulent flow (Re > 2100)

Re025

(15)

Also, the seawater density is approximated by.

p=498.4 x m+ \/248400 x m2+7524 xmxC

(16)
where
m = 1.0069 — 2.757 x 10~% x T (17)
In addition, the seawater viscosity (1) in Pa.s equals:
1965
L =1.234 x 1076 x o (000212xC 15388 (18)

Besides, seawater diffusivity (D,) in m? s7! equals [32].

D, = 6.725 x 107 x o(01586x10xCH e B5) - (19)

Moreover, the minor losses at inlet and outlet of mem-
brane pipelines (AP;, and AP_) are considered as a minor
loss of expansion from feed pipe to membrane shell and
contraction from membrane shell to membrane pipe,
respectively. Therefore, minor pressure drops for expan-
sions (AP,,) and contractions (AP_,) equal [32].

Al>2'vzx : (20)

APexpansion = <1 - Aiz 7% a

And [32],
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A1 2 V2 X P
APcontraction = 0.55 x | 1 — — : (21)
Ay 2xX o
where [32]
_J 05 forLaminar flow (Re < 2100)
=Y 1 for Turbulent flow (Re >2100) (22)

By modifying Eqgs. (20, 21 and 22), the inlet pressure
drop for the tubular module equals.

A \? Aa\?
AP, = <4_1>Lﬁ+m%07nx ”)mi.p
Asn Agpy 2 X«
(23)

And, the outlet pressure drop for the tubular module
equals.
2xa

nx A\ 2 A\ 2
MM=K1Mﬁ)%+wﬁé>ﬁ.
(24)

As the efficiency of high-pressure pump (ny,,) is 75%
(from the manufacturer data sheet), the required power
by the pump equals [33].

4

Pout - Pin

\X/P = (21 X
Mhpp

(25)
A flow chart of the theoretical solution processing is

illustrated in Fig. 4. This chart presents the steps of the
theoretical modeling solution obtained by EES software.

Enter the feed water properties: C, Q, T, ....

Enter the membrane properties: A . B, J , ....

Enter the membrane properties:

7
2
s}

Calculate permeate velocity V_

and concentration C_

: . Y . .
Calculate reject concentration C & Osmostic pressures

. A 4
Calculate residual transmembrane pressure P& Retentate pressure P,

Calculate flow characteristics: AP k. Re,

E{pS I A BRI

Y
Data analysis & Output parameters

Yy

Fig. 4 Flow chart of the theoretical solution processing
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Also, the constant values of parameters in the theoretical
modeling are presented in Table 4.

5 Results and discussion
5.1 Validation of the theoretical modeling

with experimental results
The above mathematical equations were solved by EES,
and their results were compared to the experimental ones
to obtain the reliability of the developed model. Figure 5
illustrates a comparison between the experimental and
theoretical results of the permeate flow rate under various
operating pressures. It shows that the theoretical modelling
results are in a good correspondence with the experimen-
tal results. The average deviation among the theoretical and
experimental results was calculated as 3.5%.

5.2 Effect of pressure on permeate flow rate

Figure 6 demonstrates the effect of the various oper-
ating pressures of the RO system on the flow rates of

Table 4 Constant values of parameters in the theoretical
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permeate and reject water. It is observed from Fig. 6
that the permeate flow rate was increased by increas-
ing the operating pressures of RO system. For instance,
the permeate flow rate was augmented from 2.5 to 4.3
L min~! when increasing the operating pressure from
650 to 850 kPa. Therefore, the permeate flow rate is
enhanced by around 72% when increasing the oper-
ating pressure by only 30%. These values obtain the
importance of changing the operating pressure of the
RO system. This reason behind this process maybe
that the higher the operating pressure, the higher
flow rate passing through the membrane module, the
higher velocity of the water through the membrane
and system. This process enhances the mass transfer
coefficient. Therefore, the flow rate of permeate is
increased. While the flow rate of retentate is declined.
So, the flow rate of reject was declined from 14 to
7.6 L min~! when increasing the operating pressure
from 650 to 850 kPa. Therefore, increasing the oper-
ating pressure by 30% declined the reject flow rate by
around 45%.

modeling
. 5.3 Effect of pressure on the generated power
Parameter Value Unit . . .
Figure 7 illustrates the effect of the various operat-
Mo 75 % ing pressures of RO system on the generated power of
An 221107 mCBs'kPa™'  the Pelton Wheel. It can be concluded from Fig. 7 that
Membrane Recovery rate 15 % increasing the RO operating pressure decreases the
Membrane area (A) 28 m? generated power of the Pelton Wheel. For example, the
Membrane flow rate of 8 mid™’ generated power by the Pelton Wheel was 960 W at the
Membrane pressure drop 100 kPa RO operating pressure 650 kPa. While the Pelton Wheel
4.5 T : T T T T
O Experimental data 8
—O— Theoretical data

~4.0 1 0 i

' °

&

g

o 3.5 o -

= O

% /

= O

o 3.0 4 O .

<
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£

o

254 O v

e
20 T Y T T y T g T
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Fig. 5 Comparison between the experimental and theoretical results of the permeate flow rate under various operating pressures
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13
12 4
114
10 -
9

871 —e— Reject flow rate
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6 -
5 4

2 T " T

—=#— Permeate flow rate

71 Feed water flow rate =
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T T T
750 800 850
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Fig. 6 The effect of the various operating pressures of RO system on the flow rates of permeate and reject water

1050 ~

O

[=3

[=]
|

~

N

(=]
|

D

[=

[=]
|

450

Generated power (W)

300

150

650 700
Pressure (kPa)

Fig. 7 The effect of the various operating pressures of RO system on the generated power of the Pelton Wheel

power was reduced to 770 W with increasing the pres-
sure to 700 kPa. Also, raising the RO pressure from 750
to 850 kPa led to decline the generated power of the
Pelton Wheel from 546 to 270 W. Therefore, it can be
concluded that increasing the RO operating pressure by
around 30% (from 650 to 850 kPa) decreased the gener-
ated power of the Pelton Wheel by approximately 72%

750 800 850

(from 960 to 270 W). As a result, it can be reported that
percentage of decrease in the generated power of the
Pelton Wheel is almost the same percentage of increase
in permeate flow rate when implementing the same per-
centage of increase in pressure as observed from Figs. 6
and 7. The reason behind decreasing the generated
power of the Pelton Wheel can be explained regarding
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the following phenomenon. Increasing the RO operating
pressure improves the permeate flow rate and reduces
the flow rate of reject. As explained in Sect. 3 (Experi-
ments), the Pelton Wheel is fed by the retentate of the
RO unit. So, the lower the reject flow rate of the RO
unit, the lower the flow rate of water entering the Pelton
Wheel, and vice versa. As increasing the RO operating
pressure raised the permeate flow rate and reduced the
retentate flow rate of the RO system, increasing the RO
operating pressure reduced the water flow rate entering
the Pelton Wheel. In addition, the power of the Pelton
Wheel depends mainly on the water flow rate entering
it. Therefore, reducing the flow rate of water entering
the Pelton Wheel leads to decrease the power generated
by it. So, increasing the RO operating pressure leads to
reduce the generated power by the Pelton Wheel as illus-
trated in Fig. 7.

5.4 Effect of feed water salinity on the permeate and reject
TDS
Figure 8 demonstrates the effect of the various feed
water salinities on the permeate salinity under fixed
operating pressure of 650 kPa. The salinity of feed
water was ranged between 400 to 850 ppm (Fig. 8). The
low feed water salinity was tested under various values
to match the specifications of the membrane module
of the RO unit. It can be concluded from Fig. 8 that
increasing the feed water salinity leads to increased
salinity of the RO permeate, and vice versa. For
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example, the salinity of the RO permeate is raised from
165 to 240 ppm when increasing the feed water salin-
ity from 400 to 600 ppm, respectively. Also, raising the
feed water salinity from 700 to 850 ppm leads to raise
the salinity of the RO permeate from 270 to 285 ppm,
respectively. As well, it can be concluded that the feed
water salinity strongly affects the salinity of both per-
meate and retentate of the RO system. The higher the
feed water salinity, the more the salinity of both per-
meate and retentate as shown in Fig. 8.

5.5 The effect of temperature on the permeate TDS

The temperature of RO feeding water was ranged from
20 to 39 °C. Figure 9 illustrates the effect of the vari-
ous feed water temperatures on the permeate salin-
ity under a fixed operating pressure of 650 kPa. It is
revealed from Fig. 9 that the higher in feed water tem-
perature, the more decrease in the permeate TDS. This
is because raising the feed water temperature reduces
declines the concentration of salt on the membrane
surface. For instance, the permeate TDS was decreased
from 140 ppm at feed water temperature 20 °C to
56 ppm at feed water temperature 39 °C as shown in
Fig. 9. This can be explained as the water physical
properties varies with change in temperature, hence
the mass transfer coefficient would be changed. As the
feed water temperature raises, the mass transfer coeffi-
cient is increased, and concentration of salt is declined.
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Fig. 8 The effect of the various feed water salinities on the permeate salinity under fixed operating pressure
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5.6 Control of generated electric power by Arduino
program

As shown through Figs. 6 and 7, the effect of the vari-
ous operating pressures of RO system on the generated
power and permeate flow rate is the reverse effect. The
user of this system can use the generated power to sup-
ply loads (e.g. emergency loads) through on-line supply
or battery storage as renewable energy source. For exam-
ple, authors use hydraulic power and photovoltaic to
generate clean and natural electrical power resources to
supply an emergency loads or limited the consumed elec-
trical energy bill to a certain acceptable economic strip
as in [34]. As illustrated in the above sections, the pres-
sure of high-pressure pump is the key to decide the out-
puts of the permeate flow rate and generated electrical
power. Therefore, according to user priority (e.g. increas-
ing the generated power rather than permeate flow rate
or vice versa), the pressure should be set (adjust) to give
this needed power. The system can be controlled by using
proposed Arduino circuit which controls the pressure,
high pressure pump, to any values by its open code pro-
gram as shown in Fig. 10. The Arduino program circuit
is very simple and recommended usage for these cases to
generate electric power. Its operation depends on three
sensor inputs; one from pressure point in the water out-
let from high pressure pump, the second and third sen-
sors are to measure the current and voltage of the actual
emergency load (needed power). For any needed values
(generated power or permeate flow), the Arduino soft-
ware program can decide the required outlet pressure
from high pressure pump, and it can control the setting

by ON/Off relay, which in turn can operate On/Off of cir-
cuit breaker of high pressure pump. There are two con-
trol types; the first is the Arduino program that sets the
operation of high-pressure pump according to the inputs
of needed loads (current and voltages), in the second
control the user will adjust the setting pressure and then
the Arduino operates high pressure pump according to
this setting. For example, if the user needs the generated
power, supplied emergency loads, to be 960 W (second
control type) then the Arduino program will automati-
cally set the pressure state of high-pressure pump to be
650 kPa and it adjusts its circuit breaker On/Off opera-
tion to this value and so on.

According to Ref. [34], water in motion possesses three
forms of energy; kinetic energy due to its velocity, pres-
sure energy due to its pressure, and potential energy due
to its height. The used type in this study is pressure one
with energy:

Pi
Pressure energy = — (26)
0
where:
Pi is inlet water pressure to Pelton Wheel turbine, N
m=2
p is the density of water, kg m™>

6 Conclusions

In this study, the performance of a RO plant integrated
with a Pelton Wheel under various operating conditions
of various operating pressures (650-850 kPa), various
feed water salinity (TDS=400-850 ppm), and various
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Fig. 10 Arduino Circuit for control the pressure and generated electric power

temperatures of feed water (20-39 °C). The following
points can be concluded based on the above results.
The permeate could be increased by raising the operat-
ing pressure of RO system. For instance, the flow rate of
permeate was augmented from 2.5 to 4.3 L min~! when
increasing the operating pressure from 650 to 850 kPa.
Therefore, the permeate flow rate is enhanced by around
72% when increasing the operating pressure by only 30%
(from 650 to 850 kPa). In addition, increasing the RO
operating pressure decreases the generated power of the
Pelton Wheel. For example, the generated power by the
Pelton Wheel was reduced from 960 W at 650 kPa to 270
W at 850 kPa. Therefore, increasing the pressure by 30%
(from 6.5 to 850 kPa) decreased the generated power of
the Pelton Wheel by approximately 72% (from 960 to 270
W). Moreover, the Arduino program circuit could be a
simple tool to supply the required emergency loads by
controlling the pressure values of high-pressure pump
due to easy and open code program. The Arduino circuit
can be programmed to compare the priority of generat-
ing either the permeate flow rate or electric generated
power, they are with reverse effect, according to needs
and cost analysis. Furthermore, increasing the feed water
salinity leads to raise the salinity of the RO permeate, and
vice versa. For example, the salinity of the RO permeate

is raised from 165 to 285 ppm when increasing the oper-
ating pressure from 650 to 850 kPa. Finally, the more
increase in feedwater temperature, the more decrease in
the permeate TDS. For instance, the permeate TDS was
decreased from 140 ppm at feedwater temperature 20 °C
to 56 ppm at feedwater temperature 39 °C.

7 Nomenclatures

Ay, Water permeability, md

Cp Concentration of permeate, %

C, Concentration of retentate, %

Cy Concentration on wall of membrane feed side, %
D; Seawater diffusivity, m* s ™!

J; Flux of salt, m s7!

Jw Water flux of membrane, m s™
P Residual transmembrane pressure, kPa
Qp Volume flow rate of the permeate, m® s~
Qy Retentate volume flow rate, m3 s+

Vi Velocity of permeate, m s™*

W, Pump power, W

Nupp Efficiency of high-pressure pump, %
APy Friction losses, kPa

AP;;, Minor losses at the inlet of membrane manifolds,
kPa

1

1
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AP,,; Minor losses at the outlet of membrane manifolds,
kPa

A Membrane surface area, m
B Solute transport factor

R Intrinsic or real solute rejection by the membrane
Re Reynolds number

T Temperature, °C

f Fanning friction factor

k Convective mass transfer coefficient

m Mass, kg

1 Seawater viscosity, Pa s

7 Osmotic pressure, kPa

o Density, kg m™

2
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