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a b s t r a c t
Small-scale reverse osmosis plants that can produce less than 50 m3/d are vital for small communities 
in villages located in remote areas. The design parameters of such plants involve low flow rate and 
high-pressure feed. For such operating conditions, reciprocating pumps are more favorable than cen-
trifugal pumps because the efficiency of centrifugal pumps in such conditions is reduced extensively. 
Recently, reciprocating pumps with energy recovery are presented by several pump companies for 
desalination applications. The concept of energy recovery in these pumps is quite similar to that used 
in pressure exchangers. In these pumps, the pressurized brine is directed to the back of the pumping 
pistons which reduces the pumping motor required power. This work presents a numerical simulation 
and experimental analysis for such pumps. The numerical simulation includes a computational fluid 
dynamics transient analysis for the used pump. The analysis is presented using both two-dimensional 
and three-dimensional models. The effects of the operational and design parameters on the perfor-
mance of the pump and its volumetric efficiency are investigated. The results show that increasing 
the valve spring stiffness increases the volumetric efficiency. It also shows that increasing the outlet 
pressure and piston speed reduces the volumetric efficiency. The most striking result to emerge from 
the data is that reducing the valve spring stiffness below a specific value results in large reduction on 
the volumetric efficiency. Results of pump’s testing at different operating conditions are evaluated. The 
results of the presented numerical simulation were compared with the experimental results at several 
operating conditions, and the deviation was less than 10%.

Keywords:  Small RO desalination plant; Computational fluid dynamics; Reciprocating pumps; Energy 
recovery device.

1. Introduction

Reverse osmosis (RO) is one of the most popular pro-
cesses used for seawater desalination. In the RO process, a 
semipermeable membrane is used to separate the salts from 
the water at high-operating pressure depends on the salin-
ity of the feedwater. The growing needs for drinking water 
for small communities or villages in remote coastal area 
with access to great amount of seawater motivate the need 
to small-scale desalination plants that can produce less than 
50 m3/d of drinking water [1–3]. These small RO systems 

are mostly operated under constant feed pressure. In such 
case, the recovery ratio varies according to the salinity and 
temperature of the feed stream. The limited availability of 
cost-effective energy recovery devices for these small sys-
tems causes brine energy to be lost. Consequently, recovery 
ratios and the associated feed pressures are kept as high as 
possible to maximize the permeate production. Salt rejection 
rates of today’s RO membranes generally range from 99.4% 
to 99.8% [4], increasing system recovery ratio reduces the 
amount of water required to dilute the higher concentration 
of salts in the brine stream. When the brine solubility limit is 
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exceeded, salts start to form scale foulants on the surface of 
the membrane.

In some cases, even a small increase in system recov-
ery can cause the solubility limit of one or more salts to be 
exceeded and result in higher membrane fouling rates. 
Membrane scale fouling causes the restriction of water pas-
sages and requires increased feed pressure to sustain accept-
able permeate production. This results in increasing specific 
energy consumption (SEC) and reducing system efficiency. 
Dissolved salts in the brine stream should be diluted by 
reducing system recovery. Generally, chemical cleaning is 
used to remove the scale foulants and restore the membrane 
permeation performance [5,6]. Exceeding salts solubility lim-
its continually due to high recovery ratio requires repeated 
chemical membrane cleaning thus increasing operation costs 
of the plant. Additionally, some salt-scale foulants are abra-
sive and can cause physical damage of membrane surfaces 
resulting in a reduced operational life. Accordingly, the cor-
relation between soluble salts concentrations as well as the 
system recovery ratio should be considered for successful 
and efficient operation of RO plants.

Selecting a small RO plant with constant small recovery 
ratio can allow for eliminating the possibility of exceeding 
salts solubility limits.

High-pressure pumps are one of the main components of 
any desalination plants. It is used to boost the feed pressure 
to the required permeation pressure. These pumps are either 
centrifugal or reciprocating pumps [7–9]. The advantage of 
reciprocating pumps over centrifugal pumps is evident at 
very low flow rate ranges where the efficiency of centrifugal 
pumps deteriorates considerably [10,11]. On the other hand, 
the reciprocating pumps flow is independent of the outlet 
pressure. The main drawback of the reciprocating pumps is 
the discharge flow pulsations which arise from the nature of 
the flow entering and leaving the pump. This can be reduced 
by using multiple plunger pumps as well as pulsation damp-
ers [12–14]. Because the main focus of this research is small 
RO plants which involve small flow rate and high outlet 
pressure. This results in a very small specific speed as shown 
in Eq. (1). These conditions motivate the use of reciprocating 
pump in such application.

N
n Q

Hs
f

= 0 75.
 (1)

where Ns is pump specific speed, Qf is the feed flow rate, n is 
the pump rotating speed, and H is the pump head.

Recently, energy efficient positive displacement recipro-
cating high-pressure pumps for small RO plants were devel-
oped [15–21]. The design of these pumps showed remarkable 
energy efficiency. In these pumps, the brine stream is returned 
to flow into the pump head where it acts on the other side 
of the pump pistons. The resulting back force reduces the 
loading of the pump motor and improves the SEC consid-
erably. To simplify the design of these high-pressure pumps, 
the volume of water being pressurized by the piston’s upper 
side and the volume of the returning brine to the piston’s 
underside are constant. This design feature means that the 
associated RO system is a constant recovery ratio system. The 
feed pressure to the membranes will vary according to feed 

salinity and feed temperature. Selecting a proper recovery 
ratio will ensure that salts solubility limits are not exceeded, 
and the possibility of membranes scale fouling is dramati-
cally reduced.

The main objective of this paper is to investigate the dif-
ferent efficiencies encountered with energy efficient recip-
rocating high-pressure pumps with constant recovery RO 
plants. The study is based on numerical simulation and 
experimental treatments. The introduction section discusses 
the consequences of high recovery ratio on RO membrane 
fouling and the importance of using reciprocating pumps in 
small RO plants. Section 2 of this paper presents the main 
design features of the pump under consideration. Section 3 
presents a model for the pump as well as the computational 
fluid dynamics (CFD) analysis for determining the volumet-
ric efficiency. Section 4 introduces the experimental study 
of a small constant recovery RO plant at different operating 
conditions. These results were used to validate the intro-
duced model.

2. Main design features of the pump

In this work, the performance of a small power triplex 
reciprocating high-pressure pump is investigated in RO 
desalination. The design of this pump incorporated an inte-
grated energy recovery feature that allows the pressurized 
brine stream coming from the membranes to apply a back 
force on the pistons undersides. This back force will reduce 
the electric consumption of the pump’s motor. Fig. 1 presents a 
schematic description for a single piston of the high-pressure 
pump, while Table 1 presents the main design specifications 
of the pump.

The ratio between the volume in the underside cylinder 
and the volume of cylinder above the piston is designed to 
suit the plant recovery ratio. In the suction stroke, the check 
valves of the feed as well as the brine drain allow the unpres-
surized stream to enter the pump’s head and the brine stream 
to be drained. During the discharge stroke, the check valves 
of the pressurized feed as well as the pressurized brine are 
open. The feedwater is subject to the net force applied by 
the piston resulting from the electric motor and back pres-
sure of the brine stream. Accordingly, the pressure begins to 
rise until the permeation of the feed stream is forced to start 
through the membranes.

Fig. 1. Schematic description of a single piston/cylinder.
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3. Modeling the performance of the reciprocating pump

A model that describes the performance of the pump 
is developed. A balance of power at a specific feed salinity 
gives that the consumed electrical power should equal the 
power required to pressurize the feed stream minus the 
power resulting from the brine energy recovery. Eqs. (2)–(4) 
introduce the described power balance [11,22,23].

Pnet = Pp – Pr = I·V (2)

Pp = ηv·Qf·Hf·g·ρf/ηp (3)

Pr = (1–R)·ηv·Qf·Hr·g·ρb ηr (4)

where Pnet is the net power; Pp is the pump power, Pr is the 
energy recovery power, R is the recovery ratio, ηp is the 
power pump overall efficiency, ηr is the hydraulic efficiency 
of the energy recovery mechanism, ηv is the pump volumetric 
efficiency and ρf, ρb are the feed and brine densities.

The overall efficiency of the pump comprises the effi-
ciency of the electric motor, the efficiency of the power trans-
mission system as well as the mechanical efficiency of the 
reciprocating pump such that:

ηp = ηm·ηt·ηh (5)

The recovery efficiency is equal to the mechanical 
efficiency as the motor and the transmission efficiencies are 
not involved is the recovery cycle.

ηr = ηm (6)

The mechanical efficiency of a power reciprocating pump 
varies as a function of the frame load percentage [16]. The 
frame load percentage is expressed by the ratio of the applied 
feed pressure over the pressure rating of the pump. Higher 
frame load percentage increases the mechanical efficiency as 
shown in Fig. 2. Reciprocating pumps have mechanical effi-
ciencies up to 87%. The associated losses are due to friction in 
the stuffing box seals and check valves.

3.1. The volumetric efficiency

The volumetric efficiency is the other constituent of a 
reciprocating pump efficiency. It is one of the crucial elements 
of the evaluation of the reciprocating pump performance. 
The volumetric efficiency is defined as the ratio of the actual 
output flow rate to the theoretical displacement of the pump 
[23]. Volumetric efficiency is expressed in terms of the work-
ing fluid compressibility, feed pressure differential, pump 
chamber clearance to displacement ratio and check valves 
slippage loss [11,13] as indicated in Eq. (7).

ηv = [1 – Hf·vc·β·(C/D)]/(1 – Hf·vc·β) – S (7)

where β is the water compressibility, C/D is chamber clear-
ance volume to displacement volume ratio, S is the check 
valves loss due to water slippage, and νc is water specific 
weight.

3.2. CFD analysis

CFD can be used to model the functionality of hydrau-
lic machines. This enables deep understanding of their 
performance and subsequent improvement of their 
efficiencies. CFD has proven to be beneficial in the model-
ing of centrifugal pumps and turbines, compressors, fans, 
and valves [24–31]. The CFD analysis can be divided to qua-
si-steady state and transient analysis. The transient analysis 
is generally more complicated than the quasi-steady state 
analysis and consumes more computational time. Quasi-
steady state analysis is used when the change of the 
operating conditions is very small such as the centrifugal 
pump and fans operation [32,33]. Examples of the tran-
sient analysis are the centrifugal pump start-up and shut 
down and the reciprocating pump operation. Modeling the 
operation of reciprocating pumps dictates a transient CFD 
analysis. It includes the reciprocating motion of the pump 
plunger or piston and the opening and closure of the suction 
and discharge valves [29,30].

Through this work, both two- and three-dimensional 
transient CFD analyses are conducted. The pump 2D and 
3D models are created based on the design specifications of 
RO plant which are listed in Table 1. The 2D and 3D mod-
els are then exported to ANSYS design modeler. The models 
are then transferred to ANSYS mesh module. Fig. 3(a) shows 
the two-dimensional model domains, and Fig. 3(b) shows 
a half section through the three-dimensional fluid domain 
for the reciprocating pump. Each model is divided into sta-
tionary and dynamic domains. The movable domains are 
the piston and the two valves. The difference between the 

Table 1
Main design specifications of the pump

Parameter Value

Feed flow rate, m3/h 1.25
Piston diameter, mm 25
Piston stroke, mm 16
Maximum discharge head, m 600
Maximum speed, rpm 735
Maximum recovery ratio, % 35
Minimum recovery ratio, % 30
Frame load, bar 70
Limit speed, rpm 1,400
Motor 3 phase
Motor rated power, HP 2
Motor speed (60 HZ), rpm 1,725
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Fig. 2. Mechanical efficiency vs. frame load [13].
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two-dimensional model and the three-dimensional analysis 
is that in the two-dimensional model the investigated section 
(see Fig. 3(a)) has a uniform depth of 1 m. Therefore, in the 
two-dimensional analysis all the system inputs and outputs 
based on the cross section area should be scaled by the ratio 
of section area based on unit depth to the ratio of the real sec-
tion area. This includes the valve mass, valve spring stiffness, 
inlet and outlet flow rates, and the valve forces. Due to the 
symmetry of the three-dimensional model, only half model is 
investigated as shown in Fig. 3(b). This reduces the mesh size 
into half and reduces the computational time as well.

The developed CFD models involve the motion of the 
pump’s piston as well as the motion of the check valves. The 
governing equation for the piston motion is given by Eqs. (8) 
and (9).

V a N ty = ×








sin 2

60
π

 (8)

a
L Ns=
π

60  (9)

where N is the motor speed in rpm, Ls = is the stroke length, 
and t is the time.

Figs. 4 and 5 show the piston velocity in m/s and piston 
displacement in m through one cycle.

The kinetics of the check valves is governed by the 
balance of the hydraulic and mechanical forces and is given 
by Eqs. (10) and (11).

F F F F Ft i s h g= + + +  (10)

F k y F m g F m as v g t= × = × = ×, ,  (11)

where Fi is the preload force, Fs is the spring force, Fh is the 
hydraulic forces, Fg is the gravity force, k is the valve spring 
stiffness, Yv is the valve displacement, m is the valve mass, a is 
the valve acceleration, and g is the gravity acceleration.

Eqs. (10) and (11) allow for the evaluation of the valve 
acceleration a. The velocity of the valve can be calculated 
from the numerical integration of the acceleration over the 
time. The valves displacements are constrained between the 
closed position and the full opening position which is 3 mm 
for the pump under consideration.

3.3. Solver setup

ANSYS Fluent module is used to solve this problem. The 
solver type is pressure-based and the analysis type is tran-
sient. The turbulence model is k̃ -Omega SST. A list of the 
settings used in the Fluent module is listed in Table 2. The 
dynamic mesh analysis in the reciprocating pistons and the 
valves are controlled through a user-defined functions that 
comprises the introduced models for the piston and check 
valves. The code of these functions is written in C++ language 
and then compiled into fluent to control the mesh dynam-
ics. The number of steps is selected to cover the simulation 
of one and half period. The first half cycle is ignored in the 
analysis because it includes a period of instability at the start 
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of the modeling which affect the calculated parameters, and 
all the current results are based on the analysis of the period 
between 0.5 and 1.5 periodic time.

3.4. CFD results

This CFD study involves the investigation of some 
important operating conditions and design parameters on 
the volumetric efficiency of high-pressure reciprocating 
pump. The study includes two design parameters which are 
the valve spring stiffness and the valve mass. In addition, the 
study covers two operating condition parameters which are 
the piston speed and the outlet pressure. The variation of pis-
ton speed represents a simulation of the effect of using the 
variable frequency drive to control the pump motor speed. 
Furthermore, the variation of outlet pressure represents the 
simulation of the effect of using a throttling valve after the 
membrane to increase the pressure. The changing of the out-
let pressure is required when the total dissolved solids (TDS) 
of the feed stream is increased. Before staring the CFD anal-
ysis of these parameters, the effect of mesh size on the calcu-
lated efficiency is evaluated.

3.4.1. Mesh sensitivity

The effect of mesh size on the accuracy of the calculated 
results is investigated for both two-dimensional and 
three-dimensional models. The volumetric efficiency is used 
as a reference to evaluate the stability of the results. The volu-
metric efficiency is evaluated for a selected operating point of 
inlet pressure 1.5 bar and outlet pressure of 60 bar and piston 
speed of 735 rpm at several mesh sizes. Figs. 6 and 7 show the 
results of the volumetric efficiency vs. the number of elements 
for the two-dimensional and three-dimensional model, 
respectively. From the results of Figs. 6 and 7, 45,000 and 
200,000 elements for two-dimensional and three-dimensional 
model, respectively, are selected.

3.4.2. Effect of changing valve spring stiffness

The analysis results through this section involve the 
study of changing the valve spring stiffness on the recipro-
cating pump performance. Six different values of spring stiff-
ness are used, keeping the inlet valve spring stiffness equal 

to the outlet valve spring stiffness. Both two-dimensional 
and three-dimensional analyses are used in this study. The 
inlet pressure, outlet pressure, and piston speed are 1.5 bar, 
60 bar, and 735 rpm, respectively. Fig. 8 shows the effect 
of changing the suction valve spring stiffness on the valve 
displacement during a complete piston stroke (periodic 
time = 60/735 = 0.082 s) while Fig. 9 shows the effect of chang-
ing the exit valve spring stiffness on the valve displacement 
using the three-dimensional model. The results of both 
figures show that increasing the valve spring stiffness results 
in decreasing the valve displacement. The horizontal line 
shown in Fig. 8 at 3 mm indicates that the exit valve reaches 
the maximum opening stroke. The inlet and exit valve veloc-
ity profiles for selected case (k = 1,000 N/m) are shown in 
Figs. 10 and 11, respectively, for three-dimensional model. 
The opening of both the inlet and exit valve takes place sud-
denly when the hydraulic forces overcome the sum of the 
preload, gravity, and spring forces. This opening is charac-
terized by fluctuations in the velocity profile. Afterwards, the 
velocity starts to decrease until the valve closure. The fluc-
tuation in the valves velocity affects the flow rate profile as 

Table 2
Solver setup settings

Solver settings Value

Pressure–velocity coupling SIMPLE
Time step size 1e-5
Number of time steps 12,500
Maximum iteration 20
Convergence absolute criteria
Continuity 0.001
x-Velocity 0.001
y-Velocity 0.001
k̃ 0.001
Omega 0.001
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for two-dimensional model.
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shown in Figs. 12 and 13 in case of suction and exit valve, 
respectively. The negative values of flow rate shown in 
Fig. 12 indicate suction flow rate. The flow rate profile in 
both the suction and exit valve indicates that at the end of 
the cycle there is a revered flow just before the valve closure. 

This reversed flow is responsible for the valves volumetric 
efficiency. Using the CFD results, the volumetric efficiency of 
the pump is evaluated using Eq. (12):

ηv CFD Outlet volume flow rate in one cycle CFD
Piston str

( ) =        
 ooke volume

Time of one cycle
 

   








  (12)

Fig. 8. Suction valve opening vs. the time in one complete cycle.

Fig. 9. Exit valve opening vs. the time in one complete cycle.

Fig. 10. Inlet valve velocity vs. the time in one complete cycle, 
k = 1,000 N/m.

Fig. 11. Exit valve velocity vs. the time in one complete cycle, 
k = 1,000 N/m.

Fig. 12. Inlet flow rate vs. the time in one complete cycle, 
k = 1,000 N/m.

Fig. 13. Exit flow rate vs. the time in complete cycle at 
k = 1,000 N/m.
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The outlet flow rate is the sum of the positive and nega-
tive areas in Fig. 13. It is calculated per one cycle by the inte-
gration of the values of the flow rate over one cycle.

Fig. 14 shows the relation between the spring stiffness 
and the reciprocating pump volumetric efficiency using 
both two-dimensional and three-dimensional models. Both 
two-dimensional and three-dimensional results show that 
below k = 1,000 N/m the rate of changing the volumetric over 
spring stiffness increases. The rate of decreasing the volu-
metric efficiency with the decrease of spring stiffness below 
k = 1,000 N/m is higher in the three-dimensional model than 
in two-dimensional model. The difference may be referred 
to the different geometry between the 2D and 3D case. In the 
two-dimensional model, the valve model is not circular it is 
extruded rectangular.

3.4.3. Effect of changing valve mass

In this section, the effect of changing the valves mass on 
the volumetric efficiency is investigated using both two- and 
three-dimensional models. A range of valve masses are used 
from 3 to 12 g as  shown in Fig. 15. These values are calculated 

based on the valve dimensions with different material densi-
ties. In general, the effect of changing the valve mass on the 
volumetric efficiency is minor as shown in Fig. 15. Both the 
three-dimensional and the two-dimensional models show 
that increasing the valve mass approximately has no effect 
on the volumetric efficiency.

3.4.4. Effect of changing outlet pressure

In RO desalination plants, the outlet pressure is a function 
of the feedwater salinity or TDS. For this reason, the effect of 
changing the pump outlet pressure on the volumetric effi-
ciency using CFD two-dimensional and three-dimensional 
analyses is investigated.

Fig. 16 shows the effect of changing the outlet pressure 
on the volumetric efficiency using both two-dimensional and 
three-dimensional models. The horizontal axis of Fig. 16 is 
present in dimensionless form as percent of full-load devel-
oped pressure. The percent of full-load developed pres-
sure is calculated by ratio of the differential pressure to the 
pump frame load, see Table 1. Fig. 16 shows that for both 
two-dimensional and three-dimensional models, increas-
ing the outlet pressure results in decreasing the volumetric 
efficiency. In addition, the results show that the effect of the 
outlet pressure through the full range is 2%.

3.4.5. Effect of changing the piston speed

In this section, the effect of changing the pump speed 
on the volumetric efficiency is investigated. Fig. 17 shows 
that the pump flow rate is linearly proportional to the 
reciprocating pump piston speed. Fig. 18 shows the relation 
between the pump percentage of full speed vs. the volumetric 
efficiency. The percentage of full speed is calculated as 
the ratio between the operating speed and the limit speed 
(see Table 1). The figure shows that increasing the pump 
speed results in slight reduction in the volumetric efficiency 
using both two- and three-dimensional models. It should 
be noted that the effect of piston speed in the volumetric 
efficiency is minor effect.

Fig. 14. Valve spring stiffness vs. valve volumetric efficiency.

Fig. 15. Valve mass vs. the volumetric efficiency.
Fig. 16. Effect of changing the percentage differential pressure on 
the volumetric efficiency.
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4. Experimental analysis and its validation

In this section, a small RO unit that utilizes a reciprocat-
ing high-pressure pump with energy recovery is considered 
as shown in Fig. 19. The pump is equipped with a three-
phase electric motor and a timing belt to reduce the rotational 

speed from 1,725 to 735 rpm. The efficiency of the motor, ηm, 
at full load is 82% [3] and the efficiency of the timing belt, ηt, 
is 98%. The technical specifications of the plant in which this 
pump is equipped are listed in Table 3. Five operating con-
ditions were conducted. These conditions were performed 
for different salinities of 5,000, 14,000, 18,000, 26,000, and 
30,000 ppm. The feed temperature at all tests is 15°C. Feed 
pressure, brine pressure as well as electric power consump-
tion in terms of current and voltage are measured. Table 4 
summarizes the measurements of these tests and the associ-
ated SEC where SEC = (measured power [kW]/measured per-
meate flow rate [m3/h]). Five parameters are measured which 
is the water TDS, feed pressure, brine pressure, the current 
at the motor supply, and the supply voltage. The electrical 
power in Table 4 is the product of the electrical current and 
the supply voltage.

Table 5 presents the elements of the reciprocating pump 
efficiencies at the different feed pressures. The volumetric 
efficiency values are based on the CFD results (see Fig. 16). 
The mechanical efficiency results are based on the values 
presented in Fig. 2. Based on the design of the reciprocating 
pump, 70% frame load is considered at feed pressure of 50 bar 
and 25% frame load is considered at feed pressure of 18 bar 
(see Table 1). The electrical motor efficiency is 0.82. The total 
pump side efficiency (ηp) is calculated according to Eq. (5).

Table 6 presented the calculated power based on the 
numerical model. The pump power is calculated using Eq. (3) 
and the data of Table 5. The recovery power is calculated 
using Eq. (4) and the data of Table 5. The net power is cal-
culated according to Eq. (2). The calculated net power and 
the experimentally measured power are plotted vs. the feed-
water TDS is in Fig. 20. The results show that the presented 
model is capable of accurately predicting the net power and 
the SEC in case of reciprocating pump with energy recovery 
with a maximum deviation less than 10%.

5. Conclusion

The performance of a reciprocating pump with energy 
recovery used in small RO plant is investigated. The investi-
gation is based on a combination of empirical and CFD tran-
sient analysis results. The CFD analysis is performed using 
two- and three-dimensional reciprocating pump models. 
Important operating and design parameters are investigated. 
The operating parameters include the outlet pressure and 
the piston velocity. The effect of changing the outlet pressure 
between 10 and 70 bar (RO pressure range) on the volumetric 
efficiency is in the range of 2%. The piston speed is linearly 
proportional to the average flow rate. Increasing the piston 
speed from 0.35 to 0.65 of the limit speed results in reducing 
the volumetric efficiency by as less as 0.5%.

Fig. 17. Average flow rate per cylinder vs. piston speed.

Fig. 18. Volumetric efficiency vs. the percentage of full speed.

Fig. 19. The tested small RO plant.

Table 3
Technical specifications of the RO unit

Item Specification

Recovery ratio, % 30
Number of pressure vessels 1
Number of RO elements 3
Type of RO membrane SW 30–4040
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The design parameters include the valve spring stiffness 
and valve mass. The three-dimensional model shows that 
reducing the spring stiffness from 1,000 to 250 N/m results in 
3% reduction in the volumetric efficiency. This indicates that 
poor selection of valve spring material results in a reduction 
in the pump performance with prolonged time. Changing the 
valve mass has nearly no effect on the volumetric efficiency

The numerical simulation calculated power is compared 
with the experimentally measured power for the same pump. 
The results show that the maximum deviation is less than 
10% between both results at different values of feed TDS.

Symbols

a — Acceleration, m/s2

C — Chamber clearance volume, m3

D — Displacement volume, m3

g — Gravity acceleration, m/s2

Fi — Preload force, N
Fg — Gravity force, N
Fh — Hydraulic forces, N
Fs — Spring force, N
Hf — Membrane required differential head, m
Hr — Brine differential head, m
H — Pump head, m
I — Electric current, Amp
k — Valve spring stiffness, N/m
k̃ — Turbulence kinetic energy, ηt
m — Valve mass, kg
n — Pump rotating speed, rpm
Ns — Pump specific speed, [rpm, m

s
m

3

, ]
Pnet — Net power, kW
Pp — Pump power, kW
R — Recovery ratio, –
S — Check valves loss due to water slippage, –
V — Voltage, volts
yv — Valve displacement, m

Table 4
Results of tests at 15°C

TDS, ppm Feed pressure, bar Brine pressure, bar Current, Amp Voltage, V Measured power, kW SEC, kW/m3

5,000 18.10 17.70 3.80 228 0.8664 1.9900
14,000 30.50 29.80 4.65 226 1.0509 2.4185
18,000 35.30 34.70 5.10 228 1.1628 2.6777
26,000 45.40 44.80 5.90 228.6 1.3490 3.1113
30,000 50.10 49.80 6.25 229 1.4312 3.3033

Table 5
The values of the constituents of the pump efficiencies at different TDS

TDS, ppm Feed pressure, bar Volumetric 
efficiency, ηv

Mechanical 
efficiency, ηm

Electrical motor 
efficiency, ηe

Timing belt 
efficiency

Total pump side 
efficiency, ηp

5,000 18.1 0.977 0.7 0.82 0.98 0.563
14,000 30.5 0.974 0.78 0.82 0.98 0.626
18,000 35.3 0.972 0.83 0.82 0.98 0.666
26,000 45.4 0.970 0.85 0.82 0.98 0.683
30,000 50.1 0.968 0.86 0.82 0.98 0.691

Table 6
Calculated power efficiency based on the numerical model

TDS, ppm Feed pressure, bar Brine pressure, bar Calculated pump 
power, kW

Calculated recovery 
power, kW

Net power = electrical power

5,000 18.1 17.7 1.13 0.29 0.84
14,000 30.5 29.8 1.72 0.54 1.17
18,000 35.3 34.7 1.87 0.67 1.20
26,000 45.4 44.8 2.35 0.88 1.47
30,000 50.1 49.8 2.57 0.99 1.57

Fig. 20. Measured and calculated power vs. the feedwater TDS.
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vc — Water specific weight, kg/m3

Pr — Energy recovery power, kW
Qf — Feed flow rate, m3/h
Qp — Permeate flow rate, m3/h
ηm — Motor efficiency, –
ηh — Hydraulic efficiency, –
ηp — Power pump overall efficiency, –
ηr —  hydraulic efficiency of the energy recovery 

mechanism, –
ηt — transmission efficiency, –
ηv — pump volumetric efficiency, –
ρb — Brine density, kg/m3

ρf — Feed density, kg/m3

β — Water compressibility, Pa–1
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