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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

In the present research, the topic of desalination is investigated both theoretically and experimentally. In the theoretical part, 
information is provided on water consumption aspects in Greece and worldwide, on the problem of water shortage globally and 
on the solution of desalination. In the experimental part, the pilot Reverse Osmosis (RO) unit used for the conduction of this study is 
presented in detail, while following that, the experimental results are analysed, mainly focusing on the energy consumption of the 
RO desalination unit. Additional results concerning the effect of water pressure and water salinity on the energy consumption and 
the clean water production flow rate of the experimental desalination unit are presented and the relative conclusions are drawn. 
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1. Introduction 

Water shortage has emerged as one of the most crucial natural resources depletion problem, especially in areas 
with specific geographical characteristics, e.g. island regions (Fig.1a). The general problem of clean water shortage 
is becoming more severe, as economic growth, irrigation needs, declining precipitation levels and overexploitation of 
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groundwater reserves are factors that increase the water balance deficit as Kaldellis et al. (2004) and Kondili et al. 
(2010) indicate in their research. Another problem that derives is that the need for water transportation is reflected in 
high water prices in islands, with an average cost exceeding even 10 €/m3 (Kaldellis et al. (2012)). Moreover, existing 
Renewable Energy Sources (RES) based installations face the problem of constrained - penetration limits in the 
islands, which results to the rejection of significant amounts of energy from the local grids. Except for the solution 
of energy storage for the abovementioned problem, a realistic alternative is also the application of demand side 
management strategies with the exploitation of deferrable loads, especially during non-peak hours (Kondili and 
Kaldellis (2008)). To this end, one of the most established solutions in order to face water shortage and at the same 
time to absorb otherwise rejected renewable energy is sea water desalination. 

Among the various desalination technologies, reverse osmosis (RO) is thought to be a challenging alternative 
with very attractive characteristics, such as the small area footprint, its modularity, the limited -compared to other 
technologies- environmental impacts, all together providing several advantages and being available for a wide range 
of water demand quantities. In this context, and according to the information of Fig.1b, it is obvious that the RO 
technology has clearly surpassed the rest of desalination technologies concerning the cumulative installed capacity 
over the last 20 years (Villacorte et al. (2014)). 

               

Fig. 1. (a) Water surplus and deficit in Greece. Stefopoulou et al. (2008); (b) Cumulative installed worldwide desalination capacity in terms of 
applied technology. Villacorte et al. (2014). 

As already mentioned, the vast majority of remote Greek islands faces a severe water shortage problem, especially 
during summer. In order to solve this problem, the idea of developing reverse osmosis desalination plants has been 
vastly adopted by the regional authorities providing high quality and security of clean water supply especially during 
periods of increased demand (Mourmouris and Potolias (2013)). However, one of the major problems arising when 
implementing this solution, on top of the well-known environmental impacts, is the significant energy consumption 
of the desalination units. 

2. The experimental apparatus 

In order to examine the real energy consumption of small desalination units similar to the installed ones in the 
small Aegean Sea islands, the experimental installation of the Soft Energy Applications & Environmental Protection 
Laboratory (SEA & ENVIPRO Lab) of the Mechanical Engineering Department, in the University of West Attica 
(UNIWA) is used. The specific desalination unit was obtained by the UNIWA (former TEI of Piraeus) in the context 
of the Excellence-II (Aristia) research program of the Greek General Secretariat of Research and Technology (GSRT) 
and can be used in order to measure the real electricity consumption of a small desalination unit at different water 
salinity values and variable operational conditions. 

In this context, the current work investigates the power demand (kW) and the specific energy consumption per unit 
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volume of desalinated water (kWhe/m3) produced for variable operational conditions of the installation (e.g. variable 
pressure of feed pump). Moreover, the impact of water salinity has been examined and the corresponding specific 
energy consumption is estimated. In order to capture realistic cases for the Aegean region, the experimental process 
uses actual values concerning the respective sea water salinity. In Fig.2, a map of the Mediterranean Sea is 
presented, providing the salinity levels measured in Practical Salinity Units (PSU). With this in mind, a brief 
analysis is provided in the next chapter, concerning the relationship between the different salinity measurement 
techniques. 

 

 
Fig. 2. Salinity map of the Mediterranean Sea. Source: Ocean Data View. 

The desalination unit of the SEA & ENVIPRO Laboratory is a RO desalination system, operating with three 
cylindrical spiral wound semi permeable membranes. The maximum hourly clean water supply is 0.15 m³/h, which 
results to a daily maximum supply of 3.6 m³/ d. Fig.3a depicts the entire installation with all parts being mentioned as 
lettered below (A to F), where a detailed presentation of all parts of the specific desalination installation is provided: 

A. The central RO desalination unit which is described in the upcoming paragraphs. 
B. A feed water tank of 1000 litters capacity, where the saltwater is being stored containing a salt content that 

depends on the experiment (high or low levels of electric conductivity/salinity). 
C. A permeate water tank of 400 litters where the produced clean water leaches into. 
D. Three pre-treatment tanks for chlorination, antiscalant protection and dichlorination of 200 litters capacity 

each, which contain water enriched with the corresponding treatment chemical. Each tank uses an automatic 
dosing pump in order to treat the feed water as it flows to the central unit. Chlorination is only necessary 
when seawater is under desalination process. The specific experimental case uses pre-chlorinated water from 
the grid, thus, the chlorination tank is inactive. Regarding the other two pre-treatment tanks, the de-chlorination 
tank protects the RO membranes from chlorine (Cl2) damage using the necessary chemical, while antiscalant 
protection comes from the third tank, with the assistance of the appropriate chemical. According to Gilbert’s 
article (2009), both the de-chlorination and the antiscalant tank, contribute to the avoidance of reducing the 
membranes’ operational life and their premature replacement. 

E. The secondary boost pump or feed-pump, with a nominal power of 2kW, which leads feed water from the 
feed tank to the high-pressure pump, increasing the pressure at the levels of approximately 4.5 bars. This 
component is also being used in order to blend the water into the feed tank, operating as a re-circulator, 
avoiding in that way the salt sediment formation at the bottom of the tank by the non-dissolved salt. 

F. Finally, the cleaning pre-treatment process includes sand, activated carbon, 5 μm and 20 μm particles 
filtration. The sand filter is used to remove the larger impurities; however, they can easily clog, resulting to 
smaller impurities’ passing through. The activated carbon filter absorbs low molecular weight organics and 
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Fig. 3. (a) Small experimental desalination unit; (b) Central unit; (c) RO membranes. 

reduces the amount of chlorine or other halogens but does not remove any salts. Finally, the removal of the rest of 
particles, larger than 20 and 5 microns is taking place to the last two filters, before the feed water enters the high-
pressure pump. The removal of all these particles prevents premature fouling of the RO membranes, which are the 
most critical and expensive component in a desalination system. 

In Fig.3b the main components of the central RO unit of the system are numbered (No. 1 - 12). The three cylin-
drical semi permeable membranes (No. 12) where the desalination process is taking place are presented in Fig.3c 
and are operating at the back side of the unit. Consequently, the central unit consists of: 

1. An electronic control panel, in which the main configurations and operational properties are being selected. 
Moreover, on the top - left of the panel, the screen displays indicators concerning the electrical conductivity 
(salinity) of the desalinated water (μS/cm3), the water’s temperature (oC or oF) as well as the operational time 
of the system. 

2. The main electric panel which provides a protective fuse and circuit breaker for system safety. 
3. Feed and permeate manometers for pressure indications. 
4. A feed solenoid electromagnetic valve, which is located before the high-pressure pump and switches on 

automatically when the system starts operating. 
5. Another manometer indicating the feed water’s pressure after the high-pressure pump and before the 

membranes. 
6. The main or high-pressure pump. It is a positive displacement swashplate water pump with a nominal power 

of 2.2 kW, nominal flow rate of 1 m3/h and output pressure ranging between 10 and 65 bars, with the optimal 
one varying between 57 to 59 bars. The pump is designed to handle industrial tap-water processes, offering a 
total efficiency of up to 88% and reduced pressure peaks due to the multiple piston design. The main pump 
increases feed water pressure at the desired levels in order to enter the RO membranes. 

7. A production circuit solenoid electromagnetic valve. When the valve is open, the desalinated water is directed 
to the permeate water tank. 

8. A production water flowmeter, which is positioned after the membranes and indicates the clean water flow 
(l/h). 

9. Two pressure switches before and after the RO membranes. These two switches control the circuit pressure, 
in order to interrupt the operation if needed, when pressure levels surpass the manufacturer’s limits. 

10. A brine water flowmeter, which indicates the waste water (brine) flow rate (l/h). 
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11. A third manometer, which displays the water pressure after the semi permeable membranes, helpful for 
calculating the pressure losses. 

12. The three cylindrical semi permeable membranes, in which the RO desalination process takes place. The feed 
water passes successively from the first to the second and from the second to the third cylinder, from which it 
exits desalinated. The safe operation of each membrane is limited by a pressure of 1000 psi (~69 bars). 

In order to start the unit’s operation, the first step is to lift the main switch from the electrical panel and then 
select the automatic function in the electronic panel. When the unit is started, the system is set in primary washing 
mode using the feed pump. Primary washing mode is an initial rinse of the system with clean water for its upcoming 
use. The primary wash time is displayed on the electronic panel’s screen. At the end of the primary wash, the main 
pump starts and the unit switches to normal operation mode. In normal mode, the system counts the operational 
hours displaying them on the screen of the electronic panel. 

During the operation of the unit, special consideration and attention should be given to the following for the 
smooth operation and for the safety of the system: 

 The pressure of the feed pump should be less than 5 bars, otherwise, the system shuts down automatically by 
the first pressure switch mentioned before. 

 The pressure drop resulting from the water flow among the pre-treatment filters should be between 0.5-1 bar. 
If the pressure drop is greater, then the filters need cleaning. 

 The system does not start operating unless the pressure indication on the manometer before the semi perme-
able membranes becomes greater than 20bars. 

 Moreover, the fluid’s pressure entering the membranes should be less than 65 bars. Otherwise, the second 
pressure switch shuts down the operation. 

 Finally, the pressure losses during the operation concerning the three RO membranes should vary between 5 
and 7 bars. 

In order to end the system’s operation, the user enables standby mode via the electronic panel. The operation of 
the unit is being also interrupted if the production tank is full, using a sensor in the production tank which is 
activated when the level of clean water has reached the highest level. When shutting down, the system turns on the 
secondary washing. Accordingly, it proceeds with the flush mode and stops at the same time the operation of the 
feed pump. During the flushing state, clean water flows into the circuit in order to clean the system. At the end of 
the cleaning, the unit shuts down. 

3. Methodology 

The main scope of the current research is the experimental measurement of the RO system’s energy consumption 
under different feed-water salinity values. For this purpose, each desired salinity value is achieved by dissolving salt 
in the feed water tank. At the same time, the recirculation process is activated with the assistance of the secondary 
pump, so that all the salt to be dissolved in the tank and not settled as sediment in the tank bottom. During 
recirculation, samples of water have been taken and measured by an electronic conductivity meter, until the salinity 
value of the tank water came to the desired levels. Finally, when each value of desired salinity is achieved, the main 
pump starts operating, increasing the salt-water’s pressure in order to activate the RO membranes. 

The experimental process that took place enabled the RO unit's energy consumption and clean water production 
analytic study for different high-pressure and water supply values. To measure the energy consumption, a power meter 
has been used, connected to the unit’s electricity supply. The power meter runs into recording mode and is storing 
variations of power during the experiment. The measurements are accordingly logged in a data logger. The desired 
pressure is achieved by the use of a pressure controller valve which controls the pressure after the membranes and 
the corresponding manometer. The produced clean water is measured for various pressure values with the assistance 
of the production flowmeter. For all measurements the instruments’ accuracy levels are mentioned below, i.e.: 
Power meter: ± 0.05 kW, Water production flowmeter: ± 10 l/h, Manometer: ± 2.5 bar, Conductivity: ± 50 μS. 

In such a way, three predetermined values regarding the feed water’s conductivity have been used for the 
experimental process and they consisted of: 35000 μS, 55000 μS and 60000 μS. Concerning the water after the RO 
membranes, 45 bars, 50 bars, 55 bars and 60 bars pressure values have been selected. Consumed energy (power 
required for a specific time period) and clean water supply have been measured during the experiment, resulting 



176 K. Christopoulos  et al. / Procedia Structural Integrity 10 (2018) 171–178
6 K. Christopoulos et al. / Structural Integrity Procedia  00 (2018) 000–000 

from the variable combinations between different values of conductivity and pressure. 
The power measurements (kW) presented were derived from the 5-minute average of the measurements recorded by 

the power meter, as long as the average recording time is 5 minutes. Actually, the power demand, P, of any water pump 
may be also estimated applying equation (1), using the sea water density, ρ, the gravity acceleration, g, the pressure 
increase, H (expressed in meters of water), the volume flow rate,  Q and the efficiency, η, of the water pump. 

P=(ρ g H Q) / η (1) 

It is significant to mention that the water’s electrical conductivity measurement is a formal way to indicate 
salinity measurement and the relationship between them is described by an algorithm, given by the UNESCO (1983) 
handbook “Algorithms for computation of fundamental properties of seawater”, which is influenced by the ambient 
temperature and pressure. For each conductivity value, the respective salinity has been calculated in (PSU) and parts 
per trillion (ppt) using standard equations according to Schemel (2001), who followed principles of the 1978 Practical 
Salinity Scale and simplified the general equation for salinity described by Lewis (1980) for the case of a single 
temperature (25 °C) and atmospheric pressure (760 mm) values (Wagner et al. (2006)). In fact, the numerical differ-
ence between PSU and ppt values is insignificant and these values have been considered as equal for the calculations 
in the specific study. Finally, the clean water production has been measured in liters per hour (l/h) and the values are 
simply converted into m3/h, while the specific energy consumption (kWh/m3) for each salinity level and for all 
pressure values derives as the ratio of the electrical energy consumption and the water supply. 

4. Results and discussion 

According to the results obtained for each water salinity value, the curves in Fig 4a demonstrate significant and 
almost linear power demand increase as the feed pump pressure increases from 45 bars to 60 bars. Moreover, it is 
obvious that there is no considerable impact of salinity in the power demand measurements, as the increase range in 
power demand for all salinity levels is approximately between 2.5 kWe and 3.1kWe as this arises from the same figure. 

On the other hand, when the corresponding electrical energy consumption per m3 of desalinated (clean) water 
production is estimated, the results given in Fig.5 present remarkable variation. Comparing the curves for different 
salinity values, energy consumption increases as salinity increases. Moreover, according to the measurements, a 
gradual energy consumption decrease is encountered vs. the clean water production flow rate, while the values 
obtained are relatively high (i.e. ranging between 10 and 35 kWhe/m3) for various reasons, including the small size 
of the installation and the absence of energy recovery strategy. To this end, one can safely conclude that salinity 
affects the unit's clean water productivity. In particular, it is obvious that as the salinity of the feed water increases, 
the unit’s energy consumption is also increasing. For example, for conductivity measurement of 35500 μS the specific 
consumption range is 10-13 kWhe/m3, for 55600 μS the range is 13-22 kWhe/m3, while for the 60000 μS conductivity 
measurement the respective range is 18-33 kWhe/m3. This result is reasonable, as the ability of the RO membranes to 
separate salt from water is strongly affected by salt concentration, reducing RO production and increasing waste water. 

Finally, as presented in Fig.4b, a decrease on specific energy consumption is noted when the operating pressure 
increases, mainly resulting from the greater increase in water supply than in power demand when the pressure is 
being set in higher levels, see also Eq.(1). 

The results concerning the specific energy consumption of the experimental desalination plant are further 
investigated in terms of estimated photovoltaic (PV) install capacity for the water needs of 10 people. Based on Kal-
dellis and Kondili (2007) study on Aegean water shortage problems, we assume that the average water consumption 
of one person in Greece is approximately 100 l/day, i.e. the water demand value under investigation is 1 m3/day. In the 
current research, for salinity levels similar to the Aegean Archipelagos’s (~55600 μS) one, the average specific 
energy consumption, ε, of the desalination plant ranges between 13 kWhe/m3 and 22 kWhe/m3 depending on the 
production flow rate. It is obvious that the best scenario is the operation of the system at the maximum pressure and 
flow rate point which results in the minimum consumption of energy. But the fact is that this requires either the 
produced water’s direct consumption, or the use of water storage installations, so that the production side can be 
adjusted to the demand side. For this purpose, average energy consumption has been assumed during one year, 
within the values of 15-20 kWhe/m3. Thus, the annual energy needs, Εy, that the desalination unit must cover for 
(Vw=) 1 m3/day range from 5400 kWhe/year to 7300 kWhe/year respectively, according to Eq.(2). 
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Fig. 4. (a) Feed water pressure impact on the dessalination unit power demand; (b) Specific energy consumption variation with the feed water 
pressure. 

     
Fig. 5. Specific energy consumption variation with the clean water volume flow rate. 

Ey=ε Vw 365 (2) 

Assuming a realistic value for a PV installation’s capacity factor (CF) in Aegean islands of 18% (Kaldellis et al. 
(2010)), which results (on the basis of the available solar potential) in an annual energy production of approximately 
1600 kWhe/kWp, the corresponding minimum (without energy storage) peak power, PPV, of the PV installation, in 
order to cover this specific energy need, ranges between 3.5 kWp and 4.7 kWp, according to Eq.(3). 

PPV=Ey/(8760  CF)     (3) 

In such a way, the corresponding energy demand is related with the necessary energy production, based on a PV 
generator, in order to under-line the opportunity of covering the water demand problems of remote Greek islands on 
the basis of clean-green energy production technologies. 

5. Conclusions 

In the current research the energy performance of small desalination RO units has been extensively analysed, 
taking into consideration the salinity levels and the expected water consumption values of small and medium sized 
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Aegean Archipelagos islands. On the basis of the experimental measurements received, the average energy 
requirements of similar installations per capita vary between 540 and 730 kWhe/year, depending also on the 
technology adopted. Taking also into consideration the available solar potential of the entire Aegean Sea area, the 
corresponding photovoltaic peak power demand ranges between 350 and 470Wp, a quite rational value that 
guarantees the annual water needs coverage per person. Recapitulating, the energy requirements of small 
desalination units, appropriate for remote small and medium sized islands, have been experimentally analyzed for 
various operational (salinity, pressure values) conditions, proving the ability of the available renewable energy 
potential to support their operation on the basis of clean-green energy. 
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