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Abstract

The present paper regards the experimental evaluation of the performance under laboratory conditions, of a
low-temperature solar organic Rankine cycle system for reverse osmosis (RO) desalination. The operation principle
of thesystemisgiven briefly below. Thermal energy produced by asolar collectors’ array evaporatestherefrigerant
(HFC-1344) in the evaporator surface of Rankine engine. The super-heated vapour is driven to the expander where
the generated mechanical work produced from expansion drives the RO unit high-pressure pump. The vapour at
the expander’s outlet is directed to the condenser and condensates. The saturated liquid at the condenser outlet is
then pressurised using a piston-diaphragm pump and the thermodynamic cycle is repeated. The design of the
system has already been done and presented in[1]. For manufacturing the prototype system, the design results have
been used. In this paper the experimental results derived from the laboratory tests areillustrated. The next research
step isthe evaluation of the system performance on site, under real climatic conditions. The main difference of the
above two experimental casesisthat in laboratory tests the thermal energy source used is an electric heater of 100
kW, capable to operate at partial thermal load, which substitutes and simulates the behaviour of solar collectors.
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1. Description of the system

The low-temperature solar organic Rankine
cycle (LTSORC) system for RO desalination
consists of the following sub-systems and com-
ponents (Fig. 1):

1) Highefficiency vacuum tube solar collector
array

2) Circulator

3) Evaporator

4) Condenser

5) Expanders
6) HFC-134apump
7) RO unit

8) Seawater reservoir

9) Fresh water reservoir
10) RO energy recovery system

The system operation is described briefly
below.

Thermal energy produced by the solar array
(1) preheats and evaporatesthe refrigerant (HFC-
1344) in the preheater—evaporator surfaces (3).
The super-heated vapour isdriven to the expanders
(5) where the generated mechanical work drives
the RO high-pressure pump, cooling water pump
and HFC-134a pump (6). The expanders are in
reverserunning scroll type compressors. The sub-
cooled liquid at the condenser outlet is pressurised
by the piston-diaphragm pump (6). An energy
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Fig. 1. Schematic representation of the system.
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recovery system (10) is coupled to the RO unit
thus declining significantly the energy consump-
tion. It consists of two Dunfoss APP pumps con-
nected in the same shaft. The excess energy need-
ed for the desalination processis supplied by one
of the expanders through a pulley. The capacity
of the RO unitis2801/h. Fig. 2 presentsthe Ran-
kine engine.

2. Subsystems and components
2.1. Solar collectorsarray

The SOLAMAX direct flow evacuated solar
energy collector manufactured by Thermomax
Ltd. hasbeen considered. InTable 1 the basic data
of the collectors array are presented.

Fig. 2. The Rankine engine.

2.2. Solar collector circulation pump and cool-
ing pump

Table 2 summarizesthe technical characteris-
tics of both identical pumps.
2.3. Heat exchangers

2.3.1. Preheater and evaporator

Table 3 providesthe basic technical characte-
ristics of preheater and evaporator.

2.3.2. Condenser

The selected condenser characteristics are
presented in Table 4.
2.5. HFC-134a pump

Table 5 presents the Freon pump characteris-
tics.

Table1
Characteristics of the solar collector array

Manufacturer Thermomax Ltd.
Type SOLAMAX
No. of tubes/collector 30
Capacity, | 6

No. of collectors 56

No. of collectors connected in series 2

Slope, © 40
Maximum flow rate, I/min 196.8

Inlet temperature, °C 70

Outlet temperature, °C 77.3
Table2

Collector circulator characteristics

Pump type Centrifugal-1 stage
Flow rate, I/min 200

Head, m 18

Efficiency, % 75

Nomina power, kW 185

Rotation speed, rpm 2850
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Table 3
Preheater and evaporator characteristics
Preheater Evaporator

Manufacturer CIAT CIAT

Model EXL-1440 EXL-1440

Dimensions, Lxwxh, mm 129x265x528 129x265x528

Duty, kW 40 65

Fluids, hot/cold Water/HFC-134a Water/HFC-134a

Pressure drop, hot/cold, mmWG 237/2140 237/2140

Type Counter flow Counter flow

Flow rate hot/cold, m¥h, kg/h 11 m¥h 11 m¥%h

Table 4 Table5
Condenser characteristics HFC-134a pump characteristics

Manufacturer CIAT Type Piston diaphragm

Model EXL-1440 :

Dimensions LxWxH, mm  129x265x528 gjoc\f[\llor? S}Qpe, bar 33

Duty, kW 100 - . Discharge pressure, bar 22

Tubeside Shell side Motor power, kW 18

Huid Seawater HFC-134a RPM ' a1

Inlet/outlet temperature, °C ~ 25/33 —

Discharge temperature, °C =~ — 75

Condensing temperature, °C  — 34.8

Pressure drop, mmwWG 399 —

Flow rate 1im’h  1700kgh used. Both pumps are made of duplex stainless
steel and they are fixed in the same shaft, whilea
pulley isadjusted in between. The diameter of the

2.6. Expander pulley of the energy recovery unit isthe same as

The Sanden TRS 105 model compressor is
used after suitable modifications.

2.7. RO-desalination plant with energy recovery
system

The RO system consists of four membranes
connected two by two in series and series group
inparalel. Fig. 3illustrates schematically thelay-
out of the RO system. The system has four
1000 psi membrane vessels with 2.5” diameter
made of fiber glass. In each membranevessel there
is one Filmtec membrane, type SW30-2540.

A Danfoss pump APP2.2 is used as a high-
pressure pump. To form the energy recovery unit,
a Danfoss pump APP1.8 in reverse running is

that of the expander. Thus a transformation ratio
1:1lisachieved. Thehigh pressure pump with ener-
gy recovery needs approximately 1 kW as input
power if seawater with salinity 40,000 ppm at a
temperature of 20°C is considered. This excess
amount of energy needed is provided by the ex-
pander which is coupled with abelt with the ener-
gy recovery unit.

When the high-pressure pump coupled with a
reverse running pump runs at 3000 rpm, the flow
rate of the APP2.2 pump is 2 m¥h, and the flow
rate of APP1.8 pump is 1.7 m¥h.

With the above configuration, the product flow
rateisexpected to beapproximately 2801/h. Fig. 4
illustrates the RO unit while Fig. 5 the high pres-
sure pump with the energy recovery system.
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Fig. 4. The RO unit.

3. Laboratory test results

In this section the first results derived from
the laboratory tests of the system are presented.
The first research step was to asses the behavior
of scroll type expander and the Rankine engine
aswell. Scroll type expander isthe component of
the system generating mechanical energy to
supply the high-pressure pump of the RO unit.
To this context, the expander was connected first
to an electric brake, consisting of a 7.5 HP motor
controlled by aspecial inverter (with vector speed
mode) capable to keep constant a pre-selected
rotation speed. The measurements were realized
keeping theinlet—outlet pressure difference of the
expander DP, constant at a DP = 13.0 bar at
various rotation speed of the expander shaft. The
hot water temperature of the electric heater varied
from 65 to 70°C.

R

Fig. 5. The energy recovery unit.

3.1. Instrumentation and recorded data

In each rotation speed of the expander aseries
of data was recorded. The data of concern was
thefollowing: M op—torque inthe expander shaft,
Nm (using atorque meter); N — rotation speed
of the expander shaft, rpm (using a speedometer);
P, — pressure at the inlet of the expander, bar
(using pressuretransducer); P — pressureat the
outlet of the expander, bar (using pressure trans-
ducer); n_ — rotation speed of the Freon pump,
rpm (using speedometer); T, — temperature of
the super-heated vapor at theinlet of the expander,
°C (using a thermometer); T, — temperature of
the super-heated vapor at the outlet of the expand-
er, °C (using athermometer); T, — condensation
temperature, °C (using a thermometer); T, —
thermal water temperature, °C (using a thermo-
meter).

From the above gathered variablesitispossible
to calculate a set of results able to give a global
assessment of both scroll expander and the Ran-
kine engine behavior at specific operation con-
ditions.

3.2. Data processing

In view to assess the system behavior, the
following quantities are cal culated from the mea-
sured variables (sub-section 3.1).

3.2.1. Power produced by the expander

The power produced by the expander, W,
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representsthetotal power produced by the system
and is given by the formula below:
W,, =M, (mn,, /30) (1)

Thecontinuouslinein Fig. 6 presentsthevaria
tion of torque as afunction of the rotation speed,
whilethe continuouslinein Fig. 7 showsthe pow-

er produced by the expander, and thus by the sys-
tem, vs. rotation speed.

Torque (Nm)
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3.2.2. Power absorbed by the Freon pump

In general the equation below can be applied
to calculate the power absorbed by the Freon
pump, V\/fp:

Wfp = Qf (Rn - I:i)ut) (2)

The flow rate Q, can be calculated from the
rotation speed of the Freon pump n_, given that
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Fig. 6. Variation of torque (continuous line) and mass flow of HFC-134a (dashed line) as afunction of the rotation speed.
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Fig. 7. Variation of power generated by the expander (continuous line, right y axis) and power absorbed by the Freon
pump (dashed line, left y axis) as afunction of the rotation speed.
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the Freon flow rate pumped per revolutionisequal
to 1.247x10° m3/drev.

To calculate the refrigerant mass flow m, (kg/
s), itisjust needed to cal cul ate the specific volume
v (m¥kg) at the condensation temperature. The
product Q,v equals to the mass flow. The dashed
lineinFig. 6illustratesthe variation of massflow
as a function of the rotation speed, while the
dashed line in Fig. 7 shows the power absorbed
by the Freon pump vs. the rotation speed.

3.2.3. Efficiency of the expander
The expander efficiency can be derived from
the following equations:

Nop =Wer, /W, ©)

Vvin =my (hn_hout) (4)

where h, is the specific enthalpy of the super-
heated vapor at expander inletand h_ isthesame
property at the expander outlet.

h,,and h_, can be easily calculated from the
pair of temperature and pressurein the exact ther-
modynamic state. In Fig. 8 the expander efficiency
as a function of the rotation speed is presented
(continuous line).
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3.2.4. Overall efficiency of the system

The overall efficiency can be calculated from
the following formula:

n = (Wap _Wfp )/VVt (5)
W reflectsto thetotal power generated by the sys-
tem. Considering that the total amount of thermal
energy produced is exploiting by the Rankine
engine this quantity can be calculated as:

\Nt:mf(hn_hcon) (6)

whereh_ isthevalue of specific enthal py at con-
densation temperature.

The dashed linein Fig. 8 shows the variation
of the overall system efficiency as a function of
therotation speed of the expander. Fig. 9 presents
the power produced by the system as a function
of the rotation speed.

4. Conclusions

From the elaboration of the results derived
from the laboratory experiments some very im-
portant conclusions can be concluded. More
specificaly:
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Fig. 8. Variation of the expander efficiency (continuous line, right axis) and overall system efficiency (dashed line, left

axis) as afunction of the rotation speed.
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Fig. 9. The overall thermal power generated by the system as a function of the rotation speed.

Thevariation of torque asafunction of thero-
tation speed has a maximum value of 18 Nm
at O rpm.

The expander has an overall maximum effici-
ency of about 65%. This efficiency seems to
be preserved constant at a wide operation
range, varying from approximately 1000 to
3000 rpm. The observed plateau of this effici-
ency impliesahigh performance at aconsider-
ably wide range.

The maximum power generation is about
2.05 kW achieved near 2000 rpm. This power
isquiet enough to drivethe RO unit and assure
theinitially planned fresh water production and
it indicatesthat the system should beregulated
in such away as to operate around this value
of the rotation speed.

The power consumed by the Freon pump is
considerably low and at 2000 rpm reaches
some 250 W.

Themaximum overall system efficiency is4%.
Although this value of efficiency seems con-
siderably low at first sight, it is high enough
taking into account the sel ected range of temp-
erature of therefrigerant. In principle, the effi-
ciency of Rankine cycledepends on the evapo-

ration—condensation temperature difference.
Thehigher the difference, the higher the effici-
ency. The theoretical efficiency of the ideal
Rankine cycle at the experimental operation
conditionsisnot above 10%, whilethat of Car-
not, whichisequivalent to the maximum poss-
ible, is not more than 14%.

All the above results refer to a constant pres-

sure difference of 13 bar. The system behaviour
changes significantly with the variation of this
variable.
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