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10 Abstract

11  This work presents the dynamic modeling of a vertical multi-effect evaporator plant designed and
12 manufactured for its installation at a commercial concentrating solar power (CSP) plant, within the
13 framework of EU H2020 project SOLWARIS (Solving Water Issues for CSP plants). The model
14 has been developed using Modelica computational language and implemented in Dymola®
15  software environment. The results from the validation show a good agreement against the design
16  data, obtaining relative errors lower than 5%. The dynamic response of the plant against external
17  disturbances of the motive steam mass flow rate, feedwater mass flow rate and condenser pressure
18 has been investigated. The main results reveal that increasing the motive steam flow rate by 5%
19  produces a similar increment of the water recovered (5.2%), although the concentrate salinity is
20  raised to an unsafe operation zone (106%) that could lead to scaling issues in the evaporators. The
21  same effect occurs when the feedwater is decreased by 5% from its nominal value, causing a
22 significant rise in the concentrate salinity (163%). In those cases, the simultaneous and proportional
23  variation of the motive steam and feedwater mass flow rates allows maintaining the outlet

24 concentrate salinity far from scale formation limits.
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1. Introduction

Water consumption in concentrating solar power (CSP) plants is one of the major challenges this
technology has to cope with since these plants are usually installed in arid or semi-arid locations
with important water scarcity issues. The water reuse of wastewater streams from a CSP plant (i.e.,
the blowdown of the power block and cooling) seems a promising option to reduce the high water
consumption required. This can be achieved by water treatment technologies that provide high-
purity water, such as multi-effect evaporation (MEE), apt for mirror cleaning and for the make-up
in the cooling tower and the power cycle. An added value of this option is that most CSP plants
have a surplus of thermal energy (i.e., up to 30% of the total one demanded by the plant), which is
dumped by the defocusing of some collectors, and it can be used for driving the thermal evaporation
process. Therefore, the high external energy consumption required by this kind of water treatment

plant would be saved.

In the frame of an EU H2020 project called SOLWARIS (Solving Water Issues for CSP plants) [1]
a vertical falling-film MEE plant has been designed and manufactured at a relevant scale by the
Spanish company INDETEC for water recovery purposes. The aim is its installation at a
commercial CSP plant to produce a valuable product (almost pure water) that will be able to
significantly reduce the wastewater discharge to the evaporation ponds and the raw water required
by the CSP plant. To find the optimal operating conditions that lead to the maximum production
of clean water and to the minimum electricity consumption (which is the greatest exergy

destruction source apart from that corresponding to the thermal energy, assumed negligible in this
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case [2]), the mathematical modeling and computer simulation of the MEE plant is the first

requisite.

Several MEE models have been developed and published in the scientific literature, but most of
them are based on horizontal falling-film evaporators that use seawater as the working fluid. The
first works found in the literature related to the modeling of vertical falling-film MEE plants are at
steady-state and they are detailed hereinafter. Early in the 80s, Angeletti and Moresi [3] presented
a model of an MEE unit used for the orange juice elaboration process. The model was validated
successfully against data obtained from industrial MEE plants, using different correlations of the
overall heat transfer coefficients (OHTCs). Khademi et al. [4] performed the modeling and
optimization of a six-effect MEE used for desalination. In addition, a sensitivity analysis to study
the effect of the variation of the feedwater temperature on the energy consumption and water
produced was performed. It was found that an increase in the feedwater temperature resulted in a
decrease in the external steam consumption and an increment of the water produced. Khanam &
Mohanty [5] developed a simplified model of a seven-effect evaporator used for black liquor
concentration. The model was validated against other published models and industrial data,
obtaining a good prediction of the steam consumption (error < 3%). Srivastava et al. [6] presented
the model of a falling film evaporator used for the sugar industry. The validation was done by the
comparison with data from industrial plants, showing a maximum error of £2% for the exit liquor
concentration, vapor body temperature, and vapor bleed. However, the error of the OHTC was
between -8.8% and +13%, with respect to the real values collected from the sugar industry. Finally,
Sagharichiha et al. [7] developed a model of vertical tube falling film evaporators for desalination
purposes. The model was validated by comparison with models published in the literature, and

some significant deviations were found (relative error of about 20% in the mass flow rates).
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However, the steady-state models are not generally useful for control and real-time optimization
purposes, and these tasks are essential in MEE plants driven by solar energy that usually have to
operate at partial load due to the variability of the solar irradiance. For control and optimization
purposes, dynamic models are required in this framework. Some relevant works can be found in
the literature in this respect. One of the first dynamic MEE models presented was done by Andre
& Ritter [8] for a laboratory-scale double-effect evaporator. The model was based on mass and
energy balances on the main elements of the system, and it fitted well with the experimental results.
It was used to analyze the transient response against changes in the feed and steam mass flow rates.
Quaak et al. [9] developed a dynamic model of a four-effect MEE plant based on first principles
for control purposes. It was validated against measured data, showing good agreement. Winchester
& Marsh [10] presented the model of a single-effect evaporator with mechanical vapor
recompression for milk powder production. The model was used to develop control loops for the
regulation of the effect temperatures, product dry mass fraction and product flowrate, but it was
not validated. Stefanov and Hoo [10] presented a distributed-parameter model of a lamella-type
evaporator used for black liquor concentration. The model was used to analyze the effect of the
variation in the feed flow rate, feed dry solids content and wall temperature on the black liquor
mass flow rate and dry solids content. The same authors later developed an extended model for an
MEE plant [12]. This extended model was validated against steady-state data taken from an
industrial plant, resulting in good agreement with model predictions. Kumar et al. [13] developed
an MEE plant mathematical model for the paper industry. The model was based on mass and energy
balances and was able to simulate different flow arrangements. The dynamic effect of disturbances
on the feed flow rate, temperature and concentration, together with the heating steam temperature,
were analyzed. No validation of the model was shown, though. Finally, Bojnourd et al. [14]

presented a dynamic model for a four-effect industrial MEE plant for milk powder production,

4



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

using both a lumped-parameter and a distributed-parameter approximation. The models were
validated against data obtained from the industrial plant showing good agreement with predicted
values. It was found that the lumped model has similar reliability in comparison with the distributed

model, with a simpler structure and requiring less calculation time.

This paper presents a detailed dynamic model of a three-effect MEE unit to be integrated at a
commercial CSP plant for water reuse. The model is based on the one presented by Bojnourd et al.
[14] for the evaporators, but it includes relevant contributions in the entire plant modeling,
modifications in the structure of the equations and considers relevant additions such as the flashing
process, recirculation of the concentrate in each effect, thermal losses and the pumping power
consumption. This model thus allows a better precision for control and optimization purposes. The
paper shows the validation of the model against steady-state conditions (i.e., the corresponding to
the nominal conditions of the plant) and the assessment of the plant efficiency (in terms of
electricity and energy consumption) and the total water recovered with the variation of several
operational variables, which allows identifying the most favorable operating conditions. Finally,
the dynamic response of the system against disturbances in the main operating variables is

presented.

2. Process description

The MEE plant (see Fig. 1) is composed of three long-tube vertical falling film evaporators (namely
H,, H, and Hs), three liquid-vapor separators (C;, C, and C5) and a surface condenser (SC). The
plant also has two plate heat exchangers (PHX: and PHXz), a thermocompressor (TVC), a

separation bottle (SB), and eight pumps (P01-P08).
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Fig. 1. Scheme of the MEE plant.

The working principle of the MEE plant is essentially the evaporation of the feedwater using
external vapor, producing steam and concentrated water. This process is done in several stages
(called effects) to take advantage of the heat produced in the evaporation process within one effect,
making the process more efficient. A profile of decreasing pressures and temperatures is created

along the effects while the condenser pressure is imposed by a vacuum pump (VP07).

The feedwater enters the plate heat exchanger PHXz, where is warmed up when heat is exchanged
with the condensate produced in effect H;. Then, it enters the plate heat exchanger PHX, where is
further heated up with sensible heat of the condensate produced in H;. Before entering the tubes of
the evaporator H,, the feedwater is mixed with a recirculating flow of the concentrate solution
generated in the effect. This recirculation flow takes place in each effect and aims to avoid the
formation of dry spots in the tubes. The feed is distributed at the top of the tubes, flowing inside
them downwards and forming a thin falling film around the tubes. This film partially evaporates

along the tubes, so that at the bottom of them, vapor and concentrate flow can be found. The mixture
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reaches the lowest part of the tubes, called the sump, which is physically separated from the shell
of the effect. The sump is a vessel at the bottom of the effect where part of the concentrate stream
is accumulated up to a certain level. The mixture is then separated in the cyclonic box C;. Part of
the vapor produced in H; is recompressed in the thermocompressor using motive steam produced
at medium/high pressure in a steam generator, and the resulting compressed vapor is directed to
the steam chest of H,;, where condenses and releases its phase change heat to the falling film
circulating inside the tubes. The vapor produced in H; is used as heating steam in H,, while the
concentrated flow is used as the feed stream to H,, repeating the condensation-evaporation process.
Note that, apart from the vapor generated by boiling, an additional amount of vapor is produced by
flashing when the concentrate solution from H; enters H,, and the one from H, enters H;. There is
also flash evaporation when the condensate from H, enters the shell of H;. Finally, the vapor
produced in Hs is condensed in the surface condenser SC and, together with the condensates
coming from H, and Hs, all of them are mixed in the separation bottle. The final concentrate flow
comes from the cyclonic box C5. Part of the condensate produced in H; is collected together with
the condensates in H,, H; and SC, while the rest (equal to the motive steam flow) comes back to
the condensate tank of the steam generator. Note also that part of the condensate produced in H; is
used in a desuperheater (DSH) to achieve saturating conditions in the compressed vapor at the
outlet of the thermocompressor. In addition, a small fraction of the vapor produced in each effect

is dragged together with the non-condensable gases (NCG) by the vacuum system.

The main features of the MEE plant at nominal conditions are depicted in Table 1.
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Table 1. Main characteristics of the MEE plant at nominal conditions.

Concept Value

Type 3-effect with TVC
Recovery ratio 91%
Evaporation flow rate (kg/h) 7502

Feed flow rate (kg/h) (@20°C) 8250
Concentrate flow rate (kg/h) 750

Steam consumption (kg/h) (@10.5 bar with TVC) 2002
Cooling flow rate (m*/h) (@33°C DT=6°C) 175

3. Modeling

The developed MEE dynamic model is based on that presented by Medhat Bojnourd et al. [14]
with required additions and modifications (recirculation of the concentrate solution, flashing of

brine and distillate, fouling in the heat exchangers and thermal losses in the effects).

The model consists of mass and energy balance equations applied to each component of the plant,
together with the heat transfer equations associated with the heat exchangers. The mass balances
of the falling film flow rate for the external condensation and internal evaporation in the effects,
together with the salts content of the falling film, have been modeled using dynamic equations. The
rest of the components have been modeled in stationarity conditions, assuming they have small
inertia compared to the evaporation/condensation process within the evaporators. The cyclonic
boxes have not been modeled because they do not imply any significant change in the operating
variables (mass flow rate, temperature, pressure, etc.). The main assumptions considered are

described as follows:
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- Lumped-parameter models have been chosen for the components of the system.
- The evaporated water is considered salt-free.
- The effect of the NCG on heat transfer has been neglected.

- The energy accumulation on the falling film and in the tube has not been considered

(stationary energy balances).

- Average values of some variables (mass flow rate of the falling film outside and inside the
tubes, the residence time of the falling film, the velocity of the falling film, etc.) have been

taken into account in the evaporator tubes, with the average-making parameter « set as 0.5.

- Fouling factors have been assumed in H; (tube side 0.4-10* °C-m%W), H, (0.7-10*
°C-m?/W) and H; (8.3-10"* °C-m?/W) evaporators and end condenser (13-10* °C-m?/W)

due to the possibility of scale events (personal communication from the manufacturer).

- The residence time and the velocity of the falling film (0.75 m/s) have been assumed

constant (personal communication from the manufacturer).

- Thermal losses in the effects have been assumed to be 2% of the total heat rate of

evaporation, in accordance with data provided by the plant manufacturer.

The model has been implemented in Dymola® [15], which is a commercial modeling environment
based on Modelica, an object-oriented modeling language for complex systems. Modelica is
declarative, allows acausal modeling, the use of hierarchical structures, multi-domain simulation

and visual component programming.

In the next section, the evaporator model is described, which is identical for all three effects. Then,

the model for each effect and the rest of the components is defined.
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3.1 Evaporator model

The evaporator model has been divided into three components: the outside tubes, where the heating
steam coming from the thermocompressor (for effect H,) and from the previous effect (in the case
of H, and H3) condenses; the tube wall, where the condensation heat is transferred to the inside
tubes; and the inside tubes, where part of the feedwater plus the recirculate flow (in the case of the

effect H,) or only the recirculate flow (in the case of effects H, and H;) evaporates.

3.1.1 Outside tubes

The control volume (CV) is delimited by the falling film downwards the outer surface of a generic
evaporator tube, as shown in Fig. 2. Note that the thickness of the falling film is assumed to be zero
at the top of the tube and, due to gravity and accumulation of liquid on the external surface of the
tube, the thickness grows downwards being the maximum at the bottom. The energy balance in the

CV is established as follows:

dE_ 4

dt =0= _ch + Amcd = ch = Amcd (1)

where E.4 (J) is the internal energy, Q.4 (W) is the condensation heat rate, A (J/kg) is the specific
enthalpy of condensation, and m.; (kg/s) is the mass flow rate of condensate.

The mass balance in the CV is established by Eqg. (2):

dM;q4
dt

= mcd,i - mcd,o + mey (2)

where M4 (kg) is the mass of the falling film of condensate outside the tube, .4 ; (kg/s) is the
inlet mass flow rate of condensate at the top of the tube and m.4, (kg/s) is the outlet mass flow

rate of condensate at the bottom of the tube. The vapor around the tube, at T (K), condenses when

10



205 it reaches the tube wall, which is at a lower temperature, T,,, (K).
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| —
mcd,ol e T
206
207 Fig. 2. Scheme of the CV for the outside condensation.

208  The mass flow rate of condensate outside the tube is determined with Eq. (3):

M.y = Tcd,aumcd,av (3)

209 where 14 4, (Kg/s) is the average mass flow rate of condensate outside the tube, and 7.4 4, (S) IS

210  the average residence time of the falling film, calculated with Eq. (4):

L

(4)

Tedav =
’ 17cd,av

211 where L (m) is the length of the tube and v, 4, (M/s) is the average velocity of the condensate

212  outside the tube.

213  The average values of a generic variable N,, (representing any other average variable, such as

214  velocity, mass flow rate, etc.) can be obtained with Eq. (5):

Ngy = aN; + 1- a)No (%)

11
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where « is the average-making parameter, and N; and N, are the inlet and outlet values of the

variable N. The value of « is in the range 0 — 1.

Substituting Egs. (3) and (4) and the average values in Eq. (2), the following equation is obtained:

dmcd,o _ vcd,av a dmcd,i

dt - L(l _ a) (mCd,l - mCd,O + mCd) - (

1—a) dt ©)

3.1.2 Tube wall

The heat transfer equation in the tube wall establishes that the heat rate transferred by conduction,
Q. (W), is a function of the thermal resistance of the tube, R,, (K/W), and the temperature

difference between the outside tube wall, T,,,, (K), and inside tube wall, T,,; (K):

1
o (Two - Twi) (7)

Qtr = RW

The thermal resistance of the tube is defined by:

In (D—f)

- 8
R 2L - ky,

with D, (m) and D; (m) being the external and internal diameters of the tube, respectively, and

k,, (W/(m-K)) is the thermal conductivity of the tube.

3.1.3 Inside tubes

The model of the feedwater evaporation inside the tubes of the evaporator is similar to that one of
the external condensation. The corresponding CV is shown in Fig. 3. In this case, it has been
assumed a falling film profile with decreasing thickness due to the evaporation. Note that for the

evaporator H, the energy balance is slightly different because the feedwater is subcooled and needs

12
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to be warmed up to saturation conditions. Therefore, an additional term representing the sensible

heat is added to the energy balance as follows:

dEe,
dt

=0= Qev — Ay, — miEp(T -T) = Qev = Amg, + mic_'p,i(T —Tp) ©)

where Q,, (W) is the evaporation heat rate, 1,, (kg/s) is the mass flow rate of falling film
evaporated, m; (kg/s) is the inlet mass flow rate of the liquid film (feedwater plus the recirculating
flow) at the top of the tube, ¢, ; (J/(kg-K)) is the average specific heat at constant pressure between
T and T;, T (K) is the temperature of the falling film inside the tube (equal to the outlet falling film
temperature), and T; (K) is the falling film inlet temperature (subcooled) at the top of the tube,

coming from the mixer.

Fig. 3. Scheme of the CV for the inside falling film evaporation.

For evaporators H, and H; there is no preheating section, and the energy balance is as follows:

13



242

243

244

245

246

247

248

249

250
251

252

253

dE,,

dt =0= Qev — Aritgy, = Qev = Amgy (10)

The vapor at the outlet of the tubes is considered to be in thermal equilibrium with the liquid, whose
temperature (T) is equal to the saturation temperature at the outlet of the tubes (Ts,:) plus the

boiling point elevation (BPE) of the solution due to the salt content:
T = Tsqt + BPE (11)
The mass balance equation applied to the same CV is as follows:

dM,,
dt

= 1y — 1ty — ey (12)
where M., (kg) is the mass of falling film inside the tube, m, (kg/s) is the outlet mass flow rate of
liquid film at the bottom of the tube. Defining the falling film residence time and the average values

of the liquid film velocity and mass flow rate, Eqs. (13) and (14), respectively, the mass balance is

rearranged and expressed by Eqg. (15):

L 13
Tev,av — ( )
ev,av
. 14
M, = Tev,avMav ( )
dmo _ Vev,av (m — . —1h ) _ a dmi (15)
dt L(l—a) ¢ 0 ev (1—-a) dt

where 1, (kg/s) is the average mass flow rate of the falling film.

The falling film thickness at the top (6;) and at the bottom (6,) of the tubes can be determined

considering the evaporator geometry that is known:

5i=<Di— fDi2—4'Aci/7T>/2 (16)
5, = <Dl- — |pz-4-a, /n) /2 (17)

14
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where A,; and 4., (m?) are the areas of the falling film crown at the top and the bottom of the tube,

respectively, and they can be calculated as follows:

A

A== Tu/B (18)
4 4

Agp = E = o/ Po (19)
vO vD

where V; and V, (m®/s), v; and v, (m/s), and p; and p, (kg/m®) are the volumetric flow rate, velocity

and density of the liquid at the top and the bottom of the tube, respectively.

3.1.4 Heat transfer equations

The heat transfer equations for the evaporator establish that the heat released by the condensation
of the external vapor outside the tubes is transferred to the internal falling film for its partial

evaporation. The total heat transfer rate in the tubes, Q,,;, is determined by Egs. (20)-(23):

Qtot = U; A; (T; — T)N, (20)
Qtot = Qsen,tot + Qev,tot (21)
Qsen,tot = mic_p (T — TN, (22)
Qev,tot = Mgy AN, (23)

where U; (W/(m?-K)) is the overall heat transfer coefficient referred to the internal area, 4; (m?) is
the inner surface area of one tube, N, is the number of tubes, Qq.r, so¢ (W) is the total sensible heat
rate, and Q'e,,,tot (W) is the total heat rate of evaporation. Note that the sensible term in the equation

is used only for H, evaporator. The equation to determine U; is a function of the internal heat

transfer surface, as follows:
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1 1

U- = =
' Z Ri Rcv,int + Rfi + Rw + Rfo + Rcv,ext
~ 1 (24)
1 D;in(D,/D;) . D; D, 1
mtRit =2k, 1D, RreotD, R,

where h; and h, (W/(m?-K)) are the internal and external convective heat transfer coefficients,
respectively, R; ((m?-K)/W) is the thermal resistance of element i, Ry ine and Ry ey are the
internal and external convective thermal resistances, respectively, and Ry;, Ry, ((m?-K)/W) are the

internal and external fouling factors, respectively.

Several correlations of the convective heat transfer coefficient have been analyzed to select those
that better fit the nominal conditions of the plant. From the analysis, the best fitting was found for
the correlation presented by Shmerler & Muddawar [16] in the case of the internal evaporation and
the correlation of Labuntsov [17] for the external condensation. More information can be found in

Appendix A.

3.2 Effect H4

This section presents the mass and energy balances for effect H; and the modeling equations of the

associated components: the mixer (M), the thermocompressor and the desuperheater.

3.2.1 Mass and energy balances

The CV established for effect H; includes the evaporator, TVC, mixer, cyclonic box and
recirculation stream (see Fig. 4). Note that the recirculation flow has the same thermodynamic

properties that the outlet concentrate stream.
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§ Thermal losses
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ool ” / =) vTve [ Vaportot,

Vapor
recycled

Congentrate H,

P02
284 R ?
285 Fig. 4. Control volume for the global mass and energy balances applied in effect H,. Note that
286 part of the total condensate in H; returns to the boiler while the rest is mixed with the other
287 condensates in point P.

288  The mass and energy balances for this CV are as follows:

dM; 4 ALy . ) )
i pL1TRE ar e — (Meq + My ror,1) (25)
dMy 4 , ALy . ) ) ) ) )
i Pr1T™RA1 ar (Mms + My,) — (Mycga + Meg1 + Myq + Mg q)
mehe + My = Myce1hneer + My 1hp + Megi1hear + Meqher + Quossi (26)

289  where M, ; (kg) is the mass of liquid in the sump of H; , p; ; (kg/m®) is the density of the liquid in
290  the sump of Hy, Ry, (m) is the radius of the sump of Hy, Ly, (m) is the level of the liquid in the

291 sump of Hy, my, My, Mycea, M1, Mutot,1s Mea,ns ey (KOAS), and he, b, hyegas Ry Rea,as
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h.1 (J/kg) are the mass flow rates and specific enthalpy of feedwater, motive steam, vapor
entrained by the extraction of the NCG, vapor going to H,, condensate and concentrate streams in

H,, respectively, while Q,,ss; (W) is the heat rate loss in effect H;.

The salt balance is established in this CV through Eq. (27):

d(M; X
—( L,zltavjl) = mef - mC’1XC,1 (27)
where, X1 (ppm) is the average salt content in Hy, and X, X, (ppm) are the salt content of the

feed inlet and concentrate outlet flows, respectively. Substituting the definitions of M, ; and X, 4,

the EqQ. (27) is rearranged as follows:

dXo,l — [mf(Xf - Xav,l) - mc,l(Xo,l - Xav,l) + mv,tot,lxav,l] _ ¢4 de

(28)
dt M. (1-a) (1-a) dt

3.2.2 Mixer

The subcooled feedwater, before entering the evaporator tubes in effect H,, is blended with the
recirculated concentrate solution in a mixer, which is at saturation conditions. Applying the mass
and energy balances on the mixer, the feedwater mass flow rate and temperature at the outlet of the
mixer can be determined as follows:
Me + My = 1My (29)
Mehey + My 1 by g = 1001 Ry g (30)
where m,.; (kg/s) is the mass flow rate of the recirculated concentrate solution in Hy, m; ; (Kg/s)
is the mass flow rate of the feedwater at the outlet of the mixer, and hsy, h; 1, and h; ; (J/kg) are
the specific enthalpies of the feedwater at the inlet of the mixer, recirculate and outlet of the mixer,

respectively.
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3.2.3 Thermocompressor

The thermocompressor uses high/medium pressure motive steam obtained from a steam generator
to recompress low-pressure steam extracted from the first effect (see Fig. 5). A stationary model

has been considered since its dynamics is much faster than that of the evaporator [18].

nozzle mixingzone diffuser

motive steam compressed vapor
—_— —

Pm» va Mm Pcomp, Tcomp' Mcomp

suction vapor

psuc' TS‘U.C' msuc

Fig. 5. Scheme of the thermocompressor.

The mass and energy balance equations are defined by Egs. (31)-(32):

My, + Mgy = mcomp (31)

mmhm + msuchsuc = mcomphcomp (32)
where 1, and 1., (Kg/s) are the suction and compressed vapor mass flow rates, respectively,

and hgyc, and heomy (J/Kg) are the specific enthalpies of the suction and compressed vapor flows,

respectively.

Two empirical models from the scientific literature [19,20] have been analyzed and compared
versus the design data. The comparison has been made in terms of the entrainment ratio Ra
(Eq. (33), defined as the ratio of motive steam mass flow rate to suction/entrainment vapor mass
flow rate), resulting that the correlation with the best fitting was the one from EIl-Dessouky [19],
which has been selected for its implementation in the model. Egs. (33)-(35) present the empirical

correlations used by El-Dessouky for the calculation of the entrainment ratio:
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335

336

pclblr;)tp Pm 0.015
Ra = 0.296 - : ( ) . (PCF /T CF) (33)

1.04
suc psuc

PCF =3-1077 - pZ — 0.0009 - p,,, + 1.6101 (34)
TCF =2-1078 . T2, — 0.0006 - Ty, + 1.0047 (39)
Where peomp, Psuc, and pp, (kPa) are the pressures of the compressed vapor, suction vapor, and

motive steam, respectively, PCF is the motive steam pressure correction factor, TCF is the suction

vapor temperature correction factor, and Ty, (°C) is the suction vapor temperature.

3.2.4 Desuperheater

As mentioned in the process description, the desuperheater is in charge to temper the compressed
vapor temperature from superheating to saturation conditions by using a condensate stream that is
extracted from the condensate section of H; (see Fig. 6). The mass and energy balances applied to

this component are presented in Egs. (36) - (37):
mcomp + Mgsp = Mgge (36)
mcomphcomp + mdshhdsh = msathsat (37)

Where M comp, Masn, Msqr (KY/S) aNd heomp, hasn, hsqr (KI/KQ) are the mass flow rates and specific

enthalpies of the compressed vapor, condensate, and saturated steam, respectively.

Saturated vapor Compressed vapor
< DSH <

Psat> Tsat Msat Pcomps Tcomp Mcomp
I Condensate
Pash Tasn Mash

Fig. 6. Process scheme of the desuperheater.
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3.3 Effects H, and H3

The set of equations of effects H,and H; models have a similar structure, except for the flashing
of the condensate coming from H, when entering the shell of H;. The models of these effects
consider the flashing process of the concentrate solution coming from the previous effect, which
enters the sump and is mixed with the concentrate produced in the evaporator. Also, as for H,,

global mass and energy balances are applied to a CV delimited by the whole effect.

3.3.1 Mass and energy balances

The CV defined for effects H; (i = 2, 3) is delimited by the effect itself and the recirculation flow,

as can be seen in Fig. 7. The mass and energy balances in this CV are as follows:

dM, ;
dt

dLy;
2 Hi . . .
= .DL,L'T[RHiF = Meiq — (Mg +My;) (38)
Mei1heiog + My i1hyio1 + Mincgio1hpi-1 {+ Meai-1hea,io1}

(39)
= mNCG,ihNCG,i + mv,ihv,i + mcd,ihcd,i + mc,ihc,i + Qloss,i

where M, ; (kg) is the mass of liquid in the sump of H;, p;; (kg/m?3) is the density of the liquid in
the sump of H;, Ry; (m) is the radius of the sump of H;, Ly; (m) is the level of the liquid in the
sump of H;, m;, My, ;, Mycg,ir Mea,; (KO/S), and he i, hy, i, Ancgis heai (I/KQ) are the mass flow
rates and specific enthalpies of the concentrate, the vapor produced, the vapor entrained by the
extraction of the NCG, and the condensate streams of H;, respectively, and Qloss,i (W) is the heat
rate loss in effect H;. Note that in Eq. (39) for effect H, the term .4 ;_1hcq ;-1 does not exists

because there is no condensate stream going from H; to H,.
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Fig. 7. CV for the global mass, salt and energy balances applied in effect H; (i=2,3).

The salt balance is described by Eq. (40):

d (ML,iXav,i

dt = M¢i-1Xo,i-1 = MciXo i (40)

where, X,,; (ppm) is the average salt content in H;, and X,; (ppm) is the salt content of the
concentrate outlet flow in H;.
Then, Eq. (40) is rewritten as follows:

dXo,i _ [mc,i—l(Xo,i—l - Xav,i) - mc,i(Xo,i - Xav,i) + mv,iXav,i] _ a dXo,i—l

(41)
dt My 2(1— @) (1-a) dt

3.3.2 Concentrate flash in H, and H;

The concentrate from H;_, , at saturated conditions, enters the sump of H;, that is at lower pressure,
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361 taking place flash evaporation that generate an additional amount of vapor, which is added to the
362  vapor produced inside the tubes of H; (see Fig. 8). Note that the concentrate flashes inside the sump
363  of the evaporator, however, for the sake of clarity, a flashing box has been added to establish the

364  governing equations of the flashing process.

| —
Concentrate flash Feed=Recirculate L
m‘l",il Ti
H,‘ tube
side
H;
tori Ti P Moy T;
Feed outL : tv
Flash V I_ g e |
en— VaporoutV

Concentrate | [T I P N s >

fromH,, 1 Flashing My, T

Mg i1, Tiq : box ConcentrateoutlL

’ ' 1 Ti’lc’i,Ti

| I ——
Mepni-v e — I
365
366 Fig. 8. Scheme of the concentrate flash process in evaporators H, and Hs.
367  The energy balance applied to the flashing box is as follows:
e prvi-1As = Mei-16pp1(Tics — Trig) (42)

368  where m. s y;—1 (Kg/s) is the mass flow rate of flash vapor produced from the concentrate solution
369  coming from H;_4, A, (J/(kg-K)) is the specific enthalpy of vaporization, . ;_; (kg/s) is the mass
370  flow rate of concentrate solution coming from H;_,, ¢, ¢, (J/(kg-K)) is the average specific heat at
371  constant pressure, T;_; (K) is the temperature of the concentrate coming from H;_,; and Ty, ; (K) is
372  the temperature of the remaining concentrate after the flashing process. The flashed concentrate

373  reduces its temperature to a value that is above the equilibrium temperature in H; by an amount

374 named non-equilibrium allowance (NEA).
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Tfl,i = Ti + NEAl (43)

The NEA can be determined with the following correlation presented by Miyatake et al. [21]:

T —T; 0.55
NEA; = 33% (44)
l

The mass balances in the sump, both for the liquid and the vapor phases, are as follows:
MepiLi-1+ Mo i = Mei + My (49)
Meriy,i-1 T Moy = My (46)
where me 11, Mo i Meir My, (Kg/s) are the mass flow rates of the concentrate after the
flashing process, the concentrate at the outlet of the tubes of H;, the concentrate at the outlet of the
effect, and the recirculate, respectively, while m ¢, i1, Moy i, Ty, (Kg/s) are the mass flow rates
of the vapor produced by flash, the vapor produced inside the tubes of H;, and the total vapor

exiting the effect, respectively.

3.3.3 Condensate flash in Hs

In addition to the flash of the concentrate in effect Hs, there is also flashing of the distillate coming
from H,. The condensate produced in H, enters the shell of H; to take advantage of the residual
heat content of this stream. As it is saturated, when it is discharged to a lower pressure space, part

of it flashes, generating additional vapor (see Fig. 9).
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Fig. 9. Scheme of the condensate flash process in the evaporator H;.

In the case of the flash evaporation caused by the condensate, the amount of vapor produced can

be determined through Egs. (47)-(49):

Mea frv 2caft = Meaz2Cpeari(Teaz — Tea f13) (47)
Teafi3 =T3 + NEAcg3 (48)
0.55
T —-T
NEAcqs = 33Ttz ~Teanis) (49)
Teafiv,3

where 1.4 f1v,» (Kg/s) is the mass flow rate of flash vapor produced from the condensate coming
from Hy, Acq 51 (J/(kg-K)) is the specific enthalpy of condensation of the vapor, m., , (kg/s) is the
mass flow rate of condensate coming from H,, ¢, .q 51 (J/(kg-K)) is the average specific heat at
constant pressure of the condensate, T,4 , (K) is the temperature of the condensate coming from
Hy, Teapiv,3 (K) is the temperature of the vapor produced (which is assumed to be equal to the
vapor temperature in the shell of Hs, Ts3) and T,q ;5 (K) is the temperature of the remaining

condensate after flashing.
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399  The mass balance equation in the shell of H; is as follows:

Meq f1v,2 T Meafir2 T Mycg2 T My2 = Mycg,3 + Mea,3 (50)

400  where meq r1v,2, Mea,fiL,2 Mnce,2) Moz, Mnce,z and Mg 3 (Kg/s) are the mass flow rates of flash
401  vapor produced from the condensate coming from H,, the condensate that remains without
402  flashing, the vapor dragged with the NCG coming from H,, the heating steam coming from H,, the

403  vapor dragged with the NCG leaving Hs, and the total condensate produced in Hs, respectively.

404 3.4 Final condenser

405  The final condenser SC (see Fig. 10) is in charge of condensing the vapor coming from the last
406  effect and the steam dragged with the NCG by the vacuum system. For that purpose, cooling water

407  coming from the wet cooling tower of the CSP plant is used as the refrigeration source.

mcw: Tcw,i
Cooling @

water . "
Mmey, Tcw,o
A 4
Condenser
NCG,.,
NCG .................................. >
L Myce ot Lsp
Myce3: Ts3 .
SC
................................... .’
my3,T3
Vapor H,
Condensate
/ H,+H;+SC
o —
Meq,sc+H2+H3) sB
Condensate SC
Measc, Tsc
Condensate H, +H;
408 MeaH2+H3 11P2,h,0
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Fig. 10. Process scheme of the final condenser (SC) and separation bottle (SB).

The energy balance equation and the heat transfer equation are represented below by Egs. (51) and

(52), respectively:

Q. = (mv,3 + mNCG,3)/15C + (mv,3 + mNCG,3)C_p,BPE,SC (T3 — Ts¢)
(51)

= mcwc_‘p'cw (TCW,O - TCW'i)

Qc = U oA LMTD, (52)

where ¢, ppr sc (J/(kg-K)) is the mean specific heat at constant pressure of condensing vapor
corresponding to the BPE, T (K) is the saturation temperature of the vapor condensing in the SC,
ey (Kg/s) is the mass flow rate of cooling water, ¢, ., (J/(kg-K)) is the mean specific heat at
constant pressure of cooling water, T, , and T, ; (K) are the outlet and inlet cooling water
temperatures, respectively, U,, (W/(m?-K)) is the overall heat transfer coefficient of the condenser
based on the outer surface, A, (m?) is the total surface area of the tubes, and LMTD (K) is the

logarithmic mean temperature difference that is determined as follows:

AT; — AT, _ (Tsc - Tcw,i) - (TSC - Tcw,o)
AT, Tsc — Tows (53)
In=ii ( SC CW,l)
AT, in Ts¢ = Tew,o

LMTD, =

The overall heat transfer coefficient U, is calculated with Eq. (54):

1
Uu. =
co Dc,o 1 +Dc,oln(DC,o/Dc,i)+ 1 +R. . (54)
Dc,i hc,i ch,w hc,o aft

where R f; ((m?K)/ W) is the internal fouling factor. The convective heat transfer coefficients,

he (W/(m?-K)) and heo (W/(m?-K)), have been estimated as explained in subsection 3.1.4.

The separation bottle (also represented in Fig. 10) is connected to the vacuum pump and is where
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the condensates from H, and H;, once cooled down in PHXz, are mixed with the condensate from

the SC. The mass and energy balances applied to this component are:

Meq sc + Megu2+H3 = Med,SC+H2+H3 (55)

mcd,SChcd,SC + mcd,H2+H3hcd,H2+H3 = mcd,SC+H2+H3hcd,SC+H2+H3 (56)

where Mg sc, Meq p2+13s Meascuz+us (KA/S) and heg scv Aea pz+n3s Rea sc+nz+n3 (KI/KQ) are the

mass flow rates and specific enthalpies of the condensate produced in SC, the condensate coming

from H, and the condensate exiting the SB, respectively.

3.5 Plate heat exchangers

The plate heat exchangers are used to preheat the feedwater by using part of the sensible heat
content of the condensate streams H, and H; (see Fig. 1). They are modeled using the NTU-

effectiveness method [22], whose equations are presented below.

Ch = Tthp'h (57)
Co =MeCpe (58)
Qmax = Cin (Th,i - Tc,i) (59)
e=_Y (60)
Qmax
Cmin
c= (61)
Cinax
Q = Ch(Th,i - Th,o) = Cc(Tc,o - Tc,i) (62)
UA 1 e—1
NTU = = In (63)

Cnin ¢—1 c-e—1

where C (W/K) is the heat capacity rate, Q,,4, (W) is the maximum possible heat transfer rate,

Q (W) is the actual heat transfer rate, € (-) is the effectiveness, ¢ (-) is the capacity ratio, and NTU
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is the number of transfer units. Note that subscripts h and ¢ stand for hot and cold streams,

respectively.

4. Methods

4.1 Model structure

Fig. 11 shows the structure of model implementation in Modelica language [23]. The basic
structuring unit in Modelica is the class, where the equations defining the model can be declared.
In particular, the general class ‘model’ has been selected to define the equations related to each
component of the plant. The effects of the MEE plant are defined by three packages (namely ‘First
effect’, ‘Second effect’, and ‘Third effect”) containing three models each one, related to the outside
vapor condensation (‘H; outside’, with i =1,2,3), the tube wall (‘H; tube wall’), and the inside
water evaporation (‘H; inside’). The rest of the components (thermocompressor, desuperheater,
mixer, plate heat exchangers, separation bottle and surface condenser) are also defined using the
model class. The main input variables, pressure and mass flow rate of motive steam (p,,,, 1,,),

temperature and mass flow rate of feed (T, ), condenser pressure (ponq), inlet cooling water

temperature (T, ;), are depicted in the figure.
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Fig. 11. Structure of model implementation in Modelica.

Modelica internally solves the set of differential equations using numerical integration methods
(DASSL solver is used in this case). In the code, the solving structure of the model is hierarchical,
divided into different levels, as shown in Fig. 12. It is solved starting from the top-level, named
‘Solve WRS’, which calls ‘Solve PHX>’ (that also includes the solving of SB), which in turn calls
‘Solve PHX1’ (including the call and solving of PHX> model), and so on. Each circle represents a
model class, which is instantiated from the associated model ‘Solve...’. The lowest level is ‘Solve
First Effect’, which contains the models of the TVC, mixer, outside tubes, tube wall and inside
tubes. In this way, the equation system of the model is closed with an equal number of equations

and unknown variables.
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Fig. 12. Solving structure of the MEE model.

The model needs to be properly initialized because of its acausal nature. The integration period

considered is 200 min to reach stationary conditions.

4.2 Evaluation of performance indexes

The performance of the WRS plant is characterized by the following indexes:

Gain output ratio (GOR): defined as the ratio of the total condensate mass flow rate

produced to the motive steam mass flow rate.

Z mcd i
mm

GOR =

(64)

Recovery ratio (RR): is the ratio between the total condensate flow rate produced to the

feedwater flow rate.

Z mcd,i

RR = =—
mg

(65)

Concentration factor (CF): is defined as the ratio of feedwater mass flow rate to the
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484

485

486

concentrate mass flow rate.

L A
~m, 1—RR

(66)

Specific thermal energy consumption (STEC): defined as the ratio of the external heat added

to the plant to the freshwater flow rate produced, in KWh/m?®.

Tt Ao 1

STEC = — .
chd,i/pcd 3600

(67)

where 4,, (kJ/kg) is the specific enthalpy of condensation of the motive steam at T;,, and

pea (kg/m®) is the density of the condensate produced at the exit of the separation bottle.

Total power consumption required by all the pumps of the plant (Py, ¢,.). It is calculated
with parametric equations obtained from the performance curves of the pumps (see

Appendix A).

4.3 Model validation and sensitivity analysis

Firstly, the mathematical model is validated in stationary conditions due to the lack of available
dynamic data, using the nominal values provided by the plant manufacturer. The inputs of the
model plus the assumed parameters used are shown in Table 2. Note that the selected effectiveness
of PHX: and PHX: (90.0% and 92.5%, respectively) have been determined using their technical
sheets. The recirculation ratios considered are 71 t/h for effects H;, H,, and 53 t/h for H;, needed

to have a complete wetness in the evaporator tubes and avoid the appearance of hot spots.

Table 2. Inputs and parameters for the model validation.

Concept Value
Motive steam mass flow rate, kg/h 2002
Motive steam pressure, bar 10.5
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Feedwater temperature, °C 20

Feedwater mass flow rate, kg/h 8250
Feedwater salinity, ppm 2000
Inlet cooling water temperature, °C 33
Steam pressure in condenser, bar 0.139
Falling film velocity, m/s 0.75
NCG mass flow rate in each effect, kg/h 30
Number of tubes of H;, H, and H;, - 109, 109, 81
Length of evaporator tubes, m 8
Inner diameter of evaporator tubes, mm 50
Thickness of evaporator tubes, mm 1.5
Number of tubes of the condenser 172
Number of coolant passes 4
Inner diameter of condenser tubes, mm 27
Thickness of condenser tubes, mm 1.5
Thermal conductivity of tubes, W/(m-K) 16

After that, a sensitivity analysis of the plant performance as a function of the main operating
variables (motive steam mass flow rate, feedwater mass flow rate, and final condenser pressure) is
performed in dynamic conditions using the computational model. This analysis is useful for
predicting how disturbances on the independent operating variables affect the water production and
key efficiency parameters of the plant (STEC, RR, power consumption, concentrate salinity, etc.).
The results obtained from this analysis can be relevant to identifying control strategies that allow
maintaining key operational variables under suitable limits, as the concentration factor, and to
operate close to the optimum points. In all the analyses, the variables that have not been modified

have taken nominal condition values.
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5. Results

5.1 Validation

The results of the simulation and the comparison to the design data (nominal conditions) of the
plant are presented in Fig. 13. The relative error (g) of the compared variables (mass flow rates and
temperatures of the vapor/liquid at each point of the plant) is lower than 5%, which means a good
approximation of the predicted values of the model to the design data. In particular, the relative
errors obtained for the estimation of the mass flow rates of the total condensate and the concentrated
solution are -0.04% and +0.1%, respectively. The higher discrepancies are found in the
thermocompressor, in particular for the temperature of the compressed vapor (-3.7%) and the mass
flow rate of suction vapor (-4%). This could be explained by the particular method followed to
model this component, which is usually characterized by experimental curves, although in this

work a semi-empirical curve presented by El-Dessouky et al. [19] has been used.

Table 3 shows the performance parameters obtained in the design case. It can be seen the high
value of the RR (90.97%) and CF (11.08), but also the elevated thermal power required (1.1 MW),
leading to a considerable specific thermal energy consumption of 147.6 kWh/m?®. However, this
kind of WRS is suitable for CSP plants where waste energy from the solar field can be obtained.
Usually, during the operation in conventional CSP plants, some mirrors must be defocused when
the heat transfer fluid temperature exceeds its design value, for example, due to excess of direct
normal irradiance. In this situation, valuable thermal energy is dumped. Therefore, instead of

defocusing the mirrors, this thermal energy can be applied to power the WRS.
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Table 3. Validation of the model for the design case.

Concept Value Model Error (%)
GOR, - 3.74 3.75 +0.27
RR, - 90.93% 90.97% +0.04
CF, - 11.03 11.08 +0.45
STEC, kWh/m? 147.9 147.6 -0.20
Thermal power, kKW 1116.14 1114.92 -0.11
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522 Fig. 13. Process scheme of the WRS plant with the validation of the model at nominal conditions. Feedwater, concentrate, condensate

523 and vapor are represented by green, blue, cyan and red color lines, respectively.
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5.1 Dynamic response against external disturbances

This section shows the results of the dynamic simulations that have been performed to analyze
the system behavior against the presence of external disturbances on the main operational

variables.

5.1.1 Motive steam mass flow rate variation

The motive steam mass flow rate is varied by £5% with respect to its nominal value to simulate
a possible disturbance in this input variable during the operation of the plant. The maximum
motive steam mass flow rate increase (5%) has been selected due to the operational limits of
the plant. An increment higher than 5% results in RR above 95%, which can lead to having
scaling issues in the tubes of the heat exchangers, as indicated by the plant manufacturer. A
+5% step variation has been applied at t = 200 min (when all the variables are close to stationary
conditions), starting from its nominal value (Fig. 14a) up to 350 min. The increment of the
motive steam mass flow rate results in a similar increase (5.2%) of the water produced, from
7499.4 kg/h to 7886 kg/h (Fig. 14b), as expected, and a significant reduction of the concentrate
mass flow rate (51.5%), passing from 750.6 kg/h to 364 kg/h (Fig. 14c), which in turns raises
its salinity to approximately double (106.1%), from 21,990 ppm to 45,328 ppm (Fig. 14d).
Notice the drastic reduction in the outlet concentrate flow rate and the consequent increase of
its salinity, which lifts up far beyond the safe limit. In these conditions, the RR is 95.6%, a value
that exceeds the limit provided by the plant manufacturer so that scaling issues could appear.
Furthermore, it can be seen that the mass flow rates reach stationary conditions very fast while
the concentrate salinity takes longer, being the dominant dynamic. The heating steam
temperature and the vapor temperatures at the outlet of the evaporators (Fig. 14e) slightly

increase, (2%, 1.8%, 1.5%, and 0.3% for T}, Ty1, Ty2, and Ty, respectively) which leads to
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elevate the vapor production in the effects (Fig. 14f) by 6.3%, 6.3% and 6% for H,, H, and H;
effects, respectively. Note that the variation in Ty is related to the BPE only as the condenser
temperature is fixed. Finally, the cooling water requirements are higher (33.5%) when the
motive steam flow rate increases due to the elevation of the flow rate of vapor to be condensed,
and therefore the pumping power consumption also increases by 4.2%. The reduction of the
motive steam mass flow rate by 5% has the opposite effect on the analyzed variables, being of
the same magnitude in all the variables except for the outlet concentrate salinity (-34.4%) and

cooling mass flow rate (-22.5%), which could be produced by the non-linearity of the associated

equations.
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Fig. 14. Dynamic response of the plant against a £5% step variation of the motive steam mass
flow rate. The dashed line corresponds to -5% step variation. (a) Motive steam mass flow rate
variation, (b) water mass flow rate produced, (c) concentrate mass flow rate, (d) concentrate
salinity, (e) temperature profile, (f) mass flow rate of vapor in each effect, (g) mass flow rate

of cooling water, and (h) pumping power consumption.

The influence of the motive steam mass flow rate variation in the main performance parameters
of the plant is depicted in Table 4. Note that the RR has an approximately linear trend with the
motive steam flow rate variation, but the CF follows roughly a quadratic tendency. The STEC
IS not affected.

Table 4. Main performance parameters variation with the step disturbance of the motive steam

mass flow rate.

Concept Reference +5% m,, -5%m,,
RR, - 90.9% 95.6% 86.1%
CF, - 11 22.7 7.2
STEC, kWh/m? 148 147.8 148.4

5.1.2 Feedwater mass flow rate variation

The feedwater mass flow rate is varied between +5% of the nominal value to investigate its
effect on the key operational variables of the plant (see Fig. 15a). The lower limit is selected
again considering operational aspects of the facility. An increase of the feedwater mass flow
rate of 5% produces a small decrease in the water recovered of about 1% (from 7499.6 kg/h to

7427 kg/h, Fig. 15b), which may be attributed to the lower vapor production in the effects, -
39



575

576

o577

578

579

580

581

582

583

584

585

1.7%, -1.6% and -1% for effects H;, H, and H; (Fig. 15f), respectively, as a consequence of
the decrease in the temperature profile of the plant, -0.3%, -0.4%, -0.3% for Ty, Ty, and Ty,
respectively (Fig. 15e). Accordingly, the outlet concentrate flow rate increases by 64.6% (Fig.
15c¢), leading to a decrease in its salinity (-36.2%), as depicted in Fig. 15d. Also, the cooling
mass flow rate has a reduction of -4.1% (Fig. 15g) due to the lower amount of vapor to be

condensed, and therefore the pumping power requirement is slightly lower (-0.5%, Fig. 15h).

The decrease of the feedwater mass flow rate by 5% has opposite effects on the variables
analyzed, with a trend nearly symmetric. The water production is slightly increased to
7566 kg/h (0.9%). One relevant result here is related to the salinity of the outlet concentrate,
which is increased from 21,990 ppm to 57,777 ppm, i.e., a rise of 163%, resulting in a RR of

96.5%, a value that could lead to having scaling issues.
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586 Fig. 15. Dynamic response of the plant against a £5% step variation of the feedwater mass
587 flow rate. The dashed line corresponds to -5% step variation. (a) Feedwater mass flow rate

588 variation, (b) water mass flow rate produced, (c) concentrate mass flow rate, (d) concentrate
589 salinity, (e) temperature profile, (f) mass flow rate of vapor in each effect, (g) mass flow rate

590 of cooling water, and (h) pumping power consumption.

591  Table 5 shows the effect of the feedwater mass flow rate variation on the key performance
592  parameters of the plant. It can be seen how reducing the feedwater mass flow rate produces a
593  similar effect as increasing the motive steam mass flow rate, with a high value of the RR (unsafe

594  zone, >95%) and CF, while the STEC is only marginally affected by this variation.

595 Table 5. Main performance parameters variation with the step disturbance of the feedwater
596 mass flow rate.

Concept Reference +5% 1 -5%m

RR, - 90.9% 85.7% 96.5%

CF, - 11 7 28.9

STEC, kWh/m? 148 149.4 146.7
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5.1.3 Condenser pressure variation

The pressure in the SC is varied (Fig. 16a) by increasing it from the nominal value, 139 mbar,
to 500 mbar (only the increase of pressure is analyzed because the nominal value is the lowest
one achieved by the vacuum pump). This increment is equivalent to lifting the saturation
temperature from 52.6 °C to 81.6 °C, which is a very extreme case. Results obtained show a
moderate decrease of the water production (Fig. 16b) from 7499.4 to 6809.7 kg/h (-9.2%) and
a significant increment of the concentrate mass flow rate, which pass from 750.6 kg/h to
1440.3 kg/h (91.9%), Fig. 16c. Therefore, the outlet concentrate salinity is decreased by half,
from 21,990 to 11,456 ppm (-48%, Fig. 16d). This may be explained by the decrease in the
temperature difference between effects. Even though the temperature profile of the plant is
shifted and risen, passing Tys Ty1, Tyz, and Tys from 79.4 °C, 70 °C, 66.3 °C and 52.4 °C to
104.5 °C, 96.1 °C, 93 °C and 81.4 °C, respectively, the total temperature jump in the plant is
lower (from 27 °C to 23 °C) (see Fig. 16e). As a result, lower vapor production is achieved in
each effect, as can be seen in Fig. 16f, with a decrease of -11.3%, -11.5% and -11.1% for H,,
H, and H; effects, respectively. The cooling mass flow rate required in the condenser, Fig. 16g,
highly decreases from 169,010 kg/h to 20,035 kg/h (-88.1%) because of the lower amount of
vapor to be condensed and the larger temperature increase of the cooling water, which is risen
from 6 °C to 44 °C. As a result, the pumping power consumption is also decreased (Fig. 16h)

by 16%, passing from 87.2 kW to 73.3 kW.
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Fig. 16. Dynamic response of the plant against an increase of the condenser pressure. (a)

Condenser pressure variation, (b) water mass flow rate produced, (c) concentrate mass flow

rate, (d) concentrate salinity, (e) temperature profile, (f) mass flow rate of vapor in each

effect, (g) mass flow rate of cooling water, and (h) pumping power consumption.

The influence of increasing the condenser pressure on the RR, CF and STEC is depicted in

Table 6. It is shown how both RR and CF are in a safe operation zone, with lower values than

the nominal case, while the STEC is slightly increased due to the reduction of water produced

while maintaining the same heat rate consumption.
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Table 6. Main performance parameters variation with the step disturbance of the condenser

pressure.
Concept Reference Peona = 500 mbar
RR, - 90.9% 82.5%

CF, - 11 5.7

STEC, kWh/m? 148 162.3

5.1.4 Simultaneous variation of the motive steam and feedwater mass flow rate

As it has been shown in subsection 5.1.1, increasing the motive steam mass flow rate improves
the water production, but also it could lead to severe scaling issues and the shutdown of the
plant due to the increase of the concentrate salinity. The same happens when the feedwater mass
flow rate is decreased (subsection 5.1.2). Therefore, it is important to implement control
strategies able to maintain the salinity of the concentrate under safe limits when the motive

steam increases or the feedwater flow rate decreases.

One possible strategy to maintain the concentrate salinity could be to increase/decrease at the
same time both the motive steam mass flow rate and the feedwater mass flow rate in the same
proportion, so the evaporation ratio could be kept similar to that of the design conditions (see
Fig. 17a). In this case, it can be seen how the concentrate salinity is kept near the initial nominal
value, 21,990 ppm, when a disturbance in the plant produces a +5% variation of the motive
steam mass flow rate or a -5% variation of the feedwater mass flow rate. In the first case, by
also applying an increment of 5% to the feedwater mass flow rate, the salinity is reduced from
45,323 ppm to 20,481 ppm (45.3%), while in the second case, decreasing the motive steam
mass flow rate by 5% leads to a reduction of the salinity from 57,752 ppm to 23,767 ppm
(41.2%). The effect of this simultaneous variation on the water production, and its comparison
with the individual variations of the motive steam (+5%) and feedwater (-5%) mass flow rates,

are presented in Fig. 17b. In the first case, the water production is still higher than the nominal
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case (4.2% of increase), 7817 kg/h against 7499 kg/h, although lower than the case where only
the motive steam flow rate is increased (7886 kg/h, but operating in an unsafe zone due to the
increased concentrate salinity). In the second case, the water production is reduced from its
nominal value to 7178 kg/h (4.3% of reduction), which is lower than the standalone decrease
of the feedwater flow rate (7566 kg/h, but again operating in an unsafe zone). This is expected

due to the lower thermal energy introduced in the system.
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Fig. 17. Dynamic response of the (a) concentrate salinity and (b) water production against a
simultaneous variation (continuous lines, +5%) of motive steam and feedwater mass flow
rates. It is also shown the comparison with the individual variations (discontinuous lines, +5%

motive steam and -5% feedwater mass flow rates).

6. Conclusions

A dynamic model for a vertical MEE plant to be used for water recovery purposes in a CSP
plant has been developed and presented in detail. The set of equations used for every component
of the plant has been described, together with all the relationships needed to close the model. It
has been simulated under nominal conditions in order to be validated against the design data
provided by the plant manufacturer, showing a good agreement for all the variables (relative

errors lower than 5%).

After validation, the model has been used to perform a sensitivity analysis at dynamic

conditions to identify the operating conditions leading to the maximum water production and
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the possible unfeasible operation points of the plant. Particularly, from the sensitivity analysis,
it was observed that an increase of the motive steam mass flow rate of 5% leads to an increase
in the water production of 5.2% but also to a high increase of the concentrate salinity (106%),
which may cause severe scaling in the evaporator tubes. A similar effect occurs when the
feedwater flow rate is decreased by 5%. The water production is marginally increased by ~1%,
but the concentrate salinity is raised by 163%, hence operating in an unsafe zone. These
problems could be solved by implementing a control strategy consisting in varying the motive
steam and feedwater mass flow rates simultaneously at the same proportion, in such a way that
the outlet salinity can be maintained under a feasible operating range. As an example, a
simultaneous increase (+5%) and decrease (-5%) of the motive and feedwater mass flow rates
has been performed, obtaining a concentrate salinity of 20,481 ppm and 23,767 ppm,
respectively, which are near to the nominal value, 21,990 ppm. In the first case, the water
production is improved by 4.2% with respect the nominal value. Also, model predictions
showed that the increase in the condenser pressure up to 500 mbar worsens the water production

by ~9% although decreases the pumping power consumption up to 16%.

The results obtained prove the potential of the presented model as a tool to simulate the dynamic
behavior of this kind of plant, aiming to predict the optimal operating conditions that lead to
the maximum water production and the minimum energetic consumption. These plants can be

an opportunity to reduce the water consumption in CSP by the reuse of the wastewater streams.

Nomenclature

Acronyms and abbreviations

BPE Boiling Point Elevation
CF Concentration Factor
CSP Concentrating Solar Power
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689 CV Control VVolume

690 DSH DeSuperHeater

691 GOR Gain Output Ratio

692 LMTD Logarithmic Mean Temperature Difference
693 MEE Multi-Effect Evaporator

694 NCG Non-Condensable Gases

695 NEA Non-Equilibrium Allowance

696 NTU Number of Transfer Units

697 OHTC Overall Heat Transfer Coefficient

698 PHX Plate Heat eXchanger

699 RR Recovery Ratio

700 SB Separation Bottle

701 SC Surface Condenser

702 STEC Specific Thermal Energy Consumption
703 TVC Thermal VVapor Compression

704 VP Vacuum Pump

705 WRS Water Recovery System

706

707  Variables

708 A Area, m?

709 A, Area of the falling film crown, m?

710 C Heat capacity rate, KW/K

711 ¢ Capacity ratio, -

712 ¢, Average specific heat at constant pressure, kJ/(kg-K)
713 D Diameter, m

714 E Internal energy, kJ

715 h Specific enthalpy, ki/kg or convective heat transfer coefficient, kW/(m?-K)
716  k Thermal conductivity, W/(m-K)

717 L Length of the tube, m, or level of liquid, m
718 LMTD Logarithmic mean temperature difference, K
719 M Mass of falling film, kg

720 m Mass flow rate, kg/s

721 N, Average value of generic variable

722 N, Number of tubes, -

723 NEA Non-equilibrium allowance, K

724  NTU Number of transfer units, -

725 Py Power, kW

726 p Pressure, Pa

727  Pr Film Prantdl number,-

728 Q Heat rate, kW
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729
730
731
732
733
734
735
736

737

738
739

740
741
742
743
744

745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773

Ra

73

ST A= =~

Greek letters

AT T »® 0m®m

Subscripts

av

c

cd
comp
cond

NCG
Hi
SC

sat
sen

Entrainment ratio, -

Film Reynolds number

Fouling factor, (m?-K)/kW

Thermal resistance, K/W, or radius, m

Temperature, K

Overall heat transfer coefficient referred to the internal area, KW/(m?-K)
Velocity of the falling film, m/s

Salinity, ppm

Effectiveness, -

Relative error (%)

Specific enthalpy of vaporization/condensation, kJ/kg
Dynamic viscosity, (N-s)/m?

Density, kg/m?®

Residence time of the falling film, s

Average
Concentrate or cold fluid
Condensate
Compressed
Condenser
Convection
Cooling water
Desuperheater
Evaporation
Feedwater

Flash

Hot fluid
Inlet/inside

inlet subcooled
Liquid

Mixer

Motive steam
Non-condensable gases
Outlet/outside
Effect Hi
Recirculate

Tube outer vapor
Surface condenser
Saturated
Sensible
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774  sh Desuperheater

775  suc Suction steam
776  tot Total

777  tr Conduction
78 v,V Vapor

79 w Tube wall
780

781
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Appendix A

Al. Heat transfer coefficients

For the external steam condensation (assumed to be in wavy regime) the heat transfer

coefficient h, (kW/(m?-K)) correlation selected is the one presented by Labuntsov [17], who

developed the following empirical correlation for the film condensation average heat transfer

coefficient in the laminar-wavy regime (30 < Re; < 1600) [24]:
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h} = 1.39 - Re; %%° (A1)
where Re; is the film Reynolds number, defined as:

R 4I  4m m A2)
e =— = — = .
t p Puy,  mDopy

where I' (kg/(m-s)) is the mass flow rate per unit periphery, P (m) is the wetted perimeter,
m (kg/s) is the mass flow rate of inlet falling film in the case of internal evaporation or the mass
flow rate of condensate in the case of external condensation, D, (m) is the outer tube diameter,

and u; ((N-s)/m?) is the dynamic viscosity of the liquid.

The heat transfer coefficient h; (KW/(m?-K)) for the internal falling film evaporation
(considered to be in turbulent regime) selected is the one from Shmerler & Mudawwar [16],
which is one of the correlations recommended by Guichet et al. [25]. The correlation estimates
the heat transfer coefficient in evaporative turbulent free-falling films with 4990 < Re; < 37,620

and 1.75 < Pr;, <5.42.
hi = 3.8 x 1073Re[3°Pr% (A3)
where Pr; is the film Prandtl number, defined as:

C
pr, =& ; Pt (A4)
TL

where c,,;, (J/(kg-K)) is the specific heat at constant pressure of the liquid, and kr;, (W/(m-K))

is the thermal conductivity of the liquid.

For the coolant heating inside the tubes of the condenser, the correlation presented by Gnielinski
[26] for fully developed turbulent flow in circular tubes with constant heat flux has been used,

valid for 2300 < Re; < 5x10°, and 0.5 < Pr;, < 2000:

k
h; = Nu - DiiL (A.5)
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N — /D (Rey — 1000)Pr,
1+ 12.7(f/2)1/2 (PrL2/3 - 1)

(A.6)

where Nu is the Nusselt number, D; (m) is the tube inner diameter, and the factor f can be

calculated with:

f = (1.58nRe;, — 3.28)2 (A7)

A2. Thermophysical properties

The boiling point elevation is calculated with Eq. (A.8) [27]:

BPE=A-s>+B-s (A.8)
where s (kg/kg) is the salinity and coefficients A and B are defined as:
A=—-4584%x10"*-t242823x 1071 -t +17.95 (A.9)
B=1536%x10"*-t24+5267 %1072 -t + 6.56 (A.10)
with t (°C) the temperature in Celsius.
A3. Power consumption correlations of the pumps

Pumping power correlations have been obtained from the technical specification’s sheets of the

pumps.
Pwi/2j6 = 72.131V, + 12934 (A.11)
Pws/ays = —0.11806 ;2 + 48.750V, + 6400 (A.12)
Py, = 1.1085 x 10~ 5p3. — 2.3286 x 107 2p2, + 13.307pgc + 4804.3 (A.13)
Pyg = —0.1703 V2 + 1315V, + 30860 (A.14)

where V, (m3/h) is the volumetric flow rate passing through the corresponding pump x.
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