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Available online 8 February 2022 with a thermal vapor compressor (FF-MED-TVC) which has a high potential for integration
with concentrated solar power (CSP). However, the fluctuation and instability of solar
energy require the development of dynamic model for the MED process to analyze the
transient behavior. Few papers were published in the transient state, especially the forward
feed (FF) configuration, as most of the papers focused on the parallel feed (PF) and parallel
cross feed (PCF) configuration. Accordingly, a mathematical model has been developed
using Engineering Equation Solver (EES) software and validated against data reported from
two previous models in the literature, where a perfect agreement was obtained. Then the
proposed model was employed to predict the system's response to the most important
parameters that may change suddenly in the real operating environment, such as the
variation in the motive steam pressure, feed seawater mass flow rate, and temperature.
For the same percentage (10%) of these three disturbances, the results indicated that the
needed time to return to 95 % of steady state is the longest in the case of increasing the
seawater mass flow rate (about 350 seconds after the turbulence is removed), while it is
the shortest in the case of increasing the pressure of motive steam (about 50 seconds after
Keywords: the turbulence is removed). In this paper, a comprehensive analysis of the transient
Dynamic Modeling; Desalination; performance was performed and a clearer view of the dynamic response was given which
Forward Feed; MED-TVC; Simulation enables to optimize the control strategy and improve the stability.

1. Introduction

Recently, the water desalination market is in huge growth due to the rapid increase in the need
for freshwater, whether for domestic use, industry, or agriculture, due to the increase in the
population on the one hand and climatic changes on the other. For this purpose, many distillation
technologies have been developed [1], such as distillation using electrical energy (ED), mechanical
energy (Ro, MVC), and thermal energy which is the most common due to the complete purity of salt,
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regardless of the salinity of seawater, in addition to the possibility of integration with Solar Rankin
cycle power plants [2, 3], absorption chillers [4], heat pumps[5], the vapor-compression refrigeration
systems [6], and solar energy technologies as a source of thermal energy [7, 8]. Among thermal
desalination processes, the Multi-Effect Distillation (MED) technology is currently the most focused,
due to the higher energetic performances achieved and the larger flexibility compared to the
traditionally preferred Multi-Stage Flash (MSF) technology [9], also it requires relatively less
pretreatment than RO [10].

The MED consists of a series of successive evaporators that differ from each other by the
saturation pressure, in addition to the bottom condenser, and sometimes the MED is integrated with
a series of successive preheaters to improve the gain output ratio (GOR) and reduce the total heat
transfer area of the evaporators [11], also it can be integrated with thermal vapor compressor (TVC)
where this procedure improves the GOR and improves energic performance by 30-40% compared to
the same plant without the thermal compressor [10]. Several types of the MED plant differ from each
other in the feed water and heating vapor flow directions, parallel feed (PF), parallel/cross feed (PCF),
backward feed (BF), and forward feed (FF). In the forward feed (FF), which will be studied carefully
in this paper, the feed water stream flows through the down condenser then passes through a series
of preheaters, so that the feed water is heated up to reach the first effect. At the same time, the
brine from each effect is used as the feed water in the next effect [1].

El-Dessouky et al., [12] carried out a steady-state performance analysis that included PF and PCF-
MED, and they concluded that the thermal performance of the PCF is higher than PF. Also, El-
Dessouky and Ettouney [1] made a steady state performance analysis of each type of the four types
in detail, but they made many assumptions for simplicity, neglected the effect of non-condensable
gases, and did not study the presence of the preheaters or flash boxes. Shen et al., [13] conducted a
study of the PCF-MED-TVC plant in the steady state according to the same method as El-Dessouky et
al., [12] with some modifications and additions in order to show additional details, and they
conducted a validation of their theoretical results with an actual data, they concluded that the
increase of the motive pressure will increase each of the GOR, Ra, and specific exergy consumption,
while each of the condenser inlet seawater mass flow rate, specific energy consumption, and specific
heat transfer area will decrease. From other hand, the increase of the suction steam temperature
will decrease each of the motive steam mass flow rate, specific energy and exergy consumption, and
the condenser inlet seawater mass flow rate, while GOR and Ra will increase. Alamolhoda et al., [14]
investigated the performance of the PCF-MED-TVC plant by performing simulations to predict the
influence of variation and disturbances of different input parameters on the system performance. By
simultaneous solution of the mass and energy balance equations for each component of the station
with an important studied disturbance, they gave a clearer view of the system's response, although
the study neglected the presence of preheaters and non-condensable gases, they concluded that the
increase of feed water flow rate will decrease each of the total product flow rate and GOR.

Hanafi et al., [15] have carried out a thermo - economic model of a superstructure combined
cogeneration power plant, where power plant has been integrated with a desalination plant FF-MED-
TVC. The study aimed to assess the enhancement of the thermal performance, the environmental
impact and the economics cost of the plant. Optimum design point for maximum production of
power and water is obtained. Askari and Ameri [16] conducted a thermodynamic analysis of the PCF-
MED-TVC plant to show the effect of the ejector's location, and the effect of changing the pressure
of motive steam, in addition to some other parameters on the thermal performance and the total
efficiency of the plant, they detected the optimal TVC location for different number of effects and
pressures, and concluded that the decreasing of cooling seawater temperature will decrease the
specific heat transfer area of the system, also the decreasing of the heating steam temperature will
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increase the specific heat transfer area. Guo et al., [11] have studied the effect of preheaters and
their location and number on the GOR and the total heat transfer area in the plant. They studied the
MTD desalination plant consisting of ten effects, and divided them into three groups so that the
forward feed arrangement is adopted among groups and the parallel feed arrangement among
evaporators in a specific group. Elsayed et al., [17] performed thermo-economic analysis for the four
configurations of MED-TVC which are all integrated with TVC, to determine the type with the best
performance and to estimate the cost of water by applying the specific exergy cost flow method, they
concluded that the PCF-MED has the highest GOR, and the lowest specific heat consumption, also
has the lowest total power consumption, but it has a high specific cooling water flow rate.

Unfortunately, when it comes to the dynamic modelling of MED system literature, few papers
can be found. Aly and Marwan [18] developed a good dynamic model for the MED plant, but they
did not make any validation by experimental data. Mazini et al., [19] improved the previous study
[18] by reducing assumptions and increasing details to investigate the dynamic response of the PF-
MED-TVC, and the model was validated by actual data from an operating plant, but they neglected
the presence of non-condensable gases, and the proposed model does not contain preheaters or
flash boxes. Cipollina et al., [9] conducted a comprehensive analysis of the PF-MED-TVC plant which
includes preheaters in the presence of non-condensable gases, but without flash boxes, then they
performed a validation of the proposed dynamic model with actual data and obtained a close result.
Guimard et al., [20] extended their previous work [9] with some improvements such as introducing
modified equations of non-condensable gases and brine connection between two successive effects
in their model, modelling preheaters more accurately, and taking into account the accumulated heat
in the tubes' wall, which made their results clearer and closer to the actual data.

Dong et al., [21] made a dynamical modeling and simulation analysis of a nuclear desalination
plant based on the PCF-MED-TVC plant which includes preheaters and flash box where all the
components are proposed based upon the balance of mass, energy, momentum and salt, but they
neglected the structural thermal inertia of the evaporators, preheaters and the down condenser
compared to the high thermal inertia of the fluid. Georgiou and Bonanos [22] modeled transient
behavior for FF-MED, but the studied plant was not integrated to TVC and there are no preheaters,
and they did not mention the assumptions in building the code; additionally, the dynamic behavior
was confined to the change in the amount of heat supplied to the circuit. Elsayed et al., [10, 23]
studied the four types of MED plant, and made a clear comparison between them, but only the type
PCF-MED was integrated to TVC, also there are no preheaters.

It is noticed that the most published articles on dynamic modeling focus on PF/PCF MED and does
not extend to the dynamic behavior of FF-MED-TVC plant. In this paper, the FF-MED-TVC plant which
includes the steam jet ejector, falling film horizontal tube effect evaporators, end condenser, and
preheaters are proposed based upon the balance of mass, energy, momentum and salt, to obtain a
mathematical model which simulates the plant's energy performance and response to the most
important disturbances that may occur in the real operation environment, especially when the
station is integrated with a solar thermal system. A disturbance technique for seawater temperature,
seawater mass flow rate, and motive steam pressure parameters have been done by using
rectangular pulse forcing function to perform the dynamic input signal and to study the impact of
these disturbances on the behavior of the other parameters, such as the distributions of the
temperature, salt concentration, mass flow rates, and physical properties.

The model was validated against the steady-state performance of the data reported from two
previous models in the literature. Later, the model was applied to predict the transient behavior of
the plant.

2. System Description
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Figure 1 shows a schematic diagram of FF-MED-TVC units. The total required rate of distillate is 1
kg/s. Motive steam, which is coming from steam generator at 2 bar, is supplied to the thermal vapor
compression TVC. This steam is used to draw vapor from the last effect of the MED unit at a saturation
temperature of 40°C and compress it to higher pressure and saturation temperature equals to 75 °C.
The compressed steam enters the first effect tubes at TBT 70 °C, and the preheated feed water is
supplied to the first effect at 65 °C. In the first effect tubes, the compressed steam is condensed,
while the feed water is heated up to the saturation temperature of the first effect, then a small part
of this feed water will evaporate while the rest (brine) will be introduced to the next effect as a feed
water. The condensed vapor in the first effect tubes is returned back to steam generator, while the
generated vapor in the first effect is partially condensed in the last preheater, where the feed water
is heated up.
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Fig. 1. Schematic diagram of FF-MED-TVC system

The vapor comes out of the preheater as wet vapor, then entering the second effect tubes, as a
heating steam. The saturation temperature of the first effect is higher than that of the second effect
by ATefrect. The heating steam coming from the first effect to the second effect is condensed inside its
tubes, while a part of the feed water (brine) coming from the first effect is evaporated. This vapor is
supplied to the next effect tubes as heating steam after it has partly condensed in the next preheater
section, this cycle is repeated until reaches the last effect. In the last effect, a part of the generated
vapor is entrained by TVC, while the remaining is supplied to the end condenser. The condensed
vapor in the condenser is mixed with the final product, while the seawater is heated up. The seawater
then divided into two parts, the first one is rejected to sea, while the second one represents the feed
water which enters the preheaters up to reach the first effect. The parameters of MED-TVC are
described in Table 1.
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Table 1
Model parameters for FF-MED-TVC
Parameter Value Parameter Value
The Productivity M, (kg/s) 1 Feed water temperature (°C) 65
Seawater salt concentration S, 38500 Last effect temperature T,,, (°C) 40
(ppm)
Number of effects 6 Seawater temperature, (°C) 25
Top brine temperature TBT (°C) 70 The temperature difference 6
between each successive phase
ATes5, (°C)
Number of preheaters 5 Motive steam pressure (bar) 2
Recovery ratio RR 0.4 Quality of motive steam 1

3. Dynamic Model

To improve the stability and operational efficiency of the plant and to develop optimal control
strategies which prevent damage to the station as a result of an external disturbance occurs, it is
necessary to create a dynamic model to get a better understanding of the plant's behavior under
transient conditions. Therefore, the main hypothesis and the global structure of the model are:

i.  The produced steam is salt-free.

ii.  Heat losses to the surrounding environment are neglected.
iii.  The vapor phase containing steam is assumed to be an ideal gas.
iv.  There is no effect of non-condensable gases.
v.  The physical properties of water and steam in each effect are calculated based on the
saturation temperature in each effect.
vi.  The steam ejector is modeled using steady-state equations.
vii.  No vapor flashing takes place inside the effects.
viii.  The driving force for heat transfer in each is effect equal to the difference between the
condensation and evaporation temperatures only.
ix.  No change in rejected water flow rate, so any disturbance in seawater flow rate will affect
only the feed water at the first effect.

X.  The condensate inside tubes are assumed to be complete and well-mixed.

Engineering Equation Solver "EES" code has been developed to solve both the steady-state and
dynamic models equations, so that, the steady-state solution is used as the initial condition for the
dynamic response calculations. The time step, which equals to (0.03) s, was chosen to have no effects
on the stability of the results.

3.1 Mathematical Model of the Steam Jet Ejector

The ejector is a mechanical device used to compress the steam drawn from the last effect, so that
it can be able to increase the plant energetic performance by 30-40% and reduce the amounts of
needed motive steam, thus reducing the cooling water and pumping power [21]. The ejector consists
of four main sections: convergent-divergent nozzle [24, 25], mixing chamber, throat, and diffuser.
The motive steam enters the nozzle and accelerates to supersonic speed while its pressure drops,
then the supersonic flow expands in the mixing chamber so that it can be able to draw a part of
generated vapor in the last effect. Both the pressures and velocities of these two fluids are
homogenized as the mixing completes, then the mixture enters the throat where a normal shock will
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occur if the mixture is still supersonic, finally, the diffuser decelerates the mixture and increases its
pressure to match it with the ejector exit pressure. The steam ejector is modeled just in steady-state
because its response is much faster than each component of the desalination plant, where the
mathematical model was developed by El-Dessouky and Ettouney [1].

In the case of steady-state, the pressure of the motive steam, entrained steam, and compressed
steam are the inputs of the model, while the outputs are the entrainment ratio (Ra), the cross-section
areas of the ejector, and the mass flow rates of entrained steam, motive steam, and the compressed
steam that will enter the tubes of the first effect. In the case of a dynamic model, and after the
geometric parameters of the ejector have been determined, the same equations can be used in a
reverse procedure to predict the performance and response of the ejector when any disturbance
occurs.

3.2 Mathematical Model of the Typical Effect Evaporator

Figure 2 shows a schematic diagram of the typical effect (i) in the FF-MED-TVC plant, where
distillation and evaporation processes occur in each effect, each effect can be divided into three
lumps, brine pool, vapor space, and tube bundle. The mass, energy and salt balance dynamic
equations for each lump of the effect are determined [26, 19], where all effects have identical
dynamic equations, except the first effect, last effect, and the condenser.
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Fig. 2. Physical model of typical effect (i) in FF-MED plant
3.2.1 Brine pool

Mass balance for ith effect:

dmb,i
dt

=Mp(-1) — Mp; — My, (1)

where my, ;, Mp,; and M, ; are respectively the mass of accumulated brine flow, mass flow rate of
brine, and the generated vapor in the effect.
Energy balance for ith effect:

dHp ;
Mpi- =24 = Mp(i-1)- (Hpi-1) = Hpi) = Myi - (Hui = Hpi )+ Qaagi (2)
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where Hy,(;), Hy,;, and Qqq(;y are respectively the enthalpy of brine, generated vapor, and the added

heat to the brine pool, resulting from the condensation of the heating steam generated in the
previous effect, which will be determined later.
And salt balance for ith effect:

dSp i
mp; -d—lg' = My(i—1)- (Sni=1) = Sp,i) + Spi (M) (3)

3.2.2 Vapor space

Mass balance for ith effect:

dmsv,i_

dt M, — My, (4)

where mg,, ; is the mass of accumulated vapor in the vapor space of effect (i).
Energy balance for ith effect:

dHsv,i
Mgy i “Tdt =Mv,i(Hv,i - Hsv,i) - Mvs,i(Hvs,i - Hsv,i) (5)

3.2.3 Tube bundle

Mass balance for ith effect tube:

dmee
dt

= Mpy(i-1) — M, (6)

where My, ;_1), M¢; and m.; are respectively the mass flow rate of the heating steam coming from
the previous preheater, condensate water, and the mass of accumulated condensate water in the
tubes of effect (i).

Energy balance for ith effect tube:

Meti- dtt'i = th(i—l)- (Hhv(i—l) - Hct,i) _Qad(i) (7)
3.3 Mathematical Model of Preheaters

Successive preheaters are used to raise the temperature of the feed water before it being
dispersed in the first effect, which leads to an increase in the efficiency of the plant [11]. Each
preheater can be divided into two lumps; preheater vapor space lump and preheater tube bundle
lump, which are modeled and described in the following differential equations [26, 27].

3.3.1 Preheater tube bundle lump

Mass balance for preheater tube:

dm i
dtf' = Mpiv1) — Mpgi-1y (8)
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Energy balance equation of the preheater tube bundle is:

dHf;
my; -d—:’ = Mygrny- (Hraeny — Hei) + Qpresi (9)

3.3.2 Preheater vapor space lump

Mass balance for preheater vapor space:

am hi
d—); = Mvs,i _th,i (10)

And the energy balance equation of the preheater vapor space is:

dHpp
Mep i - dft * = Mys,i- (Hysi — Heni) — Mugi. (Hnpi — Heni)- Qprei (11)

3.4 Mathematical Model of the End Condenser

Figure 3 shows a schematic diagram of the end condenser, where the generated steam by the
last effect (M,, ,) is divided into two parts, the first one (Mp) is drawn by the ejector, and the second
one (the rest) is condensed with seawater (M., ;) by end condenser, so that the seawater is heated,
and a part of it is used as feed water (Mg ,,) for the first effect, while the bulk (M, ) is returned to the
sea as cooling water.

<X »
Mg , Mew
Feed water Cooling water

C )
-=->
MV,rr-MB

L ———
Seawater
m sea,in

Distillate
Fig. 3. Schematic diagram of the
end condenser

The end condenser is divided into two lumps; condenser vapor space lump and condenser tube
bundle lump which are modeled and described in the following differential equations [26, 27].

3.4.1 Condenser tube bundle lump

Mass balance for condenser tube

dm¢
dt

= Mseq,in _Mf,n - M.y, (12)

197



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 92, Issue 1 (2022) 190-211

Energy balance equations of the condenser tube bundle are expressed by:

dH,

mg. 5

Msea,in ( Hsea - Hc) + Qrej,co (13)
where Qy; ¢, is the rejected heat to the seawater, which will be determined later.
3.4.2 Condenser vapor space lump

Mass balance of the vapor in the condenser can be determined by equation:

dmcoy

dt = Mv,n — Mg — Mco,out (14)

where M., ,,,¢ is the mass flow rate of condensate water that exits from the end condenser.
Energy balance of the vapor space lump in the condenser:

dH,
mco,v-% = vn - (Hv,n - Hco,v) - MB- (Hv,n - Hco,v) -

Mco,out- (Hco,out - Hco,v) - Qrej,co (15)
3.5 Mathematical Model of the Heat Transfer Rates

Due to the low temperatures at which the plant operates, heat transfer by radiation will be
neglected, and therefore heat is transferred from the hot fluid to the walls of tubes by convection,
through the wall by conduction, and from the walls to the cold fluid by convection again, so that the
differential equation of heat transfer between the two fluids inside any effect can be expressed by,
[1, 26, 27]

d d d d
Qi = Aini- {Uin,i- (E Tyi-1— ETb,i> + 5 Uinie (Ty,i-1 = Tb,i)} (16)

The thermodynamic losses represented by the difference between the generated vapor
temperature T,,; and brine pool temperature T}, ; in each effect:

Ty =Ty + Tppg, (17)

— (0.0825431 +0.0001883 *T,, +0.00000402 *T72) S,,
+(~0.0007625 +0.0000902 *T,, —0.00000052 *T.%) SZ, (18)
+(0.0001522 —0.000003 *T,, +0.00000003 *Tz2) SZ,

TBPE,i

By differentiating the previous Eq. (17) with respect to the time (t):

d d d
ETv,i = ETb,i - ETBPE,i (19)

By differentiating the previous
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%[TEPEH_.]= (0.081+2.785 *107*T, , +3 5%10°°* T} ]di (s,.)
r T

+{(1883 =107 +8.04*107°*7, )+ 5,,(0.02%10 " —1.04 *10° = T, )

. s g 20
+s;_,_.*[—3.0*10-~+6.D*10-~*Té_,..]}sé_,_.di[ré_f] (20)
r

+(4566 %10 -9.0%10° *T,, +9.0%10 " *I;,_.]f—,[s )
T

On the other hand, the heat transfer between the two fluids inside any preheater can be
expressed by [26, 27]:

d d d
E Qi = Ain,i- {Uin‘i.EATmi + ATml E Uin,i} (21)

where the temperature difference between the two fluids along the heat transfer surface area is not
fixed, so the log mean temperature difference (ATm») can be used to evaluate the heat transfer rate,
as follows, [28]:

Triv1—Tfi-1
ATm; = Toi-Tfi-1 (22)

Tv,i—Tf,i+1)

The heat transfer rate in the condenser is calculated by the same technique used above in the
preheater.

3.6 Mathematical Model of the Heat Transfer Coefficients

The time derivative of the overall heat transfer coefficient can be calculated by [26, 27]:

i(1):i<1)_I_din.ln(do/din).i(1>+dﬂ.i(i> (23)
dt Uin,i dt hin,i 2 dt km,i do dt ho,i

3.6.1 Heat transfer coefficients in the condenser and preheaters

The dynamic equation of the outer heat transfer coefficients in the preheaters and condenser
given by:
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where p, k, 1, Nyp are respectively the density, conductivity, dynamic viscosity, and the number of
tubes rows in the vertical direction, while the subscripts [, v, w refer respectively to liquid, vapor, and
tube wall.

The time derivative of the modified latent heat of vaporization is:

d . d d d d
—Wrgoi = 7 rgoi +0.68 {sz,i- (a Ty — ETw,i) + (Tyi — Tw,i)-acpl,i} (25)

On the other hand, the time derivative heat transfer coefficient of fluid inside the tubes can be
calculated by, [29]:

d

1
dt .

d
hini = - (Nuin,i-akin,i + Kin,

—Nuin i) (26)
3.6.2 Heat transfer coefficients in the effects
The dynamic equation of the heat transfer coefficients inside the evaporator’s tubes given by:

BTSN -

—k
et
|'.' '5;? w l‘.l
plp.—np, PEFP
y V.3 34 .i{-_*r.—r_l._'-f I'Jp I.,dp _dp x_lx_l (|
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—_ =u.12 | P oL
N d | - i _ Yo feini qa
N ) a w0 i T | | || \Hew-r)ze. ||
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P
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' |+ -T |
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And the time derivative of the modified latent heat is:

200



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 92, Issue 1 (2022) 190-211

d . d d d d
W rgini = 3 Rrgini +0.375 {sz,i- (E Ty — aTw,i) + (T — Tw,i)-acpl,i} (28)

Finally, through the tube, the time derivative of mass flow rate evaluated using the mean velocity
by:

am; a d
— = Aini(Py 7 Ving + Vini 7 Py i) (29)

4. Model Validation

The developed model using Engineering Equation Solver (EES) software is validated by comparing
the results with data reported from two models, the first one developed by El-Dessouky and Ettouney
[1], and the second developed by Abdelkareem [30]. Table 2 shows the important input parameters
for simulation, output parameters obtained from each model, and the error between the output
parameters of the proposed model in this paper and the output parameters of the above-mentioned
models. The validity of the proposed model shows perfect agreement with data in the literature, with
maximum error does not exceed 5.0%, so the proposed model is valid to accurately predict the
performance parameters of FF-MED-TVC plant.

Table 2
Validation of FF-MED-TVC proposed model with data reported from two model in the literature
Parameter 2 El-Dessouky  FF-MED- Error % Abdelkareem FF-MED- Error %
[1] TVC [30] TVC
Number of effects 4 - 4 -
Inlet feed salinity, (ppm) 42000 - 42000 -
Outlet brine salinity, (ppm) 70000 - 70000 -
Top brine temperature, (°C) 56.67 - 56.67 -
last brine temperature, (°C) 40 - 40 -
Feed temperature, (°C) 35 - 35 -
The feed water temperature 51.54 - 51.54 -
leaving the last preheater,
Seawater temperature, (°C) 25 - 25 -
Motive steam pressure (k.Pa) 250 - 250 -
Compressed vapor 60 - 60 -
temperature, (°C)
Motive steam flow rate kg/s 0.19 0.19
Distillate production, (kg/s) 1 0.9806 1.94 0.967 0.9806 1.40
Gain output ratio (GOR) 5.263 5.161 1.93 5.09 5.161 1.36
Brine flow kg/s 1.5 1.519 1.26 1.453 1.519 4.54
Feed flow kg/s 2.5 2.5 0 2.42 2.5 3.3
Steam flow rate to the first 0.275 0.2764 0.51 0.2804 0.2764 1.42
effect
Entrained vapor kg/s 0.085 0.0863 1.53 0.0904 0.0863 4.53
Entrainment Ratio for TVC 2.228 2.199 1.30 2.1 2.199 4.71

5. Results and Analysis
Steady-state and dynamic model was developed for the proposed plant, to investigate the

model's response under various operating conditions. In particular, the effects of variation of (i)
motive steam pressure, (ii) seawater flow rate and (iii) seawater temperature were investigated. A
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general overview of the steady-state model predicting is given in Fig. (4), where the distribution along
the effects of some of the main operating parameters was shown.

Vapour flow rate Vapour temperature
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Fig. 4. Predicted trends of main operating variables along the effects in case of steady state
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5.1 Effect of a Variation in the Motive Steam Pressure

Variation in the motive steam pressure is one of the most important controlling parameter in
MED-TVC plants, where this parameter clearly affects the total efficiency, productivity, performance
ratio (PR), and gain output ratio (GOR) of the plant. The sudden change of this parameter is highly
probable especially when the motive steam is coming from the solar heat exchanger.

This section discusses the dynamic behavior due to an increase of 0.2 bar (10 % disturbance)
rectangular pulse forcing function on 2 bar of the motive steam pressure, which continued only for
10 seconds after the 20 seconds of steady operation, as shown in Figure 5.

Pressure of motive steam
2.25

2.2
2.15

2.1

[bar]

2.05

1.95
0 50 100 150 200 250 300 350 400
Time [s]
Fig. 5. Disturbance employed of the pulse forcing function of the motive
steam pressure

Figure 6 is the prediction of the system's response to a change in the motive steam pressure. The
increase in the motive steam pressure leads to an increase in the mass flow rate of motive steam
through the ejector (from 0.182kg/s up to 0.198 kg/s), but the mass flow rate of entrained vapor
from the last effect decreases (from 0.041 kg/s to 0.036kg/s), (fig 6a). This is because when the
pressure of the motive steam at the inlet of the nozzle rises, and for Mach number in nozzle's throat
equal to one, the pressure in the nozzle's throat will increase, thus the pressure at the outlet of the
nozzle will increase. As a result, the pressure difference between the outlet of the nozzle and the
entrained vapor from the last effect will decrease, so that the mass flow rate of entrained vapor from
this effect will be reduced, and entrainment ratio will decrease (from 0.228 to 0.184), (fig 6i).

The mixed steam in the ejector comes out with a higher mass flow rate, as well as pressure and
temperature, (fig 6, a, b), thus the amount of heat provided to the first effect will rise, which will raise
the temperature and the amount of generated steam in this effect (from 0.2 kg/s up to 0.207 kg/s).
Consequently, the productivity of generated steam in the rest effects will rise, (fig 6, c, d), except for
the last effect, where the mass flow rate of entrained steam from this effect will decrease (as
mentioned previously). Therefore, the pressure and temperature will rise in the last effect, which
leads to a reduction in the heat transfer driving force and thus the mass flow rate of generated steam
will decrease (from 0.142 kg/s to 0.139 kg/s).

The reduction of the entrained steam from the last effect leads to slight increase in the mass flow
rate of steam that will reach the condenser and thus the temperature of the seawater leaving the
condenser will increase slightly, where the heat transfer rate in the condenser will increase from
(243.2 kw up to 246.3 kw), (fig 6,e,f). Additionally, the higher productivity of generated steam, except
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for the last effect, means a very small decrease in the height of the water within each effect, which
is equivalent to a very small decrease in the mass flow rate of brine with a very small increase in
salinity, (fig 6 g, h). There is almost no effect on the performance of the preheater, as the temperature
of the seawater leaving the condenser will increase slightly before entering the last preheater, so
that the feed water can enter to the first effect with a slight rise, (Figure 6(j)).
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Fig. 6. Transient response of the system to a rectangular pulse forcing function on the motive steam
pressure (+10 % disturbance)

5.2. Effect of a Variation in the Seawater Mass Flow Rate
This section discusses the dynamic behavior prompted by an increase of 1.162 kg/s (10 %
disturbance) rectangular pulse forcing function on 11.62 kg/s of the seawater mass flow rate, which

continued only for 10 seconds after the 20 seconds of steady operation, as shown in Figure 7.

Mass flow rate of seawater
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= 12.4
S~
oo
.4
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11.4

0 50 100 150 200 250 300 350 400
Time [s]

Fig. 7. Disturbance employed of the pulse forcing function of seawater mass
flow rate
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Figure 8 is the prediction of the system's response to a change in seawater mass flow rate
entering the condenser. The increase in the mass flow rate of seawater leads to a decrease in the
temperature of the water leaving the condenser, (Figure 8(a)), despite of the increase in the heat
exchange rate in the condenser in the beginning (from 243.2 kw up to 245.5 kw) as a result of the
increase in the log mean temperature difference between steam and water inside the condenser
tubes (Figure 8(b)). It is worth noting that after the effect of disturbance reaches the last effect, the
amount of generated steam that will be produced from the last effect will decrease (Figure 8(c)), thus
the amount of vapor reaching the condenser will decrease, and thus the heat exchange rate in the
condenser will decrease to 242.2 kw until it returns to the stability value.

On the other hand, this disturbance leads to a decrease in the pressure and temperature of the
generated steam in each effect, (Figure 8(d)). Additionally, the productivity of generated steam in
each effect will decrease, (Figure 8(c)), as a result of two reasons. The first one is that the pressure
drop in the last effect will lead to a decrease in the amount of entrained vapor from this effect by the
ejector (from 0.0411kg/s to 0.0398 kg/s); consequently, the decrease in the heat supplied to first
effect (Figure 8(e)). The second reason is that the decrease in the saturation temperatures which
result a higher amount of latent heat needed to evaporate the same amount of steam.

The temperature of feed water leaving each preheater will decrease, (Figure 8(f)), as a result of
the sudden huge increase of feed water entering each preheater (from 2.5 kg/s up to 3.67 kg/s), in
the same time, lower productivity and saturation temperature in each effect of generated steam
which will be used to heat up the feed water in each preheater. Consequently, the feed water
temperature to the first effect decreases. This disturbance leads to an increase in the brine level in
each effect, because the feed water mass flow rate to the first effect will increase and the productivity
of each effect will decrease, and as a result the mass flow rate of brine in each effect will increase,
(Figure 8(g)). It can be noted that the curve representing the mass flow rate of brine from the first
effect takes a sharp jump similar to the disturbance curve because the first effect is directly under
this disturbance.

Finally, the concentration of brine will decrease in each effect, where the concentration of salts
decreases more and more in the successive effects as a result of the decrease in the generated steam
within each effect (Figure 8(h)).

5.3 Effect of a Variation of the Seawater Inlet Temperature
This section discusses the dynamic behavior prompted by 2.5°C increase (10 % disturbance)

rectangular pulse forcing function on 25°C of the seawater temperature, which continued only for 10
seconds after the 20 seconds of steady operation as shown in Figure 9.
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Figure 10 is the prediction of the system's response to a change in seawater temperature entering
the condenser. The increase in the temperature of seawater leads to an increase in the temperature
of the seawater leaving the condenser (from 30°C up to 31.61°C), (Figure 10(a)), despite of the
decrease in the heat exchange rate in the condenser (from 234.2 kw to 216.7 kw) as a result of the
decrease in the log mean temperature difference between steam and water inside the condenser
tubes, (Figure 10(b)).

As mentioned above, the temperature of the seawater leaving the condenser will increase as a
result of an increase in its entry temperature, this will lead to increase in the temperature of the feed
water entering each preheater, and thus the amount of heat exchanged in each preheater will
decrease as a result of the decrease in the log mean temperature difference in each preheater,
(Figure 10(g)).

The feed water temperature of the first effect increase, this leads to an increase in the pressure
and temperature of the brine pool and generated steam in the first effect, and the same goes for the
rest of the effects (Figure 10(d)). However, it is noted that the rise in the pressure and temperature
in the last effect is relatively higher than the rest of the effects and this response in the last effect
occurs before the rest of the effects, as a result of the decrease of vapor condensation rate in the
condenser (from 0.101 kg/s to 0.09 kg/s), (Figure 10(h)), resulting from the decrease in the log mean
temperature difference, as mentioned above. Therefore, part of the steam coming from the last
effect to the condenser will not condense, which raises the pressure and temperature in the
condenser and thus the pressure and temperature rise in the last effect, which is connected directly
to the condenser. As a result, the heat transfer driving force in each effect will decrease, (i.e., heat
exchange rate decreases in each effect), and consequently the yield of each effect of generated
steam will decrease, (Figure 10(e)).

The small decrease in the mass flow rate of generated steam in each effect leads to a very small
increase in the brine level in each effect; consequently, the mass flow rate of brine in each effect will
increase slightly, (Figure 10(c)). Finally, the concentration of salts will decrease as a result of the
decrease in generated steam in each effect, and it is noted that the decrease in the concentration of
salts in the last effect is relatively higher than the rest of the effects because the decrease in
generated steam in this effect is relatively higher than the rest of the effects, (Figure 10(f)).
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6. Conclusion

In this paper a dynamic mathematical model for the FF-MED-TVC desalination plant has been
developed. Engineering Equation Solver (EES) software was employed to solve the proposed model
which is based on the basic balance equations of mass, salt and energy flows. The model is validated
against the steady-state performance by comparing the results with data reported from two models
in the literature. The maximum error between the outputs was not more than 5%, therefore the
proposed model can be used to predict the transient behavior of the desalination plant. After
validation, the model has been utilized to predict the dynamic response on 10% disturbance caused
by rectangular pulse forcing function on some of the most important parameters to get the optimal
design of system and a clearer view in control applications.

For the same percentage (10%) for the three studied disturbances, the station takes the longest
time to return to 95 % of steady state in the case of increasing of seawater mass flow rate, (about
350 seconds after the turbulence is removed), while it takes the shortest time to return to 95 % of
steady state in the case of increasing the pressure of motive steam (about 50 seconds after the
turbulence is removed).
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