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ABSTRACT

Over the past years the landscape of process simulation has tremendously changed. Based on in-
creasingly powerful hardware and improved software applications simulation has come to a new
dimension. In order to stay abreast of these changes the OPUS™ simulation program has been
developed. Against the top-down philosophy of earlier simulation programs this tool is based
on a bottom-up approach enabling the user to simulate any imaginable process configuration.
This paper presents the physical and thermodynamic background the current model library for
multi-effect distillation (MED) processes is based on. As the most essential models for computer
aided steady-state simulation of MED processes the single MED effect, the final condenser and the
thermal vapour compressor are described in detail. Along with governing heat and mass balances
implemented heat transfer coefficient correlations for condensation inside horizontal plain tubes
as well as falling film evaporation on horizontal plain tubes are discussed and compared. Results
show significant differences in heat transfer prediction and the necessity to pay utmost attention
to the proper selection of such correlations becomes evident. For thermal vapour compression
(TVC) both a theoretically based approach and suppliers’ design characteristics were incorporated
into the simulation program. From checking the obtained data against each other the theoretical
approach arose to be much too conservative, resulting in efficiencies exceeding 100% related to
suppliers’ design characteristics. Used correlations for physical properties of water, water vapour
and seawater are stated and a possible new approach for describing physical properties of seawater
based on the fundamental equation for the Gibbs energy is presented. The reliability of the current
simulation results is evaluated against several project data provided by diverse EPC contractors.
The comparisons show a good agreement and the results are within accuracy that allows reason-
able prediction of varying operational conditions. Eventually, an outlook on further simulation
enhancements is given.

Keywords: Process simulation; Thermal desalination; Multi-effect distillation (MED); Heat transfer;
Thermal vapour compression; OPUS™

1. Introduction

Over the past years the landscape of process simula-
tion has tremendously changed. Based on increasingly
powerful hardware and improved software applications
simulation has come to a new dimension.

In order to stay abreast of these changes the OPUS™
simulation program has been developed, a comprehen-
sive and powerful simulation tool that combines ther-
modynamic simulation, CAPEX and OPEX estimation,
financial modelling, plant optimization and life-cycle
cost assessment for combined desalination and power
plants [1].

Presented at EuroMed 2008, Desalination for Clean Water and Energy Cooperation among Mediterranean Countries of Europe and the
MENA Region, 9-13 November 2008, King Hussein Bin Talal Convention Center, Dead Sea, Jordan.
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Against the top-down philosophy of earlier simulation
programs this tool is based on a bottom-up approach,
meaning that the simulation is not restricted to a certain
range of process configurations but can be built up from
single components so that any imaginable process con-
figuration is getting feasible.

The said bottom-up approach gives advantage of
much more flexibility over the top-down structure. It
enables the user to define his own set of input data and
to run the simulation in accordance with his particular
project related needs [2].

2. OPUS™ — the simulation program

OPUS™ is based on the commercially available IP-
SEpro software suite which encompasses among others
the so called process simulation environment (PSE) and
the model development kit (MDK).

PSE is used to map the entire process by arranging
single process components, also referred to as models,
managed in a single model library. Each model represents
the mathematical description of the thermodynamic
processes taking place therein. MDK is the necessary tool
that is needed to adapt existing or to define new models.
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Fig. 1 shows a sample screen shot of the process simula-
tion environment.

Besides a standard steady state solver IPSEpro pro-
vides an optimizer, called PSOptimize, which allows the
user to carry out formal optimizations in order to find
the optimum process parameters for the criteria defined.

2.1. OPUS™

Process simulations are accomplished for optimizing
the overall process efficiency. However, the crucial fac-
tor the final decision usually rests upon is the economic
efficiency.

OPUS™ combines the detailed thermodynamic design
with the economic efficiency calculation of a power plant,
a desalination plant or even a combined desalination
and power plant. Fig. 2 shows the principal architecture
of OPUS™.,

For economic efficiency calculations use is made of the
PSEconomy module. This module utilizes project data
calculated in the physical model, e.g. the heat transfer
surface and the tube material of a heat exchanger, in
order to determine the capital expenditures (CAPEX)
of the process equipment and it uses process data as for
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Fig. 1. IPSEpro PSE screen shot.
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Project Data

Fig. 2. OPUS™ architecture.

instance the fuel demand in order to get the operational
expenditures (OPEX). In the financial model aspects like
different operating scenarios, changes in ambient condi-
tions, inflation or taxes are included.

OPUS™ allows the user to optimize and evaluate
different process arrangements, different desalination
technologies (e.g. MED vs. MSF or RO) and even differ-
ent financing models based on given operating scenarios
and operating parameters.

3. Modelling basics
3.1. Physical properties

Seawater is made up of a wide variety of components.
Whereas the total amount of salts dissolved may vary
within in a wide range depending on local and seasonal
conditions, the chemical composition differs almost
negligibly [3].

Although each single component influences the physi-
cal properties of seawater to a different extend, most ap-
proaches for the calculation of seawater properties are
falling back on the idea that the chemical composition of
seawater from different parts of the world is very similar.
To simplify matter they are represented as a function
of salinity, temperature and pressure [4]. Although this
principle first introduced by Marcet in 1820 is a good ap-
proximation, it is important not to lose sight of the limits
of this approximation.

These approaches are generally of empirical nature,
mainly using standard seawater as their base. However,
attention has to be paid to the different definitions for
standard seawater and the different salinity scales ex-
isting in the literature, causing sometime different and
inconsistent approaches for the theoretical description of
seawater properties.

The commercially available desalination library of
IPSEpro includes approaches from Grunberg (1970) for
the density, the specific enthalpy and the boiling point

elevation of seawater [5]. These approaches were adapted
in such a manner that they merge with pure water proper-
ties for infinite solutions. Properties for pure water were
taken from IAPWS 1997 standards [6].

In order to enable a more comprehensive calculation
of the processes taking place during multi effect distilla-
tion, OPUS™ was enhanced by implementing approaches
from Wangnick for the dynamic viscosity of saturated
steam [7], from Hoemig for the dynamic viscosity of pure
water and seawater [8], from OSW Report No 363 (1968)
for thermal conductivity of pure water and seawater [5]
and from Grundberg (1970) for the specific heat capacity
of pure water and seawater [5].

3.2. Heat transfer coefficients

The overall heat transfer coefficient related to the outer
tube surface reads as follows:

1 4 1 % 1n(d°] 1
=-° +FF + LA (1)
o 2hw o

overall i ired

u

o

Possible fouling is represented by the corresponding
fouling factor (FF). Allowance for present non-condens-
able gases and their negative influence on heat transfer

is made with ¢

ired = ai : CNC-Gas °

3.2.1. Condensation inside horizontal plain tubes

The heat transfer coefficient is strongly dependent
on local vapour quality and flow velocities. A two-phase
flow regime is encountered depending on the quanti-
ties and the physical properties of the fluids flowing as
well as the geometric configuration and the kind of heat
transfer involved.

At high vapour flow velocities the condensate forms
a liquid film on the perimeter of the tube. The prevailing
flow regime is called “annular”. With proceeding con-
densation the vapour flow velocity decreases enabling the
condensate draining downwards the tube wall, forming
a thicker layer at the bottom than on the top. The increas-
ing condensate mass flow leads to “slug” flow until the
entire vapour is converted. In case the condensate does
not fully cover the cross-section vapour may pass the tube
without condensing (see Fig. 3).

Recommended by the VDI Waermeatlas [10] the flow
map by Breber et al. (1980) was chosen in the present work
to determine the flow regime predominant in multi-effect
distiller tubes. Breber et al. bring the different flow pattern
into relationship with the modified Froude number Fr
and the flow parameter F.

max{(Z ‘Re,, )0‘5 ;0.132- Re?f}

[P 2)

F=
Re)’, n\ e,
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Fig. 3. Flow patterns encountered during condensation inside horizontal tubes [9].
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The flow chart elaborated enables the distinction
between separated flows (annular and stratified) and
pure discontinued flow patterns (bubble, slug and plug).

Fig. 4 shows the correlation between the modified
Froude number and the flow parameter for conditions
typical in MED desalination plants. The curves are calcu-
lated for a maximum vapour velocity within the tubes of
50 m/s and for vapour temperatures of 35°C for the last

pl _pv

100

and 80°C for the first effect. The inner tube diameter was
assumed to be 19 mm.

The flow pattern during condensation within the tubes
turned out to be wavy and stratified for the first effects
and to enter the transient flow pattern for the last effects
of a multi-effect distillation unit.

Four heat transfer correlations available in the litera-
ture and briefly described in the following were investi-
gated in detail and implemented into OPUS™.

3.2.1.1. Boyko and Kruzhilin

Originally developed for condensation inside vertical
tubes the approach from Boyko and Kruzhilin [11] might
also be applied for horizontal tubes as long as vapour
velocities and condensation rates are high enough. Con-
sequently, the applicability of this approach is certainly
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Fig. 4. Predominant flow patter in a MED desalination plant according to Breber et al. [10].
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limited, as high mass fluxes cause the internal forces to
overcome the gravity forces resulting in an annular flow
pattern followed by slug and plug flow which is not the
case in MED desalination units according to the Breber
et al flow map (see Fig. 4). However, the authors fail to
provide appropriate boundaries for the applicability.
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2.1.2. Jaster and Kosky

The functional correlation introduced by Jaster and
Kosky [12] covers stratified flow and is based on the
model of Butterworth and Hewitt (1977).

¢
a=—o, (10)
_ }\‘lsplzg(hv _hl) " 11
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B= 0.728n[(p+sin(2§n—(p))] . (12)
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Angle ¢ can be obtained by Eqg. (13) with ¢ = © — ® as per
Chadock (1957).
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3.2.1.3. Dobson and Chato

Dobson and Chato [9] consider the annular flow pat-
tern in addition to the stratified-wavy flow regime. The
equation obtained for the heat transfer coefficient reads
as follows:

od,  023Re? [GaPr |
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A, 1+1.11X° Ja, T

c %
Nu__, =0.0195Re® Pr**| 1.376 + —1 (15)
strat s 1 )(C2
tt

Re, = & (16)

N tubes Ttdin v

i, (1-x)
R = total
el,s Nmbesndinl (17)
_ 3
Ga, = $P1(P =P )] (18)
i
_ Cp,l (’Tsal - Twall) 19
Ja, Ny (19)
1 09 05 0.1
oG
x P1 ue

C, and C, are empirically found parameters and are
read for 0 < F 0.7 as follows:

C, =4.172 + 5.48Fr, — 1.564F (21)

C, =1.773-0.169Fr, (22)
And for Fr,>0.7

C,=7.242 (23)

C, =1.655 (24)

3.2.1.4. VDI Waermeatlas

The approach according to VDI Waermeatlas [10]
distinguishes between laminar and turbulent flow and
considers both of them.

NUj, = (Koo NU )+ (Ko NU ) 25)

Kppjom =1+ (P’ —1)tanh(x; ) (26)

Ky =1+ (Pr’®~ 1) tanh < ) (27)
1-Pe )

Nu, ... = 0.693 Tpl K, (28)

Re,, = %m (29)

In order to encounter the absence of shear stress
caused by gravity the approach for vertical walls is to be
modified by K _that reads as follows:

K, =3/, (30)
T
T, = —— (31)
P18
0
TV = %pvﬂ\il (32)
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In Eq. (32) the term u_, represents the average relative
velocity between the vapour and the liquid phase. The
resistance coefficient § obeys to:

£ = 20 (1+850F) (33)
£ = 0.184Re "2 (34)
o
Re,, = a7 (35)
Vy mdm,
v 1
= v —1- 36
vy, 1 (36)
8.48F

Valid for & > 0.67 the average fluid thickness can be
written as:

., 1-¢
6A = Tdi (37)
7 1
0.0283-Re? Pr?
Nu;r,x,turb = jg 171 w (38)
1+9.66-Re, 8- Pr, ©
Nu,, = oy, L (39)
, A
2
Ly = i/q (40)
8

3.2.1.5. Comparison and discussion

The herein presented heat transfer coefficient ap-
proaches show a different development with changing

60

vapour quality (Fig. 5). Whereas Jaster and Kosky [12]
predict the heat transfer coefficient to be independent
on the vapour quality, the VDI approach yields in a clear
decrease with falling vapour content. The approach by
Dobson and Chato [9] is at a similar level as the one from
Jaster and Kosky [12] but with a slight decrease with
diminishing vapour content. Compared to the VDI ap-
proach both result in an average heat transfer coefficient
some 1.6 times higher. As expected from the flow pattern
itis based on, the approach from Boyko and Kruzhilin [11]
appears to be inadequate for the predominant conditions.

To simplify matters the heat transfer calculation along
the tube is not done incrementally, so an average value
for the heat transfer coefficient must to be found as it
changes with progressing condensation in dependency
of the vapour quality. This average value changes with
temperature in case the approach by Dobson and Chato
[9] and VDI Waermeatlas [10] is used but remains almost
constant for Boyko and Kruzhilin [11] and for Jaster and
Kosky [12]. Contrary to the temperature dependency
the approaches from Boyko and Kruzhilin [11] and VDI
Waermeatlas [10] change with mass flux, whereas the heat
transfer coefficients according to Dobson and Chato [9]
and Jaster and Kosky [12] remain almost constant.

All these effects were considered and the average heat
transfer coefficient for Jaster and Kosky [12] was found
to be at a vapour quality of 0.5 kg/kg. For Boyko and
Kruzhilin [11] the heat transfer coefficient averaged for
condensation temperature and total mass flux is assessed
to be at a vapour quality of 0.44 kg/kg, whereas the mean
for Dobson and Chato [9] lies at 0.36 kg/kg. The mean
heat transfer coefficient according to VDI Waermeatlas
is related to a vapour quality of 0.66 kg/kg.
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Vapor quality [kg/kg]

Fig. 5. Comparison of heat transfer coefficients approaches for condensation inside horizontal tubes in dependency of vapour
quality (64.0 °C saturation temperature, 15.5 kg/m?s mass flux).
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Fig. 6 shows the dependency of the discussed heat
transfer models on the mass flux at a saturation tempera-
ture of 64°C and a vapour quality of 0.5 kg/kg. The model
from VDI, Dobson and Chato as well as from Boyko and
Kruzhilin show a very similar development with increas-
ing mass flux. Only Jaster and Kosky predict a decrease.

Also the temperature dependency deviates for the dif-
ferent models (Fig. 7). VDI as well as Boyko and Kruzhilin
show a decrease with increasing saturation temperature
at constant vapour quality and mass flux, Jaster and Ko-
sky [12] and Dobson and Chato [9] reveal a rising heat
transfer coefficient.

35

99

Fig. 8 represents the distribution of the vapour quality
along a tube. As expected from Fig. 5 the vapour quality
for both Dobson and Chato [9] and Jaster and Kosky [12]
declines almost linear with the tube length. The average
vapour quality is assumed to be in a range of 0.44 kg/
kg to 0.45 kg/kg. For the VDI model the average vapour
quality is much less as most of the condensation occurs at
the tube inlet (Fig. 5) resulting in a low vapour quality in
the remaining tube. The average value for the presumed
conditions was found to be 0.28 kg/kg. Following the
approach from Boyko and Kruzhilin the mean value will
be some 0.47 kg/kg.
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Fig. 6. Comparison of heat transfer coefficient approaches for condensation inside horizontal tubes in dependency of mass flux

(64°C saturation temperature, 0.5 kg/kg vapour quality).
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Fig.7. Comparison of heat transfer coefficient approaches for condensation inside horizontal tubes in dependency of saturation

temperature (0.5 kg/kg vapour quality, 15.5 kg/m?s mass flux).
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Fig. 8. Distribution of vapour quality along tube length for condensation inside horizontal tubes in dependency of heat transfer
coefficient approach (64.0°C saturation temperature, 15.5 kg/m?2s mass flux).

3.2.2. Falling film evaporation on horizontal plain tubes

As for the condensation inside a tube knowledge
about the flow pattern governing the evaporation of a
falling film on horizontal plain tubes is essential.

In general a distinction is drawn between laminar,
laminar-wavy and turbulent. Limits for the transition
between the different flow modes are differently stated
in the literature. However, for application in multi-effect
distillers only the laminar and laminar-wavy modes are
relevant.

Besides the flow pattern also the heat flux plays a
major role. If the heat flux is high enough nucleate boiling
occurs, which increases the heat transfer coefficient. On
the other hand the formation of dry patches may occur
due to bubble formation. This in turn is detrimental to
heat transfer. As long as nucleate boiling is avoided the
heat transfer is controlled by conduction and convection,
irrespective of the flow pattern. Mass flows and corre-
sponding heat fluxes for save operation were investigated
by Widua [13].

3.2.2.1. Owens

Correlations from Owens [14] were obtained from
experimental investigations on ammonia evaporating on
a single plain horizontal tube. For evaporation without
nucleate boiling these correlations read as follows:

0.1 1
Re, <Re, e Nuy,, = 2.2[S;doj (2Re,, ) (41)

o

Re >Re, ., Nu (42)

turb

0.1
:0.185(S;d°J Pr?

o

4r
Re , =—
n

The tentatively laminar-turbulent transition point
given by Owens [14] is

(43)

Rey i = @PIH—LS

(44)

Whereby I' is the spray density and can be written as

rom (45)
2L

Egs. (43) and (44) are valid for Reynolds numbers
between 750 and 5000, for Prandtl numbers between 1
and 4 and for ratios of (s—d )/d_between 0.125 and 2.125.

3.2.2.2. Arzt
Theoretical investigations accomplished by Arzt [5] for
a horizontal tube bundle yielded in following formulas
1

1

Re, <Re0y,  Nuy, =0.819- (éT Re,? (46)
5) Reu

Re, >Re,ny  Nup, .. =0.673-Re/” (47)

with the critical Reynolds number for the transition from
laminar to laminar-wavy

1

Rej, 0y =243-Ka ! (48)
and the Kapitza number

4
Ka=18 (49)
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For the turbulent flow regime Arzt [5] refers to the
correlation by Chun and Seban [15]

Re, >Re, . Ny, =3.8¢° Re% Pr’® (50)

with the critical Reynolds number for turbulent flow by
Chun and Seban [15]

Re, ., =5800-Pr (51)

3.2.2.3. Han and Fletcher

Experiments by Han and Fletcher [16] were carried
out for medium temperatures of 49-127°C (this equates
to Prandtl numbers from 1.3 to 3.6), heat fluxes between
30 and 80 kW/m? and spray densities in the range of
1.16-3.79 cm?/s (this equates to Reynolds numbers from
770 to 7000). The medium investigated was water.

Nu =0.025-Re;; Pr"* (52)

3.2.2.4. Fujita and Tsutsui

Fujita and Tsutsui [17] investigated the heat transfer
during evaporation on an array of five tubes arranged
one below the other. The medium was Freon R11 (CCLF)
with mass fluxes resulting in Reynolds numbers between
10 and 2000. The range of heat fluxes was between 5 and
15 kW/m?2.

Their approach distinguishes between the heat trans-
fers on the first row, which is lower due to a not fully
developed liquid film, and the remaining tube rows.

2
Nu, = \/ Re, ?+0.008 - Re}; Pr’® (53)

2
Nu, , = \/Rel'13+ 0.01-Re}; Pr’* (54)
For the entire tube bundle the distribution between
Nu, and Nu, , is conservatively assumed to be 1/5 in the
comparison made herein after.

Nu=02-Nu, +0.8-Nu,_, (55)

3.2.2.5. Lorenz and Yung

Another approach was developed by Lorenz and
Yung [18] differing between a thermal developing region
and a fully developed region along the tube perimeter.
The average heat transfer coefficient their investigations
yielded in is

56
nd, nd, (56)

o o

2L, 2L
O = Oy, ey g i funty (1 -= j

with o, . representing the thermal developing region,

expressed as follows

3 CPJF

(x‘th,dev = g Lth (57)

and a, ., for the fully developed region, where they
make use of the correlations by Chun and Seban [15] for

laminar and turbulent flow.

Re <Re . N, =0.821-Re/? (58)
Re, >Re, ., Ny, =3.8¢"Re); Pr’® 59)
Re,,, =5800-Pr " (60)

The thermal developing length is assumed by the
authors to be

1
Ly =0 2516 [3“11 T
=0

(61)
., ( gpr

3.2.2.6. Comparison and discussion

Fig. 9 shows the development of the heat transfer
approaches for evaporation on horizontal plain tubes
dependent on the film Reynolds number.

The figure reveals very impressively the considerable
discrepancies between the different models. Whereas
Fujita and Tsutsui [17] and Lorenz and Yung [18] predict
a very similar heat transfer, the correlation by Arzt [5]
yields in much lower numbers. However, experimental
investigations by the same author could not confirm
the numbers theoretically achieved. The measured heat
transfer coefficient was found to be some twenty percent
higher.

The behaviour of the different heat transfer models
with changing Prandtl number is shown in Fig. 10. Un-
like all the others the model by Han and Fletcher [16] is
almost independent of the Prandtl number. In general
the heat transfer coefficients are predicted to diminish
with increasing Prandtl and increasing evaporation
temperature in turn.

All presented heat transfer models are independent
of the ratio tube pitch to tube diameter expect the one by
Owens [14]. This model shows a slight increase with an
increasing ratio.

3.3. Thermal vapour compression (TVC)

Additional performance improvement is frequently
achieved by thermal vapour compression (TVC). It al-
lows less consumption of steam and/or a lower number
of effects required, saving capital expenditures in turn.

A schematic drawing of a TVC, also referred to as
steam jet ejector, is shown in Fig. 11. The figure represents
the characteristics of pressure and velocity along such a
TVC. Based on the assumption of saturated conditions for
the suction fluid changes in state occurring in a vapour
compressor can be seen.

Motive steam (A) coming from an external source with
pressure p, is expanded in a Laval type nozzle. By expand-
ing part of pressure energy is converted to kinetic energy
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Fig. 9. Comparison of heat transfer coefficient approaches for falling film evaporation on horizontal tubes in dependency of
film Reynolds number (64.0°C saturation temperature, 50.0 kW/m? heat flux, 1.25 ratio tube pitch to outer tube diameter).
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Fig. 10. Comparison of heat transfer coefficient approaches for falling film evaporation on horizontal tubes in dependency of
the Prandtl number (0.023 kg/ms mass flow rate of liquid per unit length tube, 50.0 kW/m? heat flux, 1.25 ratio tube pitch to

outer tube diameter).

by decreasing pressure (C). The motive steam reaches
sound velocity where the flow cross-section is least (B)
and is accelerated to supersonic conditions in case the
pressure at state (C) is lower than the critical pressure.

The high velocity and the therewith related low pres-
sure cause the suction fluid (D) to be entrained. Both
streams are subsequently mixed. The resulting stream
(E) is decelerated in a diffuser until it reaches state G,
reconverting kinetic energy into pressure.

State E’ represents conditions that would theoretically
be reached in case of isentropic expansion both of suction
stream (D) and motive steam (A) to state C". The differ-
ence between isentropic and non-isentropic expansion is
defined in form of efficiencies.

The correlations integrated in the IPSEpro basic ver-
sion consider two of such efficiencies, namely the effi-
ciency of the nozzle and the efficiency of the diffuser. This
approach is in accordance to Baehr [20] who presumes the
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Fig. 11. Schematic drawing of a thermal vapour compressor
with typical pressure and velocity characteristics and changes
in state during thermal vapour compression (Mollier diagram)
[19].

suction side to be free of losses and the suction pressure
to be equal to that of the mixture, which in general is ex-
pected to be not the case. Therefore, losses at the suction
side are evident and are to be considered as well, result-
ing in an additional efficiency. Furthermore, Baehr [20]
assumes the velocities at the suction side and the outlet to
be negligible. However, velocities of up to 80 m/s might
be reached in the suction sided cross sectional area for
instance, so that this simplification means neglecting a
considerable part of the energy brought to the process.

Calculating the overall efficiency based on the ap-
proach by Baehr [20] and data from different manufactur-
ers shows that under certain circumstances this efficiency
can also exceed 100%. Thus, this approach was abandoned
for further proceedings in the present work.

Instead, design characteristics from different manu-
facturers were implemented and used for calculations.
Figs. 12 and 13 exemplify the mass ratio of motive to
suction steam flow in dependency of the compression
ratio (p,..../P..u0,) @aNd expansion ratio (p,_ . /P ) of
manufacturer A and B.

Figs. 14 and 15 indicate the development of the total
efficiency of a thermal vapour compressor in depend-
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Fig. 12. Mass ratio motive steam to suction steam of a TVC or
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based on design data by manufacturer B in dependency of
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ency of the compression ratio (p, . /P, ...) ad expansion
ratio (p,_.../Peion)- L e unevenness comes from reading
inaccuracies.

4. Modelling the multi-effect distillation process

A typical multi-effect distillation process inclusive
thermal vapour compression (MED-TVC) is schematically
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Fig. 14. Total efficiency of a TVC based on the approach by
Baehr [20] and supplier A in dependency of the compression
ratio and expansion ratio.

shown in Fig. 16. It generally comprises the evaporator
consisting of several effects, the final condenser, the ther-
mal vapour compressor and the different process-related
pumps.

In the case of simple MED process the thermal vapour
compression is omitted and the motive steam is directly
fed to the first effect for being used as heating steam.

4.1. Single MED-effect

Make-up water (feed_rw) is sprayed over the heat
exchanger tube bundles creating a liquid falling film on
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Fig. 15. Total efficiency of a TVC based on the approach by
Baehr [20] and supplier B in dependency of the compression
ratio and expansion ratio.

the outside of the horizontally arranged tubes. Flowing
downwards part of the make-up water is evaporated
(steam_rw) thus increasing the salt content of the remain-
ing water, now called brine (brine_rw).

This brine collected at the bottom of the effect and
mixed with the brine of the previous effect (feed_br) is
directed to the next effect (drain_br), where it faces lower
pressure causing it to flash off. The thereby released va-
pour (steam_br) contributes to the total vapour produced
in the relevant stage (drain_steam) which is led through
mist eliminators in order to separate remaining water
droplets.

Make-up Water Cooling Water
e 2
Seawater
Thermal Viapor
Compressor Motve Steam
Steam Final
— — i i ondenser
£ K Brine
Effect 1 Effect 2 Effect 3 Effect n
Distillate
<> o >
Condensate

Fig. 16. Typical MED process flow diagram.
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Fig. 17. Schematic flow diagram of a single multi-effect distillation effect.

Once exempt from remaining water droplets, the
entire vapour is directed to the tube bundle of the next
effect (feed_hot), where itis condensed inside producing
a nearly equal mass flow of vapour on the outside of the
tubes (steam_rw) from make-up water (feed_rw) being
sprayed on the top of the tube bundle.

The vapour condensed (cond_hot) is collected at the
bottom of the effect, mixed with distillate coming from the
previous effect (drain_cond) and forwarded to the next
effect. There it is forced to partially evaporate by lower
pressure conditions (steam_cond) forming part of the va-
pour condensed within in the tubes of the relevant effect.

In case the make-up water is of higher temperature
than that related to the saturation pressure prevailing in
the effect, part of the make-up water flashes (flash_rw).

Procedures described above were brought into a sche-
matic flow diagram shown as unit operations (Fig. 17).

4.1.1. Make-up water flash (Flash 1)
4.1.1.1. Mass balance

mfeed_rw = mliquid_rw + mﬂash_rw (62)

mfeed_rwwfeed_rw = mliquid_rwwliquid_rw (63)
4.1.1.2. Energy balance

mfeedfrwhfeedfrw = mliquidfrwhliquidfrw + mﬂashﬁrwhﬂashfrw (64)

The process is assumed to be adiabatic. Losses due
to possible condensation on parts of the evaporator like
the shell or internals are neglected so that the produced
vapour is fully forwarded to the next effect where it acts
as heating steam.

Provided that the process has enough time to reach
equilibrium both the pressures as well as the tempera-
tures of the flashed vapour and the remaining seawater

are equal. In case not, a certain non-equilibrium allowance
has to be considered.

In case the temperature of the fed make-up water is
below the temperature related to the saturation pressure
of the effect, no flash occurs (i, ., =0).

4.1.2. Distillate flash (Flash 2)
4.1.2.1. Mass balance

mfeed_cond = mdrain_cond + msteam_cond (65)
4.1.2.2. Energy balance
mfccdfcondhfccdfcond = mdrainfcondhdrainfcond + mstcamﬁcondhstcamfcond (66)

The process is assumed to be adiabatic. Losses due to
possible condensation on parts of the evaporator like the
shell or internals are neglected. The vapour gained from
the distillate flash contributes to the evaporation process
by being condensed inside the tubes of the particular ef-
fect. Equilibrium conditions are taken for granted.

4.1.3. Brine flash (Flash 3)
4.1.3.1. Mass balance

mfeedﬁbr = mbrinefbr + msteamfbr (67)

mfeedfbrwfeedfbr = mbrinefbrwbrinefbr (68)
4.1.3.2. Energy balance

mfeed_brhfeed_br = mbrine_brhbrine_br + msteam_brhsleam_br (69)

The process is assumed to be adiabatic. The brine
when being brought in contact with the vapour phase
of the effect appropriately and for a sufficient period
reaches equilibrium conditions. Where this is not given,
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a suitable approach considering this non-equilibrium has
to be implemented.

Furthermore, it is assumed that the vapour produced
does not interact with the brine flowing counter current
and that the entire mass flow produced is forwarded to
the next effect, acting there as heating steam.

4.1.4. Condenser including heating steam mixer (Mix 1)
4.1.4.1. Mass balance

mfeed_hm +m

steam _ cond = mcnnd_hnt

(70)

4.1.4.2. Energy balance
(71)

mfeedfhothfeedfhot + msteamﬁcondhsteamfcond = mcondfhothcondfhot + Q

4.1.5. Brine mixer (Mix 3)
4.1.5.1. Mass balance

mbrincfrw + mbrinc?br = mdrainﬁbr

mbrine_rwwbrine_rw + mbrine_brwbrine_br = mdrain_brwdrain_br

4.1.5.2. Energy balance
h

mbrine_rw brine_rw + mbrine_brhbrine_br = mdrain_brhdrain_br

4.1.6. Vapour mixers (Mix 2 and Mix 4)
4.1.6.1. Mass balance

steam_rw + msteam_br + mﬂash_rw = mdrain_steam (75)

4.1.6.2. Energy balance

msteam_rw hsteam_rw + msteam_brh steam_br

+ mﬂash_rw h

flash_rw ( 76)
= mdrain_sleam hdrain_steam

4.1.7. Condensate mixer (Mix 5)
4.1.7.1. Mass balance

mdrainﬁhot + mcondfhot = mdrainfcond

(77)

4.1.7.2. Energy balance
(78)

mdraini}\othdrainihol + mcondihoth cond_hot = mdrainicond hdrainﬁcond

4.1.8. Evaporator
4.1.8.1. Mass balance
79)

mliquid_rw = mbrine_rw +m

steam_rw

4.1.8.2. Energy balance

mliquidﬁrwhliquidirw + Q = mbrineﬁrwhbrinefrw
(80)

+1i1

steamirwhsteamirw + Qlosses

Q... TEPresents part of energy dissipated during the
processes and is considered as follows:

Qlosses = U Ashell (teffect — tombient ) (81)

The vapour produced from seawater evaporation
is gained at different temperatures, depending on the
particular salt content of the brine with which it is in
equilibrium, thus resulting in a temperature distribution
across the tube bundle. To simplify matters this tempera-
ture distribution is assumed to be linear and the produced
vapour has a temperature equal to the geometric mean.

4.1.9. Heat transfer area required

Whenever make-up water entering the effect is of
lower temperature than the actual effect temperature it
runs through a preheating process [Eq. (82)].

Qpre = Mlgeed_rw (hbrine;w - hliquid;w) (82)

This preheating energy has to be provided by con-
densing vapour in addition to the amount necessary for
evaporation. Thus the total energy demand is Q = Q,
+Q,,.- Consequently, part of the heat transfer area is re-
served for preheating purposes only.

Q
APre = Pri . (83)
u (’sw,pm Hiqu w)
pre ln[ teed_hot ~Hliquid_rw )
tcond_hot ~tsw_pre
A Qevap ( 8 4)

evaj =
P (“bnne,xw ~tsw_pre )

evap treed_hot ~Esw_pre
In[ teond_hot ~tbrine_rw }
Hence the total heat transfer area needed amounts
to A, [Eq. (85)], where A represents the evaporation
portion.

A = Apre + Aevap =N ﬂ:doLtubes (85)

total tubes

It is presumed that the heating steam used for evapo-
ration purposes is available at saturation conditions and
is neither wet nor superheated (x = 1). Furthermore it is
presumed that no subcooling of condensate occurs.

4.2. Final condenser and pre-heater

mfeedihct > hfeedfhot

= Myain cold » hdminicold

—E— m feed_cold » hfeediccld

[n-'lfeedirc > hfeedirc ] — o [n-’lfeedirc > hfeedirc ]

h

M 3 hot > Marain_ hot

Fig. 18. Condenser representing symbol.
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4.2.1. Mass balance

Obeying to the mass conservation the according bal-
ances must read:
mfecdfhot [+mfeed7rc:| = mdrainﬁhot (86)

Allowance was made for an additional stream that if
necessary can be used for dry-run protection of a pump

located downstream the condenser (1, ,)-

mfeed_cold = mdrain_cold (87)

wfeedicold = wdrainﬁcold (88)
4.2.2. Energy balance

mfeedﬁhothfeedfhot |:+mfeedfrchfeed7rc:| = mdrainﬁhothdrainfhot + Q (89)

mfeedfcoldhfeedfcold + Q = mdrainﬁcoldhdrainfcold (90)

Q represents the heat transferred, which is also given
by following equation:

Q = uovemll : Allmt_[nms : Atlog

Usage of inter-stage pre-heaters is widely spread in
MED as well as MED-TVC processes for performance
improvement. The concept of pre-heaters used is equal
to that of the final condenser, precipitating the vapour on
the outer tube surface, so that the model discussed herein
can be applied for both of them.

o0

4.3. Thermal vapour compressor

[m“aleriinjeclinn 3 h\mlerﬁinjec(inn ]

Mpeeq 25 Miced 2 Myegin> Parains
—_—
Dreed 2> Steed 2 Parain> Sdrain

Mieeq 15 hfeecLl 5

DPreed 15Steed 1

Fig. 19. Symbol representing thermal vapour compressor.

4.3.1. Mass balance

mfeed_] + mfeed_2 + mwater_injection = mdrain (92)
4.3.2. Heat balance
mfeed_1 hfeed_l + mfeed_theed_Z + mwater_iniech'onhwater_injection
e (93)
= Myraindrain
Entropy balance
mdrainsdrain - (mfeedilsfeedil + mfeedeSfeed72) = Sirreversible (94)

Following characteristic pressure ratios can be de-
fined:

_ pdrain
rcompression - (95)
pfeed_l
pfeed_z
rexpansion = (96)
pfeedil

5. Data evaluation

In order to prove the accuracy and reliability of the
developed models several existing desalination plants of
varying manufacturers were chosen and the simulation
results were compared with manufacturers’ data.

Exemplarily, the results for one of these plants are
depicted in the following. Fig. 21 shows the simulated
mass flows against manufacturer’s data for the design
case; Fig. 22 shows the same for temperatures. Best results
where achieved by slightly adjusting correlations from
Jaster and Kosky [12] for the inner and from Fujita and
Tsutsui [17] for the outer heat transfer coefficient. Predic-
tions for mass flows and temperatures were in the range
of #2.1% as shown in Figs. 20-23.

For calculating off-design cases tube bundle ge-
ometries obtained from the design case were kept and
process parameters were changed accordingly. Figs. 22
and 23 include minimum distillate capacity (40%) com-
bined with maximum (34°C) and minimum (28°C) seawa-
ter temperature as well as the combination of maximum
capacity and minimum temperature. Results were in the

range of +4.3% for all off-design cases.
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Fig. 20. Simulated mass flows vs. manufacturer’s data (design
case).
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Fig. 21. Simulated temperatures vs. manufacturer’s data
(design case).
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Fig. 22. Simulated mass flows vs. manufacturer’s data (off-
design case).

6. Outlook and conclusion

A more accurate description of the equation of state
for seawater has currently been released by the Interna-
tional Association for the Properties of Water and Steam
[21]. The properties described therein are related to the
IAPSO Standard Seawater [22] and present a funda-
mental equation for the Gibbs energy as a function of
salinity, temperature and pressure relative to the Gibbs
energy of pure water. The equation is consistent with the
IAPWS-95 formulation for the fluid phase of water and

Temperatures [°C]
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60 - 4

50 4 i

40 -

simulation

30 4 4

20 z

10 A 7

0 20 40 60 80
manufacturer

Fig. 23. Simulated temperatures vs. manufacturer’s data (off-
design case).

is valid within a temperature range of -2 to 80°C and a
salinity of up to 120 g/kg.

Vapour from flashing brine is supposed to pass the
tube bundle without condensation. In reality partial
condensation takes place. This is to be considered when
advancing the current MED model.

The comparison of different correlations clearly
brought out significant deviations in heat transfer predic-
tion. Utmost attention has to be paid to the proper selec-
tion of the relevant approach. Further investigations in
this regard are highly recommended, extending the cur-
rent work to further heat transfer correlations available.

In the course of these further investigations influ-
ences on the heat transfer like superheated or wet
steam fed to the tube bundle might be considered

as well as possible subcooling of condensate.

Not taken into account so far were pressure losses of
any kind. The most effecting losses occur during the con-
densation inside the tubes as well as during evaporation
within the tube bundle. Bend losses especially in case of
multiple pass tube bundles are to be considered as well.

The current thermal vapour compressor model is
suitable for design calculations only. An enhanced model
has to be developed to enable appropriate calculation of
off-design cases as well.

7. Symbols

A — Area, m?2

C — Constant

c —  Specific heat capacity, kJ/kgK
15 — Diameter, m

.
|

=

Hydraulic diameter, m
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0
brine_br
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cond_hot
drain_br

drain_cond —
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Flow parameter
Fouling factor, m?K/kW
Froude number
Gravity, m/s?

Galileo number
Enthalpy, kJ/kg

Jakob number
Constant

Correction factor
Correction factor for vertical walls
Kapitza number
(Characteristic) length, m
Mass flow, kg/s

Molar mass, g/mol
Number of tubes
Nusselt number
Pressure, bar

Prandtl number
Transferred heat, kKW
Reynolds number

Ratio

Tube pitch, m

Entropy, kJ/kgK
Temperature, °C
Velocity, m/s

— Overall heat transfer coefficient, kW/m?2K

Mass fraction (total dissolved solids), kg/kg
Steam quality (kg vapour/kg liquid), kg/kg
Martinelli parameter

Heat transfer coefficient, kW/m2K
Factor
Spray density, kg/ms

Thickness of liquid cross sectional area

averaged over the perimeter, m
Volumetric vapour content
Dynamic viscosity, Pas

Thermal conductivity, W/mK
Kinematic viscosity, m?/s
Resistance coefficient

Density, kg/m?

Surface tension, kg/s?

Shear stress, kg/ms?

Shear stress dimensionless
Circumferential angle, rad
Angle of draining condensate, rad

— Initial

— Part of brine not flashing off

— Part of raw water not flashing off
— Condensate from effect

— Brine from effect

Part of condensate not flashing off
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drain_cold — Seawater drain
drain_hot — Condensate from heating steam

drain_steam —

Vapour from effect

evap — Evaporation
feed_1 — Suction steam
feed_.2 — Motive steam
feed_br — Brine feed
feed_cond — Condensate feed
feed_cold — Seawater feed
feed_hot — Heating steam feed
feed_rw — Raw water feed
flash_rw — Vapour from flashed off raw water
i — Inner
in — Incoming
1 — Liquid
lam — Laminar
liquid_rw — Part of feed raw water not flashing off
m — Mean value
NC-Gases— Non condensable gases
o) — Outer
out — Outgoing
pre — DPreheating
™w — Raw water
red — Reduced
S — Salt
sat — Saturation
steam_br — Vapour from flashed off brine
steam_cond — Vapour from flashed off condensate
steam_rw — Vapour from evaporated raw water
strat — Stratified
S\ — Seawater
th — Thermal
th,dev ~— Thermal developing region
thfully — Thermal fully developed region
turb — Turbulent
— Vapour
W — Wall
X — Position x
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