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ABSTRACT

Thermal desalination still considered as a reliable technology, where the seawater characteristic is
challenging in terms of high salinity, elevated temperature and high impurity level especially in the
Gulf seawater case. Multi-effect distillation (MED) is an efficient thermal process for the commercial
and large-scale desalination plants. Even though, minimization of the thermal losses within the evap-
orator is a matter of interest to improve the MED process. This work presents a computational fluid
dynamic (CFD) simulation of vapor route for two conventional MED configurations named as long
tube (MED-LT) and cross tube (MED-CT), respectively. The thermal losses and vapor uniformity are
calculated at several vapor box lengths and process recovery ratios. An MED evaporator of 25 m?/d is
considered for the CFD computational domain and conducted by COMSOL multiphysics. The CFD
results show that compared by MED-LT configuration, the MED-CT configuration creates less uni-
form vapor flow at the tube sheet which indicates that some tubes will be admitted by amount of vapor
higher than the designed, and accordingly will become overheated and lead to the scale deposition on
the tube surface. The tube bundle losses represent 90% of the total losses while the rest is encountered
in the demister and vapor box. This indicates that minimizing the thermal losses in the tube bundle
is more effective and recommended for future work. The footprint of the MED-LT configuration is
25% lower than that the MED-CT configuration. It can be concluded that the MED-LT configuration is

superior in terms of better vapor uniformity for reliable operation and lower foot print.
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1. Introduction

Thermal desalination still considered as a reliable tech-
nology, where the seawater characteristic is challenging in
terms of high salinity, elevated temperature and high impu-
rity level especially Gulf seawater case. Thermal desalination,
including multi-stage flash (MSF) and multi-effect distillation
(MED) technologies dominate the desalination industry in the
Gulf Cooperation Council (GCC) countries, while, the reverse
osmosis (RO) membrane technology getting a growing market

* Corresponding author.

due to its energy efficiency. In Qatar, the thermal desalination
dominates 75% of the market, while the rest is shared by RO
[1]. The harsh gulf seawater conditions (elevated tempera-
ture, high salinity, high impurity, and sometimes red tide)
prefer the thermal desalination technology as a reliable solu-
tion. Among the thermal desalination technologies, the MED
operates at lower specific power consumption than the MSF
because of using falling film evaporation around tubes (three
times of the distillate) instead of pumping a bulk flow of sea-
water feed (10 times of the product) [2].
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Falling film evaporator is the core technology of MED
desalination process. The evaporation rate depends on the
heat transfer kinetics, the tube wall surface characteristic and
the falling film seawater properties. The temperature differ-
ence between the wall and the falling film is the driving force
to increase the evaporation rate. However, this approach
enables the nucleate boiling (bubble formation), which rup-
tures the film evaporation. An expression for the maximum
wall temperature prior to bubble formation is developed by
Mitrovic [3]. Thus, specifying the heat transfer conditions
without the film rupture arising from bubble inception.

The effect of micro-bubbles within the thin film layer
around horizontal tube is experimentally depicted particu-
larly when the saturation temperature drop below 298 K. A
new correlation is proposed for film evaporation coefficient
[4]. The generated micro-bubble enhanced the heat transfer
due to rapid increase of the bubble in the thin film layer.

The concept of film evaporation in the solar still showed
an improvement by 30% compared with the conventional
design bulk evaporation [5]. In which the evaporation trans-
fer likely depends on the water layer thickness. The concept
of falling film evaporation superseded the bulk evaporation
and became the state of art in the MED technology for sea-
water technology [6]. Energy efficient MED process powered
by solar linear Fresnel collector is proposed to reduce the
mechanical energy equivalent from 19 to 8 kWh/m?® [7]
because of using low-quality steam at 70°C and 0.3 bar while
the gain output ratio (GOR) of the system is calculated with
8. However, the thermal loss within evaporator is still a mat-
ter of interest of the present work.

Advanced desalination hybridizing a conventional MED
and emerging yet low energy adsorption is numerically and
experimentally investigated [8-10]. The adsorption system
enabled the lower brine temperature, which allows to accom-
modate additional condensation evaporation effects that
increases the GOR up to 40%. Moreover, significant increase
in the production rate up to twofold of the conventional
MED.

A definition of the performance ratio is redefined based
on the exergy analysis and named as universal performance
ratio [11,12], which reflects the exergy destruction within
the power cycle and its effect on the steam quality allocated
to desalination process. The universal performance ratio has
improved by 55% [12] by using hybrid MED and adsorp-
tion cycle [11,12]. The exergy approach is not only accurately
allocating the primary energy among stream of cogeneration
power and desalination plant but also allocate the accurate cost
of the water and electricity [13]. The fair and accurate method-
ology of energy and cost allocation would encourage process
engineers to revisit the reliable thermal process especially in
GCC area, where the seawater conditions are challenging to
RO technology. Nevertheless, this work aims to evaluate the
thermal losses within the conventional and existing MED
desalination plant and exploit the possibility for improvement.

The vapor flow through the tube bundle of a falling
film evaporator affects the MED process performance and
the encountered thermal losses due to pressure drops. The
generated vapor around evaporator tubes flows crossover
the tubes, and intersects with falling film before sweeping
from both sides of the tube bundle. At high vapor velocity
region, the vapor velocity might deflect the falling film away

from the next tube, which results in an incomplete wetting
of the lower tubes. Lorenz et al. [14] determined the falling
film angle beyond which the falling film will not wet the
lower tube. Based on the tube bundle arrangement and the
critical deflection angle, they developed the maximum allow-
able vapor crossflow velocity. Nevertheless, pressure drop
(thermal losses) due to friction loss around tubes generates
thermal losses, which increase the required heat transfer area
to achieve the product capacity.

Analysis of the heat transfer coefficient in a square-pitch
bundle arrangement for falling film evaporation, showed an
increase in the heat transfer coefficient from row to row[15].
While, in the triangular-pitch bundle it decreases the heat
transfer coefficient from row to row, particularly with high
heat fluxes and lower flow rates [15,16].

The tube bundle arrangement has a considerable influ-
ence in the falling film pattern, the wettability criteria and
the rate of the scale deposition. The uneven distribution of
dripping seawater among tubes in vertical columns in a tri-
angle pitch tube bundle arrangement is simulated and the
developed model includes CaCO, scale formation and CO,
release [17]. The simulation results showed that the flow rate
of the dripping seawater on the column, based on the sec-
ond row is lower than that of the first row. Consequently, the
wetting rate of the tubes in the column based on the second
row is less than that on the first row, which explains why the
tubes based on the second row experience more CaCO, scale
deposit than that on the first row [17].

In addition to that, many studies have presented process
simulation (zero-dimensional mathematical modeling) of the
MED process [18-26], which included empirical correlations
for thermal losses occur within tube bundle, demister, and
vapor box. Those equations are used to calculate the available
temperature difference. Accordingly, the heat transfer area
and sizing the evaporator tube bundle was calculated. The
zero-dimensional models focus on the entire system design
and performance. However, it does not provide sufficient
information about the effect of the tube bundle orienta-
tion and the vapor route resistance within evaporator (tube
bundle, demister, and vapor box).

Numerical computational fluid dynamic (CFD) analysis
was conducted to investigate the effect of the velocity varia-
tions on the brine carry over factor and the demister pressure
drop [27], where the trajectory of liquid droplets associated
with the vapor released from tube bundle was calculated
using Lagrange approach. A new baffle configuration shows a
minimum brine carry over factor of 0.097, while the demister
pressure drop is less than 13.4% of the original design.

Two existing MED desalination plants are shown in
Figs. 1(a) and 2(a), which they are still commercially in oper-
ation [28]. The key features of the two configurations, the
tube bundles are arranged with respect to the vapor route
in long tube evaporator (MED-LT) and cross tube evaporator
(MED-CT) as shown in Figs. 1(b) and 2(b), respectively.

Fig. 1(b) shows the top view of the long tube evapora-
tor (MED-LT) configuration in which, the vapor box is in
between two effects to transport vapor from effect to the suc-
cessive effect. The generated vapor swept out from both sides
of the tube bundle and passed through the horizontal demis-
ter. After demister, the vapor moves in parallel to the tube to
be collected in the vapor box.
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Fig. 1. (a) MED desalination plant of unit capacity (3.77 MIGD) and long tube configuration, UAE. (b) Top view of long tube evaporator
(MED-LT).
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Fig. 2. (a) MED desalination plant of unit capacity (1 MIGD unit) and cross tube configuration, Qatar. (b) Top view of cross tube
evaporator (MED-CT).
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In the cross tube evaporator (MED-CT), the tube bundles
are arranged side by side as shown in Fig. 2(b). The demister
is in both sides of the tube bundle, while the vapor box is
located alternatively opposite to the tube bundle. The gener-
ated vapor is also swept out from both sides of the tube bun-
dle and passed through the horizontal demister. Then, the
vapor is directed to the vapor box before induced to the next
effect. Since the vapor must make a U-turn to reach the next
effect, relatively higher vapor vortices would be generated
in the vapor box compared with the MED-LT configuration.

In both configurations, the pressure drop occurs within
the tube bundle, demister and the vapor box due to fric-
tion, separation and sudden change in the flow path, which
expresses the thermal losses within the vapor route. The
vapor route resistance is not only affected by the falling film
pattern either columns or droplet but also affected by the fric-
tion of crossing vapor over tubes. In fact, as the vapor route
becomes longer, the thermal resistance and losses get higher
(for high-capacity MED). The vapor route resistance would
be affected by the tube orientation, demister height and the
vapor box orientation.

In case the vapor flow is not uniform at the tube sheet of
the next effect, practical and technical challenges would face
the evaporator performance. If, for example, some tubes are
admitted by amount of vapor higher than the designed, it
will become overheated. While seawater falling on the over-
heated surface, the scale deposition will be formed, which
significantly affects the heat transfer process. On the other
hand, for the tubes that are under-estimate amount of admit-
ted vapor, the insufficient heat being released to generate
vapor will affect the evaporator performance. Moreover,
monitoring where the thermal losses are created and deter-
mined that the most influence design and process parameters
is a matter of importance that would help to minimize it and
find out solution.

To the best knowledge of the authors, there is no CFD
work address the vapor uniformity and thermal losses in
the entire MED evaporator. The motivation of this work is
to investigate the effect of the tube bundle orientation on the
vapor uniformity and thermal losses in both configuration
and evaluate thermal losses in each segment in the evapo-
rator. The aim of this work is to compare between long tube
(MED-LT) and cross tube (MED-CT) configurations which
have different tube orientation. Using CFD, two configura-
tions are simulated to determine thermal losses in the tube
bundle, demister, and vapor box. Nevertheless, the CFD
enables to determine the vapor uniformity in the vapor box
in both configurations.

2. CFD model development
2.1. Mathematical model

Steady state 2D and 3D CFD models are developed for one
effect of the MED evaporator using COMSOL multiphysics
v.5.2a.

The mathematical modeling approach has
developed based on the following assumptions:

been

e Steady state
e Weakly compressible Newtonian flow
e Demister as porous media

e The model is under vacuum pressure

e Saturated steam flow inlet to demister and vapor box at
50°C

e Fully developed inlet vapor flow

Conservation of mass:
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2.2. Model domain and boundary conditions

Fig. 3 shows 3D geometry of the MED-LT configuration
with dimension in meter. Due to symmetrical geometry, it
is decided to build half of the domain to save the computa-
tion time. On the other hand, Fig. 4 shows 3D geometry and
domain of the MED-CT configuration. The 3D geometry is
built on the full tube bundle due to the unsymmetrical vapor
flow specifically in the vapor box. The computational domain
consists of three zones:

e TFalling film evaporation within tube Bundle: steady state
two-dimensional model based on Euler-Euler laminar
flow package is used to calculate the evaporation rate and
vapor field around tubes and its movement to sweep out
from the bundle. The two-phase pressure drop encoun-
tered vapor transportation over tubes is calculated. The
physics interface considered the flow atlow and moderate
Reynolds number. Two sets of Navier-Stokes equations
have been solved, one for each phase, to determine each
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phase velocity field. The phases interchange momentum
is described by a drag model. The pressure is calculated
from a mixture-averaged continuity equation and the
volume fraction of the dispersed phase is tracked with a
transport equation. It’s worth mentioning that, there are
similar studies used Euler-Euler physics to model two
phase evaporation [29-32].

Vapor flow through demister: steady state
two-dimensional model using Darcy’s Law interface
to simulate fluid flow through porous medium at
low-velocity flows. Demister porosity and permeability
are the main design parameters for efficient separation.
The pressure gradient is the major driving force and the

Fig. 3. 3D sketch of the CFD domain of long tube configuration:
(1) tube bundle, (2) sump, (3) demister, (4) vapor box, (5) tube
bundle of the second effect, (6) inlet seawater, (7) brine outlet,
and (8) released vapor.

frictional resistance within the pores mostly influences
the flow. It is well known to use Darcy’s law in modeling
demister/mist eliminator [27].

Vapor flow through the vapor box: Steady state
three-dimensional model using non-isothermal turbulent
k — e flow package model is used to model the vapor flow
in the domain above demister and the vapor box. The
non-isothermal flow calculations are based on coupling
the Navier-Stokes equations for conservation of momen-
tum and the continuity equation for conservation of mass.
The turbulence effects are modeled using the standard
two-equation k — ¢ model. Flow close to walls is mod-
eled using wall functions. The standard k — ¢ model was
selected due to its robustness and the low computational
time compared with other turbulence model for this
specific problem [27].

As shown in Table 1, the boundary conditions of the
computational domain are presented. The heating steam

Table 1

Boundary conditions for one effect of MED evaporator
Parameter Value
Falling film flow rate (feed seawater), m%h 3
Feed temperature, °C 50
Feed salinity, g/L 45
Inlet vapor temperature, °C 53
Generated vapor temperature, °C 50
Recovery ratio, % 11-33
No. of tubes 620
Tube diameter (OD), mm 254
Tube length, m 1
Vapor box length, m 0.25-1
Tube bundle height, m 0.7
Tube bundle width, m 2

Fig. 4. 3D geometry and domain of the MED-CT configuration.
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is admitted to the tube bundle at 53°C to be condensed
inside the tubes and transfer the latent to the sprayed sea-
water falling film outside the tubes. Part of the falling film
is converted as a vapor at 50°C, while the remaining brine
is fallen in the brine sump at slightly higher temperature
to consider the boiling point elevation. The tube bundle
consists of 620 tubes arranged in a triangular tube pitch
configuration. The outside tube diameter is 25.4 mm and
1 m length. Demister thickness is 20 mm. The effect of
the vapor box length on the thermal losses and vapor
uniformity also is investigated at different recovery ratio
(the ratio between the amounts of generated vapor to the
amount of seawater falling film) of 11%, 22%, and 33% to
consider a wide range of vapor velocity in practical MED
desalination plants. It is worth mentioning that, since the
heat transfer surface area is fixed by specifying the num-
ber of tubes, tube length, and diameter, the recovery ratio
is controlled by controlling the feed seawater. While the
heat flux inside tubes is fixed, the decreasing of the sea-
water feed would increase the generated vapor within the
tube bundle, that is, increases the process recovery ratio.

2.3. Mesh size and resolution

As shown in Fig. 5, two types of mesh were used in this
study; free tetrahedral in the main domain and boundary
layer at the walls with adding the corner refinement feature.
The used mesh elements are tetrahedral, pyramids, prism,
triangular and quadrilateral. Several mesh sizes are consid-
ered for the sake of mesh resolution. The studied mesh sizes
are (extremely coarse, extra coarse, coarser, coarse, normal
and fine).

The pressure drop in the vapor route is calculated at
different mesh sizes as shown in Fig. 6. The pressure drop
reaches constant at 3,000,000 elements (normal mesh size) and
the curve becomes more flattened at 11,000,000 (fine mesh);
however it is time consuming. Compromise between time
and acceptable resolution, therefore, the predefined normal
mesh size is selected in this study where the total number
of elements are 3,016,686 while the element quality of = 0.8
and minimum element quality is #1.52 x 10°. The minimum
element size has been selected to accurately model the mini-
mum dispersed vapor particle size around the tubes. In addi-
tion, the solver convergence termination criteria set at 10°.

2.4. CFD model verification

MED pilot plant of 24 m?*/d with three effects is consid-
ered as case study. The detailed design of the pilot plant is
carried out using process design program (VDS) [22]. The
evaporator heat transfer area and dimension are calculated
accordingly using VDS to be used as fixed domain for CFD
simulation. Using the data of Table 1, the 2D CFD program
calculate the amount of generated vapor, the average tem-
perature of the generated vapor and exit brine temperature
as shown in Figs. 7(a) and (b). As shown in Table 2, there
is a good agreement between the CFD model and the VDS
simulation program.

The CFD model for two-phase flow has been validated for
predicting the pressure drop in the tube bundle using pub-
lished numerical correlation which presented the appendix

Between Tubes Wall Surface

Fig. 5. Types of the mesh.
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Fig. 6. Pressure drop with variation of the mesh elements.

for the detailed Egs. (1)—(11) [33]. The CFD numerical model
is based on Euler-Euler physics, where the homogeneous
void fraction is a function of the recovery ratio, liquid and
vapor physical properties and each phase velocity. Fig. 7(c)
shows comparison between the two phase CFD model and
numerical equation of pressure drop in the tube bundle at
different process recovery ratio. The CFD result shows an
acceptable agreement with the empirical equation with prac-
tical range of the MED process recovery ratio of 20%—40%.
Fig. 7(d) shows the pressure drop in the demister and
comparison between the CFD model and the empirical
equation based on real experiments from a manufacturer
(appendix and Eqs. (12)-(17)) [34]. There is a good agreement
between the CFD model and the manufacture equation.

3. Results and discussions

The developed CFD simulation determined the outlet
boundary conditions at the side of the evaporator tube bundle
and used as input boundary conditions (pressure, velocity,
temperature) to the demister. Since the vapor velocity profile
is not uniform at the evaporator bundle sides, it massively
affects the uniformity at the inlet demister and the vapor box
before approaching the next evaporator. Therefore, the calcu-
lated local vapor velocity profile at the evaporator exit side
which extracted from CFD simulation is applied as an inlet
boundary to the demister. As shown in Figs. 8(a) and (b), the
local velocity is low at the bottom of the tube bundle while
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Fig. 7. (a) Vapor volume fraction contour for the effect at 52°C. (b) Temperature contour for the evaporator at 52°C. (c) Verification of
two phase CFD model. (d) Verification of the CFD model for demister.

Table 2
Comparison between CFD simulation and process flow program
(VDS)

Parameter VDS program CFD model
Generated vapor temperature, °C  50.0 50.13
Brine temperature, °C 50.65 50.63
Mass of generated vapor, m*/h 0.36 0.34

it increases up to 40 m/s at the height of the demister bed.
The average velocity at the exit of the tube bundle is 5 m/s as
shown in Fig. 8(a).

The CFD model predicts the velocity distribution in
3D domain (demister and vapor box only) as shown in
Figs. 9(a) and (b) for both MED-LT and MED-CT configu-
rations, respectively. The vapor velocity magnitude is in the
range of 3-9 m/s. However, the vapor vector has to change
direction while moving out from the demister to reach the
next tube sheet of the next effect. This change in the direction
would generate un-even vapor distribution while approach-
ing the next tube bundle. The vapor flow uniformity is deter-
mined by calculating the standard deviation between the
local vapor velocity and the average velocity at the entrance
of the tubes. The tube sheet is divided into four equal sections
A, B, C, and D as shown in Figs. 10(a) and (b). Average veloc-
ity per each section is calculated and then the standard devia-
tion between the zone velocity and the average velocity. Low

Local
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Surface: Velocity magnitude (m/s) Streamline: Velocity field

Fig. 8. (a) Local velocity profile at the exit of the tube bundle and
before approach demister. (b) CFD velocity profile at the exit of
the tube bundle and before approach demister.
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configuration.

standard deviation indicates better uniform vapor velocity.
As shown in Figs. 10(a) and (b), both configurations show
uneven velocity distribution on the tube sheet.

Fig. 11(a) shows the vapor velocity distribution across the
tube sheet sections under variable vapor box lengths in the
MED-LT evaporator. The average approaching velocity at
the tube sheet is calculated as 5 m/s. The local vapor velocity
distribution in the section A and B is higher than the average
velocity (5 m/s), however, the local vapor velocity distribu-
tion in sections C and D is lower than the average velocity
(5 m/s). This is because of the sections A and B are close to
the vapor outlet from the previous effect as shown in Fig. 3.
Nevertheless, the deviation between the section local veloc-
ities (A, B, C, and D) and the average velocity decreases as

long as the vapor box length increases. This is because of at
longer vapor box, the opportunity for better distribution and
regain even distribution is higher than shortest vapor box.
Fig. 11(b) shows the velocity distribution per section at
different vapor box lengths in MED-CT configuration. The
approaching vapor velocity at sections A and B has a negative
deviation (i.e., lower than the average vapor velocity of the
entire tube sheet), while the vapor velocity at sections C and
D has a positive deviation (i.e., higher than the average vapor
velocity of the entire tube sheet). This is mainly because of
the vapor discharged from the left-side demister is mixed
with the vapor discharged from the right-side demister at the
vicinity of section A and B. vapor. The potential of creation
an eddy flows consequently, push the major part of the vapor
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to the section D and C. Also, in this configuration, the devia-
tion between the section local velocities (A, B, C, and D) and
the average velocity decreases when the vapor box length
increases. This is because of at longer vapor box, the oppor-
tunity for better distribution and regain even distribution is
higher than shortest vapor box.

Fig. 12 shows the standard deviation of the vapor veloc-
ity distribution for MED-LT and MED-CT evaporators at dif-
ferent vapor box length. The higher standard deviation (less
uniformity) is calculated at vapor box length ratio of 0.25,
while the vapor velocity distribution among tubes gets uni-
form at vapor box equal to the tube length (length ratio = 1).
Fig. 13 shows that the MED-LT configuration creates a better
and uniform vapor flow at all vapor box lengths compared
with the MED-CT.

Fig. 13 shows a comparison between the vapor unifor-
mity of the MED-LT and the MED-CT at different values of
process recovery ratio. The CFD simulation results show that
standard deviation of the vapor distribution in the MED-CT
is three times of the MED-LT configuration which implies
some tubes will be admitted by amount of vapor higher than
the designed, and accordingly will become overheated. Also,
while seawater falling on the overheated surface, the scale
deposition will be formed, which significantly affects the
heat transfer process. On the other hand, for the tubes are
under estimated amount of admitted vapor, the insufficient
heat is released to generate vapor which affecting the evapo-
rator performance.

The pressure drop occurs within the tube bundle, demis-
ter and the vapor box due to friction, separation and sudden
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Fig. 12. Velocity standard deviation for both MED-LT and
MED-CT configuration.
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Fig. 15. MED-LT and MED-CT footprint of 10 effects.

change in the flow path, which is expressed by temperature
loss or thermal losses. The temperature loss either increases
the required heat transfer area (CAPEX increase) or for fixed
heat transfer area, the thermal efficiency of the evaporator
would decrease. The pressure drop is not only affected by
the falling film pattern either columns or droplet but also
affected by the friction of crossing vapor over tubes. In fact,
as the vapor route becomes longer, the thermal losses get
higher (e.g., high-capacity MED). The vapor route resistance
would be also affected by the tube orientation, as shown in
Fig. 14.

The CFD simulation enables to calculate the total ther-
mal losses encountered in the tube bundle, demister and the
vapor box for both MED-LT and MED-CT configurations
at different vapor length is shown in Fig. 14. The variation
of the vapor box length has slight influence on the thermal
losses. This indicates that the thermal loss of the tube bundle
is more dominant compared with the losses encountered in
the vapor box. Fig. 14 concluded that the thermal losses of the
MED-LT is slightly lower than that of the MED-CT because of
the layout of the MED-LT create a uniform flow without flow
mix and eddy flow which consider a source of pressure drop
and consequently thermal loss.

Table 3 shows the thermal losses share at 11% recovery
ratio for MED-LT and MED-CT configuration, respectively.
The thermal losses include the evaporator tube bundle,
demister and vapor box losses. For both configurations, the
bundle losses represent 58%, while the demister and vapor
box losses are 35% and 7%, respectively. On the other hand,

Table 3
Breakdown of thermal losses
Recovery (%) Item MED_LT MED_CT
11 Evaporator bundle 58.04% 58.27%
Demister 34.97% 35.10%
Vapor box 6.99% 6.63%
33 Evaporator bundle 88.03% 88.51%
Demister 4.29% 4.31%
Vapor box 7.68% 7.18%

at higher process recovery ratio of 33%, the bundle losses
represent 89% of the total thermal losses. This is because of
the higher amount of vapor generated at fixed feed seawater,
which lead to increasing the vapor velocity around tubes
and accordingly increasing the friction losses. Moreover, the
vapor box losses at higher vapor velocity are 8% while the
demister loss is only 4%. It can be concluded that the evapo-
rator tube bundle is the major part of the total thermal losses.
Therefore, it is worthy to exert further efforts to optimize the
MED evaporator tube bundle to minimize the cost for MED
process.

The footprint is the space area which is occupied by the
evaporator. Footprint is important where there is a limita-
tion of the available spaces. Nevertheless, the lower footprint
indicates compact evaporator design. Fig .15 shows the foot-
print of 10 effects of MED-LT and MED-CT evaporators. The
footprint increases as the vapor box length increases. The
footprint of the MED-CT is 25% higher than the MED-LT
configuration, because of the MED-CT needs double number
of vapor box of that required for the same number of effects
of the MED-LT layout.

4. Conclusion

CFD simulation of the vapor route for the long tube
(MED-LT) and the cross tube (MED-CT) configurations were
performed to determine thermal losses (tube bundle, demis-
ter, and vapor box) and to determine the vapor uniformity
in the vapor box. The CFD simulation results show that the
standard deviation of the vapor distribution in the MED-CT
is three times the MED-LT configuration which implies less
vapor uniformity at the next tube sheet. This also indicates
that practical and technical challenges would encounter for
the MED-CT configuration. This is because some tubes will
be admitted by amount of vapor higher than the designed,
and accordingly will become overheated. Also, while sea-
water falling on the overheated surface, the scale deposition
will be formed, which significantly affecting the heat transfer
process. On the other hand, for the tubes are under estimated
amount of admitted vapor, the insufficient heat is released to
generate vapor which affecting the evaporator performance.

Analysis of thermal losses show that the tube bundle loss
represents 90% of the total losses at 33% process recovery
ratio while the rest is encountered in the demister and vapor
box. This explains why there is a slight difference of thermal
loss between both configurations. Because the thermal losses
in the tube bundle have the same value in both configura-
tions. This indicates that the minimization thermal losses in
tube bundle are more effective and recommended to focus in
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the future work. For the same number of effects, the footprint
of the MED-LT configuration is 25% lower than that of the
MED-CT configuration. This is because of the MED-CT needs
double number of vapor box of that required for the MED-LT
configuration.
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Appendix

(i) Pressure drop in two-phase flow

The CFD evaporator bundle two-phase model has been
validated with respect to pressure drop against empirical
equation based on real experiments [33]. Where, the ratio
between the two-phase frictional loss to single phase and
accordingly the accounted pressure drop is shown below:

Aptotal = Apslatic + Apmom + Apfrict (1)
where,
Apstaﬁc = ng Sine (2)

For horizontal flow where the 6 =0 and there is no eleva-
tion difference, Ap_ . =0

static

dz dz

)
{@} _ Lo 3)

For an adiabatic flow, where x is constant, {dp} =0

Then dz
2G*Nf,
Aptotal = Apfrict =—= (4)
p
where

e

0

fer ©)
GD
Re=-" @)
p=p(1-8)+pge ®)
p:p,(1—8)+pcs )
1
£=
L[ 2 (1=%)pg (10)
1 x pl
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where G is the mass velocity, [17]

Gt (11)
[(n.-1)@+1]dL

Ap,... Total pressure drop, Pa
Ap,... Static pressure drop, Pa
Ap.... Momentum pressure drop, Pa
Ap,.:  Frictional pressure drop, Pa
H: Vertical height, m

Angle with reference to horizontal, degree
Acceleration due to gravity, m/s?
Two-phase pressure drop, dimensionless
Single-phase pressure drop, dimensionless
Reynolds number, dimensionless
Reference mass velocity, 400 kg/m?s

Mass velocity, kg/m?s

Recovery/vapor quality, fraction
Homogeneous void fraction

Number of tube rows

Velocity ratio or slip ratio (S), dimensionless

Mass flow rate, kg/s
Number of tubes per row

Tube pitch, m
[V Liquid viscosity, Pa s
[V Vapor viscosity, Pa s
ok Liquid density, kg/m?
Vapor density, kg/m?

Two-phase viscosity, Pa s
Two-phase density, kg/m
Qutside tube diameter, m

3

ORED

(ii) Pressure drop in the demister

The manufacturer equations [34] along with demister
main parameters are shown below: -

_f*t*(l_sv)*pv*vrznax

A
p D, (12)
.2 % -0.32
f_sg[pv ma w] (13)
v =k G (14)
Py
Uoptimum O’SUmax (15)
where,
t: Demister thickness, 0.15 m
€ Void fraction “porosity”, 0.98
D ; Wire diameter, 0.0003 m
k: Demister coefficient, 0.108
U Maximum allowable vapor velocity
Vi’ Optimum operational vapor velocity
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The demister is a porous media over a definite thick-
ness where the accounted pressure change is identified as a
combination of Darcy’s law and the inertial loss term [34] as
follows: -

v* C. * *02
AP:{ a“u 2 P J (16)

T150*(1-c, ) (17)

3.
C,=
where,
o
C .

2

5*(1—80)

D **g?3

w v

Permeability
Pressure jump coefficient

177

(18)



