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ABSTRACT

The aim of this article is to investigate the pressure drop of condensation inside tubes and
evaporation outside tubes inside the heat exchangers of multi-effect distillation with thermal
vapor compression system. The important and effective factors that have an influence on the
condensation and evaporation pressure drop are investigated in this article. Also, the influ-
ence of pressure drop along the vapor flow from one effect to another on energy consump-
tion and required heat transfer surface area is investigated. The results show that, reduction
in condensation and evaporation pressure drop decreases the energy consumption up to
6.6%. In addition, with the same energy consumption, the system that has less pressure drop
requires a lower specific heat transfer surface area up to 8%.
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1. Introduction

Nowadays due to the fast growth of industrial pro-
cesses, the demand for freshwater has been increasing.
On the contrary, there are widespread sources of sea-
water or brackish water all around the world and up
to now several works have been done to find out the
proper methods of producing pure water from these
sources. The most famous types of desalination are:
multistage flash (MSF), multi-effect desalination
(MED), multi-effect vapor compression, and reverse
osmosis (RO). Although MSF was the most popular
and the easiest route for purifying seawater in the
distant past, over recent years both MED and RO have
become more popular than MSF due to their signifi-
cant features [1]. Some benefits of using MED like hav-
ing the capability of increasing the gain output ratio
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(GOR) by adding extra effects, not being sensitive to
the quality of the feed, and having low operating cost
made it the most convenient method to desalinate
water, especially in arid areas where there are suffi-
cient sources of water such as Persian Gulf [2].

Because of the widespread use of MED among
other types of desalination, it is very much imperative
to investigate the effect of various parameters such as
the number of effects, tube length, tube diameter, etc,
which play a role in the MED’s performance. The pro-
duction cost and energy consumption are the two
important factors that must be considered in design-
ing a MED-TVC system. Researchers have been
attempting to find ways of decreasing these costs and
to optimize the process. Darwish and El-dessouky [3]
compared the specific available energy, performance
ratio, and specific heat transfer surface area for multi
effect evaporation, MSF, and MED-TVC. It has been
shown that the MED-TVC system uses less heat
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transfer surface area in comparison with two other
systems for the same energy consumption. Minnich
[4] reached the same conclusion by developing a sim-
ple model for the MED-TVC system operating at low
top brine temperature. Al-Habshi [5] investigated the
MED-TVC system by using a steady-state simulation
program. The effect of thermodynamic losses on ther-
mal performance ratio, specific heat transfer surface
area, and specific flow rate of the cooling water was
taken into account. Al-Habshi observed that the per-
formance ratio depends on the motive steam condi-
tion, vapor velocity in the last effect, and the size of
the steam ejector. Kamali et al. [6] investigated the
influence of motive steam pressure, effect numbers,
first effect steam temperature, and feed concentration
in the MED-TVC system on the overall heat transfer
coefficient. El-Dessouky and Ettouney [7] developed a
simulation code for the MED system with shell and
tube evaporators. Zhao et al. [8] performed a theoreti-
cal analysis and optimized the MED unit by compar-
ing the GOR and specific area. They showed that,
although a higher GOR could be obtained with the
addition of effects, the production cost will simulta-
neously rise and there is an optimum point to work
in. Sayyaadi and Saffari [9] optimized the process
from the aspect of economics by analyzing the first
and second laws of thermodynamics.

One of the most important problems in designing
the MED-TVC system is the temperature difference
between the evaporators. Since the fluid is in two-
phase conditions, the pressure drop considerably
impacts the temperature difference between the evap-
orators. There are three types of pressure drops in the
MED: pressure drop inside the tubes, pressure drop
outside the tubes, and pressure drop of steam in dem-
isters. Each type of these pressure losses can affect the
unit performance negatively from the aspects of
energy consumption or production cost. Although
several works have mentioned the negative effect of
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pressure drop [10,11], a comprehensive research into
these kinds of pressure drops separately and compar-
ing the amount of their effect has not been done yet.

In the present work, we developed a simulation
code to model the behavior of unit accurately. At first,
we compared two of the most convenient correlations
of pressure drop calculations to show that they
resulted in nearly the same responses. Next, we
applied the Friedel correlation to calculate the pres-
sure drop in each section for different cases to realize
the parameters that could influence the energy con-
sumption or construction cost. At last, we compared
and analyzed the calculated data for all the cases to
investigate the effect of different parameters on
pressure drop and performance of each case.

2. Process description

The scheme of a MED-TVC unit is illustrated in
Fig. 1. The main parts of a MED-TVC unit are shell
and tube evaporators, a condenser, and a thermo com-
pressor. The motive steam that is generated in the boi-
ler enters the thermo compressor and sucks some of
the vapor that is generated in the last effect and then
the mixed vapor gets compressed. This compressed
vapor passes through the tubes of the first effect,
while the preheated seawater falls over the outside
surface of the tubes and evaporation takes place. The
generated steam is passed through demisters and
enters the next effect. This process goes on until the
last effect. The steam is divided into two parts; the
first part is sucked into the thermo compressor and
the second part is directed to the condenser.

3. Two-phase flow pressure drop

Different correlations were proposed to calculate
the two-phase flow pressure drop. Two of them,
which well prove the experimental data, are used in
this article [12,13].
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Fig. 1. A MED-TVC unit configuration.
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3.1. Friedel correlation

This method utilizes a
according to Eq. (1) [12]:

two-phase multiplier

Apice = ApLoy, (1)

Apy, is the pressure drop of the fluid, which is con-
sidered as the liquid phase.

A = 4 (3 Yt - 37 (5, o)

The liquid friction factor and liquid Reynolds
number are obtained from Egs. (3) and (4):

0.079
f= ReB (3)
mtotaldi
Re = —— 4
. (4)

A two-phase multiplier is shown in Eq. (5).
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The liquid Weber number We, is defined in Eq. (10):

(10)

And the homogeneous density (p;) is:

X 1-x\"
pp=\—+
Pc L
Friedel’s method is typically recommended when
the ratio of up to ucg is < 1,000.

(11)

3.2. Lockhart-Martinelli correlation [13]

This method gives the two-phase frictional pres-
sure drop based on a two-phase multiplier for the
liquid-phase or vapor-phase, respectively, as follows:

Apfrict = @iﬂ APL ( 1 2)

Apgice = 96xAPG (13)
Apy, is obtained from Eq. (2) and Apg can be calcu-
lated from Eq. (14).

LY\ . 1
Apc = 4fc (d—) m?otalxz <E>

The single-phase friction factors of the liquid and
vapor (fi and fg), are calculated by Eq. (3) with their
respective physical properties. The corresponding
two-phase multipliers are obtained from Egs. (15) and
(16).

(14)

1

C
2 =1+—+= Re;,>4,000 15
PLit +Xtt +Xt2t7 for Rep >4, (15)
¢gy = 1+ CXy + X, for Rep <4, 000 (16)

Xy is the Martinelli parameter for both phases in
the turbulent regime that is shown in Eq. (17).

1-X 0.9 0.5 0.1
= (%) () ()
PL Mg
The value of C in Egs. (15) and (16) depends on
the regimes of the liquid and vapor phases. In the
considered cases in the present database, both phases

are in the turbulent regime and for this condition, C
should be assumed to be 20 [13].

(17)
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4. Case study

We investigated the effect of pressure drop in four
real MED-TVC units. A simulation program has been
prepared to obtain the specific heat transfer surface
area and GOR for each unit in different conditions.
Table 1 depicts the characteristics of these MED-TVC
units.

Because of the presence of a two-phase flow in the
tube side, shell side, and saturated vapor flow across
the demister in MED plants, any pressure drop results
in decreasing the temperature of the flowing vapor.
The vapor generating in an effect is the heating media
in the next effect. Therefore, it is evident that these
temperature drops cause less temperature difference
between condensing vapor and boiling seawater in a
MED plant. As the surface area of MED plants like all
other thermal plants is calculated by considering the

Table 1

Different investigated cases of MED-TVC units
Parameter Unit Quantity
Case 1

Total product MIGD 1
Number of effects

TBT ‘C 64
Tube length m 4.6
Tube ID mm 28.575
Tube thickness mm 0.7
Case 2

Total product MIGD 1
Number of effects

TBT C 64
Tube length m 4.6
Tube ID mm 28.575
Tube thickness mm 0.7
Case 3

Total product MIGD 1.5
Number of effects 5
TBT ‘C 64
Tube length m 7.2
Tube ID mm 28.575
Tube thickness mm 0.7
Case 4

Total product MIGD 15
Number of effects 5
TBT C 64
Tube length m 4.6
Tube ID mm 28.575
Tube thickness mm 0.7

temperature difference, loss of temperature difference
absolutely leads to surface area ascending. Otherwise,
in order to keep the surface area of the MED plants
constant by the rising pressure drop, the temperature
of the first effect should be raised in such a way that
the total effective temperature difference (LMTD) in
the plant remains constant. In MED-TVC plants, the
increasing temperature of the first effect is equal to
raising the discharge pressure of the thermo compres-
sor. It is obvious that in constant motive steam pres-
sure, the steam consumption increases as the
discharge pressure of the thermo compressor rises. So,
the loss of pressure in a two-phase flow in MED
plants leads to an increase in the surface area or a
decrease in the GOR (increase in steam consumption).

The pressure drop of condensation inside the
tubes, evaporation in the shell side, and also vapor
pressure drop at the demister surface are calculated
by using correlations described earlier in Section 3.
The specific heat transfer surface area and GOR have
been considered to evaluate the influence of pressure
drop inside and outside the tubes on the performance
of the system.

5. Results and discussion

The comparison between Friedel and Lockhart-
Martinelli correlations for pressure drop is given in
Fig. 2 showing the required specific heat transfer sur-
face area for all four units. As it is evident from
Fig. 2, the specific heat transfer areas obtained from
each of the two correlations are nearly the same.
Therefore, every equation could result in an accurate
response. Due to the widespread use of the Friedel
correlation for estimating the pressure drop in MED
systems, this correlation has been used to calculate the
pressure drop of each part [14,15].

Another point that should be mentioned is that the
specific heat transfer areas for all four units are differ-
ent from each other. These differences are due to dif-
ferences in the geometry and capacity of systems that
can noticeably influence the pressure drop and the
heat transfer coefficient in these systems, which causes
different specific heat transfer areas [11].

Fig. 3 shows the effect of vapor pressure drop at
the demister surface on specific heat transfer surface
area. Pressure drop that takes place by the flowing
vapor along the demister surface increases the specific
heat transfer surface area up to 2%.

The demister area in Case 1 is considered twice
the others in order to realize the parameters that affect
the pressure drop across the demister. So, it could be
conspicuously seen that Case 1 had greatest pressure
drop among all the cases.
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Fig. 2. The comparison between Friedel and Lockhart-
Martinelli correlations.

Fig. 4 compares the specific heat transfer surface
area for each unit by both neglecting and considering
the evaporation pressure drop in the shell side. This
pressure drop increases the specific heat transfer sur-
face area up to 3%. Comparing the shell side pressure
drop of all cases, it is obvious that the specific heat
transfer area of Case 4 increases more than others.
This is because of two main reasons. The first reason
is that as the product rates in Cases 3 and 4 are more
than in Cases 1 and 2, the amount of seawater feed
that enters the shell side of each effect is larger.

Another reason is that because of the smaller length
of tubes in Case 4 than Case 3 the cross-sectional area
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Fig. 3. The effect of vapor pressure drop at demister
surface on the specific heat transfer surface area.
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Fig. 4. The effect of evaporation pressure drop in the shell
side on the specific heat transfer surface area.

for the passing seawater and vapor in the shell side is
considerably smaller than Case 3 in which the tube
length is larger. These two reasons are causes for the
greater turbulency in the shell side and larger friction
factor, which result in an increasing pressure drop.

The influence of condensation pressure drop inside
the tubes on specific heat transfer surface area is shown
in Fig. 5. As can be seen, the pressure drop inside the
tubes increases the specific heat transfer surface area.
The greatest pressure drop is related to Case 3, which
rises the specific heat transfer area by about 7%. As the
condensation pressure drop inside the tube is a linear
function of tube length, it is expected that Case 3 has a
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Fig. 5. The effect of condensation pressure drop inside the
tubes on the specific heat transfer surface area.
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greater pressure drop inside the tube because of con-
densation. In addition, since the vapor velocity and fric-
tion factor inside tubes are directly related to the
production rate, a higher production rate can lead to a
higher pressure drop.

Fig. 6 shows the specific heat transfer surface area
via-a-vis the total pressure drop in comparison with
neglecting the total pressure drop. Owing to the latter,
the specific heat transfer surface area gets consider-
ably reduced than in the case when the total pressure
drop is considered. It is shown that the total pressure
drop in MED-TVC units increases the specific heat
transfer surface area up to 8%, with the greatest effect
belonging to Case 3. As the pressure drop portion
inside the tubes is higher than other kinds of pressure
drops, the total pressure drop increases heat transfer
surface area of Case 3 more than the others.

Fig. 7 shows the comparison between different
kinds of pressure drops for all four cases. The com-
parison between four cases shows that the variation in
pressure drops has no similar trend in those cases.
The parameter that has the most effect on pressure
drop for each of four cases is different.

Noticing Case 1, it could be realized that the demis-
ter pressure drop is a key parameter in the total pres-
sure drop because the surface area of a demister is
overdesigned, which results in a higher pressure drop.

For Case 3 where the friction factor and length of
tubes are higher than others, the pressure drop due to
condensation of vapor inside the tubes plays a key
role is estimating the total pressure drop. In this case,
it can be really seen that because of the significant
influence of pressure drop inside the tubes, the total
pressure drop is higher than others.
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Fig. 6. The effect of the total pressure drop on the specific
heat transfer surface area.
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Fig. 7. The comparison between the effect of different types
of pressure drop on the specific heat transfer surface area.

Going to Case 4, it is evident that both shell side
and demister surface pressure drop have large por-
tions in total pressure drop, which is due to high
vapor velocity in the shell side of Case 4.

Comparing the different kinds of pressure drops
for Case 2 shows that each kind of pressure drop
affects the unit performance as much as others do and
none of them increase the heat transfer area of this
case severely. Because of this fact, we can easily see
that for this case the total pressure drops influence on
the unit performance is smaller than others.

The influence of the total pressure drop on energy
consumption is shown in Fig. 8. As can be seen, the
pressure drop increases the energy consumption while
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Fig. 8. The effect of the total pressure drop on energy
consumption.
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this negative effect is greater for cases in which the
total product is smaller. The greatest effect on the
energy consumption belongs to Case 1 in which the
total pressure drop increases energy consumption of
this unit up to 6.6%.

6. Conclusion

Now, it is obvious that increasing pressure losses
can lead to higher energy consumption and construc-
tion cost. So, optimizing process in the sense of pres-
sure drop can result in better performance of the unit.
As it is shown in the last section, there are several
parameters that can affect the pressure drop. Increasing
pressure drop in each section elevates total pressure
drop. So, it is very much imperative to design a unit in
which all kinds of pressure drops in different sections
are low and nearly the same. Among different kinds of
pressure losses, it seems that condensation pressure
drop inside the tubes has the most influence on increas-
ing the specific heat transfer surface area. Because of
this fact, the rising pressure drop in the tube side,
which can negatively influence the unit performance
should be particularly noticed. However to avoid the
negative effect of pressure drop on unit performance,
tube length, tube diameter, shell diameter, and number
of tubes should be designed in such a way that the total
pressure drop reaches its minimum.

Nomenclature

B — flow rate of brine blow down, m®/h

D —  flow rate of distillate water, m®/h

Dy — flow rate of distillate water produced
in a condenser, m®/h

D, — flow rate of entrained steam, m>/h

d; — tubes internal diameter, m

E — Friedel parameter in two-phase multiplier

F —  feed flow rate in the effects, m3/h

F — Friedel parameter

f — Friction factor

g — acceleration due to gravity, m/s

H — Friedel factor

L — tube length, m

M. — total flow rate of seawater, m>/h

Miotal — total fluid mass flow rate

ApPgrict — two-phase fractional pressure drop, Pa

Apc — vapor-phase pressure drop, Pa

Apy, — liquid-phase pressure drop, Pa

R — flow rate of rejected water, m3/h

S —  flow rate of motive steam, m>/h

TBT — top brine temperature, ‘C

X — vapor quality

Greek symbols

Lo — liquid-phase multiplier

®Go — vapor-phase multiplier

PrLit — two-phase multiplier of Martinelli
relative to liquid

e — two-phase multiplier of Martinelli
relative to vapor

u — dynamic viscosity, Ns/m?

o — surface tension

Dimensionless numbers

Fr — Froude number
Re — Reynolds number
We — Weber number
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