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Theoretical investigations on thermal properties of multieffect distillation (MED) are presented to approach lower capital costs and
more distillated products. A mathematical model, based on the energy and mass balance, is developed to (i) evaluate the influences
of variations in key parameters (effect numbers, evaporation temperature in last effect, and feed salinity) on steam consumption,
gained output ratio (GOR), and total heat transfer areas of MED and (ii) compare two operation modes (backward feed (BF) and
forward feed (FF) systems). The result in the first part indicated that GOR and total heat transfer areas increased with the effect
numbers. Also, higher effect numbers result in the fact that the evaporation temperature in last effect has slight influence on GOR,
while it influences the total heat transfer areas remarkably. In addition, an increase of feed salinity promotes the total heat transfer
areas but reduces GOR.The analyses in the second part indicate that GOR and total heat transfer areas of BF system are higher than
those in FF system. One thing to be aware of is that the changes of steam consumption can be omitted, considering that it shows
an opposite trend to GOR.

1. Introduction

Wastewater is the by-product of petrochemical enter-
prises, including oily wastewater, sulfur-containing wastew-
ater, saline wastewater, and high-concentration ammonia-
nitrogen wastewater [1, 2]. The wastewater will be greatly
harmful to the environment if they are untreated and
discharged directly. Petrochemical enterprises have been
plagued by saline wastewater treatment owing to its high
salt and biotoxicity. The MED is one of the most successful
traditional desalination technologies [3], which presents a
number of advantages: low scale formation, easy operation,
high performance ratio (PR), and operating with any avail-
able source of heat energy (e.g., waste heat from petro-
chemical enterprises and power plants) [4–6]. In each effect
of MED system, pure water is produced at slightly lower
pressure than the previous effect. The water evaporates at
lower temperatures with the pressure decreasing; therefore,

the produced vapor of the first effect evaporator serves as the
heating steam for the second effect and so on [7]. An increase
of effect numbers can lead to a higher PR. On the basis of
energy consumption and heat transfer obtained, MED has
been found to be more efficient than MSF [8].

Jernqvist et al. [9] and Ettouney [10] developed a sim-
ulation code for the MED system with shell and tube
evaporators; subsequently the influences of different design
parameters on PR were studied. Shakib et al. [11] developed a
thermodynamic model for MED desalination with thermal
vapor compression (METVC) and its main objective was
optimization of METVC from economical and thermody-
namic point of view. Although the general computer code
and optimal model for thermoeconomic optimizations of
MED desalination systems [4, 11–13] had been studied by
many reports, few studies have been reported on the thermal
properties of MED so far. The purpose of this work was to
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analyze the thermal properties of BF system concentrating
high-salinity wastewater. Therefore, a mathematical model
was developed based on mass and energy balance. In this
paper, the work consisted of two parts: at first, the influences
of effect numbers, evaporation temperature in last effect, and
feed salinity were studied. These specifications include steam
consumption, GOR, and total heat transfer areas. Further-
more, the performance comparisons between FF system and
BF system were conducted in the second part.

2. Mathematical Model

The MED system usually consists of some evaporators, sev-
eral flashing chambers, and a condenser. The mathematical
model is developed forMED concentrating saline wastewater
based on mass and energy balance. In the mathematical
model, at first mass and energy balance equations have been
developed for the system and then evaporator heat transfer
areas balance equations are designed [14–16].

2.1. Mass Balance. In the evaporator, the mass balance can be
considered as follows:

𝑀𝑏,in ×𝑋𝑏,in = 𝑀𝑏,out ×𝑋𝑏,out. (1)

In the flashing chamber, the mass balance can be consid-
ered as follows:

𝑀V = 𝑀𝑓𝑤 ×𝑋𝑓𝑤, (2)

where 𝑀𝑏,in and 𝑀𝑏,out are the mass flow rate of feed
brine water and mass flow rate of condensed brine water,
respectively, 𝑡/ℎ.
𝑋𝑏,in and 𝑋𝑏,out are the salinity concentration of feed

brine water and mass flow rate of condensed brine water,
respectively, %.

2.2. Energy Balance. In the evaporator, the energy balance
can be considered as follows:

(𝑀V,in × 𝑟in +𝑀𝑏,in ×𝐶𝑝𝑏,in × 𝑡𝑏,in −𝑀𝑏,out ×𝐶𝑝𝑏,out

× 𝑡𝑏,out) × 𝜂 = 𝑀𝑝 × ℎ,
(3)

𝐶𝑝: specific heat capacity, J/(kg⋅
∘C),

𝜂: heat utilization efficiency,
ℎ: enthalpy;

𝑡V,out = 𝑡𝑏 −BPE−Δ𝑡. (4)

The BPE is the boiling point elevation and is estimated as
follows:

BPE = 𝑋 (𝑏 +𝐶𝑋) × 10−3

𝑏 = (6.71+ 6.34× 10−2𝑡 + 9.24× 10−5𝑡2) × 10−3

𝐶 = (22.238+ 9.59× 10−3𝑡 + 9.24× 10−5𝑡2)

× 10−8.

(5)

The heat transfer equation is as follows:

𝑀V,in × 𝑟in +𝑀V,out × 𝑟out = 𝐴𝐾 (𝑡𝑐 − 𝑡𝑏) (6)

𝐾 =
1

(1/𝛼𝑐) + (1/𝛼𝑏) + 𝑅𝑤 + 𝑅𝑓
, (7)

𝛼𝑐: heat transfer coefficient in condensing surface,
W/m2∘C;
𝛼𝑏: thermal resistance of tube, W/m2∘C;
𝑅𝑤: thermal resistance of furring, W/m2∘C;
𝑅𝑓: falling film evaporation heat transfer coefficient,
W/m2∘C.

In the condenser, the calculation of energy balance is as
follows:

𝑀V × 𝑟 = 𝑀𝑠𝑤 × (𝑐𝑝,out × 𝑡out − 𝑐𝑝,in × 𝑡𝑏,in) . (8)

The heat transfer equation is as follows:

𝑀V × 𝑟 = 𝐾𝑐 ×𝐴𝑐 ×Δ𝑡LMTD,𝑐. (9)

In the flashing chamber, the mass balance can be consid-
ered as follows:
𝑀V × 𝑟 = 𝑀𝑓𝑤,in × 𝑐𝑝𝑓𝑤,in × 𝑡𝑐,in −𝑀𝑓𝑤,out × 𝑐𝑝𝑓𝑤,out

× 𝑡𝑐,out

(10)

𝑡out = 𝑡V +Δ𝑡

Δ𝑡 = 0.33×
𝑡𝑐,in − 𝑡V

𝑡V
.

(11)

2.3. Total Heat Transfer Areas Balance. In the first evaporator,
the heat transfer area is calculated as follows:

𝐴1 =
𝑀𝑏,in × 𝑐 × (𝑡1 − 𝑡0) + 𝑀𝑏,out × 𝑟

𝜂 × (𝑡𝑠 − 𝑡V1 − BPE)
. (12)

In the other evaporator, the heat transfer area is calculated
as follows:

𝐴𝑛 =
𝑀𝑏,out,𝑛−1 × 𝑟

𝜂 × (Δ𝑡 − BPE)
. (13)

So the total heat transfer area is equal to

𝐴 = 𝐴1 +𝐴2 + ⋅ ⋅ ⋅ +𝐴𝑛. (14)

2.4. Calculation Parameters. Traditionally, salinity wastewa-
ter from petrochemical enterprises often contained a large
percentage of organic matter (including oil type matter) and
suspended matter [16]. The stability of MED process would
be influenced if they were not removed. So it was firstly
pretreated by biological treatment facilities, RO, and ultra-
filtration (UF) to remove the organic matter and suspended
matter and then entered theMED todesalinate.Therefore, the
saline wastewater in this study was obtained from a typical
refinery in China. In order to investigate the influences of
key parameters on performance of MED, the calculation
parameters of MED were shown in Table 1.
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Figure 1: The influence of effect numbers on the evaporation capacity and heat transfer areas of each effect in MED.

Table 1: The calculation parameters.

Parameters Values and unit
Feed salinity 0.6%
Discharged salinity 3.8%
Evaporation temperature in first effect 92.5∘C
Cooling water temperature 31.0∘C
Distillate flow rate 5.5m3/s
Overall heat transfer coefficient of the evaporator 2.5 kw/m2

⋅
∘C

Condenser effectiveness 0.5
Boiling point elevation 1.5∘C
Specific heat capacity 4.0 kJ/(kg⋅∘C)
Latent heat 2330 kJ/kg

3. Results and Discussion

3.1. Influences of Effect Numbers on Thermal Properties of
MED. Figure 1(a) presented each effect evaporation capacity
of different effect numbers of MED. As seen, the amount
of steam generated by evaporation in each effect was less
than the amount generated in the previous effect. This was
due to the specific latent heat of vaporization increased
with the decrease in the effect temperature. Consequently,
the amount of vapor generated in an evaporator by boiling
was less than the amount of condensing steam used for
heating in the following evaporator. Furthermore, under
the same distillated products, the higher effect numbers
of MED system were, the smaller amount of each effect
was. Figure 1(b) presented each effect heat transfer areas of
different effect numbers of MED. Obviously, heat transfer
areas of MED decreased with the increase of effect numbers
in the same effect numbers of MED system, and heat transfer

Table 2: Comparison of steam consumption, GOR, and total heat
transfer areas for different effect numbers of MED.

Effect numbers
Steam

consumption,
kg⋅s−1

GOR Total heat transfer
areas, m2

2 2.94 1.87 188.69
3 2.09 2.64 296.38
4 1.61 3.42 406.56
5 1.34 4.10 525.60
6 1.17 4.70 650.14
7 1.05 5.24 783.45

areas of the first effect evaporator were the largest. This
was because secondary steam generated each effect which
reduced with effect numbers under the same distillated
products, and temperature differences between each effect
gradually increased, which resulted in reducing the heat
transfer areas of each effect evaporator.

Table 2 showed the variation of steam consumption,
GOR, and total heat transfer areas with the effect numbers at
the same distillated products, respectively. It can be observed
that steam consumption decreased and GOR rose with the
increase of effect numbers. This was because, in the first
effect, the latent heat of the feed steam was used to heat
the feed water towards the saturation temperature and a
smaller amount of vapor was formed. This process was
repeated in subsequent effects, where the feed water was
heated and an additional amount of vapor was formed. In
addition, although the increment of heat transfer areas was
smaller in each effect evaporator, total heat transfer areas of
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Figure 2: Variation of steam consumption with evaporation tem-
perature in last effect.
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Figure 3: Variation of GOR with evaporation temperature in last
effect.

the evaporator obviously increased with the increase of effect
numbers.

3.2. Influences of Evaporation Temperature in Last Effect on
Thermal Properties of MED. Figure 2 showed the changes
in steam consumption with the increase of effect numbers
under the constant distillated products. As seen, the increase
in evaporation temperature in last effect reduced steam
consumption due to the increase in the temperature drop per
stage, which enlarged the driving force for heat transfer and
reduced the steam consumption. Figure 3 presented GOR
raised with the evaporation temperature in last effect. This
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Figure 4: Variation of total heat transfer areas with evaporation
temperature in last effect.

was mainly due to the fact that the latent heat of water
vapor at high temperature was smaller [17]. Meanwhile, total
evaporation capacity consisted of flashing production from
brine water and fresh water besides evaporation from the
transferring heat tube [18]. Thus, the amount of vapor gen-
erated in previous evaporator was more than the amount of
the following evaporator. When the evaporation temperature
in last effect increased, the evaporation capacity difference
between adjacent effects was smaller. The amount of vapor
generated from first effect increased and brine temperature
from the first effect was raised, so the brine could obtain
more heat. Therefore, GOR was positive correlated with
evaporation temperature in last effect.

Figure 4 showed that total heat transfer areas rose with
the evaporation temperature in last effect. The higher effect
numbers were, the greater influence of evaporation tempera-
ture in last effect on total heat transfer areas was. The growth
rate of total heat transfer areas accelerated with the increase
of evaporation temperature in last effect when effect numbers
were higher. For instance, when evaporation temperature in
last effect increased from41∘C to 51∘C, total heat transfer areas
increment was 26.34% and GOR increment was just 9.36%
in six effects of MED. To sum up, increasing in evaporation
temperature in last effect heightened slightly GOR, but bigger
increment of total heat transfer areas was needed.

3.3. Influences of Feed Salinity on Thermal Properties of
MED. Figures 5 and 6 presented the influences of feed
water salinity on steam consumption and GOR, respectively.
As shown, steam consumption rose and GOR gradually
decreased with the increase of the feed salinity, which meant
that the treatment effect was reduced. There might be a
few reasonable explanations for this phenomenon as follows.
Firstly, the viscosity increased with the feed salinity, and
then the diffusion coefficient and the thermal conductivity
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Figure 5: Variation of steam consumption with feed salinity.
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in the feed solution were also reduced. At the same time,
the distillated product and the secondary steam formed from
each effect were reduced. In addition, the influence of the
boiling point elevation (BPE) was raised with the salinity.
As a result, effective heat transfer temperature difference was
raised with the effect numbers and heat transfer efficiency
decreased. Thereby, the thermal efficiency of the system
reduced, which resulted in the increased steam consumption
and the decreased GOR.

Figure 7 illustrated the influences of feed salinity on
the total heat transfer areas. As seen, there was a positive
correlation between evaporator total heat transfer areas
and feed salinity. This was due to concentration of each
effect increased with the feed salinity, so the loss of heat
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Figure 7: Variation of total heat transfer areas with feed salinity.
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Figure 8: Comparison of steam consumption and GOR between FF
system and BF system.

transfer temperature difference caused by BPE increased.
Subsequently, a reduction of temperature difference adjacent
effect and evaporation capacity of each effect resulted in an
increase of total heat transfer areas.

3.4. Comparison of Performance of BF and FF. Figure 8 pre-
sented the comparison of steam consumption and GOR
between FF system and BF system. As shown, these two sys-
tems had similar variations in steam consumption and GOR.
With the increase of effect numbers, steam consumption
decreased and GOR increased. Furthermore, BF system had
lower steam consumption and higher GOR.The major cause
was that BF system had a significant advantage compared
with FF system. In BF system, the brine of first effect came
from second effect and the brine temperature was often
higher than the condenser outlet temperature. Hence, less
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Figure 9: Comparison of total heat transfer areas between FF system
and BF system.

feed steam heated the feed water towards the saturation
temperature and more was left to heat the brine to enlarge
the vapor which was generated by boiling. In invariant feed
salinity and evaporation temperature in last effect, all the
feed water of FF system had to be heated to the boiling
temperature in the first effect before boiling commences.
In other words, some of heating steam condensed did not
accomplish any evaporation in the first effect. Therefore, feed
steam flow rate had to be increased to maintain the constant
distillated products, so BF steam had higher consumption
and lower GOR.

As shown in Figure 9, total heat transfer areas of BF
system were higher than FF system, and the total heat
transfer areas differences between two systems increasedwith
the effect numbers. This was because the feed water from
the condenser entered the last effect; in the of BF system,
the temperature of feed water was below the saturation
temperature, so more evaporation areas were needed to heat
the brine to the saturation temperature. However, in FF
system, the feed water was supplied to the first effect of
the highest temperature, and the heating brine temperature
was higher than saturation temperature, so the heating brine
flashed in evaporation. This was why the total heat transfer
areas of FF system were lower than BF system.

4. Conclusions

To analyze the influences of key parameters on thermal
properties of BF system concentrating high-salinity wastew-
ater system, a mathematical model was developed based on
the energy and mass balance. The results indicated that the
effect numbers were very important to keep the balance
between lower costs and more distillated products in the
MED system. More distillated products could be produced
with high effect numbers than those with low effect numbers.

Also, higher effect numbers led to higher capital costs and
distillated product costs. GOR increased slightly with the
evaporation temperature in last effect, but the total heat
transfer areas rose greatly. The heat transfer temperature
difference caused by boiling point increased with the feed
salinity, which increased steam consumption and total heat
transfer areas. Thereby, GOR decreased with an increase of
feed salinity. Furthermore, it was observed that GOR and
total heat transfer areas of BF system were higher FF system.
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