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ABSTRACT

Multi-effect distillation (MED) desalination with thermal vapor compressor (TVC) is widely
used in a dual-purpose power plant configuration. Due to the variety of extraction pressure
and water demand, it works under a wide range varying from over-rated load to less than
half-rated load. The adjusting method of load performance is presented to obtain the optimal
performance of MED-TVC desalination plant based on the operating characteristics of TVC
and MED. With adjustable TVC, the thermodynamic performance of MED-TVC is analyzed
when water load and extraction pressure varies. The effect of the variation in feed seawater
flow rate, together with the heating steam temperature of the first evaporator, is also investi-
gated. The results of the analysis are fairly close to the data of a practical MED-TVC plant,
which justifies the expectation that the analytical method is accurate and reliable.
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1. Introduction

The process of multi-effect distillation (MED) com-
bined with thermal vapor compression (TVC) is
widely used in large-scale thermal desalination indus-
try. TVC is a device to transfer, compress or mix gas,
vapor, liquid, or solids, in which the pressure energy
is conversed into velocity by means of nozzles. The
TVC method is used due to its absence of moving
parts, high reliability of operation, inexpensive main-
tenance, simple geometry as well as being insensitive
to fouling. It is suitable for a wide range of volume
flow rates. As TVC is powered by steam, it is
obviously less expensive to run than electrical- or

mechanical-related power. The power plants often
have steam available for several operations, which
provides a relatively cheap and steady source of
energy for TVC. In addition, the TVC-MED configura-
tion is less expensive in investment costs. Because of
the conversion of TVC to a practical purpose, the
higher gained output ratio (GOR) of TVC-MED can be
obtained with fewer effects. For instance, GOR of a
TVC-MED desalination plant with a four-effect evapo-
rator can attain an eight while a MED desalination
plant alone requires at least the same size ten-effect
evaporator to reach the same GOR. Therefore, TVC-
MED in a dual-purpose power plant becomes the
main technology for desalination plants.
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Much theoretical and experimental research work
has been carried out to study the performance of
TVC-MED. Theoretical models have been proposed,
and experiments have been investigated to under-
stand flow phenomena and mixing processes of TVC
[1–3]. The performance parameters of TVC, mainly on
the entrainment ratio and the pressure ratio, were
studied [4,5]. Thermodynamic analysis and thermo-
economic optimization on TVC-MED have been devel-
oped [6–11]. In addition, research on MED driven by
new energy is explored [12–15].

The adjustable method is important. The extraction
pressure keeps variable as the steam turbine often
works at off-design conditions, and the water demand
varies with seasons. Thus MED-TVC works under a
wide range, from over-rated load to less than the half-
rated load. It is of great importance to obtain the opti-
mal performance by adjusting method. However,
there appears to be little information in the literature
about the adjusting method for load performance.
Based on our previous research on the operating char-
acteristics of TVC [2,16–19] and MED [20–22], adjust-
ing methods for load performance were presented
and thermodynamic performance of TVC-MED was
analyzed. Compared with the data of a practical TVC-
MED plant, the validity of the adjusting method was
justified.

2. Process description

The process of TVC-MED is illustrated in Fig. 1.
The main components are evaporators, TVC, and a
final condenser. Seawater is fed to final condenser
where the vapor produced in the last effect evaporator
is condensed. The pre-heated seawater in the final
condenser is divided into two parts. The first part is
fed to the evaporators in parallel configuration. The
second is rejected and it is known as cooling seawater.
The feed seawater is sprayed in the form of thin film
on the outside of the succeeding rows of tubes which
are arranged horizontally. The brine is heated to its
saturated temperature before a small portion of it is

evaporated. The vapor produced in each effect is con-
densed in the next effect after being passed through a
demister to remove the entrained brine droplet. The
rest part of the brine is introduced into the next effect.
Pressure difference causes the brine to cascade
between successive evaporators. Part of the steam pro-
duced in the last effect is condensed by sea water,
and the remaining vapor is sucked and compressed
by TVC, and TVC is operated by extraction, which is
known as motive steam. On leaving the TVC, the mix-
ture of the motive steam and entrained vapor is
referred to as heating steam, and this is fed into the
heating bundle of the first effect. The condensate of
the heating steam returns the boiler feed water. A vac-
uum system continuously works to extract non-con-
densable gases that are produced during the process
of falling film evaporation. The discharge steam of
TVC is used as a heating steam of MED, and the
adjustment of TVC is closely related to the load per-
formance of TVC-MED. When motive steam pressure
decreases, the discharge steam pressure and the suc-
tion steam decrease simultaneously. As a result, the
load of MED is reduced.

TVC normally consists of four main parts: the
motive nozzle, suction chamber, mixing chamber,
and diffuser. The thermodynamic process of TVC is
shown in Fig. 2. As the motive steam expands in the
nozzle, its static pressure energy is converted to
kinetic energy and exits the nozzle at a high velocity
and low pressure. The nozzle is a kind of Laval-noz-

Fig. 1. Schematic diagram of TVC-MED.
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Fig. 2. Schematic pressure and velocity profile in TVC.

858 B. Zhang et al. / Desalination and Water Treatment 51 (2013) 857–862



zle with a divergent outlet that expands the steam to
supersonic velocity in the divergent part, and it also
expands the steam to the sonic velocity in the small-
est part of the nozzle. The suction chamber is to
entrain the suction steam. The suction steam pressure
enters the suction chamber at pressure P1 where it
mixes with the motive steam. The two streams com-
pletely mix in the mixing chamber. The result of this
action is the mixture of motive steam and entrained
steam at a mean velocity. The mixture experiences a
self-compression as it passes through the diffuser,
where its cross-sectional area increases. In the dif-
fuser, the kinetic energy is converted to static pres-
sure energy. As a result, the pressure of discharge
steam increases to an outlet pressure that is higher
than the suction pressure.

3. Adjusting method of load performance

The conventional method to influence the opera-
tional behavior of TVC is to throttle the motive steam
pressure by a control valve. In the TVC-MED system,
the expansion pressure ratio, pd/ps, is sufficient to
achieve critical pressure ratio. The exact critical pres-
sure and sonic speed are achieved in the throat sec-
tion of the nozzle. Due to the blocking of the velocity
of the sonic speed in the throat section, the mass flow
rate of the nozzle, m, depends on the pressure of
motive steam in front of the nozzle, pm and the diam-
eter of the throat section, d, m= const� d� pm. A
decrease in motive steam pressure results in a similar
decrease in the motive steam flow rate. The efficiency
of TVC is obviously decreased owing to the reduction
in motive steam pressure.

A spindle in the nozzle is installed in a TVC
known as adjustable TVC. The nozzle spindle con-
trolled TVC is shown in Fig. 3. By adjusting the
spindle position in the nozzle, the motive steam
flowing area in the throat is changed and thereby
the mass flow rate of motive steam is controlled
while the motive steam pressure is not influenced. In
contrast to the throttle control in the conventional
TVC, the motive mass flow is changed without
changing the motive pressure that is the key parame-
ter for the compression efficiency of TVC. Thus, the

efficiency of adjustable TVC for a partial load is
higher than the conventional TVC with a throttle
control valve.

The output of a TVC-MED desalination plant can
be adjusted within the range of 40–110% of rated
load, and the plant can be operated normally within
such a range. For the throttle control in the conven-
tional TVC, the motive steam mass flow rate is
reduced by a control valve. The throttling motive
steam pressure, together with the reduction in the
suction steam pressure, deteriorates the efficiency of
TVC. Therefore, the MED combined with conven-
tional TVC works within a narrow range of rated
load. For adjustable TVC, the motive steam flow rate
is influenced by changing the nozzle throat area
rather than the motive steam pressure. Thus, the
MED combined with adjustable TVC can operate
within a wide range of both operating load and
motive pressure.

The load of TVC-MED is proportional to the
temperature difference between heating steam and
the discharged brine in the last effect evaporator. The
temperature difference is controlled by changing
the spindle position in the nozzle, and the motive
steam flow rate is adjusted. With a decrease in motive
mass flow rate, the discharge steam pressure is
reduced. Thus, both the saturated temperature and
the flow rate of heating steam are reduced simulta-
neously. The heating steam flow rate and discharge
steam flow rate are reduced as well.

MED desalination uses falling film evaporation
over the outer surface of a vertical column of horizon-
tal steam-heated tubes. It is necessary to keep thin
and even film on the outside of the tube to achieve
high efficient heat transfer simultaneously. At the
same time, the feed seawater is kept at least 3 times
greater than the rated distillation load in order to con-
trol scaling and corrosion on the outside of the tube.
Balancing the above-mentioned two sides, the feed
seawater flow rate is usually kept constant for partial
load.

4. Results and discussion

A 4-effect TVC-MED practical desalination plant
with rated load of 10,000 ton/day in China is driven
by extraction shown in Fig. 1. Adjustable TVC is com-
bined with MED in this desalination plant. Its design
starts with the given parameters listed in Table 1.

The comparison of thermodynamic performance
between the practical and calculated data is shown in
Tables 2–4. It can be seen that the calculated thermo-
dynamic performance is found to be fairly close to theFig. 3. Schematic diagram of adjustable TVC.
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practical data at three conditions that are rated load,
110% rated load, and 40% rated load. The expectation
is justified that the adjusting method for adjustable
TVC is reliable, and the analytical model of adjustable
TVC is accurate.

The run for entrainment ratio of adjustable TVC
and GOR is illustrated in Figs. 4 and 5 for a constant
value of the rated load and increasing motive pres-
sure. The entrainment ratio and GOR increase with an
increase in motive pressure. For traditional TVC when

Table 2
Comparison of thermodynamic performance at rated load

Item Unit Practical Data Calculating Data

GOR 8.33 8.42

Entrainment ratio of TVC 1.13 1.07

Heat transfer area per effect m2 10,188 9,672

Motive steam flow rate t/h 50.0 49.5

Evaporation temperature ˚C No.1 No.2 No.3 No.4 No.1 No.2 No.3 No.4

61.6 58.3 55.1 51.8 61.7 58.4 55.2 51.8

Table 3
Comparison of thermodynamic performance at condition of 110% rated load

Item Unit Practical data Calculating Data

GOR 8.20 8.28

Entrainment ratio of TVC 1.08 1.02

Motive steam flow rate t/h 55.9 55.4

Evaporation temperature ˚C No.1 No.2 No.3 No.4 No.1 No.2 No.3 No.4

64.5 61.0 57.6 54.1 64.5 61.0 57.7 54.5

Table 4
Comparison of thermodynamic performance at condition of 40% rated load

Item Unit Practical Data Calculating Data

GOR 6.75 6.79

Entrainment ratio of TVC 0.78 0.75

Motive steam flow rate t/h 24.7 24.5

Evaporation temperature ˚C No.1 No.2 No.3 No.4 No.1 No.2 No.3 No.4

43.6 41.9 40.4 39.1 43.7 42.0 40.5 39.1

Table 1
Given designing parameters

Item Unit Data

Seawater temperature ˚C 25

Heating steam temperature ˚C 65

Motive steam pressure MPa 0.55

Motive steam temperature ˚C 320

Rated load ton/day 10,000
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motive pressure is higher than the designed motive
pressure, the motive pressure is throttled, and thereby
the entrainment ratio and GOR are decreased. Both
the entrainment ratio and motive steam mass flow
rate are reduced when motive pressure is lower than
the designed pressure. Therefore, the utilization of
adjustable TVC makes TVC-MED to work at rated
load and obtain high efficiency under a wide range of
motive pressure.

5. Conclusion

The adjusting method for load performance is pre-
sented to obtain the optimal performance of MED-
TVC desalination plant based on the operating charac-
teristics of TVC and MED. From the thermodynamic
analysis and performance comparison, the following
conclusions can be drawn.

The calculated thermodynamic performance dem-
onstrates satisfactory agreement with the practical
data for different load, which justifies the expectation
that the adjusting method for adjustable TVC is reli-
able and the analytical model of adjustable TVC is
accurate.

It is found in the analysis that adjustable TVC makes
TVC-MED system adapt to a wide range of motive
pressure at rated load and obtains high efficiency.
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