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ABSTRACT

In recent years, in addition tosreducing the amount of water resources, strict rules and regulations
regarding the wastewater of industrial units that are destructive to the environment have caused more
emphasis on processes with higher water‘recovery. Therefore, the improvement and thermal analysis of zero
liquid discharge processes are important issues for researchers. This work studies a crystallizer system with
forced circulation in the thermal ZLD, where fresh water is produced by desalination of high-salinity water.
The research's innovation and goal are the thermodynamic and experimental investigation of the effects of the
incoming effluent flow and the energy consumption of the heat exchanger on the rate of freshwater production,
recovery ratio, output slurry rate, and solid salt praduction..First, modeling of the thermodynamic process in a
steady state has been done. Then, a crystallizer is built on a laboratory scale and the results of the model are
compared and validated with the obtained experimental data.. The effect of feed temperature and heat
consumption of the heat exchanger on the performance coefficient of the system was investigated. The best
design point, which represents the highest performance of the system, /is obtained for the feed temperature of
40°C and heat consumption of 6.7 kW for fresh water rate of 40.25 kg/hr, which represents a specific energy
consumption of approximately 0.65 kWh/kg.
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1. Introduction

Over 19,000 desalination plants operate globally,
with a current capacity exceeding 100 million cubic
meters of water per day. Common desalination methods
(RO, MED, MSF) only recover a fraction (up to 50%)
of the input water, leaving highly saline brine. Current
practice often involves discharging this brine into
oceans .or Surface waters, causing significant
environmental damage to aquatic life and groundwater.
Therefore, zero liquid discharge (ZLD) systems are
gaining.attention.

ZLD systems aim forsacomplete solids removal,
producing only water<and “low-moisture salt. This
reduces brine discharge.and enables valuable resource
recovery from industrial wastewater. A typical ZLD
system consists of two stages: pre=concentration (using
RO, ED/EDR, or MD) and crystallization/evaporation.
Forced circulation (FC) crystallizers,«which evaporate
solvent to induce crystallization,«are common in the
final stage. Many salts (e, ammonium®sulfate,
sodium chloride) crystallize “\effectively in, FC
crystallizers operating under vacuum_or slightly above
atmospheric pressure.

Prior research explored energy consumption in FC
crystallizers (Farahbod et al.[1]), achieving 99% water
recovery (Hijmen et al.[2]), and integrated ZLD.with
solar energy (Nakoua et al.[3]) or membrane processes
(Guo et al.[4]). Other studies focused on integrating
freezing crystallization and MD (Lu et al.[5]),
employing solar collectors (Najafi et al.[6]), optimizing
MED-evaporative crystallizers (Chen et al.[7]), and
analyzing the effects of operational parameters on
energy consumption[8].

This paper presents a thermodynamic performance
analysis of an FC crystallizer, validated against
experimental data. A mathematical model predicts
solvent, solid salt, and dissolved salt flow rates
throughout the crystallization process. The 1 m3/day FC
crystallizer desalinates brine with a salinity of 0.1
kg/kg. The study investigates the effects of feed
temperature and heat duty on freshwater production
rate, recovery ratio, slurry flow rate, and salt output.
The model accurately predicts system performance,
identifying the optimal design point with the highest
coefficient of performance (COP).

2. Methodology

Figure 1 shows a picture of the laboratory-built
crystallizer. To simplify test solution preparation, and
because sodium chloride (NaCl) is the primary salt in
seawater (approximately 90%), only NaCl in distilled

water at varying concentrations was used. However,
this device can also be used for industrial applications
and other impurities. In this design, the primary feed
combines with the concentrated outlet stream from the
crystallizer chamber (recycle stream) and enters a heat
exchanger via a circulation pump. The heat exchanger
receives heat from a heating fluid (heating water
supplied by a gas heating package). The solution then
enters the crystallizer chamber, and some water
evaporates instantly due to a sudden pressure drop. The
remaining solution increases in concentration and cools
to its boiling point at the chamber pressure. This
increased concentration and decreased temperature
induce spontaneous crystal formation—the solution
enters the metastable (supersaturated) region on the
salt's phase diagram. As dissolved ions decrease with
crystal formation, the solution's concentration drops to
saturation. The resulting saturated solution, containing
solid crystals, is separated from the lower conical
section of the chamber. The vapor is drawn off,
condensed by a vacuum pump, and stored in a
freshwater tank.

Based on the required capacity, the crystallizer's
volume and dimensions were calculated. The cylindrical
body's diameter is 19 cm, with a total length of 1.5
meters (including 1.25 meters above the liquid surface
for vapor and bubbles). The conical section has a 45-
degree angle. Five-layer polyethylene tanks store the
primary feed, vacuum pump coolant water, and
produced. freshwater.  These tanks are corrosion-
resistant, strong, relatively inexpensive, and meet
sanitary water storage standards. A 24 kW water heater
provides heat to the exchanger. Due to the corrosive
solutionya less expensive copper plate heat exchanger
(30 kW) was used instead of a more expensive stainless
steel/titanium one. A vacuum pump (120 m3/h, 3 kW) is
used to reduce chamber pressure, lowering the solution's
boiling point and producing.vapor. This pump requires
a cooling water circulation system. Thermometers,
pressure gaugesy.and digital flow meters monitor
temperature, pressure, and flow™ rates.  Corrosion-
resistant U-PVC connections (16 bar, 90°C) are used.
Polypropylene pipes transfer heating water, and acrylic
pipes form the crystallizer's cylindrical® section for
observation. The conical and upper sections are made of
Teflon (PTFE).



Figure,1. Image of a crystallizer device made in the
laboratory

3. Results and Discussion

This section analyzes the thermodynamic performance
of the FC crystallizer using the” mathematical model
implemented and solved in MATLAB. «Model results
were validated against experimental data. The effects of
feed temperature and heat exchanger duty on freshwater
production rate, water recovery.ratio, slurry<flow rate,
and solid salt output were investigated.«~ Experiments
and simulations used a feed flow rate‘of 13 kg/hr, feed
concentration of 0.1 kg/kg, feed temperature ranging
from 21 to 40°C, and crystallizer pressure of 0.14 bar.
Results showed that increasing feed temperature and
heat exchanger duty increased freshwater production
and water recovery ratio. Higher feed temperatures
require less heat for preheating, leading to increased
evaporation and salt crystal production. Increased heat
input leads to greater evaporation. Conversely, brine
flow rate decreased while solid salt output increased
with higher feed temperature and heat duty. Finally, the
coefficient of performance (COP) improved with
increasing feed temperature and heat duty, reaching its
highest value (best design point) at 40°C feed
temperature and 6.7 kW heat duty (Figure 2).
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Figure 2. Comparison of modeling and experimental
results for freshwater production versus feed temperature
in different heat consumptions for the feed flow of 13 kg/hr

4, Conclusions

This research validates a mathematical model of a
forced circulation crystallizer for desalination against
experimental data. The model accurately predicts the
effects of feed temperature and heat input on water
recovery, salt production, and slurry flow rate.
Experiments confirmed that higher feed temperatures
and heat duties increase freshwater production and
water recovery while reducing brine output. The
optimal operating conditions, yielding the highest
coefficient of performance, were identified as a 40°C
feed temperature and 6.7 kW heat duty. The model's
ability to accurately reflect the experimental results
demonstrates its usefulness in designing and optimizing
FC crystallizers for desalination.
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.Figure. 1. Schematic of a Forced Circulation Crystallizer'with flow symbols
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Figure. 2. Image of a crystallizer device made in the laboratory
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Table. 1. Physical properties of NaCl crystals and solutions
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Figure. 3. Fresh water rate versus feed temperature in different heat consumptions for the feed flow of 13 kg/hr
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Figure. 6. The salt production versus feed temperature in different heat consumptions for the feed flow of 13 kg/hr
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Table. 3. The standard deviation of experimental data points from the mean value
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ABSTRACT
In recent years, in addition to. reducing /the amount of water resources, strict rules and regulations

regarding the wastewater of industrial=units that are destructive to the environment have caused more
emphasis on processes with higher water recovery.«Therefore, the improvement and thermal analysis of zero
liquid discharge processes are important issues for/researchers. This work studies a crystallizer system with
forced circulation in the thermal ZLD, where fresh.water_is produced by desalination of high-salinity water.
The research’s innovation and goal are the thermodynamic and experimental investigation of the effects of the
incoming effluent flow and the energy consumption of the"heat exchanger on the rate of freshwater production,
recovery ratio, output slurry rate, and solid salt production. First, modeling of the thermodynamic process in a
steady state has been done. Then, a crystallizer is built on a‘laboratory scale and the results of the model are
compared and validated with the obtained experimental data. The effect of feed temperature and heat
consumption of the heat exchanger on the performance coefficient/of the system was investigated. The best
design point, which represents the highest performance of the system, is obtained for the feed temperature of
40°C and heat consumption of 6.7 kW for fresh water rate of 10.25 kg/hr, which represents a specific energy
consumption of approximately 0.65 kWh/kg.

KEYWORDS
Desalination, Zero liquid discharge, Wastewater treatment, Crystallizer, Forced circulation
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