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1 Executive Summary

In the interests of combating water scarcity around the globe, Prof. Jont Allen developed

a system that simulates the use of solar energy in the desalination of ocean water.

Over the course of the Fall 2021 semester, the system was tested and improved upon.

Initial design alterations were motivated by the need to model and test the system; these

design alterations enhanced the ability of the system to measure and control state vari-

ables. The existing LabVIEW measurement system was improved upon by replacement

with Adafruit thermocouples connected to an Arduino/Raspberry Pi system. Addition-

ally, water level measurement was automated using a USB-camera and the python OpenCV

module. Controls were put in place for water in
ow rate. The water collection chamber

of the system was redesigned in acrylic to improve the experimental accuracy of the sys-

tem and allow modeling of the condenser system. Final design alterations made smaller

changes to the system, such as exchanging the 33 LPM air pump out for a larger, 66 LPM

air pump. In total the design changes cost$1,058.33 of the$1,500, with the highest cost

involving the production of the new water collection chamber.

Thermodynamic modeling was performed concurrently with the design changes of the

system. The system model is divided up into two separate models, which model the

evaporation chamber and the condensation chamber. The modeling process was used to

plan experiments for the system. Experiments were run throughout the semester, and

mostly varied the water in
ow rate to the system with the goal of creating steady-state

conditions within the evaporation chamber (and thus keeping the water level constant).

The experiments were used to verify the models, and the models were used to explain how

the system works, and where there is room for improvement.

The overall goal of driving the evaporation chamber to steady-state has been achieved;

however, in the pursuit of optimizing the evaporation chamber, the condensation process is

mostly left untouched, and so it is a bottleneck to the system. Additionally, other research

over the course of the semester has fueled some recommendations for future semesters that

are tackling this project, who will likely be continuing work with the now-improved system.

These recommendations involve increasing system measurement and control devices, adding

saltwater and solar power, and �xing issues with the system.
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2 Introduction

Over the past 100 years, the climate of the Earth has been steadily rising due to the phe-

nomenon known as "global warming".[4] Climate change contributes to a multitude of other

issues such as habitat destruction, more extreme weather conditions, and water scarcity.

Our sponsor, Professor Jont Allen, who is part of the ECE department at the University

of Illinois at Urbana-Champaign, was inspired to tackle the issue of water scarcity because

there is, in fact, a large supply of water; however, the vast majority of the water on the

planet is undrinkable seawater. In this pursuit, Prof. Allen tasked us with designing and

testing a system that uses solar energy to desalinate ocean water.

Previous semesters of ME470 groups approached this task and o�ered their own solu-

tions, and performed their own research. Over the summer of 2021, Professor Allen built

o� of the ideas and discoveries of the prior groups and created a working system for use

in this semester of ME470. The system designed by Professor Allen evaporates simulated

seawater into water vapor, then condenses the vapor into pure water, with the process be-

ing fueled by simulated solar energy. The system was improved upon and used for research

this semester, and this report serves as a summary of all the work done with the system

from August 2021 to December 2021.

2.1 Problem Statement

The original solar desalination system needs design improvements to reach quasi-steady-

state for experimental research and modeling purposes.

2.2 Project Objectives

1. Reaching the steady state of the system by matching the evaporation and condensa-

tion rates

2. Implementing design changes to increase the accuracy and precision of experiments

conducted

3. Develop a thermodynamic model of the system and verify it using experimental

results
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2.3 Literature Review

To understand the various concepts and current methods surrounding this project a review

of academic sources pertaining to solar energy, thermodynamics, and heat transfer was

conducted. This research consisted of reviewing academic textbooks, scholarly articles, and

previous experiments to understand the principles of this project. This research provided

a basis of understanding of solar energy, areas of design to investigate, and how to model

the system in order to achieve the goal of determining and modeling the steady state of

the system.

To understand the power source of the system a review of solar energy principles was

conducted. This review found that solar energy is a carbon-free renewable energy solution

that has the most abundant source in the world. [5] The earth is exposed to 170,000 TW of

solar radiation at any given time, [1] and the average amount of solar irradiance that passes

through the Earth's atmosphere is about 342 W*m-2. This is also the average in a day, so

the value is doubled at a location during the day and is zero at night. Given an average

of about 600 W*m-2, it is possible to assume 500 W of solar energy strike each square

meter of the Earth's surface for around 5 to 8 hours in a day. As seen in Figure 1, higher

solar irradiance is recorded near the equator because the sun, on average, points toward

the equator. [5] In areas of the ocean closer to the equator, the water's surface can heat

up to about 25ºC. With the assistance of the evaporation chamber, the sun has enough

energy to heat the water to 40ºC. Solar photovoltaic panels and an energy storage system

could provide additional support to maintain an energy concentration of 500 W*m-2 by

collecting extra energy from the sun and using it to power heaters during the night.

3



Figure 1. [1] Annual Average Solar Irradiance Across the Surface of the Earth

To determine design changes an analysis of the evaporation chamber design was needed,

with the �rst area of analysis being the water stones used to increase evaporation. In Wang

et al [6] small water droplets were studied to determine how droplet size, temperature, and

humidity a�ect the evaporation and movement characteristics of the water. The tempera-

ture was adjusted from 298K-353K (roughly 25� C - 80 � C), the relative humidity ranged

from 0-80 percent, and the droplet size varied from 20-80µm. Throughout testing it was

shown that an increase in temperature, a decrease in droplet diameter, and a decrease in

relative humidity expedited the evaporation rate. The studied concluded that the three

factors all contributed to evaporation characteristics and showcased dependent behavior to

each other. This aided our project in determining that more air bubbles of smaller diam-

eter, increased heat, and a decrease of humidity in the evaporation chamber was needed.

These changes were implemented by adding more air stones with smaller diameter bubbles,

moving the thermometer out of the evaporation chamber water to increase the water tem-

perature, and adding a fan system to pull the water vapor out of the evaporation chamber

to decrease humidity. These are discussed in further detail in the Design Alterations section

below.

An investigation of evaporation methods for desalination was also conducted to deter-

mine if the heat source and plastic evaporation chamber needed to be changed. In Jaakkola

[7] plastic evaporators were tested for possible use in saltwater desalination. The article

argued that a high cost of desalination is the extensive evaporators needed for multiple

stage evaporation. The experiment evaluated the physical strength and evaporation char-
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acteristics of the AQUAMAX MC plastic evaporator. The study concluded that the plastic

evaporators far exceeded the necessary strength and heat transfer requirements for saltwa-

ter desalination. Additionally, the plastic provided resistance against corrosion from the

saltwater and could be scaled e�ectively due to low cost of manufacturing.

Peng Tao [3] and his colleagues propose a more e�cient way to evaporate seawater by

heating the surface of the water instead of the tradition bottom heating. A carbon-based

or plasmomic-based material would be placed on the surface of the water acting as a black

body. This would heat the surface of the water and evaporation would occur between

small openings within the material. This would minimize thermal loses improve energy

conversion e�ciency compared to bottom heating. This heating method is outside of the

scope of this semester's goal of achieving the steady state of the system, but is an important

improvement to explore for scaling purposes after steady state is achieved.

Another major design challenge was how to best measure the water level of the evap-

oration chamber. Tim Shedd's [2] master dissertation includes the idea of using di�used

light that is refracted and re
ected over a plastic, water, and air interface to measure water

depth. This method can prove to be useful within 10 microns for determining the depth of

the water for the purposes of determining evaporation rate, water 
ow rate into the tank,

and the steady state of the system. If the variation of the volume of water in the tank is

near constant with water 
owing into the evaporation tank and vapor 
owing outside of the

tank, then steady state of the system is presumably achieved. Having the volume of water

constant within 10 microns would prove this. This was a viable design idea and lead to

the exploration of a computer measurement system as discussed in the Design Alterations

section.

Figure 2. [2] Method of capturing water depth using laser refracted and re
ected through
a glass, water, and air interface captured by a camera
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The next two papers being reviewed are by Abdel Dayem[8] and by Al-Kharabsheh [9].

They discuss the creation and modeling of solar desalination systems similar to the one

proposed in this report. In Abdel Dayem, their condensation chamber was directly above

the evaporation chamber; water was heated either via a solar collector or a small heater,

and the water was vaporized via forced convection through nozzles. Water vapor was con-

densed onto the condensation chamber walls, which were cooled by ambient air. The paper

de�ned their system e�ciency as the ratio of the latent energy of the condensed desali-

nated water to the total power input, which is the inspiration for our system e�ciency as

is discussed in Section 6.2. In this respect, they used heat balance of the condenser surface

(an annular cylindrical space) to calculate the e�ciency; they calculated the heat transfer

coe�cient using equation 10.30 in Bergman [10], which assumes laminar �lm condensation

on a vertical plate. While their method does not directly apply to our condenser design,

a similar approach to calculating system e�ciency and determining the heat transfer in

the condenser may yield a reliable model. In their experimental results, they found that

condensation ability is not an issue, but evaporation should be promoted because that is

the limiting factor in the design. Other relevant results include the fact that they best

way they improved system e�ciency was by increasing water temperature, experiencing a

rise from 43% to 63% when water temperature was increased from 75� C to 97 � C. For

our system, the limiting factor is the condensation process; evaporation occurs at a much

higher rate than the condenser can handle. This suggests that a simpler or more e�ective

condenser system may be the key to improving the system. This is discussed further in

the conclusions and recommendations, Section 8.

Al-Kharabsheh [9] proposes and analyzes a solar distillation system, consisting of an

evaporation chamber connected to a pure water chamber via a slanted tunnel lined with

condenser �ns. Saltwater was injected into the evaporator tank, while concentrated brine

was withdrawn from the tank. In order to model their system, they applied mass, energy,

and salt balance equations for the whole system, and then analyzed the condenser system.

For their condenser analysis, they used heat balance on the condenser surface, modeling the

condenser as a horizontal tube with circular �ns. They considered both conduction through

the condenser wall, and convective heat transfer from the 
uid. Heat transfer coe�cients

were calculated using existing equations for the circular �n design. They solved their

system of equations using a �nite di�erence method and de�ned their e�ciency as the

ratio of the energy used to evaporate the water to the solar energy input to the system; in

a way this quanti�es the e�ciency of the solar panel as a power source, which is something

6



that was not explored in our project, given that power is provided by a 500 W heater.

Their whole-system approach with analysis of individual systems is a very useful basis for

our modeling; in addition, the paper conducts a similar thermodynamic and heat transfer

analysis as Abdel Dayem [8], and hence we may be able to draw from both papers to

support our analysis of our own solar desalination system.

Figure 3. [3] Di�erent concepts of heating a body of water using solar energy
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2.4 Project Constraints

The product design speci�cation (PDS) de�nes the system requirements and constraints.

The PDS was created early in the semester to guide the design change and research process.

Not all of the elements apply, given the goals of the project; those elements that do apply

are highlighted in blue in Fig. 4. Given the experience gained during this semester, some

new speci�cations and suggestions for the future are discussed below.

Figure 4. The elements of the product design speci�cation, with the most relevant elements
highlighted in blue

Performance: The system must produce water at a reasonable rate for a given amount of

power and space. Initially, it was proposed that the system should operate at 60% energy

e�ciency and produce at least 1 gallon of pure water in an 8 hour period (with the 500 W

heat source). The system from the end of the semester operates at lower values than this,

and so this goal/constraint should remain.

Environment: The system is set up in the Sidney Lu MEB, which is slightly colder than

room temperature at about 19 � C. The air is clean and dry, and the pressure is assumed

to be about 1 standard atmosphere. Experiments run during the semester showed that

internal environment of the system is also a big consideration. The system operates at

temperatures from 35� C to 50� C, with relative humidity ranging from 95% to 100%.

Maintenance: All the components of the system are susceptible to water scale, and hence

they should be cleaned weekly. In addition, measurement tools such as the thermistors,

should be calibrated before every experiment. Govee hygrometers additionally must be

8



monitored for failure due to the humidity, as this occurred once this semester.

Size: The laboratory setup �ts on a 3' x 5' table, with 2' high plastic bins. Additionally,

a standard water heater/cooler sits on a table nearby. The system remained within these

constraints throughout the semester, and this sizing is found to be reasonable for testing.

Materials: Materials must be able to withstand temperatures as low as 10� C, and as

high as 50� C. Additionally, it was observed that the insulation used is susceptible to water

leakage; this should be accounted for in the future.

Standards & Regulations: Relevant standards include the WHO standards on safe

drinking water from desalination, the EPA regulations for water intake systems, and the

IEEE photovoltaic standards. These regulations were not explored this semester, but will

play a crucial role in developing a product around this system.

Quality & Reliability: The feedback loop system in the evaporation chamber was im-

proved during this semester; it will require more improvements to increase the range of

system parameters, such as water temperature. Additionally, heat loss in the system due

to poor insulation was quanti�able; this could be a future point of improvement.

Processes: The system is based o� the process of evaporation and condensation. In ad-

dition, the regeneration of energy is considered throughout the system, especially in the

condenser where latent heat of the vapor is used to heat up inlet water. Other processes

occurred in the system, which caused deviation of the system from the model; these pro-

cesses included heating of the input air (via compression in the pump) and convection of

room temperature air with the exposed (un-insulated) corners of the chambers.

Testing: Components and subsystems should be tested to ensure that they are working

and creating the desired e�ect; any faulty components or insulation could ruin experiments

and create variation from the theoretical model. Results from the semester showed that

each component of the system should be tested individually to consider its impact on the

system. For example, it is critical that the condenser be tested in an isolated environment

to determine its e�ectiveness or other heat transfer characteristics.

Safety: Lots of electrical equipment are being used with hard water, which is a potential

hazard. The system operates under moderate temperatures, but standard atmospheric
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pressures. Feedback loops are being relied on to keep the system from burning or 
ooding

while experiments are run.

2.5 System Overview

The schematic for the design of the system can be seen in Figure 5, and an image of the

system prototype can be found in Figure 6. Additional close-up photos can be found in

Appendix G. A water cooler is used as the simulated version of ocean water with an average

water temperature of 12ºC, which is consistent with an ocean water temperature of 10ºC to

12ºC. The water passes through tubing with with shut o� valves, an electric solenoid valve,

needle valve, and a rotameter to restrict and measure the water in
ow into the system.

The cold water enters into the condenser-fan heat exchanger system where it is used to

condense the water vapor present inside the condensation chamber. Once the water exits

the condenser, its temperature has risen to about 35ºC when it enters the water reservoir

inside the evaporation chamber. The water inside the evaporation chamber is additionally

heated by the 500 W heater that simulates the solar energy that is incident on the Earth's

surface, and the copper coil heat exchanger that uses the increased air temperature from

the larger air pump to transfer extra energy before the air is introduced into the air stones

underwater in the evaporation chamber. The air introduced by the air stones increases

the evaporation rate so more water can become water vapor at a temperature of about

40ºC and the air 
ow rate is measured by a rotameter. Once the the water is water vapor,

a fan near the vents of the condensation chamber pulls the vapor through, coupled with

natural di�usion, into the condensation chamber. The condenser-fan system then pulls

the humid air and condenses it into potable water in the water collection chamber. The

water then drains out of the water collection chamber outlet into a measurable container.

Temperatures throughout the system are measured by thermocouples connected to an

Arduino processor and a Raspberry Pi microcomputer. Additionally, the humidity and

temperatures of each chamber is measured by GoVee hydrometers. The water level of the

evaporation chamber is measured by a camera that periodically takes pictures throughout

experimental testing.
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Figure 5. Full schematic of the system as of December 7th

3 Design Alterations

3.1 Initial System Prototype

Over the Summer 2021 semester the project sponsor, Prof. Allen, made various changes to

the prototype developed by previous semester. These changes included switching the heat

source for the evaporation chamber from a heat lamp, which was meant to mimic direct

solar energy, to a 500W submersible heater that mimics the amount of energy produced by

the solar panels from direct solar energy. The vents which allow for the saturated water

vapor to move from the evaporation chamber to the condensation chamber were enlarged.

The air introduced to the evaporation chamber was changed from a laminar air
ow across

the evaporation chamber to air stones submerged in the evaporation chamber which crated

bubbles in the heated water. However, even with these changes the system was still far

from completely operating and running at steady-state conditions.

3.2 Data Collection Systems

The Fall 2021 team was brought in to improve various aspects of the system and run ex-

periments to ideally reach steady state operation. One of the initial problems identi�ed

was the data collection system. The system was using a LabVIEW thermocouple module

and the sponsor's personal computer to collect measurements of the system. Additionally,
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Figure 6. Physical system as of December 7th; close up pictures of the system available in
Appendix G
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