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Water supplies are diminishing worldwide and by 2025 two thirds of the population could be
living in regions of water scarcity (local demand for water is greater than water supply). One
method to increase available water sources is to use desalination technologies to separate
water from saline solutions. While desalination itself isn’t a new idea the process is being
expanded to determine how it can be used to treat other contaminated wastewater sources that
otherwise wouldn’t be treated which reduces the overall water available. In this aspect a
water treatment system is being developed at the Water and Energy Technology Laboratory

at Oregon State University to treat hydraulic fracturing wastewater.

The SCEPTER (Selective Condensation and Evaporation using Precise Temperature
Regulation) system requires a humidification dehumidification (HDH) process to separate
different contaminates from the produced water stream. This thesis is part of the research to
develop a humidification system that is reliable, low energy, competitive cost, mitigates

fouling, and separates contaminants to produce irrigation level water.

Two different humidification techniques are reviewed: spray humidification, and a venturi
nozzle paired with an evaporator humidification system. Spray humidification while 20-30%
less energy intensive than venturi nozzle humidification has a much higher risk of
recontaminating the produced water as contaminants can become entrained in the humid air

stream and would require additional components to remove them. Whereas the venturi nozzle



humidification system is more energy intensive it has a lower risk of contaminating the

produced water and is can still be cost competitive with other technologies.

As the evaporation zone has the highest risk of fouling due to the high salinity and salt
separation a study was done to understand the fouling resistance over time for a highly saline
mixture with various surface roughness’. Reducing the surface roughness is beneficial if it is
greatly reduced (0.35 um) but if it is still sufficiently rough (homogeneous 5 um or 10.5 um
average roughness with microchannels) there is minimal change to the fouling resistance or

heat transfer coefficient during pool boiling with 20% saline concentrated seawater.

Lastly an evaporation zone was designed to test crystallization fouling in a flow boiling
environment and to understand how to mitigate fouling effectively. An electrically heated
aluminum pan containing baffles to control the flow path was used to test 10% NaCl and 10%
KCI saline solutions at different flow rates (2.3-3.1 g/s) to inform system operating
parameters. Maintaining water evaporation rates less than 54% stayed free of fouling
(scaling) for 4 hours. If the system operated with a higher water evaporation rate a targeted
flush was identified as an applicable fouling mitigation method. Targeted flushing was used
on areas where fouling accumulated which allowed the overall evaporation rate to remain

unchanged and allowed the system to continue to operate without maintenance.

This work can be utilized to estimate the fouling resistance and heat transfer coefficient for a
20% saline mixed salt seawater solution during pool boiling for various surface roughness’
and inform heat exchanger surface roughness design and operation. The evaporation zone
work can be utilized when designing other evaporation systems and the operational
parameters to avoid fouling can be used to reduce fouling accumulation. In addition, targeted

flushing can be a method to mitigate fouling if it does occur in a flow boiling system.
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CHAPTER 1: Introduction

1.1. Water shortages and desalination background

Water supplies are diminishing worldwide causing droughts in many countries as the demand
for water increases and water sources are not replenished (referred to as water scarcity). Over
2.3 billion people experience water stress at least one month a year and by 2025 two thirds of
the population could be living in water scarcity regions [1], [2].

With the amount of available freshwater diminishing and contaminated water sources rising,
there are more technologies under development aimed at treating less ideal water sources to
improve water supplies. These water sources include brackish water, highly saline (brine)
wastewater, industrial/municipal wastewater, and hydraulic fracturing wastewater etc.
Desalination is one water treatment method that can be used to treat water by separating salts
and minerals to produce water. This method is commonly utilized to treat seawater (1-3.5%

saline water) [2].

Desalination is classified by the method of separation: thermal or membrane based. Where
thermal desalination separates salts via evaporation and condensation and membrane
desalination allows water to diffuse through a membrane trapping the salts to one side. There
are many different types of desalination methods that are utilized worldwide producing water

for over 300 million people in 150 countries [3].
1.2. Fracking wastewater background

While treating both seawater and other lightly contaminated water using desalination is
extremely helpful to ensuring increased water supplies; many technologies are focusing on
treating highly contaminated wastewater, such as hydraulic fracturing wastewater, that is
otherwise left untreated and if not contained could contaminate freshwater sources. Hydraulic
fracturing utilizes 8,000 — 80,000 m? of water per well (in 2014 977,000 hydraulic fracturing
wells were consuming and contaminating water) the majority of which is disposed of in
injection wells where the water is contained but unusable [4], [5]. With an increase in
hydraulic fracturing to produce oil and gas there is an equal increase in wastewater produced
from the process. Available injection well space has not increased which has led to concerns

about the sustainability of the process and concerns about contaminating clean water



resources. Treating hydraulic fracturing wastewater is very difficult as different wells have
different contaminates and concentrations and each company can add proprietary chemicals
to the water before use to improve oil and gas extraction [6]. Furthermore, hydraulic
fracturing wastewater is difficult to treat as it is highly saline and even at lower salinities
desalination treatment plants have a difficult time managing fouling.

1.3. Fouling background

Fouling or unwanted surface material deposits are problematic in water treatment and
desalination systems and heat exchangers. Fouling causes lower heat transfer efficiency,
increased pressure drops, increased corrosion, reduced flow, blockages, corrosion etc., which
can increase maintenance cost and reduce operation time. Fouling can be classified as
biological, corrosion, particulate, chemical, or crystallization fouling (scale, inorganic
fouling, precipitation fouling) [7]. In 2000, fouling cost the US $8,000-$10,000 million most
of which was from crystallization fouling [8]. Crystallization fouling occurs when salts
separate from the mixture and adhere to a surface where they become difficult to remove.
Over 70% of fouling in desalination systems is crystallization fouling as seawater is mostly
inorganic [9]. The crystallization fouling is dependent on the degree of salt saturation, types
of salts, number of salts present, operational parameters (velocity, temperatures, orientation),
nucleation sites etc. which all make it difficult to predict and control [10].

Various methods to mitigate fouling have been utilized and studied. These methods include
adding chemicals to the solution to target specific foulants, increasing flow velocity and
reducing stagnation, adjusting the surface roughness, adding a surface coating, utilizing
vibrations or ultrasonic, or a physical device (beads, cleaning sponges, secondary setup,
rotating parts) to reduce and remove fouling [11]. Multiple fouling mitigation techniques are

used as one single technique is generally not enough to completely mitigate fouling.
1.4. SCEPTER

SCEPTER (Selective Condensation and Evaporation using Precise Temperature Regulation)
(Patent Application Number: 62882970) provides a solution to treat highly contaminated
hydraulic fracturing wastewater [12]. As shown in Figure 1.1, wastewater is fed into a settling
tank where it is preheated using a heat exchanger. The contaminates are separated via gravity
at the bottom of the settling tank and the lighter density components (ex. oils) rise to the top
of the settling tank where they can be easily removed. The wastewater is pumped from the

settling tank to an evaporation zone where the solution is partially evaporated which manages



fouling and separates the contaminates with higher boiling points than water. The
unevaporated mixture is fed back to the settling tank where the salts can precipitate and be
removed. The steam and more volatile contaminants making up the evaporated mixture are
mixed with a preheated air stream before moving to a direct contact condenser (DCC) where
the steam is condensed with a cooling water flow and separated from the more volatile
contaminates. The volatile contaminates exit with the air stream at the top of the condenser.
The cooling water can be recirculated and separated from the produced water. The produced
water contains less than 1% contaminates by mass allowing it to be usable for industrial reuse

and with further development even for irrigation [13].
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Figure 1.1 Process schematic of a single module of SCEPTER
1.5. Thesis objectives

Different humidification methods were reviewed as potential options to humidify the
wastewater stream and separate less volatile contaminates and dissolved solids. Humidifying
the wastewater stream is the most energy intensive part of the SCEPTER system and is the
most likely to encounter high fouling as it has the highest contaminates and reduces the water
available for them to stay dissolved. If not managed, the fouling reduces system efficiency
and inhibits the system from operating correctly. The humidification system needed to be
robust to handle a wide range of contaminants and concentrations while managing the energy
input to ensure the system is cost competitive with other purification technologies. This

outlines the following research questions:



e A comparison between spray evaporation and flow evaporation is needed to access
the energy input and water quality to determine their compatibility with SCEPTER.

¢ Fouling accumulation must be quantified to identify the impact of surface roughness
on fouling.

e Crystallization fouling must be characterized and managed during flow boiling.

As fouling is difficult to predict and few studies have been done to characterize fouling
accumulation and its effects in highly saline (20%) mixed salt pool boiling applications with
various surface roughness’ it became necessary to test. As fouling has a large impact on heat
transfer performance it is important to understand how long it takes for the fouling to
accumulate and the effect on the overall system performance to design for a steady state
operational point. The study also included experiments to understand how adding ethylene
glycol (a common compound in hydraulic fracturing wastewater) would affect the fouling

accumulation and the fouling composition.

An evaporation zone was built and tested to understand how operating procedures could be
utilized to reduce fouling in a system such as SCEPTER. As SCEPTER is designed to operate
at salinities close to and at salt saturation understanding and identifying an acceptable
evaporation rate while controlling the fouling was imperative for providing targets for the
control system to operate between. This work ensures that the system can be operated for
several hours and controlled by changing the inlet flow rate while monitoring the evaporation
rate. This is important for near-continuous operation and to maximize water production by
minimizing downtime and flushing. Lastly targeted flushing, a fouling mitigation technique,
was demonstrated in the evaporation zone to mitigate fouling when it did occur and ensure

minimal disruption to the system.
1.6. Thesis organization

Chapter 2, two humidification methods are compared to determine their applicability in
SCEPTER, a new humidification-dehumidification (HDH) system designed to treat oil and
gas wastewater. A spray humidification technique using a patented anticlogging atomizer and
a venturi mixing nozzle paired with a surface boiling system were compared in an
experimental and analytical study to determine the impact of each method on the overall
process operation and energy consumption [14]. Spray humidification consumed 20-30% less
energy per unit of water but had a risk of entraining dissolved solids in the humid stream,

whereas venturi mixing nozzle humidification was more energy intensive but had minimal to



no risk of recontamination. This chapter presents experimental data, analysis, and provides a
comparison of the two humidifiers and their effect on energy and operation of an HDH
wastewater treatment system. This work resulted in a peer-reviewed conference paper for the
International Desalination Association (IDA) 2021 International Water Reuse and Recycling
Conference in Rome, Italy in 2021.

Chapter 3 presents a study showing the effect of surface roughness on mixed salt
crystallization in high salinity (20%) pool boiling environment. Experiments were performed
to determine the effect of changing the heat exchanger’s surface roughness between an
average roughness of 0.35 um, 5 um, and a microchannel surface with average roughness
(channel size) of 10.5 um on the heat transfer coefficient, fouling resistance, and salt
composition. The 0.35 pm surface had 1.5 cm2K/W less fouling resistance than the
homogeneous 5 um and microchannel 10.5 um surfaces that had nearly identical fouling
resistances (2.7 cm?K/W). Decreasing the surface roughness is only beneficial if it is
sufficiently reduced but if it is still sufficiently rough (homogeneous 5 um - 10.5 pm
microchannel average roughness) there is no impact on fouling accumulation. In addition,
tests were performed to quantify the effect of adding 3% ethylene glycol to the saline
mixture. It had minimal impact on the fouling accumulation but did change the composition
of the salts that adhered to the surface. This work resulted in a manuscript for the Journal of

Heat transfer (submitted — under peer review)

Chapter 4 presents a study focused on mitigating crystallization fouling in a 20% saline
(10% NaCl and 10% KCI) flow boiling environment. An electrically heated aluminum pan
with baffles, to control the flow path and residence time, was designed to determine the
conditions where fouling could be managed. The flow rate was varied from 2.3-3.1 g/s with
3,730 W of electrical heating input and found for flow rates 2.9-3.1 g/s no fouling occurred in
the system after 4 continuous hours of steady state operation with a water evaporation rate of
52-54%. Whereas, at lower flow rates fouling began to accumulate in the first 30 minutes of
testing and would require a fouling mitigation method to reach steady state operation, such as
a water flush. By targeting the specific areas where fouling occurred in the system by
flushing that area with water, fouling could be removed and managed without impacting the

evaporation rate. This work resulted in a manuscript which will soon be submitted.

Chapter 5 presents a summary of the thesis outlining the technical and scientific

developments. Potential applications of this work include an understanding of how different



humidification techniques can be utilized to treat highly contaminated saline wastewater,
improved predictions for highly saline seawater, or mixed salt, fouling in a boiling
environment, improved understanding of operating parameters to reduce crystallization
fouling, and an example of how to apply water flushing to mitigate fouling. Areas for future
work are also presented.

Nomenclature (if required by the publisher), author contributions, and literature sources are

provided individually at the end of each chapter.
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An Experimental and Comparative Analysis of Humidification

Techniques for Oil and Gas Wastewater Treatment

Abstract

The authors have developed and published a new humidification-dehumidification (HDH)
method to treat oil and gas wastewater. The process humidifies air with water containing
volatile contaminants while leaving dissolved solids and heavy organics behind. In a later stage,
water is selectively condensed to obtain clean water. By separating the solids upfront, the
process eliminates fouling in most of the system. The humidifier is the most energy-intensive
component of the HDH unit, and its design impacts the overall operation of the system. This
article presents the findings from an experimental and analytical study on the effects of
humidification techniques on the process operation and energy consumption. Two humidifiers
are assessed: a spray humidification technique using our patented anti-clogging atomizer and a
venturi mixing nozzle paired with a surface boiling system. As expected, spray humidification
consumed 20-30% less energy per unit of water by operating at lower temperatures. However,
precise control of spray evaporation is needed to avoid precipitating dissolved solids which can
be entrained in the humid air stream, foul the dehumidification system, dissolve in condensed
water, and cause recontaminate. Mixing nozzle humidification relies on surface boiling, which
iS more energy intensive, but it poses no risk of entraining solids in the humid stream and
fouling the condenser or recontaminating the clean water. This paper presents the experimental
data, analyses, and provides a detailed comparison of these two humidifiers and how they affect
the operation of an HDH wastewater treatment system. The findings help guide future HDH

process design.

Keywords: Spray humidification, Nozzle humidification, Wastewater treatment

2.1. Introduction

The advancement of unconventional oil and gas production techniques has increased energy
security in the United States and around the world. The process involves injection of high-

pressure fluid into shale rock to mine oil and natural gas that otherwise is too expensive to
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mine. However, the expansion of unconventional oil and gas production has caused concerns
regarding the large volume of toxic wastewater produced. Approximately 7.5 million cubic
meters of oil and gas wastewater are stored in deep injection wells per day in the United
States [1]. Additionally, most existing water purification technologies are not compatible with
process oil and gas wastewater, as no qualitative nor quantitative data are available for the
composition of contaminants. O’Hern et al. [2] presented a discussion on the advantages and
drawbacks of different water purification options for hydraulic fracturing wastewater
treatment. One promising method for wastewater is to use a humidification-dehumidification
(HDH) process to separate contaminants such as salts, oils, volatile organics, acids, etc. HDH
systems are thermally driven and less expensive to couple with a renewable power source,

such as solar energy, compared to other water purification techniques [3].

In this regard, a humidification-dehumidification based oil and gas wastewater purification
system is under development at Oregon State University (OSU) to produce clean water for
irrigation purposes. The system needs to separate various contaminants with various
concentrations as different oil and gas companies add different chemicals to the water.
Furthermore, each oil and gas wastewater production location may collect different
compounds and concentrations specific to that location’s geological composition. The system
uses low energy input to reduce fouling of the components within the system and maximize
the cleaned water production to be reused elsewhere. There are many ways to humidify air.
When choosing a humidification process the primary elements to consider are overall
complexity, fouling potential, cost, energy input, and process compatibility. Commonly used
packed bed humidifiers are not ideal for use with wastewater as the high concentration of
contaminates in the wastewater will foul the packed bed quickly and require frequent
cleaning and replacing of the packed bed. Zubair et al. [9] investigated a humidification
system that utilized a packed bed to purify saline water with seawater salinity; it required
cleaning every 2 weeks and a replacement packed bed every 2 months. This paper compares a
spray humidification and a venturi nozzle humidification design as these are common

desalination techniques that have great potential with highly contaminated water.
2.1.1. Our HDH process

In our patented-pending oil and gas wastewater purification system (shown in Figure 2.1), the
wastewater enters the system (1) and flows through a heat exchanger to be preheated (2). The

water then flows into a settling tank, ensuring the contaminated mixture is consistent and free
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of any suspended compounds (3) before entering the humidification system (4). Either spray
or venturi nozzle humidification is used to humidify a carrier air stream [4]. The humid air
flows to the direct contact condenser (DCC) (5) to be dehumidified. The DCC condenses
vapor from the humid stream using a cooling water flow which minimizes the contaminants
condensing by controlling the condensation temperature. The condensed water separates from
the cooling water flow (6) and is usable as irrigation water as less than 1% contaminates by
mass remain. The exhaust air contains a small amount of water vapor and most remaining

contaminates.
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Figure 2.1 OSU’s oil and gas wastewater purification system

2.1.2. Direct contact condenser

A direct contact condenser (DCC) works by putting a coolant in contact with a vapor. The
coolant used in a DCC must be acceptable when coolant and vapor are mixed. Our system
uses a packed bed condenser with two columns as shown in Figure 2.2. Note that this is a
condenser packed bed, and it can be used as most of the solids are separated in the upstream,
so minimal to no solid-state fouling occurs in the DCC’s packed bed. In this packed bed
condenser cooling water enters from the top and interacts with vapor within the bed where it
is condensed and mixed with the cooling water. The exhaust air retains small amounts of
vapor and most of the volatile contaminants. The performance of the DCC is based on the
amount of vapor condensed. If the humid air temperature is too low the performance

decreases while a high humid air temperature may increase performance. Humidity ratio is
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the most important factor. A higher humidity ratio means there is a higher difference in
temperature between the humid air dew-point and the cooling flow which leads to more
effective condensation. It also means that the partial pressure of vapor is increased which
increases the condensation temperature of the contaminates. The level of contaminates in the
humid air should be minimized to prevent them from condensing with the freshwater.
Avoiding the condensation of contaminants will not guarantee 100% pure freshwater, as a
portion of contaminants will diffuse with water, but low cooling water temperature and low
partial pressure of contaminants will decrease the amount that diffuses. The humidification
system should be compatible with the DCC to improve the performance by providing humid
air at high temperatures and high humidity ratios. Henry’s law analysis was performed to
determine the amount of gas that diffuses into a type and volume of liquid based on the
partial pressure of the gas in equilibrium with that liquid. The analysis showed the water
stream would have less than 2.5% contaminants after condensation.

Flexible

Coolinlg water  pyhaust Exhaust pipe
Inlet |

RH/Temperature
Sensor

Mixing Pipe

Two columns of condenser
Mixing pipe with insulation

Water Outlet

Figure 2.2 Schematic and CAD of the direct contact condenser

2.1.3. Humidification techniques

This paper will discuss two humidification techniques, spray humidification and venturi

nozzle humidification both of which are used in HDH systems.
2.1.3.1. Spray humidification

Spray humidification is the method of humidifying air by mixing it with water spray. It can

be operated at lower temperatures utilizing low-grade heat. Typically spray humidification is
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achieved by using an air-assist or air-blast atomizer that allows water to flow through a center
orifice and a jet of air to flow around the center orifice causing high shear breaking the water
jet into small droplets. Generating spray from contaminated water such as oil and gas
wastewater is difficult as any impurities in the water can easily foul the orifices deteriorating
the humidification process. As an alternative to the traditional atomizer, our team has
developed and patented an anti-clogging atomizer which has potential to atomize high
salinity water (10% salinity) [5]. Our spray humidification design utilizes the anti-clogging
atomizer which requires an air stream, preheated with low grade heat, flowing vertically
through the anti-clogging atomizer to interact with the wastewater. If needed, a secondary air
stream can be added in a counterflow configuration to increase the air moisture holding
capacity to meet the desired humidity ratio target. The counterflow air also increases the
interaction between all flows improving humidification. After the streams have mixed any
unevaporated water can be discharged from the bottom and the humid air stream can continue
to the DCC for dehumidification.

2.1.3.2. Venturi nozzle humidification

Humidification technologies commonly use a boiler to generate vapor from liquid that may or
may not contain contaminants. The vapor is then mixed with heated dry air to humidify it.
This process can be energy intensive as the latent heat of vaporization is much higher than
sensible heat. In our HDH system the wastewater is transferred to an evaporation zone and
once evaporated it enters a venturi driven mixing nozzle to mix with preheated air and form a
humid air stream. One feature is the humid air outlet temperature is generally higher than that
for spray humidification as the air and steam flows are above 100°C. This is advantageous as
the carrying capacity of water increases with temperature, so less air is needed to transport
water to the DCC.

2.2. Energy consumption

Energy is an important consideration for operation cost of a water treatment system.
Lowering the cost to purify oil and gas wastewater will increase the quantity of water purified
and conserve this resource. In 2010, the cost to transport oil and gas water to storage injection
wells was $2.1B [6]. If the cost to purify is less than the cost to transport, it will be more
economical to purify than store and more water can be reused and recycled. Our system will

produce water with 30% less cost compared to other existing approaches, such as
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underground injection (storage), membrane, ion exchange etc. by producing purified water at
$7/m3[7].

2.2.1. Energy comparison

Experiments were conducted using the anti-clogging atomizer for spray humidification. As
shown in Figure 2.3, ambient air flows through a flow meter and pressure transducer (A)
before moving to the anticlogging atomizer (C). Pure feed water flows through a heater, flow
meter, and pressure transducer (B) before flowing to the anticlogging atomizer. The
counterflow air stream passes through a heater, flow meter, and pressure transducer (A)
before reaching the top of the chamber. The humid air outlet was placed on the side of the
chamber where the temperature and relative humidity are measured (E). Any unevaporated
water is discharged (F) to keep the water in the chamber constant. Table 2.1 shows the data
for tests where the feed water flow rate was 0.4 g/s, atomizer air flow rate was 0.4 g/s at
22°C, and the counter flow air flow rate was 0.4 g/s. For both tests the humid air leaving had

100% relative humidity and higher inlet conditions led to higher output temperatures.
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Figure 2.3 Experimental setup for spray humidification: a) simplified schematic b)

experimental setup
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Table 2.1 Experimental data for spray humidification

Test Counter flow Feed water Humid air Humid air
t air t tempg(r:ature temperature relative
empSra ure (°C) C) humidity
(°C)
1 60°C 29°C 25°C 100%
2 104°C 32°C 29°C 100%

The energy required for spray humidification was determined by calculating the change in
enthalpy required to reach the experimental inlet conditions from ambient conditions. The
only energy added during spray humidification was sensible energy to preheat the streams.
The pumping power for both water and air streams were not included in this analysis as the
difference is negligible between both humidification designs. For the data points shown in
Table 2.1, the energy required for preheating the streams was 500 kWh/m? and 816 kWh/m?
respectively.

Venturi nozzle humidification requires adding both sensible and latent heat. To directly
compare the energy needed for the two systems, the vapor flow rate was maintained for both
systems. The vapor flow rate was calculated using the humid air outlet temperature, relative
humidity, and dry air flow rate from the incoming air streams. The energy required to
produce the vapor flow rate of the two data points in Table 2.1 was 700 kwWh/m? and 990
kWh/m?&. One energy reduction method is to operate venturi nozzle humidification with lower
air flow rates decreasing the energy to preheat the air flow. The results of this experiment and
energy analysis show that spray humidification can reduce the energy required to humidify
the water by 20-30%. It should also be noted that in a boiling humidification system
additional energy is required to preheat the air stream, which was not included above. For the
same air flow rate but with an increased temperature of 120°C, to avoid condensation prior to
the condenser, it requires an additional 1170 kwWh/m? which makes spray humidification 60-

70% less energy intensive.
2.3. Contaminant separation

Oil and gas wastewater contains a variety of contaminants such as salts or dissolved
chemicals which can require different separation methods. Suspended particles such as mud

and clay can be removed via a settling tank. Some compounds like ethylene glycol and 2-
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butoxy-ethanol can be removed through evaporation as they have a higher boiling point than
water (less volatile).

2.3.1.  Salt management

NaCl is the most common salt in oil and gas wastewater, but other salts may also be present,
and the concentration varies from near freshwater to 14 times that of seawater [2], [8]. Salts
are very corrosive and can cause fouling problems in an HDH system lowering the amount of

water condensed and contaminants removed.
2.3.1.1. Spray humidification - Salt management

The antifouling atomizer, as proposed for use with the spray humidification system, has had
no recorded fouling during use with high salinity water. Therefore, all fouling from salt in the
humidification system can be avoided. However, ensuring that salt does not foul the DCC is a
more complex issue. The wastewater, which contains salts, will be atomized producing a
spray with both salt particles and water droplets. The salt particles could become entrained in
the humid air stream and foul the DCC. According to Xuening et. al. [9] who modeled and
tested brine spray evaporation using a traditional atomizer, if the air flow rate is too high the
salt particles become separated from the brine and can be entrained within the humid air. But
if air flow is too low, less energy will be available to evaporate water. The spray
humidification design may need to be optimized to reduce salt entrainment by varying the
atomizing air and counterflow air flow rates. One method to reduce the entrained salt from
reaching the DCC is to add a cyclone after humidification. This could separate salt that is
entrained by the humid air using the density gradient to remove salts before the DCC.

However, it does increase the complexity of the overall design and the manufacturing cost.
2.3.1.2. Venturi nozzle humidification - Salt management

Evaporative humidification by nature does not allow any dissolved solids in the humid air
stream. Venturi nozzle humidification provides a simple solution to removing salts that is
common with current water treatment practices. As salts are unable to become entrained with
the humid air there is a very low possibility that the DCC will become clogged/fouled,
however, the heating element in the venturi nozzle humidification unit will be heavily prone

to fouling and require other fouling mitigation techniques.



17

2.3.2. Azeotropes

An azeotrope mixture implies that the equilibrium composition of a mixture is unchanged
through simple distillation. O’Hern et al. [2] reviewed various methods for the removal of
azeotropes in wastewater. They suggest that temperature control in a HDH system of £1°C of
the thermal saturation temperature can remove up to 97.5% of water-based azeotropes [2].
The HDH system will control the temperatures of evaporation and condensation to selectively
evaporate and condense the mixture to minimize the azeotropic contaminants. In a venturi
nozzle humidification system, the evaporation temperature can be adjusted within 1°C of the
saturation temperature reducing the quantity of azeotropes. However, in spray humidification
the azeotropes will also be atomized which increases such compounds in the DCC. Further
testing is required to determine how azeotropes react in spray humidification and what the
increase in azeotropes in the final condensed water would be compared to venturi nozzle

humidification.
2.4. System complexity

System complexity can greatly impact the overall performance and cost of a system.
Additional components can increase the number of techniques required for contaminate
separation, increase cost, and/or increase complexity of the control system. Both
humidification designs require pumps and heaters for air and water streams. The spray system
also requires a cyclone, as discussed in Section 2.3.1.1, which increases the overall
complexity of the design. In addition, spray humidification increases the complexity of
azeotrope removal in the DCC as discussed in Section 2.3.2. Venturi nozzle humidification
may also require additional components such as a heat exchanger to recuperate energy and

reduce operation cost which increases complexity.

Our HDH design will require a control method to monitor the flow rate of purified water and
adjust both temperatures and flow rates to meet the required output. The controls will adjust
parameters based on a model of the system and how that model reacts to changes in the
operating conditions during operation. If venturi nozzle humidification is chosen, the control
system will also adjust the heat input for evaporation. Modeling the spray humidification
design may be more complex as the liquid-gas interaction is more complex than that in
venturi nozzle humidification. Modeling for spray humidification has primarily been done for
water that did not contain salts or other contaminates. For example, Xuening et. al. [9]

produced a CFD model for a brine spray that was within 5% of experimental values but this
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model did not include other contaminants. However, if a model is produced for spray
humidification that can accurately predict the system’s response with all contaminates the

control of the system will not be very different from venturi nozzle humidification.
2.5. Conclusions

In conclusion, both spray and venturi nozzle humidification systems have potential in our
HDH purification system, and both can produce clean water for reuse. Spray humidification
can reduce energy costs by up to 70% and reduce fouling in the humidification system with
the antifouling atomizer developed at Oregon State University. It can also avoid salt
contamination in the direct contact condenser (DCC) if paired with a cyclone, but it increases
the design complexity. By contrast, venturi nozzle humidification can control the temperature
of evaporation which will prevent the salt in oil and gas wastewater from being evaporated
and entrained in the humid air. Venturi nozzle humidification requires more energy and
reducing the energy introduces more complexity and controls requirements. Future research
will expand the range of salinities, contaminants, and temperature ranges tested for both
systems and develop an experimentally validated model to calculate the energy required for
each system.
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Effect of surface roughness on mixed salt crystallization fouling in
pool boiling

Abstract

Desalinating saline water is one approach to producing freshwater to help meet increasing
water demand. Desalination technologies face challenges (particularly on heat exchanger
surfaces) with fouling causing lower heat transfer efficiency and lower freshwater yield with
fixed energy input. Few studies have focused on multiple salt high-salinity solutions (well
above seawater) in a pool boiling environment. This study investigates how heat exchanger
surface roughness effects fouling resistance, heat transfer coefficient, and salt composition in
a pool boiling environment with highly saline water (20% by mass), with/without an added
organic compound (3% ethylene glycol). The heat exchange surface roughness was varied
between an average surface roughness of 0.35 um, 5 pm, and a microchannel surface
(common in boiling systems) with average surface roughness of 10.5 um. The 0.35 pm
surface had a 1.5 cm2K/W lower fouling resistance compared to the other tested surfaces. 5
um and 10.5 pm heat exchange surfaces had nearly identical heat transfer performance with
fouling resistances of 2.7 cm?K/W. Decreasing the surface roughness reduces fouling for
smooth surfaces (0.35 um), but if is sufficiently rough (5 - 10.5 pm) it has minimal impact on
fouling. 3% ethylene glycol (found in antifouling coatings) was added to the solution but had
no apparent effect on the fouling resistance or heat transfer coefficient, however it did affect
what salts were formed. The information from this study will help optimize future heat

exchange surfaces for treating high-salinity water in desalination.

Keywords: Saline, Desalination, Fouling, Crystallization fouling, Surface roughness,

Ethylene glycol

3.1. Introduction

The demand for water is increasing due to industrialization, higher standards of living, and
population growth. Increasing demand combined with the depletion of natural freshwater
resources has led to water scarcity in many countries around the world. According to the

United Nations Water Organization [1], over 2.3 billion people experience high water stress
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at least one month per year. Desalination technologies present an opportunity to meet the
increasing demand and eliminate water scarcity. Many desalination systems use a membrane
or thermal based distillation approach. Thermal based approaches commonly evaporate
seawater using a heating element and then condense that water, leaving salts and other
impurities behind.

Fouling, or material surface deposits, are problematic in desalination technologies. Fouling
deposits can lower heat transfer efficiencies, increase piping pressure drops, and increase
corrosion leading to increased maintenance costs in desalination systems [2], [3]. The five
main fouling types are: biological, corrosion, particulate, chemical, and crystallization
fouling. Crystallization, or scale, fouling accounts for 70% of total fouling in desalination
systems, as seawater is primarily inorganic [2]. As salts have low thermal conductivity (0.5-2
W/mK), fouling buildup reduces the heat transfer coefficient between the heater and saltwater
leading to a reduction in the system’s overall efficiency. Crystallization fouling is dependent
on momentum, velocity, heat and mass transfer, chemical kinetics, surface material
properties, heating configuration, surface temperature, and concentration which makes it
difficult to predict [3], [4], [5], [6]. Studies have been done to understand the influence of

various parameters on fouling accumulation.
3.1.1. Salt concentration and types

Crystallization fouling is highly dependent on the degree of salt supersaturation in a solution
due to an increase in potentially fouling salts, fouling rates, and nucleation sites available for
crystals to attach to and grow [3], [7]. Increasing calcium chloride concentration increases the
fouling resistance and shortens the induction time (duration when fouling resistance is greater
than nucleation site enhancement) [8]. Many studies have investigated fouling with low
salinity solutions (0.0034 - 0.4%), but few have studied fouling characteristics in saline
solutions higher than 0.4% [3], [4], [5], [9]. Many desalination plants produce highly saline
(brine) as a byproduct of the desalination process, but brine treatment technologies are not
cost effective compared to cheaper, and more environmentally damaging disposal methods
[10]. To improve high salinity desalination efficiency and extract the maximum amount of

water fouling behavior in highly saline environments needs to be understood.

Different salts have different adherence, solubility, and heat transfer characteristics. The
solubility characteristics of different salts impacts the fouling quantity and fouling rate. Salts

with decreased solubility at higher temperatures generally begin crystallization fouling [11].
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Calcium sulphate and calcium carbonate fouling has been extensively studied as they
commonly foul heated surfaces causing fouling resistances of 7 cm2K/W after 100 hours in
subcooled boiling conditions [3], [4], [8], [12]. While these salts have been well studied, there
has been limited research on multiple salt mixtures and how their interactions influence
fouling.

Helalizadeh et. al. [3] studied a mixture of calcium sulphate (CaSO4) and calcium carbonate
(CaCOg) fouling in a subcooled flow boiling system. They showed that mixed salts have more
fouling accumulation than individual salts in 66% of the concentrations tested and the highest
accumulation occurred with a mixture of salts [3]. Song et al. [13] compared the fouling
resistance of CaCOs; and CaSO; in different concentrations and found in 75% of the tested
cases mixed salt fouling was higher than individual salt fouling. This indicates more studies
are needed on multiple salt solutions as desalination systems rarely treat water with 1-2 salts
and additional salts change the overall fouling behavior.

3.1.2. Surface roughness effect on fouling

Increased surface roughness impacts both boiling characteristics and fouling accumulation.
MacAdam and Parsons [14] found that increasing the average surface roughness (Ra) by 0.6
um caused an increase in fouling even in a limited (0.2-0.8 pum) surface roughness change. It
also increases deposit adhesion- up to 30X more stress is required to remove CaCOs and
CaSO; fouling from a rough versus a smooth surface (0.1-21 um) [6], [15]. However, for a
smaller change in surface roughness (0.018-0.246 um), Lui et. al. [16] found that smoother
surfaces did not show fouling or adhesion reduction for Ca(HCOs). fouling. Fouling adhesion
is important as many crystallization fouling resistance curves reach a plateau where the
fouling accumulation rate and the removal rate due to flow sheer stress is equal. Surface
roughness manufacturing techniques and geometries should be considered as they may have

the same roughness value but different impacts [17].

The impact of various roughness values on nucleate boiling have been studied for average
surface roughness (Ra) of 0.04-1.5 um systems [18]. Rougher surfaces have increased phase
change heat transfer due to increased agitation from improved bubble formation [18]. Jones
et. Al. [19] studied the effect various surface roughness had on pool boiling heat transfer in
pure water and found no additional benefit to increased average surface roughness for 1.08
um to 10 pm; but did not consider how this would affect fouling [19]. As fouling occurs, the
depositions can change the surface roughness of a material, thus impacting other factors that

affect fouling accumulation. For example, as salts begin to accumulate in a tube, they
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increase the surface roughness and restrict the flow volume, thus accelerating the flow which
can help compensate for the heat transfer reduction from the increased fouling resistance and
the increased friction factor [17]. In addition, surface coatings have been one area of interest
to reduce fouling as they can change the surface characteristics (roughness, hydrophobicity,
etc.) but they can come at a cost due to the added resistance of the material itself, may

degrade over time, and may only work for specific materials [20], [21].
3.1.3. Boiling effect on fouling

During boiling with crystallization fouling, salt deposits can temporarily increase the heat
transfer rate due to increased nucleation sites and near wall turbulence; however, overtime the
increase in nucleation sites cannot overcome the fouling resistance and the heat transfer rate
decreases [11], [17]. Many studies have focused on fouling in subcooled boiling
environments, despite evidence showing fouling accumulation is a much larger issue in pool
boiling situations due to the bubble formation mechanisms and detachment [3], [9], [12],
[22]. Subcooled boiling is common in heat exchangers as boiling only occurs on the heated
surface, but the bulk of the fluid is subcooled. Forced convection in subcooled boiling has a
significant impact on the rate of fouling accumulation compared to pool boiling [9]. While
subcooled boiling and fouling in convective heat transfer have been studied, there is limited

information available for mixed salt, high salinity fouling during pool boiling.

Fouling in a pool boiling system occurs due to bubble formation and micro-layer evaporation.
Therefore, methods used to increase bubble formation to improve boiling efficiency will also
increase crystallization fouling on the heated surface [9]. As bubbles form on the heated
surface, the bubble’s interface becomes supersaturated which results in salt deposits on the
surface. Raghupathi & Kandlikar [5] studied fouling formation on a flat heat transfer surface
in a pool boiling experiment using artificial seawater (0.0034% wt. salt). They found that
boiling seawater compared to pure water increases the CHF due to increases in nucleation site
density from fouling accumulation. Crystallization fouling also added thermal resistance
causing the wall superheat to increase [5]. Jamialahmadi and Muller-Steinhagen compared
pure water and 0.1% salinity calcium sulfate solution in pool boiling characteristics and
found that the bubble departure diameter was increased for saline solutions and the heat
transfer coefficient changes based on bubble formation mechanisms [22]. The presence of salt
causes a porous layer which can cause the boiling to resemble wick boiling with multiple

steam channels through the salt layer [22]. Understanding how the surface and pool boiling
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mechanisms are changed with the presence of a porous adhered salt layer is important to
understand how boiling seawater with different heating surfaces and higher salinities impacts

the fouling accumulation for mixed salts.
3.1.4. Ethylene glycol effect on fouling

Understanding the importance of salt mixtures and surface roughness is necessary to better
design evaporators and heat transfer surfaces in desalination units. It is equally important to
understand how the presence of other compounds present in a saline solution affect the
fouling resistance and heat transfer coefficient. Several studies have found that a polyethylene
glycol (PEG) based coating on a membrane can be used to reduce crystallization and
biological fouling in seawater systems [23], [24], [25]. PEG is created after ethylene glycol
reacts with itself in water creating a variety of ethylene glycol units which are soluble in
many organic solvents. PEG is found in many commonly used products [23], [26]. While
there has been success with creating ethylene glycol-based surface coatings to mitigate
fouling in reverse osmosis’ processes, these coatings have had minimal use in evaporation-
based desalination systems. Furthermore, there is limited information on whether ethylene
glycol dissolved in a water-based solution has the same effect as a surface coating and if it
could be utilized for its antifouling properties outside of a reverse osmosis-based desalination

system.

A new technology from Oregon State University uses a humidification dehumidification
process to treat hydraulic fracturing wastewater (20% salinity with other compounds
including 3% ethylene glycol) [27], [28], [29]. If ethylene glycol can be separated during
desalination, and if it reduces fouling, this could indicate if desalination techniques can be
used to treat highly contaminated wastewater. Nikooei et. al. [29] using a representative
hydraulic fracturing mixture found evaporation separated most contaminants including
ethylene glycol. There was no mention of how additional solution contaminants affected
crystallization fouling which requires further research. This report addresses the affect

ethylene glycol has on crystallization fouling in a highly saline solution (20%).
3.1.5. Current work

Fouling accumulation changes based on salt, time, flow rate, surface properties, heat and
mass transfer, temperature, concentration etc. making it difficult to predict. These
characteristics have been studied for specific situations with low salinities, subcooled boiling

systems, and single salt solutions [3], [4], [5], [9]. Limited information is available for high
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salinity fouling with more than two mixed salts in pool boiling conditions on various surface
roughness'. Understanding how the mentioned conditions effect fouling accumulation can be
utilized to effectively treat high salinity solutions that are a byproduct of desalination and is
often untreated. The brine naturally contains multiple salts, and salt mixtures have different
fouling characteristics compared to single salt solutions [3]. Estimating the fouling resistance
on different heating surfaces during operation is important to track changes to the efficiency
and operation and maintenance costs associated with high salinity mixed salt fouling. The
present study focuses on determining the heat transfer fouling resistance on a vertical heating
surface in a high-salinity mixed salt pool boiling environment. It is designed to isolate the
effect of surface roughness on fouling resistance by testing several heating surface roughness
values (homogeneous surface roughness’ of 0.35 um and 5 um, and a heterogeneous surface
with microchannels with an average surface roughness of 10.5 um). The microchannel 10.5
um surface roughness test was repeated with an additional 3% ethylene glycol in the solution
to determine the effect on fouling as ethylene glycol is used in antifouling coatings and found
in many products, as minimal studies have considered the effect when the ethylene glycol is
in the solution.

3.2. Experimental setup

Figure 3.1 shows the experimental and actual setup used in the current study. A cartridge
heater (120 V, 500 W) is embedded into a 115 mm x 50 mm x 50 mm aluminum 6061 block
which is submerged in saline water. Aluminum was chosen as aluminum has higher fouling
accumulation compared to brass and stainless steel and therefore presents fouling much
quicker and reduces the standard multiple day experiments to a few hours [4], [14]. Using
aluminum also prevents corrosion issues that would have occurred with ferrous heat
exchangers. The cartridge heater was controlled with a Belee 20 A variable voltage
transformer and power was measured with a Baldr power meter. The heater power was fixed
at 200 W and recorded every 30 minutes. The aluminum block has 16 Type K thermocouples
embedded 25 mm into the block to measure the block’s temperature radially and avoid any
temperature bias from hot spots (Figure 3.1B). The embedded thermocouples holes were
filled with Boron Nitride thermal paste and sealed with Dowsil RTV sealant to avoid water
interacting with the embedded thermocouples. Silicone rubber was also used to secure
insulation (Superwool plus MD paper) to the bottom of the block to avoid heat losses to the
water through the bottom surface and a thermocouple was embedded on outside of the

insultation to ensure it was preventing heat loss as intended. During the 2.5-hour tests, the
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measured temperatures were below the block temperature justifying that the bottom area
could be neglected in the fouling resistance analysis as focus was on the radial temperature
distribution.

The aluminum block’s roughness was adjusted between tests to achieve average Ra values of
0.35 um, 5 pm, and 10.5 um measured with a profilometer (Mitutoyo SJ-201). Sandpaper was
used to achieve the homogeneous 0.35 um and 5 um surface roughness’ (Figure 3.2). A
Dremel was used to cut shallow horizontal and vertical lines in a grid pattern to achieve
microchannels with an average surface roughness of 10.5 um as these are common in boiling

systems (Figure 3.2).

The saline mixture was continuously mixed using a magnetic stirrer before being pumped
into the testing chamber using a Masterflex L/S displacement pump to control the flow rate.
At the top of the chamber there are openings for vapor to escape. The flow rate was adjusted
to compensate for the evaporated water and keep the block’s surfaces submerged. Two RTDs
were located on opposite sides of the block 5 mm from the block’s surface and 50 mm from
the top to be inline with the embedded thermocouples to measure the water temperature. All
thermocouples and RTD temperatures were recorded using an Agilent 34970A DAQ. The
power meter, thermocouples, and RTD measurements are used to determine the thermal
resistance and heat transfer coefficient due to fouling. After the experiment the saline water
was removed from the excess discharge port. The surface was thoroughly cleaned between

tests to remove all salts and ethylene glycol.
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schematic showing the top view of the aluminum block, C) actual setup

0.35 um 5um 10.5 um
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The saline water was mixed to match seawater (Sea Salt ASTM D1141-98, n.d. [30]) as
shown in Table 3.1 (salts with less than 1% concentration in seawater were neglected). The
total salts were scaled to create 20% saline water for tests as shown in Table 3.2. Using 20%
saline water reduces the total test time as fouling occurs quickly and ensures each test is
focused on heating/evaporating processes that manage brine or highly saline solutions. A test
matrix with operation parameters for all experiments conducted is shown in Table 3.3. Each

experiment in Table 3.3 was conducted 3 times to ensure repeatability.

Table 3.1. Salts used in a representative seawater composition (Sea Salt ASTM D1141-98,

n.d. [30])

Compound Symbol Weight Percentage
Sodium chloride NaCl 58.5%
Magnesium chloride MgCl,- 6H,0 26.5%
Sodium sulfate Na2SO,4 9.8%
Calcium chloride CaCl; 2.8%
Potassium chloride KCI 1.6%
Other salts 0.8%

Table 3.2. Testing solution for experiments with and without Ethylene glycol

Compound Brine 1 (No Ethylene-glycol) Brine 2 (with Ethylene-

(Wt%o) glycol)

(Wt%o)

Water 80.1% 77.8%
Sodium chloride 11.7% 11.4%
Magnesium chloride 5.3% 5.2%
Sodium sulfate 2% 1.9%
Calcium chloride 0.6% 0.5%
Potassium chloride 0.3% 0.3%

Ethylene-glycol 0 2.9%
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Table 3.3. Surface roughness crystallization fouling experimental test matrix

Experiment Salinity (wt %) Ethylene glycol Average aluminum
number (wt %0) surface roughness
(nm)
| | |

1 20 0 0.35, homogeneous

2 20 0 5, homogeneous
3 20 0 10.5, microchannel
4 20 3 10.5, microchannel

To determine which salts attributed to the crystallization fouling, the attached salts were
removed from the aluminum block by dissolving the adhered salts in distilled water. Once all
salts had been removed and dissolved in the water, the water was evaporated leaving behind
only the salts that had attributed to the crystallization fouling. The accumulated salts from the
tests with and without 3% ethylene glycol in the solution were analyzed using ICP-OES
(inductively coupled plasma optical emission spectrometry). Nitric acid was used as the
diluent in this process to determine which elements were present in the crystallization

fouling.
3.3.  Methodology

The methodology used to analyze the data is consistent with literature. To determine the
fouling resistance, Ry, between the heat exchange surface and the saline water solution, Eq. 1

was used.

1 1
Rr =55 @)

where hris the heat transfer coefficient between the heat exchange surface and boiling water
as fouling occurs, and h, is the initial heat transfer coefficient at the beginning of the test. hs
and hy are calculated using Eq. 2 and Eq. 3 where q" is the heat flux produced by the heater.
q” was assumed to be uniform throughout the block. Tssand T are the surface temperatures
of the heat exchange surface and the water, respectively, as fouling occurs. Tso and Twoare

the temperatures of the heat exchange surface and the water at the beginning of the test before
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any fouling has occurred. To provide a clear comparison between tests, all h, values reference
when Two=101°C.

__4a
hf B Ts.f_Tw,f (2)

hy = —2 3)

TS.O_TW,O

The heat flux, q”, is calculated by dividing the measured heater power, read from the digital
power meter, by the surface area of the aluminum block that was in contact with the saline
water. The heat transfer surface area only included the sides of the block as the top and
bottom of the block were insulated forcing all the heat to exit through the sides of the block.
Both water temperatures, Twoand Tws, Were measured as the average of the two RTDs that
were submerged roughly 50 mm under the surface of the boiling water. The surface
temperatures of the block, Ts, and Ty, were calculated using the average of the corner and
middle thermocouple measurements for each side. The average side temperature was
averaged over all four surfaces to calculate the average surface temperature for the whole
block. Each side of the block’s surface temperature was calculated using a Eq. 4 based on the

outer most thermocouple temperature and the measured heat flux.

Ts =Trco — q * Raio ()

q" is the heat flux provided by the heater, T1c, is the outer ring thermocouple reading, and
Rai0 is the thermal resistance between the outer thermocouple and the surface of the block.

Raio is calculated using Eq. 5

Daio Dtp
Rgo = —22 42 5
al,o Kal + ktp ( )

where Da, is the thickness of aluminum in between the edge of the outer thermocouple hole
and the edge of the block, Dy, is the radius of the hole that the thermocouple was inserted into
(filled with thermal paste), and ka and ki, are the thermal conductivities of aluminum and the

thermal paste used to fill the thermocouple holes respectively.

To ensure that the power meter measurements were accurate, the heat flux, q”, was also
calculated by an alternative method. Using the temperature difference between each set of the
inner and outer thermocouples (Tc,i and Trc, respectively), and the thermal resistance

between each set of thermocouples, Raii, q” was calculated as shown in Eq 6.
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" TTC,}iz_T.TC,o (6)
al,i

Next, each of the q” values calculated from the thermocouple temperatures were compared to
the q” values measured from the power meter. These two methods of measuring the heat flux
produced results that matched within the uncertainty associated with the temperature
measurements. As the heat flux values measured from each method produced matching

results, the power meter’s readings were used to determine the fouling resistance.
3.3.1. Simulation results

To validate the uniform heat flux assumption, the measured thermocouple values were
compared to simulated values calculated by a SOLIDWORKS simulation that assumed a
uniform heat flux from the heater’s surface. The thermal FEA simulation used the water
temperature (measured by the RTDs) and the power (measured by the power meter) to
calculate the radial heat distribution. Figure 3.3 shows the temperature distribution across a
cross-section of the aluminum block for a uniform heat flux boundary condition applied to
the cartridge heater-block interface, and a constant temperature boundary condition applied to
the outer heat transfer surface that was in contact with the boiling saline solution. These
boundary conditions applied to the cross section of the aluminum block yielded a small
temperature distribution (4°C) across the block. The white dots on Figure 3.3 represent the
location where the SOLIDWORKS temperature solutions were compared to the actual
thermocouple measurement from the experimental data. The simulation matched the
measured thermocouple readings within 2-4%, thus validating the uniform heat flux

assumption used to calculate the fouling resistance and heat transfer coefficient.

A mesh independence study was conducted for mesh sizes between 0.5-2 mm and found a
change in error between the simulated and experiential temperatures to be very low (0.03-
0.66%). To reduce computational power and maintain adequate accuracy, a mesh size of

0.75mm was used to simulate the temperatures with a uniform heat flux.
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Figure 3.3. SOLIDWORKS simulation showing radial temperature distribution for
q"=66,000 W/m?and 97.4°C water temperature. 2-4% error compared to measured

thermocouple data
3.3.2.  Uncertainty propagation

The RTDs were calibrated by recording the reference resistance, Ry, during an ice bath, and
then averaging this reference resistance over 3 separate ice bath tests. Using the average
reference resistance value form the ice bath tests, the temperature was calculated using Eq. 7
by applying the A and B coefficients provided by the RTD manufacturer. After calibration,
the RTD uncertainty was determined to be £ 0.125°C. Type K thermocouples were calibrated
by comparing the calibrated RTD temperatures to the thermocouple readings in both an ice
bath and a hot water bath. This was done to account for any offsets in the thermocouple
readings. After calibration, all the type K thermocouples showed an uncertainty of + 0.5°C. If
any of the 16 thermocouples failed (readings were not read properly by the DAQ) during the
test, an average of the two adjacent thermocouples was taken as there were minimal

differences in temperature measurements along the same radius.
R(T)=R,(1+A-T+B-T?) (7

The uncertainty from each of the measured values was propagated using the Kline-
McClintock method implemented in Engineering Equation Solver (EES). The uncertainties
included both measurement and precision uncertainty. As boiling is random in nature, many
of the temperature measurements during the middle of the test had high variation between the
3 repeated tests. As the overall temperature changes, and by extension, fouling resistance

over the course of the entire test was the most substantial finding from this work, only the
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average temperatures of the first and last 5 minutes of each test were used to calculate the
precision uncertainty associated with the repeated tests. Quantization uncertainty associated
with the DAQ sampling rate was calculated for each sensor, but they were found to be
insignificant compared to the other uncertainties. The final uncertainty values for all
measured and calculated values are shown in Table 3.4.

Table 3.4. Uncertainty values for all measured values used in data analysis

Uncertainty

Parameters
Minimum Average Maximum
| | | | |
Thermocouple (°C) - 0.5 -
RTD (°C) - 0.1 -
Heater power (W) ; 35 -
Fouling Resistance 0.440/11.7 0.503/23.9 0.607/60.7
(cm2K/W)/%
Heat transfer coefficient 0.008/3.2 0.019/9.8 0.046/17.7
(W/cm?K)/%

3.4. Results and discussion

3.4.1. Temperature difference

Figure 3.4 shows the difference between the wall temperature and the water temperature
during the experiment. As the water temperature is consistent during the test the change in the
temperature difference is due to an increase in wall temperature from fouling accumulation
decreasing heat transfer. The temperature difference between the 5 pm and 10.5 pm
microchannel is very minimal meaning the wall temperature increase was the same and thus
likely the same fouling accumulation occurred between tests. Whereas the 0.35 um test had a
much lower change in temperature indicating that minimal fouling accumulation occurred.
This is important as this difference is used to calculate the heat transfer coefficient and
fouling resistance, so the temperature difference is a good indicator to the amount of fouling

accumulation and resistance present on the heater surface.



35

~

:; ZE T - T H {] NNy
§ 5.0 iiiilillllllnni.nnl!“:f!!“ |
R

Figure 3.4. Impact of surface roughness on fouling resistance

3.4.2. Effect of surface roughness on fouling

Figure 3.5A shows the effect of surface roughness on both the fouling resistance and the heat
transfer coefficient. The trend for all tests is consistent with literature as there is some
initialization period that occurs in approximately the first 20 minutes of testing [3], [9], [11].
As show in Figure 3.5B the 0.35 um test’s heat transfer coefficient increases and the fouling
resistance decreases which is due to the increased nucleation sites, increased surface
roughness with small traces of fouling, and increased boiling. After this initialization period
(first 20 minutes of testing) the fouling resistance dominates over the increased nucleation
site as more salts accumulate on the surface. This graph also shows a linearly increasing trend
for both the 5 um and 10.5 um (microchannel) tests throughout 140 minutes indicating the
fouling has strong adhesion and the fouling removal rate (due to boiling stress) is lower than
the fouling accumulation rate. Whereas the 0.35 pum test has an increasing trend for the first
60 minutes before plateauing indicating that fouling is asymptotic meaning that the increase
in deposits and the removal of deposits from the shear stress of boiling occurring is equal and
the deposits are weaker compared to other cases. This also indicates that a constant fouling

resistance of 2 cm?K/W would be a good estimate for a system with a heating surface of 0.35
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um roughness, whereas a constant value for the 5 pm or the 10.5 pm test would be inaccurate

for modeling operations as the fouling resistance is increasing with time and is not constant.

In Figure 3.5A, the fouling resistance for the 0.35 pum surface increases about 1 cm?K/W in
120 minutes while the 5 um and 10.5 pm surface roughness increases the resistance by 2.7
cm?K/W. The 5 um homogeneous surface roughness and 10.5 um microchannel surface
roughness had nearly identical values and trends for the heat transfer coefficient and fouling
resistance indicating that the additional surface roughness from the addition of microchannels
in the 10.5 um microchannel test had no impact on the fouling accumulation. There is also no
benefit from reducing a heater’s surface from 10.5 pm with microchannels to a homogeneous
surface roughness of 5 um. But there is benefit of reducing the surface roughness from 5 pm
to 0.35 um. With surface roughness’ larger than 10.5 pm, we would expect to see fouling
accumulation increase with surface roughness as the number and size of the nucleation sites
changes and surface roughness becomes a more dominant indicator of fouling. Reducing the
average surface roughness can decrease the effect that the surface roughness has on fouling
accumulation if it is sufficiently reduced (5 um to 0.35 um) but reducing the surface
roughness does not mitigate fouling when the surface is sufficiently rough.

Figure 3.5B shows the effect of surface roughness on the heat transfer coefficient. All three
tests have very similar trends and values for the heat transfer coefficient indicating that the
surface roughness has only a small impact on this value. The heat transfer coefficient mirrors
the fouling resistance values in that they plateau after 60 minutes indicating the heat transfer
coefficient is constant after sufficient fouling has occurred. The 5 um and 10.5 pum tests had
slightly lower (0.05 W/cm?K) heat transfer coefficients even initially when minimal fouling
was occurring. This is counter intuitive as generally the rougher the surface for non-fouling
pool boiling leads to higher heat transfer coefficients due to increased nucleation sites,
increased turbulence, and lower fouling [6], [17], [31]. One reason for this discrepancy could
be because the adhesion strength at rougher surfaces is higher, requiring more stress to
remove fouling, and therefore the fouling layer is thicker as seen in Figure 3.5A leading to a

lower heat transfer coefficient for the homogeneous 5 pm and 10.5 um microchannel tests.
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Figure 3.5B Impact of surface roughness on heat transfer coefficient

3.4.3. Effect of ethylene glycol on fouling

After all surface roughness tests were completed, the heterogeneous 10.5 um surface with
microchannels tests was repeated with an additional 3% ethylene glycol (EG) by mass to
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determine if an organic compound would influence the fouling resistance or heat transfer
coefficient. EG was chosen as it is used to produce in many antifouling surface coatings and
is present in oil and gas wastewater. Figure 3.6 shows the fouling resistance and heat transfer
coefficient results discussed previously with the addition of the 10.5 um microchannel
surface roughness with 3% EG included in the solution. The test with ethylene glycol had no
identifiable effect on the fouling resistance or heat transfer coefficient compared to the 10.5
um test with saline water. Therefore, adding ethylene glycol to a high-salinity solution does

not affect the fouling resistance.

Figure 3.7 shows example pictures of the aluminum surface after a 140-minute test for the 3
surface roughness conditions and the test with 3% EG. These pictures further emphasize that
the homogeneous 0.35 pum surface had less fouling accumulation than the other tests as it has

the least amount of visible fouling and unfouled surfaces can be seen.

In the 0.35 pum picture, at the top of the aluminum there is a section which is completely
fouled which corresponds with the water level during the test. This indicates that the water-
steam interface may have a high impact on fouling accumulation as the liquid vaper interface
has the fastest rate of salts separating and thus results in the highest quantity of fouling
deposits. In the other three pictures (5 um, 10.5 pm, and 10.5 um with 3% EG) the surface is
covered with salt accumulation and there is no noticeable difference between the fouling for
the different tests. These pictures are consistent with the measured data for both the fouling
resistance and heat transfer coefficient. In the 10.5 um microchannel tests with and without
the EG the fouling has begun fill and cover the grooves that were on the surface, changing the
surface roughness as more salt accumulates and reducing the impact of the microchannels

used in boiling systems.

3% EG was chosen for this work as it is estimated to be present in hydraulic fracturing
wastewater which could be purified in a desalination system. Understanding the impact of EG
on fouling will change the required operation and maintenance of purifying hydraulic
fracturing wastewater [28]. If the concentration of EG was increased and began to affect the
solubility or crystal structure of deposits, we would expect a change in fouling and further
work should be done to understand the concentrations where EG may impact fouling
resistance. Therefore, desalination plants should not be concerned regarding changes in
fouling due to increased ethylene glycol levels. Further research should be done to determine

if other organic compounds have an impact on fouling and if so, which organic compounds
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will increase fouling as these will increase maintenance and operation costs. Understanding

how fouling reacts with different chemicals present will help expand what mixtures can be

treated using common desalination technologies.
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Figure 3.6A Impact of surface roughness and ethylene glycol (EG) on fouling resistance
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Figure 3.7 Example pictures of crystallization fouling for average roughness of 0.35 um, 5
um, 10.5 pm microchannel, and 10.5 um microchannel with 3% ethylene glycol in the

solution after 140 minutes



41

3.4.4. Effect ethylene glycol on salt composition

While there was no discernable difference in the fouling resistance with the presence of
ethylene glycol, the salts that adhered to the aluminum surface were chemically different.
Figure 3.8 shows the different elements that accumulated on the heat exchange surface with
and without the 3% EG in the solution. These results were obtained from an ICP-OES
analysis. Magnesium, potassium, calcium, and sulfur elements can each be attributed to one
salt dissociating (magnesium chloride, sodium sulfate, calcium chloride, and potassium
chloride), however the sodium elements could come from either the sodium chloride or
sodium sulfate as both have sodium ions. With no EG present there is significantly more
sodium ions that contributed to fouling than with 3% EG. With 3% EG there is a reduction of
sodium ions and an increase in calcium and sulfate ions. While there was no change in the
overall fouling resistance with or without EG present, it has affected which salts are
attributing to crystallization fouling. Therefore, adding EG into a solution could be useful to
reduce specific salts from fouling if specific salts have higher adhesion or unattractive
gualities. For example, this work shows adding EG reduces salts containing sodium ions from
adhering to the heat exchanger surface. Despite a large percentage of magnesium chloride in
the original solution (26.5% of the initial salts) only very small amounts of magnesium and
potassium ions are contributing to fouling with or without the presence of 3% EG indicating
they are unlikely to cause fouling in a boiling system. Adding 3% EG had minimal effects on

magnesium and potassium, but it did increase the presence of calcium and sulfate ions.

In tests with and without EG sodium ions were the largest attributers to crystallization
fouling. This suggests that salts with sodium ions must be carefully managed to avoid fouling
accumulation. As there were less sodium ions present in the salts collected from the EG test,
one solution could be to add an organic compound such as EG; however, as discussed
previously, changing the elements that adhered to the heat exchange surface did not change
the overall fouling resistance. Further research should be done to understand how
concentration and type of organic compound affects the salts that adhere to heat exchange

surfaces.
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Figure 3.8. ICP-OES data showing the elements that accumulated on the aluminum block’s
surface for a microchannel 10.5 um average surface roughness with (Salt 2) and without (Salt
1) 3% ethylene glycol present in the solution

3.5. Conclusion

Prior to this study fouling characteristics had been studied for specific situations such as low
salinities (that of seawater or less), subcooled boiling systems, and single salt solutions but
little research had been done to characterize fouling for high-salinity multiple salt solutions in
a pool boiling regime. This study adds to the existing literature by determining the fouling
resistance and heat transfer coefficient as mixed salts accumulate on a heat exchange surface
with different surface roughness in a high-salinity pool boiling environment. Understanding
how surface roughness affects fouling accumulation is important to improving treatment for
desalination brine discharge with high salinity and multiple salts to increase treatment
efficiency and reduce operation costs. This study determined the effect of 0.35 um, 5 um,
10.5 um (microchannel) surface roughness on a 20% salinity solution made up of the most
prevalent five salts found in natural sea water (sodium chloride, magnesium chloride, sodium

sulfate, calcium chloride, potassium chloride) to mimic sweater desalination brine discharge.

o Fouling resistance does not increase as aluminum surface roughness increases from 5
- 10.5 um, however lowering the surface roughness to 0.35 pm does decrease the
fouling resistance by 1.5 cm? /W. Therefore, it can be concluded that surface

roughness is not the dominant parameter in fouling accumulation for aluminum with
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an average surface roughness between 5 um and 10 pm for the tested conditions but
does have an impact between 5 um and 0.35 um.

e The fouling resistance associated with homogeneous 5 um and 10.5 wm microchannel
average surface roughness increases linearly with time after the initialization period
indicating the fouling is resilient and has strong adhesion to the surface and it would
be inaccurate to assume a constant fouling resistance during modeling.

e Fouling resistance with 0.35 pm surface roughness increased for the first 60 minutes
of the 140-minute test before plateauing at 2 cm?K/W indicating that the fouling is
asymptotic and the deposit removal due to shear stress from boiling and the fouling
accumulation is equal. It also indicates a constant fouling resistance value can be
used to model a heating surface with 0.35 pm surface roughness during pool boiling.

o During tests with 3% ethylene glycol, an organic compound used to make antifouling
coatings, there was no change in fouling behavior observed compared to tests with no
ethylene glycol. This indicates that solutions containing ethylene glycol should not be
a concern with regards to crystallization fouling in desalination systems and will
provide no benefit in fouling prevention if EG is mixed with the solution unless
utilized with other mitigation techniques to selectively choose which salts adhere to
the surface.

Further research is needed to better understand how the geometry of the heating system may
play a role in fouling accumulation, how adding other organic compounds may impact
fouling, and what other factors dominate fouling accumulation when surface roughness is
sufficiently smooth (< 0.35 um). We are currently working on extensive boiling flow tests
with the same mixture of salts to compare the effect of flow and orientation on fouling which
will presented in a future publication. The results from this paper will help improve heat
exchange surface design for use in desalination systems to allow for higher freshwater yield

and a reduction in environmentally damaging brine waste.
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Nomenclature

Ra Arithmetic average of roughness profile
R¢ Fouling resistance

hg Heat transfer coefficient after fouling
ho Initial heat transfer coefficient

q" Heat flux

T,y  Temperature of surface after fouling
Tso Initial temperature of surface

T,r  Temperature of water after fouling

Two Initial temperature of water

T Block surface temperature

Trco Outer thermocouple temperature

Trc;  Inner thermocouple temperature

Ra,  Outer aluminum thermal resistance
Rgi;  Inner aluminum thermal resistance
Dg, Outer thermocouple to block surface length
Dy, Thermal paste length

ko Thermal conductivity of aluminum
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Thermal conductivity of thermal paste

Reference resistance of RTD

R(T) Resistance measured by RTD

T Temperature measured by RTD
A A coefficient in Callendar-Van Dusen equation
B B coefficient in Callendar-Van Dusen equation
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Crystallization fouling management in hypersaline flow boiling

Abstract

With fresh water supplies diminishing and demand for water increasing worldwide,
desalination is one possible method to increase water supplies by treating saline water.
Managing crystallization fouling while humidifying or evaporating saline water in a
humidification dehumidification desalination system is a challenge. An electrically heated
aluminum pan with baffles to control flow path and velocity was utilized to identify operating
parameters for mitigating fouling in a 10% sodium chloride and 10% potassium chloride saline
solution. The inlet flow rate was varied from 2.3-3.1 g/s with input power of 3,730 W. For inlet
flow rates of 2.3-2.8 g/s, fouling occurred within the first 30 minutes of testing causing
blockages when the water evaporation rate was 73% requiring additional fouling mitigation
techniques to continue operation. For inlet flow rates between 2.9-3.1 g/s, no fouling occurred
in the system after 4 hours of steady state operation with a water evaporation rate of 52-54%.
Crystallization fouling in this environment is very loose and could be removed with targeted
flushing. Flushing the last column, where fouling occurred, during 2.3-2.8 g/s inlet flow rate
tests removed the majority of the fouling and had no impact on the overall evaporation rate as

the overall system disturbance was minimized.

Keywords: Evaporation, Fouling mitigation, Saline, Desalination

41. Introduction

Fresh water supplies are diminishing around the globe. For example, about half of European
countries are facing water shortages, the United States is consuming freshwater faster than it
can be replenished, Egypt imports half of their food supply due to lack of water, and 550 of
China’s 600 largest cities have a water deficient [1]. As the demand for water continues to
increase, the demand for water purification technologies does as well. Desalination is one of
many technologies aimed to increase water supply by treating saline water, however, it does

have its challenges.
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Crystallization fouling, or fouling caused by inorganic materials (salts) adhering to a surface
thereby reducing heat transfer and causing blockages, is the most common fouling that occurs
in desalination systems as seawater is 70% inorganic [2]. Crystallization fouling is influenced
by many different parameters such as momentum, heat and mass transfer, chemical kinetics,
surface roughness, solution pH, salt type, surface material, salt concentration, surface
temperature, etc. [3]. These many parameters make it difficult to predict the quantity, the
location of fouling, or completely avoid fouling. Fouling mitigation takes many forms, but it
must be specific to the system and optimized. Common fouling mitigation techniques include
controlling flow velocity, periodic cleaning, surface coatings, changing surface roughness,
adding chemicals, or introducing physical methods such as vibration or ultrasonic. Various
studies on these methods are reported in the literature [4], [5]. It is important to understand

the application of different methods in each real-world system.
4.1.1. Boiling

Boiling has several effects on fouling accumulation as salt deposits can temporarily increase
the number of nucleation sites in the system, which can temporarily increase heat transfer [3],
[6], [7]- As boiling removes water from a saline solution, salinity increases, which increases
fouling as fouling is highly dependent on the degree of supersaturation [6], [8]. While most
desalination plants concentrate on low salinity (1-3.5%), it is important to determine the
effect of high salinity (over 5% and even above 20%) and how to manage fouling at high
salinities to effectively treat and boil brine wastewater [1]. In addition, as bubbles form on the
heated surface, local supersaturation occurs, which can result in salt deposits even when the
salinity of the overall solution is below the salt saturation point causing fouling accumulation
to accelerate [9]. Two pool boiling studies done with saline water found increased critical
heat flux (CHF) due to increased nucleation site density, bubble departure diameter increases,
increased thermal resistance, and a change in the heat transfer coefficient [10], [11].
Understanding how to mitigate fouling in a highly saline boiling environment is important to
effectively design and treat high salinity desalination systems. The goal is to minimize the
liquid layer thickness to maximize the local heat transfer coefficient but avoid local

supersaturation and dryouts that can calcify salt deposits and greatly reduce heat transfer.
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4.1.2. Flushing

Periodic cleaning is required to remove fouling and blockages in desalination systems
regardless of the type of fouling mitigation techniques implemented. Two popular cleaning
methods for removing fouling involves backwashing a fluid through the system or air
sparging, which involves injecting air into the system both disrupt fouling and increase
turbulence [4]. These methods are effective and commonly used in desalination systems.
They are done during system operation with minimal impact to the overall system while still
managing fouling. A study by Xia et al. [12] found that unsteady air sparging was more
effective in eroding fouling deposits in membrane desalination than constant flow flushing as
an unsteady flow increased system turbulence. Utilizing water instead of air in the forward
flow direction minimizes discontinuity in the system. Flushing the system with water
increases solution velocity, which increases turbulence and shear stress. This can decrease
fouling and remove fouling deposits. In addition, increasing velocity can alter fouling
deposition from being a mass-controlled system to being a chemically controlled system [8].
By combining these two methods of air sparging with water backwashing it could help
manage fouling in a thermal desalination system more effectively than a single method.

4.1.3. System design

A research team at Oregon State University is developing a new desalination system to treat
hydraulically fractured wastewater (water with high (> 20%) salinity and multiple
contaminants) using a humidification dehumidification (HDH) system [12]. The system
involves utilizing a heating unit to partially boil the contaminated water stream. This removes
contaminants that have a higher boiling point than water. Downstream, contaminants with
lower boiling points than water will be removed through the condensation process [14]. The
system requires an evaporation zone be designed to effectively control evaporation rate and
temperature to reduce contaminants that evaporate with the water. The evaporation zone must
be able mitigate crystallization fouling in a highly saline environment. As the system is
designed to treat high salinity wastewater (20% and higher), well above the salinity for most
desalination treatment plants (1-3.5%), it is critical for this system design to manage fouling
appropriately to maintain energy efficiency and reduce required system maintenance [1]. This

system was the motivation behind this study.
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4.1.4. This study

Crystallization fouling mitigation is difficult to implement using one singular method as
fouling is impacted by many different parameters. It is important to understand these
parameters and test how various methods work when applied to a system. While fouling
during boiling processes has been studied to determine the influence of different parameters,
few studies have been done with highly saline solutions (> 3.5%), which are more
representative of brine solutions that are not commonly treated with traditional desalination
technologies. Therefore, this study was designed to understand the operational points in a
system with bottom heating for a 20% saline solution where flow is controlled both in terms
of residence time and flow path. The objective was to minimize fouling and determine the
maximum possible evaporation rate before fouling would inhibit the system operation lower
efficiency and filling with salt. To do this a simple model was developed to help target
fouling mitigation techniques that correspond to different areas of the pan (before and after
salt saturation). Several tests were done with varying input flow rates to determine the water
evaporation rate at which fouling could be managed more easily and at what flow rates
fouling obstructed the flow leading to excessive fouling and increased fouling resistance. In
addition, tests were done with targeted water flushing to demonstrate how this technique
could be used in combination with flow rate and power control in a location where the system
was saturated and fouling. The objective was to mitigate fouling with minimal system

disruption and loss of water production.
4.2. Experimental setup

Figure 4.1 A and B show the experimental setup used in this study. An aluminum pan (3) is
heated by four electrically heated plates (13.2 cm by 13.3 cm) spaced to provide constant,
even heating. Aluminum was chosen as it is easy to work with, has a desirable heat transfer
coefficient, and does not corrode. Heat transfer putty (TRACIT-600A) was used to eliminate
any air gaps between heaters and the aluminum pan. The pan was clamped to the stand to
keep it from deforming or moving between testing, ensure good contact with the heaters and
hold the polycarbonate lid (8) to the pan as shown in Figure 4.1 B. Heaters were positioned
about 1.3 cm apart and from the outside of the pan as shown in Figure 4.1 D, a CAD with a
transparent bottom to show the location of the heaters. Superwool Plus MD paper insulation

was used between heaters and the heating stand to reduce surrounding heat loss. Each
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electrical heater was individually controlled using a Belee 20 A variable voltage transformer
and monitored with a Baldr power meter (4). Power was kept constant throughout each test
and reordered periodically. Aluminum pan dimensions are 310 mm x 310 mm x 50 mm with
a 25 mm x 50 mm extension near the discharge, as shown in Figure 4.1 D, to allow adequate
room for a vertical 1.3 cm discharge that sits flush with the inside of the pan. There are 5 mm
aluminum baffles inside the aluminum pan to create one wide (54 mm) pass and nine
narrower (25 mm) passes to control the flow path of the saline mixture. The path of the saline
mixture is shown in by the arrows in Figure 4.1 B. Baffles control the length of the flow path
and the residence time. The wider initial path allows the saline mixture to flow at a slower
velocity while it sensibly heats without risk of fouling. The flow path was narrowed after it
was predicted to reach boiling to achieve a higher velocity with less stagnation to avoid
fouling accumulation. As velocity increases, the risk of fouling resistance decreases due to
increased turbulence and shear stress that can remove deposits [15]. The flow path is curved
to keep a consistent size and eliminate sharp turns where stagnation would occur in the

corners.

The saline mixture was continuously pumped into a 6 mm tube on the left side of the pan
using a Masterflex L/S displacement pump (2) to control the flow rate during testing. Inlet
water temperature was measured with a Type K thermocouple and recorded periodically to
ensure constant water temperature (1). The unevaporated mixture exits the pan through the
vertical discharge port where it flows into a container (6) on a Dymo M10 scale (7) that
records weight every 0.5 seconds to measure the discharge rate. Some tests utilized a 6 mm
thick clear polycarbonate lid (8) lined with gasket material to create a seal during testing and

allow vapor to escape through a 33 mm hole in the lid.

Figure 4.1 B shows a small 0.6 cm port located on the last turn of the flow path and is angled
at 45° referred to as the flush inlet. This tube was used in conjunction with a Kamoer
DIPump550 displacement pump (5) to test how different flow rates and times could be used

to flush any accumulated salt blocking the discharge during fouling mitigation testing.

The inlet mixture was 10% sodium chloride (NaCl) and 10% potassium chloride (KCI) for
20% total salinity. Sodium chloride and potassium chloride were chosen as these salts are
common in nature and are commonly found in hydraulic fracturing wastewater [12]. Saline
water was made by mixing potassium chloride and sodium chloride with water using a

magnetic stir plate for 30 minutes. It was preheated using a hotplate before being pumped
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into the pan via the Masterflex displacement pump (2). The pan was cleaned between tests by
scrubbing away any salts that were in the system and rinsing with pure water.

Flush inlet
_ 45

Discharge

Solution

. mm /
Discharge

———

Figure 4.1 Experimental setup of a bottom heated evaporation system A) full experimental
setup, B) close up of the evaporation pan and the flush inlet location, C) experimental setup
with a polycarbonate lid, D) CAD diagram of evaporation pan showcasing the 4 heater’s
positions. (1) preheated mixed solution, (2) Masterflex L/S displacement pump, (3)
Aluminum evaporation pan, (4) Belee 20 A variable voltage transformer Baldr power meter,
(5) DIPump550 displacement pump, (6) discharge container, (7) Dymo M10 scale, (8)
polycarbonate lid with vapor outlet

4.3. Methodology

The following methodology was used to determine the percent of water evaporation, heating
efficiency, and energy consumption of the evaporation zone. Eq. 1 was used to determine the
heating efficiency of the system.
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_ Qsensible + Qlatent (1)
nheating - p

Qsensinie IS the sensible heating utilized for heating the inlet solution stream as calculated by
EQ. 2 Qyqrent 1S the latent heating utilized in the water evaporation as calculated by Eq. 3. P is
the power measured from the four heaters in the system.

Qsensible = msolutionCpsolution(Tboil - Ti) (2)
. o . 3
Qlatent mevaporatlonhfgsolution ( )

In EQ. 2 and 3, migoition 1S the inlet flow rate of the saline solution, Tyl is the boiling
temperature as measured by a thermocouple in the aluminum pan, T; is the measured inlet
solution temperature, Cpsolution is the weighted average of specific heats in the solution as
shown in EQ. 4, Meyaporation 1S Calculated as the difference between the inlet flow rate and
the measured discharge flow rate during testing, and hfgsouion iS the latent heat of vaporization
as calculated in Eq. 5 [16], [17].

Mpact Mkci My,o 4

CPsotution = ( )CpNaCl + ( )CPKCI + ( z )CpHZO “)
Msolution solution solution

f9 sotution - (1 N S)hngZO (5)

In Eq. 4 and 5, m is the respective mass of each compound or the total mass of the solution,
Cp is the respective specific heat of each compound, S (wt%) is the salinity as calculated by

mass of salt over total mass of solution, hng o is the latent heat of vaporization of water.
2

Lastly, the energy consumption is estimated as the ratio of power utilized to the amount of
produced water using Eq. 6. The percentage of water evaporated compared to the initial

amount of water was calculated using Eq. 7.

. P (6)
Energy consumption = ————py, ot
mevaporation
m'evaporation (7)

Ywater evaporated = = )
Msolution S

InEq. 6 and 7, py, o is the density of water and t is the test duration.

The overall methodology assumes that the sensible energy of the unevaporated mixture is

recuperated in the system, which is true if the discharge is moved back into the starting tank
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where it is pumped into the evaporation zone to remove most of the contaminants or if there
is a heat exchanger to recuperate some of the energy. It also assumes that Cpsotution and
hfgsolution are constant throughout the test and regardless of the location of the pan. These
assumptions were considered acceptable for these tests as discharged mass was compared
with the inlet conditions and efficiency in specific parts of the pan was not a concern.

4.3.1. Uncertainty analysis

Kline-McClintock and higher-order methods provided uncertainties along with their
propagations [18]. Table 4.1 shows the final uncertainties for the calculated values which

includes both instrument and precision uncertainty.

Table 4.1 Uncertainty in parameters for tests performed on the evaporation system

Uncertainty Arithmetic
Parameters Range ) o

Maximum Minimum mean
Inlet flow rate (g/s) 23-31 0.04 0.01 0.026
Inlet solution temperature (°C) 40-49 2 2 2
Power (W) 3633 - 3811 77 111 89
Evaporation rate (g/s) 122-1.6 0.01 0.07 0.04
Energy consumption (kWh/m?) 652 - 845 15 54 32

4.4, Oversaturation location model to inform fouling mitigation strategies

Python was used to create a model that predicted local evaporation and salt oversaturation
points. Rather than testing flow rate, heater power, and salinity variables through trial and
error, the code provided insight into the testing methodology to determine fouling mitigation
techniques. One of the ways to reduce fouling and maintain evaporation was to increase the
time spent in the region between boiling and salt saturation locations. Decreasing the distance
traveled by a saturated salt solution post boiling reduces the likelihood of supersaturation and
thus fouling but evaporation should be maximized. The code estimated the boiling and salt
saturation locations with respect to various inputs: inlet flow rate, inlet temperature, total
heating power, heating efficiency, and salinity/salts utilized. When the salt saturation point
was reached, the result dictated where to focus fouling mitigation strategies during

experiments. The effect of baffle locations and quantities on fouling could also be estimated.
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The larger entry area increases the residence time in the initial pass, which allows the solution
to have more time to sensibly heat as the perimeter around the pan (13 mm from the edges)
does not directly interface with the heaters. The wide channel also minimizes oscillations
from the peristaltic pump and stabilizes fluid flow. The decrease in channel width afterwards
increased the rate of fluid flow thereby increasing heat transfer and reducing fouling risk.

Outputs included the location in the pan at which the solution boiled, maximum salinity and
its location, and the total evaporation rate as the solution flowed through the baffles. An
average of the solution’s path throughout the pan was used. Eq. 8 and 9 were used for

determining density.

1
Pm = - >
Wi,0VhH,0 + 2i WiVapp,i

_ w;tc,+cst
Vappi =
pD,i (cow; + C1)€(0'000001(t+c4)2)

In Eqg. 8 and 9, the mass fraction of each constituent is denoted as w with the subscripts of

H.O and i indicating water or the constituent in question, respectively.

Using constants (Co, C1, Cs, Cs, C4) found by Laliberte and Cooper [19] for both KCI and
NaCl, the apparent specific volume, 7, ;, was calculated . The boiling location was
calculated by iterating over the total single-phase heat transfer area until the output
temperature reached boiling. The pan’s surface was treated as smooth. Critical heat flux
calculations confirmed that the system was below the boiling crisis and exhibiting a steady
state. Similarly, Eq. 3 was iterated to determine the location of saturation, assuming it would
occur at a single point and the total evaporation rate was also recorded. The code did not
include heat loss or thermal paste resistance between heaters and the pan, but their effects

were accounted for with a heat loss percentage.

Visual representations of locations in question were marked on photos taken of the
experiment. An example is shown in Figure 4.2. An uncertainty of £25.4 mm for the
experimental locations was deemed appropriate due to the difficulty in determining the exact
location and repeatability between tests as boiling is not consistent. The code locations
carried an uncertainty of the step size, 1.5 mm. This was sufficient resolution to inform
fouling mitigation techniques. The boiling location for both the experimental values and

estimated analytical were similar (within 26.2 mm for the test shown in Figure 4.2) and

(8)

9)



58

within measurement uncertainties; however, the location of fouling does differ more and

when fouling occurred near the exit, code results indicated no fouling within the pan.

Figure 4.2 shows that the maximum salinity of the code was calculated to be 3065 mm
compared to the experimental value of 2959 mm. In these cases, experimental fouling was
attributable to local salt supersaturation whereas the code only accounted for the solution’s
salt saturation. Quantitative results showed comparability and reproducibility between these
two methods, with percent differences not exceeding 2.5% for model and experimental
comparisons. This code was used only to provide an estimate of boiling and fouling locations

in the pan to inform fouling mitigation techniques and target specific areas (before boiling,
before and after salt saturation).

=§= Boiling location (code) « Fouling location (code)
—204 mm — 3065 mm
@ Boiling location (exp.) @ Fouling location (exp.)

- 17 mm —2959 mm
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Figure 4.2 Boiling and fouling locations of experiment and code estimates for 2.8 g/s 10%
NaCl and 10% KClI saline
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4.5. Results and discussion
45.1. Evaporation rate and cost of produced water

Table 4.2 provides an overview of experimental results relating to various flow rates (2.3-3.1
g/s) for the tested saline mixture 20% salinity consisting of 10% NaCl and 10% KCI. Results
for each flow rate include their respective evaporation rates, percent water evaporation, time
before fouling affected the flow or heat transfer, heating efficiency, and the cost of
evaporated or produced water. The energy to sensibly heat water to account for the difference
in inlet temperature is small (< 2%) between tests because vast majority of energy

consumption is due to the latent heat of evaporation.

As the inlet flow rate increases, the percentage of evaporated water decreases from 85% at
2.3 g/s to about 53% at 2.8-3.1 g/s. This is expected as at 2.3 g/s there is much less overall
water in the solution to evaporate with the same power input so more water can evaporate
quicker. In addition, for water evaporation rates higher than 73%, fouling occurred quickly
(within 15-30 min) after testing commenced, and this fouling obstructed the discharge outlet
greatly reducing or eliminating the amount of saline water that could be discharged. This
would be considered a critical failure in the system as it is not designed for salt to adhere to
the surface or fully evaporate the feed stream as this would not separate contaminates.
Fouling would continue forming thereby reducing heat transfer and requiring system
maintenance. Increasing the inlet flow rate with 20% salinity water to achieve an evaporation
rate of 53% or less has no significant fouling during the hour-long test, which avoids the need

for constant cleaning and maintenance.

In addition, the test with 3.1 g/s at 20% salinity was tested for 4 hours with a 52% water
evaporation rate with no fouling or any indication of fouling. This indicates that maintaining
a 52% water evaporation rate with 20% inlet salinity in this system is sustainable for a longer
duration and would not require other fouling mitigation techniques or maintenance during
that time. It should be noted that with other flow path designs and residence time inside the
pan, this value may differ slightly. The 3 g/s test had a 4-minute residence time with the

current flow path/baffle setup (1 wide path followed by 9 narrower passes).

While the cost of produced water may be lower for 2.3-2.8 g/s tests (around 650-700
kWh/m?), it cannot operate for a long duration due to fouling. As previously pointed out,
these flow rates are too low causing fouling to occur within 30 minutes of testing and only a

minimal amount of water can be produced before the test reaches critical failure (no



60

discharge). Fouling mitigation or maintenance would be required adding to the cost of the
produced water with much less overall production. Conversely, higher inlet saline water flow
rates (2.9-3.1 g/s) achieved more reasonable results as it could operate with 52% water
evaporation for 4 hours with no fouling and only slightly higher energy costs. In addition, if
the cost of maintenance required for the lower (2.3-2.8 g/s) inlet flow rates was considered it
may be more costly as it would need additional fouling mitigation techniques or cleanings

much more frequently than the higher inlet flow rates that had no fouling.



Table 4.2 Evaporation and cost of produced water results for various 20% saline water flow rates (2.3-3.1 g/s)

Inlet flow Inlet Power (W) | Evaporation | Percent of | Time before | Heating Energy
cate (g/5) temperature rate (g/s) water fouling efficiency | consumption
(°C) evaporated | (minutes) (KWh/m?)

2.3+0.03 44 + 2 3811 + 96 1.6 +0.03 85% 15 min 87% 675+ 17

2.6 +0.03 49+ 2 3780+111 | 15+0.04 73% 20 min 85% 703 = 30

28+0.01 47+ 2 3781 +83 16+0.01 73% 30 min 91% 652 + 15

2.9+0.03 46+ 2 3716 £87 | 1.22+0.05 53% NA- 75% 845+ 44
1 hour

3.0+£0.04 402 3633+£81 | 1.26+0.07 54% NA- 81% 798 + 54
4 hours

3.1+£0.02 44 + 2 3680+77 | 1.32+0.04 52% NA- 82% 77927

1 hour

61



62

4.5.2. Fouling characteristics

Understanding where fouling starts in the pan can be used to better mitigate it by focusing on
how to minimize fouling in that region. Figure 4.3 shows a test (2.3 g/s inlet flowrate) where
fouling occurred at the location shown by the red dot. Fouling started to appear at 13 minutes
and at 89 mm from the discharge (Figure 4.3B) and had blocked the flow from reaching the
discharge by 15 minutes when the fouling occupied the last 280 mm of the flow path (Figure
4.3C). While 15 minutes was considered the point of failure for the system, Figures 4.3D and
4.3E show what happens if there is no change in the system and no fouling mitigation
technique is implemented. These pictures show that fouling occurs near the discharge of the
system (this was true for all flow rates where fouling occurred) and continues to build up
occupying the flow path moving to the left in the figure (opposite the solution’s flow)
regardless of the turbulence from boiling, which reduces the evaporation rate.

Fouling first appears near the discharge as it has the maximum amount of water evaporated
and therefore the highest salinity, which drives fouling. The last row also has minimal
agitation and turbulence as there is minimal boiling due to heater placement. The heater’s
edges sit 13 mm away from the pan’s edge so there is only a small amount of heat applied to
the last column and therefore minimal heat is available to continue the boiling. This was done
to reduce over evaporating the saline mixture as it exited the system near the discharge and to
ensure the heaters were completely covered by the area in the pan where the saline water

would travel to avoid heat loss or overheating creating dry-outs.

Boiling locations in the pan are extremely important as boiling increases local shear stress
and moves suspended salts in the system as water is evaporated. Where there is no boiling,
flow is more stagnant. Salts do not adhere on surfaces where boiling is occurring until
significant fouling has occurred because the stress of boiling initially removes any salts that
begin to adhere to the aluminum surface. In Figures 4.3C and 3D, salts can no longer be
moved to the discharge to exit the system and turbulence from boiling can no longer move
them downstream. Therefore, they accumulate and any water in that location will evaporate
leaving behind salt particles with high adhesion requiring maintenance to remove them.
Before all of the water is evaporated in Figures 4.3B and 4.3C, near the discharge salts are
very loose and have low surface adhesion. These salts could easily be dissolved to unblock
the flow, or removed with the correct fouling mitigation technique, such as flushing the last

column before too much fouling accumulates and impacts system performance.
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A) 11 min B) 13 min C) 15 min ) D) 19 min E) 24 min
@ rlow encounters fouling
Figure 4.3: Fouling location at A) 11, B) 13, C) 15, D) 19, and E) 24 minutes during a 2.3 g/s

inlet flow rate test
4.5.3. Flushing

While tests with less than 52% water evaporation rate were found to be sustainable for
several hours, additional measures for mitigating fouling were investigated to be used if it did
occur. As previously discussed, fouling begins to accumulate at the last column of the system
near the discharge and builds in the direction opposite to the flow direction due to stagnation
(reduced boiling) and increased salinity near the discharge. Therefore, attention was focused
on identifying a potential fouling mitigation strategy for the last column. Flushing is used in
many desalination systems, particularly membrane desalination where air or water applied in
the direction opposite of saline mixture flow is used to remove fouling and increase
turbulence and shear stress, which has been shown to be effective and sustainable [4]. A 6
mm tube was installed at a 450 angle (see Figure 4.1B) to allow for pure water to be pumped
directly into the last column when fouling occurred to remove accumulated salts before they
reduced the evaporation rate or efficiency of the system. The inlet was angled to allow
flushing the last turn as well, if necessary, and provide flushing over the whole last column.
The tube was positioned to only flush the last column to reduce both time and water mass
required to flush salts out of the discharge and allowed the rest of the pan to continue
evaporating and operating normally. Duration and flow rate of flushing are very important as
higher flow rates help push salts out of the way creating a path to the discharge and increase
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agitation allowing salts to dissolve quicker. Figure 4.4 shows how a 4.6 g/s flush for 24-
seconds removed almost all accumulated salts as pointed out by the dashed boxes. The
fouling in the two pictures appears cloudy and the smooth shiny sections of the picture show
a clean unfouled pan. In the left picture, before the flush, fouling is dense, and the pan cannot
be seen beneath it. However, the right picture, after the flush, shows minimal fouling where
single salt crystals can be seen on the pan’s surface with a few small cloudier spots showing
some accumulated salts (as pointed out by the arrows) but most of the aluminum pan can be
seen (uncloudy, shiny surface). Salts that were not removed after the flush are still loose and
not attached to the side and could be removed if flush duration was increased, velocity was

higher, or applied angle was more direct.

L 7Y
No foulir_;ig |

P

Before flushing After flushing

Figure 4.4: Floating pockets of salt in the aluminum pan before (left) and after (right) a 24-
second flush at 4.6 g/s

Future work should be done to optimize duration, cycle time, angle, and flow rate of flushing
required during testing for different evaporation rates. Flushing could also be performed by a
control system as a preventative measure to flush periodically thereby reducing maintenance

during operation even when utilizing a water evaporation rate less than 52%.
4.6.  Conclusion

An aluminum pan was electrically heated from the bottom to partially evaporate a saline
mixture of 10% sodium chloride and 10% potassium chloride in a controlled flow path. This
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study demonstrated that controlling flow rates and power could allow a system to be
optimized to avoid fouling. By estimating the location of fouling in a system using a model,
fouling mitigation techniques could be utilized in a targeted area to minimize disturbance to

the overall system and maintain evaporation rates.

e For a saline mixture of 10% sodium chloride and 10% potassium chloride,
evaporation greater than 54% results in fouling within the first 30 minutes of testing

e At water evaporation rates higher than 54%, fouling did occur at 295 cm into the
flow path and began to accumulate quickly (with 10 minutes) to cover 61 cm of the
pan with crystallization fouling as it built in the reverse direction to the flow path and
blocked the discharge. Fouling occurred where it was extremely saline and there was
minimal boiling, which led to a reduction in turbulence and shear stress needed to
help mitigate fouling.

o Targeted flushing was utilized to remove crystallization fouling that occurred near
the discharge of the pan by utilizing a port that only flushed that last channel for a
brief period. This removed most of the salts and had no effect on the overall

evaporation rate of the system as the overall disturbance was minimal.

Future work should be done to optimize duration and cycle time required to flush the system.
This will ensure that the system operates as necessary. Flushing should not utilize more than
the amount of water evaporated. Further testing should also be done to understand how other
parameters, such as temperature and changing velocity by adjusting baffle locations, will

affect overall system performance and efficiency.
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CHAPTER 5: Thesis conclusions and future recommendations

5.1.  Thesis summary

In Chapter 1, an overview of desalination technologies, hydraulic fracking wastewater, and
fouling was presented. SCEPTER (Selective Condensation and Evaporation using Precise
Temperature Regulation) was presented as a solution to treating hydraulic fracking
wastewater. This thesis focused on the development of a humidification system that will
remove less volatile contaminates from a wastewater stream, manage fouling, and be
competitive in cost with other technologies. It also presented the thesis objectives: to
determine the most applicable humidification method for the SCEPTER system, to determine
the effect of surface roughness in a highly saline mixed salt pool boiling on the fouling
resistance and heat transfer coefficient, and design and control an evaporation system to

mitigate fouling.

In Chapter 2, spray humidification and a venturi mixing nozzle paired with a boiling system
were compared to determine their applicability with a highly saline wastewater stream. This
chapter addressed the first of the research questions expressed in section 1.5: a comparison
between spray evaporation and flow evaporation is needed to access both energy and water
quality. Spray humification was found to consume 20-30% less overall energy but has a high
risk of entraining contaminates in the humid air stream that would recontaminate the
produced water. The venturi nozzle humidification method was more energy intensive but has
a low risk of recontaminating the produced water and is easily controlled by adjusting the
power and inlet flow rate. Further testing would need to be done to ensure that the spray
humidification system could remove the less volatile contaminants before it could be
implemented with contaminates other than dissolved solids (salt) which could be removed

with a cyclone.

Chapter 3 addressed the second of the research questions expressed in section 1.5: fouling
accumulation must be quantified for various surface roughness’. Experimental testing with
20% saline (concentrated seawater salts) flow boiling environment was utilized to determine
the effect of various average surface roughness values (0.35 pm, 5 pm, 10.5 pm
microchannel) on the fouling resistance and heat transfer coefficient. To improve the fouling

resistance the surface roughness must be very smooth (0.35 pm). If it was still sufficiently
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rough (homogeneous 5 pm -10.5 pum microchannel) there was no additional benefit to either
the fouling resistance or the heat transfer coefficient. Therefore, to manufacture a semismooth
(5 pm) surface may have minimal impact on the overall system but increases costs. In
addition, 3% ethylene glycol was added to the saline solution to determine its effect on
fouling resistance and the heat transfer coefficient. It had minimal effect on the overall
fouling accumulation and resistance but did reduce the amount of sodium salts. Organic
compounds such as ethylene glycol could be utilized to target specific salts from forming on

the heat exchanger surface.

Chapter 4 addresses the third research question presented in section 1.5 stating that the
crystallization fouling in flow evaporation must be characterized and managed during steady
state operation. An experimental study was presented with 20% saline (10% NaCl and 10%
KCI) in a flow boiling environment to determine the operational point when crystallization
fouling reduces system operation and restricts the discharge flow. The inlet flow rate was
adjusted from 2.3-3.1 g/s with 3730 W of electrical heating power. For flow rates less than
2.8 g/s fouling occurred in the first 30 minutes of testing and required additional fouling
mitigation methods to clear the system such as targeted flushing. For 2.9-3.1 g/s inlet flow
rate the water evaporation rate remained steady at 52-54% for 4 hours with no fouling.
Therefore, a water evaporation rate of less than 54% could be sustainable for longer periods
of time while still evaporating and humidifying a highly saline inlet stream. The fouling
accumulation at lower flowrates occurred near the discharge and began to accumulate in the
counterflow direction as it blocked the discharge from allowing deposited salts to exit.
Flushing was utilized on the last flow path to remove fouling before it adhered to the surface
and became more difficult to remove. Flushing had no negative impact on the evaporation

rate in the rest of the tank.

5.2. Future recommendations

Future work is needed to generalize the information and data presented in Chapter 4 for other
desalination systems and broaden the application of this work. This includes looking at the
effect of flow rate, water velocity, and film thickness on the fouling accumulation and
suggested operating point. Additional contaminants should be tested in flow and pool boiling
environments with high salinity to understand the effect on fouling accumulation and
suggested water evaporation operating point to understand both the sensibility and real-world

application of this work. Quantifying ions’ interactions and the order in which salts
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precipitate from the solution will help better understand and mitigate fouling in the
SCEPTER system and optimize its control strategy. Future work should quantify different
operating parameters based on different salinities and salts as well as optimize the duration
and cycle time of the flushing mitigation measure to ensure optimal operation.



