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a b s t r a c t
Desalination technologies face fouling challenges (particularly on heat exchanger surfaces) which 
causes lower heat transfer and freshwater yield. Few studies have focused on multi-salt high salin-
ity solutions (well above seawater) during pool boiling. This study investigates the effect of a heat 
exchanger’s surface roughness on fouling resistance and heat transfer coefficient in a highly saline 
(20% by mass) pool boiling environment. The average surface roughness was tested at 0.35, 5, and 
a 10.5 μm (microchannel surface). The 0.35 μm surface had a 1.5 cm2 K/W lower fouling resistance 
compared to the other tested surfaces. 5 and 10.5 μm heat exchange surfaces had nearly identical 
heat transfer performance with fouling resistances of 2.7  cm2  K/W after 2  h. Decreasing the sur-
face roughness reduced fouling for smooth surfaces (0.35  μm) but had minimal impact on suffi-
ciently rough surfaces (5–10.5  μm). Additional tests determined the effect adding 3% ethylene 
glycol had on the fouling resistance, heat transfer coefficient, and salt composition for the 10.5 μm 
surface. Ethylene glycol had no effect on the fouling resistance or heat transfer coefficient; how-
ever, it effected the fouling composition. This study will help inform heat exchanger surface 
design for utilization with high salinity water.
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1. Introduction

The demand for water is increasing due to industrial-
ization, higher standards of living, and population growth. 
Increased demand combined with the depletion of natural 
freshwater resources has led to water scarcity in many coun-
tries around the world. According to the United Nations 
Water Organization [1], over 2.3  billion people experience 
high water stress at least one month per year. Desalination 
technologies present an opportunity to meet the increased 
demand and eliminate/reduce water scarcity. Many desali-
nation systems use a membrane or thermal based distil-
lation approach. Thermal based approaches commonly 
evaporate seawater using a heating element and then 
condense water, leaving salts and other impurities behind.

Fouling, or material surface deposits, is a large prob-
lem in desalination technologies. Fouling deposits can 
lower heat transfer efficiencies, increase pressure drop, and 
increase corrosion leading to increased maintenance costs in 
desalination systems [2,3]. The five main fouling types are: 
biological, corrosion, particulate, chemical, and crystalliza-
tion 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 conduc-
tivity (~0.5–2  W/m·K), fouling build-up reduces the heat 
transfer coefficient leading to a reduction in the system’s 
overall efficiency. Crystallization fouling is difficult to accu-
rately predict or model as it depends on many parameters 
including momentum, heat and mass transfer, material 
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properties, heating configuration, surface temperature, and 
salt concentration [3–6].

1.1. Salt concentration and types

Crystallization fouling is highly dependent on the 
degree of supersaturation in a solution as higher salinities 
have more potentially fouling salts, faster fouling rates, 
and increased nucleation sites available for crystals growth 
[3,7]. Increasing calcium chloride concentration was found 
to increase fouling resistance and shorten the induction time 
(duration when fouling resistance is greater than nucleation 
site enhancement) [8]. Many studies have investigated foul-
ing with low salinity solutions (0.0034%–0.4%), but few have 
studied fouling characteristics in saline solutions higher 
than 0.4% [3–5,9]. Highly saline brine is often a by-product 
of desalination and other industrial processes that is often 
untreated and directly discharged which can degrade soil 
and ground water [10]. Brine treatment technologies have 
not been cost effective compared to cheaper, and more envi-
ronmentally damaging disposal methods [11].To improve 
high salinity desalination efficiency and extract the max-
imum amount of water, fouling behavior in highly saline 
environments needs to be understood and quantified.

Different salts have different adherence, solubility, and 
heat transfer characteristics. The solubility of different salts 
impacts the fouling quantity and fouling rate. Salts with 
decreased solubility at higher temperatures generally begin 
crystallization fouling [12]. Low salinity calcium sulfate 
and calcium carbonate fouling has been extensively stud-
ied as they have a high fouling resistance (7 cm2 K/W) and 
are commonly found on fouled heat exchanger surfaces 
after 100 h in subcooled boiling conditions [3,4,8,13]. While 
individual salts have been well studied, there has been 
limited research on multiple salt mixtures and how their 
interactions influence fouling behavior.

Helalizadeh et al. [3] studied a mixture of calcium sul-
fate and calcium carbonate fouling in a subcooled flow 
boiling system. They showed mixed salts have higher foul-
ing resistance than individual salts in 66% of the concen-
trations tested and the highest resistance occurred with a 
mixture of salts [3]. Song et al. [14] compared the fouling 
resistance of CaCO3 and CaSO4 in different concentrations 
and found in 75% of the tested cases mixed salt fouling 
was higher than individual salt fouling. More studies are 
needed regarding multiple salt solutions as desalination 
systems rarely treat water with 1–2 salts and the presence of 
additional salts can change the fouling behaviors.

1.2. Surface roughness effect on fouling

Increased surface roughness impacts both boiling 
characteristics and fouling accumulation. MacAdam and 
Parsons [15] found that increasing the average surface 
roughness (Ra) by 0.6  μm caused an increase in fouling 
even in a limited (0.2–0.8  μm) surface roughness change. 
It also increased deposit adhesion-up to 30X more stress 
is required to remove CaCO3 and CaSO4 fouling from a 
rough vs. a smooth surface (0.1–21  μm) [6,16]. However, 
for a smaller change in surface roughness (0.018–0.246 μm), 
Liu et al. [17] found that smoother surfaces did not show 

fouling or adhesion reduction for calcium bicarbonate foul-
ing. Fouling adhesion is important as many crystallization 
fouling resistance curves reach a plateau where the fouling 
accumulation rate and the removal rate (due to the flow’s 
sheer stress) is equal. Surface roughness manufacturing 
techniques and geometries should be considered as they 
could have the same average roughness value but have dif-
ferent fouling impacts [18].

The impact of various roughness values on nucleate boil-
ing have been studied for average surface roughness (Ra) of 
0.04–1.5 μm systems [19]. Rougher surfaces have increased 
phase change heat transfer due to increased agitation from 
improved bubble formation [19]. Jones et al. [20] studied 
the effect various surface roughness had on pool boiling 
heat transfer in pure water and found no additional bene-
fit to increased average surface roughness for 1.08 to 10 μm; 
but did not consider how it would be affected by fouling. 
As fouling adheres, 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 heat exchanger, they increase the sur-
face roughness and restrict the flow volume which increases 
the friction factor and heat transfer resistance. However, it 
also increases the shear stress from accelerating the flow 
[18]. Surface coatings have been one area of interest to 
reduce fouling as they can change the surface characteris-
tics (roughness, hydrophobicity, etc.). Surface coatings add 
cost and heat transfer resistance due to the coating mate-
rial itself. They also degrade over time and only work for 
specific materials [21,22].

1.3. Boiling effect on fouling

During boiling with crystallization fouling, salt depos-
its 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 
[12,18]. 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 
[3,9,13,23]. 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 boil-
ing has a significant impact on the rate of fouling accumula-
tion 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 effi-
ciency have a high chance of also increasing crystallization 
fouling [9]. As bubbles form on the heated surface, the bub-
ble’s interface becomes supersaturated which results in salt 
deposits. Raghupathi and Kandlikar [5] studied pool boil-
ing fouling on a flat heat transfer surface experiment using 
artificial seawater (0.0034% wt. salt). They found that boiling 
seawater compared to pure water increases the critical heat 
flux (CHF) due to increases in nucleation site density from 
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fouling accumulation. Crystallization fouling also increased 
thermal resistance and therefore the wall superheat [5]. 
Jamialahmadi and Müller-Steinhagen [23] compared pure 
water to a 0.1% salinity calcium sulfate solution during 
pool boiling. They found bubble departure diameter was 
increased for saline solutions and the heat transfer coeffi-
cient changed based on bubble formation mechanisms. The 
presence of salt creates a porous layer which can cause the 
boiling to resemble wick boiling with multiple steam chan-
nels through the salt layer [23]. Understanding how surface 
and pool boiling mechanisms are altered in the presence of a 
porous salt layer is important to determine how boiling saline 
water on different surfaces and with higher salinities will 
impact the overall fouling accumulation and heat transfer.

1.4. Ethylene glycol effect on fouling

To better design evaporators and heat transfer surfaces 
in desalination units, studies need to be done to understand 
the impacts of mixed salt saline solutions and various surface 
roughness’ on fouling. It is equally important to understand 
how the presence of other compounds in a saline solution 
could affect the fouling resistance and heat transfer coeffi-
cient. 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 
[24–26]. 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 [24,27]. 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. In addition, ethylene glycol has been 
used in oil and gas refinement to remove sodium chloride 
as it is more soluble in ethylene glycol than water [28]. The 
use of ethylene glycol to remove salts is not common in 
desalination systems and there is limited information on 
how ethylene glycol interacts with each salt in a mixed salt 
solution. Further information is also needed on how ethylene 
glycol affects fouling, or if it could be applied to systems 
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) [29–31]. If ethylene gly-
col can be separated during desalination, and if it reduces 
fouling, it could indicate if desalination techniques can be 
used to treat highly contaminated wastewater. Nikooei et al. 
[31], using a representative hydraulic fracturing wastewa-
ter mixture, found evaporation separated most contam-
inants including ethylene glycol. There was no mention of 
how additional solution contaminants effected crystalli-
zation fouling, so this question requires further research. 
This report addresses the effect that ethylene glycol has on 
crystallization fouling in a highly saline solution (20%).

1.5. Current work

Fouling accumulation changes based on salt, time, 
flow rate, surface properties, heat and mass transfer, 

concentration etc. making it difficult to predict. These char-
acteristics have been studied for specific situations with low 
salinities, subcooled boiling systems, and single salt solu-
tions [3,4,5,9]. Limited information is available for high salin-
ity fouling with more than two mixed salts in pool boiling 
conditions on various surface roughness’. Understanding 
how the mentioned conditions effect fouling accumulation 
could be utilized to effectively treat high salinity solutions 
that are generally an untreated by-product of desalination. 
The brine naturally contains multiple salts, and salt mix-
tures 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 process efficiency and maintenance 
costs associated with high salinity mixed salt fouling. The 
present study focused on determining the heat transfer foul-
ing resistance on a vertical heated surface in a high salin-
ity mixed salt pool boiling environment. This study was 
designed to isolate the effect of surface roughness on foul-
ing resistance by testing several heating surface roughness 
values (homogeneous surface roughness’ of 0.35, 5 μm, and 
a heterogeneous surface with microchannels with an aver-
age surface roughness of 10.5 μm). The 10.5 μm microchan-
nel surface roughness test was repeated with an additional 
3% ethylene glycol in the solution to determine the effect on 
fouling. Ethylene glycol is used in antifouling coatings and 
found in many products, but minimal studies have consid-
ered the fouling effects when the solution contains ethylene  
glycol.

2. Experimental setup

Fig. 1 shows the experimental and actual setup used 
in the current study. A cartridge heater (120 V, 500 W) was 
embedded into a 115 mm × 50 mm × 50 mm aluminum 6061 
block which was submerged in saline water. Aluminum was 
chosen for the block material as it has a higher fouling accu-
mulation compared to brass and stainless steel. Aluminum 
surfaces present fouling much quicker and reduce the stan-
dard 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 20A variable voltage transformer 
and the power was measured with a BALDR Power Meter. 
The heater power was fixed at 200  W and recorded every 
30  min throughout each test. The aluminum block had 
16 Type K thermocouples embedded 25 mm into the block 
to measure the block’s temperature radially to avoid any 
temperature bias from hot spots (Fig. 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. Additionally, a 
thermocouple was embedded on the outside the insulation 
to ensure it was preventing heat loss as intended. During 
the 2.5-h tests, this measured temperature on the outside of 
the insulation was below the block temperature. Therefore, 
the bottom area could be neglected in the fouling resistance 
analysis as focus was on the radial temperature distribution.
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The aluminum block’s roughness was adjusted between 
tests to achieve average Ra values of 0.35, 5, and 10.5 μm mea-
sured with a profilometer (Mitutoyo SJ-201) at six different 
locations on each side of the block. The Ra values from each 
of the 24 locations (6 × 4) were averaged to get a Ra value for 
the whole block. Sandpaper was used to achieve the homo-
geneous 0.35 and 5 μm surface roughness’ (Fig. 2). A Dremel 
was used to cut shallow horizontal and vertical lines in a 
grid pattern to achieve microchannels with an average sur-
face roughness of 10.5  μm as these are common in boiling 
systems (Fig. 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 con-
trol the flow rate. At the top of the chamber openings were 
added for the vapor to escape. The flow rate was adjusted 
to compensate for the evaporated water and keep the 
block’s surfaces submerged. Two Resistance Temperature 
Detector (RTDs), used to measure the water temperature, 
were located on opposite sides of the block 5 mm from the 
block’s surface and 50 mm from the top so that they were in 
the same horizontal plane as the embedded thermocouples. 
All thermocouples and RTD temperatures were recorded 
using an Agilent 34970A DAQ. The power meter, thermo-
couples, and RTD measurements were 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 block’s surface, RTDs, 
and the testing chamber were thoroughly scrubbed with 
water between tests to remove all salts and ethylene  
glycol.

The saline water was mixed to match seawater (Sea Salt 
ASTM D1141-98 [32]) as shown in Table 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 2. Using 20% saline water reduced the total 
test time as fouling occurred more quickly. The 20% saline 
feed water solution also ensured each test was focused on 
a heating/evaporating processes that manage brine or other 
highly saline solutions. A test matrix with operation param-
eters for all experiments conducted is shown in Table 3. 

Fig. 2. Aluminum block with different roughness, 0.35 and 
5 μm were achieved using sandpaper creating a homogeneous 
surface roughness, and 10.5  μm was achieved with a Dremel 
creating microchannels and a heterogeneous surface.

Fig. 1. Experimental set-up used to determine the fouling resistance and the heat transfer coefficient for various surface rough-
ness and solutions (A) experimental schematic, (B) schematic showing the top view of the aluminum block and (C) actual set-up.
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Each experiment in Table 3 was conducted 3 times to ensure 
repeatability for a total of 12 tests.

To determine which salts attributed to the crystalliza-
tion fouling, the attached salts were removed from the alu-
minum block by dissolving the crystalized salts in distilled 
water. Once all salts had been dissolved into 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 inductively coupled plas-
ma-optical emission spectrometry (ICP-OES) with nitric acid 
as the dilutant (inductively coupled plasma-optical emis-
sion spectrometry) to quantify composition.

3. Methodology

The methodology used to analyze the data is consistent 
with literature [3,8,10,13]. To determine the fouling resistance, 

Rf, between the heat exchange surface and the saline water 
solution, Eq. (1) was used.

R
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where hf is the heat transfer coefficient between the heat 
exchange surface and boiling water as fouling occurs, and ho 
is the initial heat transfer coefficient at the beginning of the 
test. hf and ho are calculated using Eqs. (2) and (3) where q” 
is the heat flux produced by the heater. q” was assumed to 
be uniform throughout the block. Ts,f and Tw,f are the surface 
temperatures of the heat exchange surface and the water, 
respectively, as fouling occurs. Ts,o and Tw,o are the tempera-
tures of the heat exchange surface and the water at the begin-
ning of the test before any fouling has occurred. To provide 
a clear comparison between tests, all ho values were ref-
erence when Tw,o = 101°C.
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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, Tw,o and Tw,f, 
were measured as the average of the two RTDs that were 
submerged roughly 50  mm under the surface of the boil-
ing water. The surface temperatures of the block, Ts,o and Ts,f, 
were calculated using the average of the corner and mid-
dle thermocouple measurements for each side. Each aver-
age side temperature was then averaged again over all four 
surface to calculate the average surface temperature for the 
whole block. The block’s surface temperature was calcu-
lated using Eq. (4) based on the outer most thermocouple 
temperature and the measured heat flux.
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where q” is the heat flux provided by the heater, TTC,o is the 
outer ring thermocouple reading, and Ral,o is the thermal 
resistance between the outer thermocouple and the sur-
face of the block. Ral,o is calculated using Eq. (5).
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where Dal,o is the thickness of aluminum in between the edge 
of the outer thermocouple hole and the edge of the block, 
Dtp is the radius of the hole that the thermocouple was 

Table 1
Salts used in a representative seawater composition 
(ASTM D1141-98 [31])

Compound Symbol Weight percentage

Sodium chloride NaCl 58.5%
Magnesium chloride MgCl2–6H2O 26.5%
Sodium sulfate Na2SO4 9.8%
Calcium chloride CaCl2 2.8%
Potassium chloride KCl 1.6%
Other salts – 0.8%

Table 2
Testing solution for experiments with and without ethylene 
glycol

Compound Brine 1 (no ethylene 
glycol) (wt.%)

Brine 2 (with eth-
ylene glycol) (wt.%)

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%

Table 3
Surface roughness crystallization fouling experimental test 
matrix

Experiment 
number

Salinity 
(wt.%)

Ethylene glycol 
(wt.%)

Average aluminum 
surface roughness (μm)

1 20 0 0.35
2 20 0 5
3 20 0 10.5
4 20 3 10.5
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inserted into (filled with thermal paste), and kal and ktp 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 alter-
native method. Using the temperature difference between 
each set of the inner and outer thermocouples (TTC,i and TTC,o 
respectively), and the thermal resistance between each set 
of thermocouples, Ral,i, q” was calculated as shown in Eq. (6).
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Next, each of the q” values calculated from the ther-
mocouple temperatures were compared to the q” values 
measured from the power meter. These two methods of mea-
suring the heat flux produced results that matched within 
the uncertainty associated with the temperature measure-
ments. As the heat flux values measured from each method 
produced matching results, the power meter’s readings 
were used to determine the fouling resistance.

3.1. Simulation results

To validate the uniform heat flux assumption, the 
measured thermocouple values were compared to simu-
lated values calculated by a SOLIDWORKS simulation 
that assumed a uniform heat flux from the heater’s sur-
face. The thermal finite element analysis (FEA) simulation 
used the water temperature (measured by the RTDs) and 
the power (measured by the power meter) to calculate the 
steady state radial heat distribution with no fouling. Fig. 3 
shows the steady state temperature distribution across a 
cross-section of the aluminum block for a uniform heat 
flux boundary condition applied to the cartridge heat-
er-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 Fig. 3 repre-
sent the location where the SOLIDWORKS temperature 
solutions were compared to the actual thermocouple 
measurement from the experimental data. The simulation 
matched the measured 16 thermocouple readings within 
2%–4%, thus validating the uniform heat flux assumption 
used to calculate the fouling resistance and heat transfer 
coefficient. In addition, there is minimal temperature dif-
ference between the sides and corners of the block in the 
simulation however the corner temperatures during the 
experiment were still calculated and averaged for each 
side using the discussed methodology.

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 main-
tain adequate accuracy, a mesh size of 0.75  mm was used 
to simulate the temperatures with a uniform heat flux.

3.2. Uncertainty propagation

The RTDs were calibrated by recording the reference 
resistance, R0, 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 com-
paring the calibrated RTD temperatures to the thermocou-
ple 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 thermo-
couples failed (readings were not read properly by the 
DAQ) during the test, an average of the two adjacent ther-
mocouples was taken as there were minimal differences in 
temperature measurements along the same radius.

R T R A T B T� � � � � � �� �0
21 	 (7)

The uncertainty from each of the measured values was 
propagated to the final fouling resistance value using the 
Kline-McClintock method implemented in Engineering 
Equation Solver (EES) [33]. The uncertainties included both 
measurement and precision uncertainty. As boiling is ran-
dom 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 change, 
and by extension, fouling resistance over the course of the 
entire test was the most substantial finding from this work, 
only the average temperatures of the first and last 5 min 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 com-
pared to the other uncertainties. The final uncertainty val-
ues for all measured and calculated values are shown in  
Table 4.

Fig. 3. SOLIDWORKS simulation showing radial temperature 
distribution for q” = 66,000 W/m2 and 97.4°C water temperature. 
2%–4% error compared to measured thermocouple data.
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4. Results and discussion

4.1. Temperature difference

Fig. 4 shows the difference between the wall tempera-
ture 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 and 
10.5  μm microchannel is very minimal meaning the wall 
temperature increase was the same and thus likely the same 
fouling accumulation occurred between tests. The 0.35  μm 
test had a much lower change in temperature indicating 
minimal fouling accumulation occurred. This is import-
ant as the temperature difference was used to calculate the 
heat transfer coefficient and fouling resistance. This makes 
the temperature difference a good indicator of fouling accu-
mulation and resistance present on the heater surface.

4.2. Effect of surface roughness on fouling

Fig. 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 an initialization (induction) period that occurs at the 
beginning of testing where fouling increases the surface 
roughness. In some cases, this initialization period can 

have a positive impact on the heat transfer coefficient due 
to increased surface roughness before fouling begins to 
dominate [3,9,12]. In this study, the initialization period 
occurs in the first 20 min and has minimal effect on the heat 
transfer coefficient as this period is happening very quickly 
due to the high salinity. As show in Fig. 5B, the 0.35  μm 
test’s heat transfer coefficient increases and the fouling 
resistance decreases in the first 20 min. This is due to the 
increased nucleation sites and increased surface roughness 
with small traces of fouling that leads to increased boiling. 
After this initialization period (first 20 min of testing) the 
fouling resistance dominates over the increase in nucle-
ation sites as more salts accumulate on the surface. The 
graph in Fig. 5B also shows a linearly increasing trend for 
both the 5 and 10.5  μm (microchannel) tests throughout 
140  min indicating the fouling has strong adhesion and 
the fouling removal rate (due to boiling stress) is lower 
than the fouling accumulation rate. The 0.35  μm test has 
an increasing trend for the first 60  min 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 

Table 4
Uncertainty values for all measured values used in data analysis

Parameters Uncertainty

Minimum Average Maximum

Thermocouple (°C) – 0.5 –
RTD (°C) – 0.1 –
Heater power (W) – 3.5 –
Fouling resistance 
(cm2 K/W)/%

0.440/11.7 0.503/23.9 0.607/60.7

Heat transfer coefficient 
(W/cm2·K)/%

0.008/3.2 0.019/9.8 0.046/17.7
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Fig. 5. (A) Impact of surface roughness on fouling resistance. 
0.35  μm test has asymptotic fouling rates after 60  min with 
the lowest fouling resistance. The 5 and 10.5  tests have stron-
ger fouling adhesion and nearly identical linear fouling resis-
tance, and the fouling layer will continue to grow with time. 
(B) Impact of surface roughness on heat transfer coefficient. 
During the first 20 min it shows an initialization period where 
there is limited impact on the heat transfer coefficient due to 
fouling accumulation before it degrades in all instances.
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Fig. 4. Impact of surface roughness on temperature difference. 
Temperature difference is due to increased wall temperature 
which indicates increased resistance due to fouling accumula-
tion over time.
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are weaker compared to other cases. This also indicates 
that a constant fouling resistance of 2  cm2  K/W would be 
a good estimate for a system with a heating surface of 
0.35 μm roughness, whereas a constant value for the 5 μm 
or the 10.5 μm test would be inaccurate for modeling oper-
ations as the fouling resistance increases with time and is  
not constant.

In Fig. 5A, the fouling resistance for the 0.35  μm sur-
face increases about 1  cm2  K/W in 120  min while the 5 
and 10.5 μm surface roughness increases the resistance by 
~2.7  cm2  K/W. The 5  μm homogeneous surface roughness 
and 10.5  μm microchannel surface roughness had nearly 
identical values and trends for the heat transfer coefficient 
and fouling resistance. Indicating that the additional sur-
face roughness from the addition of microchannels in the 
10.5  μm microchannel test had no impact on the fouling 
accumulation. There is also no benefit from reducing a heat-
er’s surface from 10.5  μm with microchannels to a homo-
geneous surface roughness of 5 μm, but there is a benefit 
when reducing the surface roughness from 5 to 0.35  μm. 
With surface roughness’ larger than 10.5  μm, it would be 
expected 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 rough-
ness can decrease the affect surface roughness has on foul-
ing accumulation if it is sufficiently reduced (5 to 0.35 μm) 
but reducing the surface roughness does not mitigate 
fouling when the surface is sufficiently rough.

Fig. 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 indicat-
ing 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  min indi-
cating the heat transfer coefficient is constant after suffi-
cient fouling has occurred. The 5 and 10.5  μm tests had 
slightly lower (~0.05  W/cm2·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 [6,18,34]. 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 Fig. 5A leading to a lower heat transfer coeffi-
cient for the homogeneous 5 and 10.5  μm microchannel  
tests. 

4.3. Effect of ethylene glycol on fouling

After all surface roughness tests were completed, the 
heterogeneous 10.5  μm surface with microchannels tests 
was repeated with an additional 3% ethylene glycol (EG) 
by mass to determine if an organic compound would influ-
ence the fouling resistance or heat transfer coefficient. EG 
was chosen as it is used in many anti-fouling surface coat-
ings and used in the gas industry to remove sodium salts. 
Fig. 6 shows the fouling resistance and heat transfer coeffi-
cient results discussed previously with the addition of the 

test with 10.5 μm 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 μm test with saline 
water. Therefore, adding ethylene glycol to a high salinity 
solution does not affect the overall fouling resistance.

Fig. 7 shows example pictures of the aluminum surface 
after a 140-min test for the 3 surface roughness conditions 
and the test with 3% EG. These pictures further emphasize 
that the homogeneous 0.35 μm surface had less fouling accu-
mulation than the other tests as it has the least amount of 
visible fouling and un-fouled surfaces can be seen. In the 
0.35 μm picture, at the top of the aluminum there is a sec-
tion 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 accu-
mulation as the liquid vaper interface has the fastest rate 
of salts separating and thus results in the highest quantity 
of fouling deposits. In the 5 and 10.5  μm pictures the sur-
face is covered with salt accumulation and there is minimal 
difference between the fouling coverage. These pictures 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 20 40 60 80 100 120 140

R
f (

cm
2 K

/W
)

Time (min)

average 0.35 µm
average 5 µm
average 10.5 µm
average 10.5 µm with 3% EG

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 20 40 60 80 100 120 140

hf
 (W

/c
m

2 K
)

Time (min)

average 0.35 µm
average 5 µm
average 10.5 µm
average 10.5 µm with 3% EG

(b)

(a)

Fig. 6. (A) Impact of surface roughness and ethylene glycol 
(EG) on fouling resistance. The addition of 3% EG has the 
same effect on fouling resistance as the 5 and 10.5  μm with-
out the EG’s presence in the solution. (B) Impact of surface 
roughness and ethylene glycol (EG) on heat transfer coefficient. 
The addition of 3% EG has the same effect and trend on the 
heat transfer coefficient as the 5 and 10.5 μm without the EG’s 
presence in the solution.
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are consistent with the measured data for both the fouling 
resistance and heat transfer coefficient.

In the 10.5  μm microchannel tests with and without 
the EG, the fouling has begun to 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. Comparing the 
10.5 μm pictures, with and without EG in the solution, it is 
apparent that the crystal structure is different between the 
two tests, and that the test with EG in the solution has more 
coverage. This is important as the overall effect of fouling 
was the same despite the visual differences indicating that 
the accumulated salts may have changed.

3% EG was chosen for this work as it is estimated to 
be present in hydraulic fracturing wastewater and, if used 
in a desalination system, would need to be separated. 
Understanding the impact of EG on fouling will change the 
required operation and maintenance of purifying hydrau-
lic fracturing [29]. While this data shows no change in the 
fouling resistance or heat transfer coefficient as a result of 
the added EG further research should be done to under-
stand if other organic compounds have an impact on fouling 
and if so, what salts are affected. Understanding how foul-
ing reacts with different chemicals present within the solu-
tion will help expand what mixtures can be treated using 
common desalination technologies.

4.4. Effect of EG presence on salt composition

While there was no difference in the measured fouling 
resistance values with and without the presence of eth-
ylene glycol in the solution, the salts that adhered to the 
surface did appear to be a different structure. Therefore, 
the adhered salts were removed from the block and tested 
using ICP-OES analysis to determine the composition of 
fouled salts. Fig. 8 shows the different elements that accu-
mulated on the heat exchange surface with and without the 

3% EG in the solution. Magnesium, potassium, calcium, and 
sulfur elements can each be attributed to one salt dissociat-
ing (magnesium chloride, sodium sulfate, calcium chloride, 
and potassium chloride, respectively), however the sodium 
elements could come from either the sodium chloride or 
the sodium sulfate as both have sodium ions. With no EG 
present, there is significantly more sodium ions that con-
tributed to fouling than with 3% EG, however with the 3% 
EG there is an increase in calcium and sulfate ions. Some 
decrease in sodium ions was expected as sodium chloride 
is 22.6% more soluble in ethylene glycol than in water at 
20°C, however the sodium ions reduced by 44.6% for only 
adding 3% EG indicating that the addition of other salts 
also affected the solubility and fouling composition [28]. 
The addition of EG increased the number of calcium and 
sulfate ions that fouled indicating their solubility and prob-
ability of fouling was strongly affected as well. Despite a 

Fig. 7. Example pictures of crystallization fouling for 0.35, 5, 10.5, and 10.5  μm with 3% ethylene glycol in the solution after 
140 min where the 0.35 μm test has the least amount of fouling coverage on the block, the 5 and 10.5 μm test’s have similar fouling 
distributions. There are different visual crystal structures present between the 10.5 μm tests with and without 3% EG present.
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Fig. 8. ICP-OES data showing the elements that accumulated 
on the aluminum block’s surface for a 10.5  μm surface rough-
ness with (salt 2) and without (salt 1) 3% ethylene glycol (EG) 
present in the solution. The addition of EG in the solution 
changes which salts are contributing to fouling as the number 
of sodium ions greatly decreases and the amount of calcium 
and sulfur ions increase.
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large percentage of magnesium chloride in the original 
solution (26.5% of initial salts), only very small amounts 
of magnesium and potassium ions contributed to fouling 
with or without the presence of 3% EG indicating they 
are unlikely to cause large fouling problems in a boiling  
system.

While there was no change in the overall fouling resis-
tance with or without EG present, it has only affected which 
salts are attributing to crystallization fouling. 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 accumula-
tion. Therefore, adding EG into a solution could be useful to 
reduce specific salts from fouling such as those containing 
sodium ions if those specific salts have higher adhesion or 
unattractive qualities. Further research should be done to 
understand how concentration and type of organic com-
pound affects the salts that adhere to heat exchange surfaces 
and if any compounds could reduce the effect of fouling.

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. This study adds to existing literature by deter-
mining 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. This study determined the effect of fouling 
on 0.35, 5, 10.5  μm surface roughness with a 20% salin-
ity solution made up of most prevalent five salts found in 
natural seawater (sodium chloride, magnesium chloride, 
sodium sulfate, calcium chloride, potassium chloride) to 
mimic desalination brine discharge.

This study found fouling resistance does not increase as 
surface roughness increases from 5–10.5 μm. However low-
ering the surface roughness to 0.35  μm does decrease the 
fouling resistance by 1.5 ± 0.5 cm2/W. In addition, the fouling 
resistance associated with 5 and 10.5 μm surface roughness 
increases linearly for after the initialization period indicat-
ing the fouling has strong adhesion to the surface. Whereas 
the 0.35  μm surface roughness has an asymptotic fouling 
trend after the first 60 min of the 140 min test indicating a 
constant fouling resistance value can be used to model the 
heating surface with 0.35 μm surface roughness. Lastly, this 
study found there was no change in fouling resistance or 
heat transfer coefficient in tests with and without 3% eth-
ylene glycol present in the solution. However, the fouled 
salt’s composition did change with the presence of eth-
ylene glycol as sodium based salts were reduced and sulfur 
and calcium salts increased in the fouling deposits.

Further research is needed to better understand how 
geometry affects fouling accumulation, and indicates the 
importance of testing fouling accumulation, determine what 
dominates fouling when surface roughness is sufficiently 
smooth (<0.35  μm), and composition with various organic 
compounds present. The authors 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 be presented in a future publication. This study 

also serves to help design heat exchangers in desalination, 
pharmaceutical, and other industrial applications. A very 
important application is continental and geothermal brine 
concentration to extract valuable metals such as lithium or 
magnesium. Currently, most systems use very large brine 
pools. This study helps understand the fouling management 
in assisted pool heating systems for brine concentration or 
treatment.
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Symbols

Ra	 —	 Arithmetic average of roughness profile
Rf	 —	 Fouling resistance
hf	 —	 Heat transfer coefficient after fouling
ho	 —	 Initial heat transfer coefficient 
q”	 —	 Heat flux
Ts,f	 —	 Temperature of surface after fouling 
Ts,o	 —	 Initial temperature of surface 
Tw,f	 —	 Temperature of water after fouling
Tw,o	 —	 Initial temperature of water
Ts	 —	 Block surface temperature
TTC,o	 —	 Outer thermocouple temperature
TTC,i	 —	 Inner thermocouple temperature
Ral,o	 —	 Outer aluminum thermal resistance
Ral,i	 —	 Inner aluminum thermal resistance
Dal,o	 —	� Outer thermocouple to block surface 

length
Dtp	 —	 Thermal paste length
kal	 —	 Thermal conductivity of aluminum
ktp	 —	 Thermal conductivity of thermal paste
R0	 —	 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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