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Crossflow microsand filtration in cooling tower systems to control
fouling in heat exchanger devices
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ARTICLE INFO ABSTRACT

Keywords: In the context of global warming, there is a growing need for high-performance heat, ventilation
Side stream filtration and air conditioning systems. Fouling is a challenge, affecting heat exchanger operational and
Building energy energetic performance. Side stream filtration can be used to improve water quality by reducing
HVAC particle concentration in the system. The aim of this study was to assess a crossflow microsand
Clogging

filtration unit’s efficacy in reducing fouling within an 81-plate heat exchanger, in an in-situ
cooling tower circuit. A pilot heat exchanger without filtration was operated under similar
conditions. After 3 years of continuous operation, visual inspection of the full-scale heat
exchanger plates operating with filtration showed minimal accumulation. Pairs of facing plates
(7) were scraped and rinsed to collect total solids accumulated on surfaces. Samples were
resuspended and analyzed for solids and metal concentration measurements. Low average values
of total volatile solids (45 pg/cm?) and total solids (93 pg/cm?) were indicative of a low biofilm
formation. X-ray diffraction revealed the presence of calcite associated to water hardness. Low
levels of iron and copper were detected despite slightly corrosive water. In contrast, the pilot heat
exchanger exhibited higher deposit accumulation of total volatile solids (90 pg/cm?) and total
solids (110 pg/cm?) after only 12 weeks of operation. These findings underscore the role of side
stream filtration in reducing particle deposition and biofouling potential in full-scale cooling
tower systems. Crossflow microsand filtration is a promising avenue to control fouling in building
cooling tower systems, which could contribute in improving the building’s energetic
performance.

1. Introduction

With the increase in global cooling demand, the heating ventilation and air conditioning (HVAC) industries are urged to improve
their systems’ efficiency [1]. Fouling is an undesirable yet common phenomenon in HVAC system heat exchangers (HX). Over the last
40 years, more than 7900 patents were filed on biofouling in heat exchangers according to the Canadian Patent Database [2]. This
suggests a recurring problem that has yet to be solved. HX are highly susceptible to fouling due to their high surface area. Fouling in
heat exchanger system are of four major types: scaling, corrosion, particulate fouling and biological growth [3]. Scaling is caused by
the deposition of inorganic salt in the water circuit. Infeed water, cooling tower (CT) exposed to the atmosphere, chemical additives
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Table 1
Results from selected studies on HX corrosion and fouling with various heat exchange material, circulation fluid, flow and bacterial inoculation.
Material Fluid and additives Bacterial Lab/on-site Study Polysacharide conc./ Results Author,
inoculation duration TSS conc. Year
Mild steel Stagnant CT bacteria Laboratory 3 weeks - Deep pitting corrosion, [12]
(MS) Mueller Hinton Broth Pseudomonas corrosion rate
coupon (MHB) with organic stutzeri 0.047-1.999 mm/y
corrosion inhibitors
Carbon steel Stagnant Postgate C Desulfovibrio Laboratory 15 days Evidence of Pitting corrosion with [7]
(Q235) medium bizertensis polysaccharide pits depth approaching
existence with no 15.7 pm.
measurement of the The corrosion rate after
concentration. 30 days of immersion
was (89.9 + 7.1 pm/y).
Copper Stagnant CT water (1 % Bacillus Laboratory 14 days Pitting corrosion rate [19]
CWO024A chloride) thuringiensis was 0.025 mm/y for EN2
coupon With 2-mercaptopyridine ~ EN2 and and 0.036 mm/y for EN9
(2-MCP) corrosion B. oleronius (control system
inhibitor incubated at EN9 corrosion rate: 0.004
37 °C. mm/y).
P110 steel Stagnant 3.5 wt% NaCl No Laboratory 6h Corrosion rate without [33]
coupon solution with carbon inhibitor was 26.75 mm/
dioxide (Solution pH = 4) y which reduced to
with guar gumgrafted 2.67-8.02 mm/y under
methyl methascrylate various GG-MMA
(GG-MMA) incubated at concentrations.
50 °C Corrosion rate reduced
to 0.85 mm/y in the
presence of KI (5 mM) +
GG-MMA (300 mg/L).
GG-MMA is a cathodic
type corrosion inhibitor.
SS316L Distilled water with No Laboratory 72 h Zr coating on the surface [5]
sodium bicarbonate, and declined the formation
sodium chloride with Zr of fouling deposition
coating. rate and increased heat
Flow rate: 0.5 Lpm- 4 transfer.
Lpm;
Test temperature:
40 °C-65 °C;
Galvanized Recirculating lab-based No Laboratory 10 The carbohydrate Corrosion rate decreased [11]
steel cooling tower water months concentration increased with time. The corrosion
coupon Flow: 40 L/min; to 85.40 + 3.10 pg/cm?  rate after 10 months was
Test temperature: 28 °C; during the first 3 2.41 mg/dm? day.
months. After that, it
increased and decreased
until the 10th month.
The carbohydrates
concentration positively
correlated with the
weight loss of coupons.
Mild steel Stagnant 1 M HCI No Laboratory 10h Polysaccharide AJPS The 96 % inhibition [34]
coupon solution with variation in acted as a strong performance of AJPS
corrosion inhibitor inhibitor for mild steel was optimized by
Apostichopus japonicus corrosion factorial experimental
(AJPS) designs and was found
Test temperature: 25 °C; good inhibitor for the
protection of mild steel
in 1 M HCL
Galvanized Synthetic media No Laboratory 108 days Sticking probability of [35]
steel and comprised of calcium polymer tube is double
polymer carbonate, magnesium than galvanized steel.
tubes sulfate, sodium chloride, However, deposit bond
iron oxide, and kaolinite. strength for galvanized
Flow: 0.8-1.32 gpm; steel is 3 times higher
Test temperature: than polymer tube.
20-100 °C;
9 copper CT water (428-7971 mg/  No Pilot 86-143 Maximum dry matter Enhanced tubes showed [13]
tubes L of TDS) with no added days concentration during higher heat transfer

chlorine;
Velocity 0.9-2.4 m/s;

the test was 2700 mg/L.

performance, compared
to the plain tubes.

(continued on next page)
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Table 1 (continued)

Material Fluid and additives Bacterial Lab/on-site Study Polysacharide conc./ Results Author,
inoculation duration TSS conc. Year
Temperature of inlet and A pitch to rib height of
outlet water: 29.5 and 13 is recommended for
34 °C respectively; medium fouling
potential at a velocity of
0.9-2.4 m/s, targeting
inhibition of fouling
development.
Laboratory Counter-flow tap water No Laboratory 40 days Polysaccharides The heated plates [26]
scale supplemented with scale comprise 5-13 % of showed lower
single nutrients with no added total EPS production of
plate HX chlorine; 140.4-365.04 pg/cm? polysaccharides
with PVC Flow rate: 0.047-0.05 compared to the
modules gpm reference plates (20.0 +
Temperature variation: 1.4 °Q).
20-27 °G;
Stainless steel ~ Sea water was pumped No Laboratory 96 h (4 A maximum of 3 mg/L Chlorination was [15]
10-plate into the flow-through scale days) of combustible matter effective in controlling
HX (Alfa system (chlorinated on and 4.5 mg/L of biofilm the sessile bacterial
Laval every alternate plate); solids were observed. population during the
A45-FG) Velocity: 0.6 m/s; initial stage of biofilm
Temperature variation: formation (up to 24 h).
27.1-27.4 °C; chlorine Chlorinated plates also
residual 1.2 mg/L applied exhibited reduced
in 2h intervals. biofilm thickness.
Stainless steel ~ Counter-flow system with ~ No Laboratory 12h Alternating [4]

counter
flow HX

un-chlorinated artificial
hard water containing
salts of Ca®*, Mg?*, and
NaHCO;.

Flow rate: 4.4 gpm;
Temperature of cold and

electromagnetic field
could reduce the growth
rate of CaCO3 (reduce
scaling) and Mg could
decrease the CaCO3
crystal particle size.

hot stream: 33 and 90 °C
respectively;

such anti-scalants, anti-corrosive agents, biocides, and alkaline agents are some of the factors affecting particle deposition inside the
circuit (Kavitha et al., 2019). The scales limit effective heat transfer by insulating the surface exposed to the water [4]. Particulate and
biological fouling can also lead to significant heat conductivity reduction [5]. The heat conductivity of stainless steel plates with
biofilm reduced from 15 to 0.6 W/m.K, resulting in a 96 % reduction in heat transfer [6]. Corrosion, on the other hand, reduces the
mechanical strength of the metal [7].

Defining actions and procedures that better prevent fouling and enhance system’s performance over time is critical in the actual
climate context. Fouling can be reduced through mechanical cleaning, chemical cleaning, chemical additions, or regular use of side
stream filtration units [8]. A range of industrial side-stream filtration technologies are available, such as bag and cartridge, microsand,
screen, media and centrifugal separators [9,10]. The primary role of side stream filtration is to continuously filter a portion of water
from the CT system to remove suspended solids, silt particles and organics from the mainstream to reduce fouling. Indirect benefits
from the process could be higher heat transfer due to cleaner surfaces, lower chemical use, lower maintenance costs and higher energy
efficiency of the system [10]. As a result, successful reduction of fouling with side-stream filtration would provide a more sustainable
alternative to current cooling tower operating schemes relying heavily on chemical additions to control fouling.

An extensive literature review was conducted on studies reporting HX fouling at pilot scale, either on metal coupons or lab based
HXs with simulated operating conditions and the results are summarized in Table 1. Some studies have estimated corrosion, fouling
and scaling with simulated CT water [11] and some extracted microorganisms from CT water in an enriched media to test its corrosion,
scaling and fouling impact [12]. Gao et al. [13] investigated the deposition behavior of combined fouling by conducting three sets of
continuous long-term fouling tests on eight tubes. The study emphasized the role of higher water velocity in reducing the duration of
the initial fouling period which occurs prior to the deposition and stabilization periods. In addition, some studies investigated various
control measures to reduce fouling. Pinel et al. [14] found that heated modules resulted in reduced extracellular polymer generation
associated with biofilm growth when compared to non-heated modules, at pilot plate HX. Also, Murthy et al. [15] found intermittent
and continuous chlorination to significantly reduce biofilm thickness. The installation of a biofiltration unit in an open cooling tower
system improved recirculation water quality and reduced biofouling compared to a reference installation [16]. The use of more
advanced filtrations systems such as ultra and nanofiltration have been reported to treat cooling water make up water, either for reuse
of the purge water [17] or to reduce the nutrient and microorganisms content in make up water [18].

Based on the available literature, there are some knowledge gaps that need to be addressed. First, such accelerated biofouling tests
using simulated harsher-than-actual water conditions do not truly reflect the fouling and depositions in full scale systems [13]. Second,
there is a strong focus on corrosion in these studies, which is only part of the fouling problem [12,19]. Third, the impact of control
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measures such as side stream filtration on HX fouling is poorly documented. Finally, there is no reporting of quantitative data on HX
fouling at industrial scale. A recent review paper published by Kapustenko et al. [20], mentions a summary of past research work on
HX, confirming absence of long term direct measurement studies on fouling of industrial HX of any type. Most types of industrial HX
either cannot be dismantled (fused) or are difficult to access (tubular), making it impossible to observe or sample the internal surfaces
directly. Even when surfaces are accessible through dismantling, sampling is expensive, and time-consuming.

The aim of this study is to compare fouling characteristics in a heat exchanger under two distinct conditions: with and without the
implementation of side-stream filtration. The first system is a heat exchanger integrated into the cooling tower circuit of a full-scale
HVAC system. The second system involves a pilot-scale heat exchanger operating with cooling tower water samples derived from the
full-scale system but without the application of filtration. The pilot study was necessary due to the challenges associated with dis-
connecting the filtration unit in an industrial setting. The results thus obtained will help fill in the knowledge gap about the significance
of side-stream filtration in preventing fouling, providing valuable knowledge for optimizing HVAC systems, reducing maintenance
costs, and increasing overall operational efficiency.

2. Material and methods

2.1. Hospital building study site

The study was performed on a HVAC circuit located in a hospital building in the province of Québec, Canada. This circuit is mainly
used for cooling from March to October and heating from November to February. The circuit comprised of 3 cooling towers, 2 heat
exchangers, 1 chiller, a basin, and a side-stream filtration unit, as illustrated in Fig. 1. The water was withdrawn from the basin with a
1300 gpm pump and fed to a HX with a total wetted surface of 46.8 m2. The heated water from the HX then flows through the cooling
tower for heat dissipation before returning to the basin. A portion of water is continuously taken out from the basin, filtered, and
returned to the basin. The industrial filter was backwashed with municipal water for 8 min every 24 h. Based on the redox potential and
chlorine concentrations in the basin water, chlorine-based disinfectants and anti-scaling agents were added through chemical dosing
stations. Once the water reached a set upper conductivity level, a volume of water was purged from the system. Municipal water was
used as make up and added directly to the basin to compensate for losses due to evaporation and purge. The water temperature in the
system was measured every 5 min using the building management system with an accuracy of 0.1 °C. Specifications of the heat
exchanger are mentioned in Table 18S.

The side stream filtration unit is a Vortisand® crossflow microsand filtration unit (CMF), (Sonitec-Vortisand inc, Montréal, Canada)
installed in 2009. The industrial CMF system operates continuously throughout the day with a steady pumping rate of 45 m3/h. A daily
backwash is performed for 8 min at a flow rate of 189 L per minute. The system has an estimated 3 m? footprint and annual main-
tenance is recommended.

2.2. Sampling of the study site plate heat exchanger

The HX had not been opened and cleaned for the past three years. Water quality in the CT circuit was monitored at the system purge
starting on April 12th’ 2022. Mean values for physico-chemical parameters are presented in supplemental material (Table 2S). The side
stream filtration unit was running continuously until March 6th, 2023, at which time it was stopped to start the study period without

CT1 CT2 CT-3

HX-1 ]

Chiller

HX-2

Conductivity
l probe
Filtration Chemical

unit pump Redox
. ‘potential
Municipal , @
‘water ya

Filtration

urge
. Chemical pue
unit pump Basin treatment *

System

Drain

Fig. 1. Schematic of the on-site heat exchanger circuit. The sampling points are indicated with a star.
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side filtration. The HX cleaning and sampling was initially planned concurrently with the shutdown of the side stream filtration system.
However, delays were experienced and the HX cleaning occurred 7 weeks after the side stream filtration was shutdown. During this
period between side filtration shutdown and HX sampling, the outside temperatures were not high enough to require the use of the HX
and of the cooling towers. On May 23rd, the HX was stopped and opened for sampling (Fig. 2A). In total, 14 plates out of 81 (17 %)
were sampled (Fig. 2B) with an equivalent surface area of 8.1 m2. The sampling was conducted by scrubbing manually the cooling side
of two facing plates and collecting the removed deposits in a clean container. The plates and the scrubber were rinsed with 2.5-5 L of
distilled water which was also collected in the clean container. Since each pair of plates were facing and in contact with the same water
(Fig. 2B), deposits were collected in the same container for both plates. An increased number of plates were sampled in the first part of
the HX (i.e. plate no. 1, the entry point of the fluid), with five pairs in the first quarter of the HX and two pairs in the last quarter. Higher
deposition rate was expected at the inlet. Images were captured in-situ using a portable wireless microscope 50-500X 8-LED USB
Digital Microscope to ensure that all organic and loose deposits were removed from the plates.

Samples were stored at 4 °C until further analysis (total solids (TS), total fixed solids (TFS), total volatile solids (TVS), metals
concentration, and X-ray diffraction (XRD)). Total and fixed solids were measured in triplicates on a volume of 30 mL for each
replicate, using Method 1684 (EPA, 2001). Samples were mixed thoroughly prior to conducting the analysis.

2.3. Laboratory HX experiment

A pilot-scale setup was built to replicate the flow conditions of the full-scale system to simulate a comparable system without
filtration. This is an ideal case, since there was no addition of particles and organic matter from the outside air as it would normally be
the case in a cooling tower circuit. The water circulated in the pilot was collected from the full-scale circuit. The pilot setup comprised
of 3 peristaltic pumps (Cole-Parmer, MasterFlex L/S, 4 channels pump head), 3 small plate heat exchangers (Wise Water, brazed plate
heat exchanger, Model-BL14-10D (Derwood, MD, USA)) and a reservoir with a capacity of 50 L (Figs. 3A and 1.S). The HX had 10
plates of 20.6 cm x 7.6 cm, for a total heat transfer area of 1.35 ft? (0.125 m?). The internal volume was 110 mL on the studied side of
the HX. The heat exchanger plates were brazed altogether and could not be separated manually (Fig. 3B). More information about the
specifications of the pilot HX and the pilot circuit are provided in Table 1S and Fig. 1S in supplemental information. Peristaltic pumps
had an average flow rate of 1 L/min, scaled to have a water velocity between plates comparable to the full-scale HX (between 1.5 and 3
m/s). The aim was to achieve similar deposition patterns and environment for biofilm growth. The reservoir was filled with 34 L of
purge water previously treated (anti-scalant and chlorine-based disinfectant), collected from the hospital HVAC circuit (Fig. 1) and
stored at 4 °C in a cold room before use. The physicochemical characteristics of the recirculating water inside the circuit are provided
in Table 28 in the supplementary information. A volume of 10 L was withdrawn from the reservoir and replaced with stored CT water
twice a week, equivalent to a replacement rate of 60 % per week. The experiment was conducted from December 7, 2022, to February
1, 2023. The pilot was shut down on weekends and during the Christmas break (between Weeks 8 and 12) to replicate actual stagnation
patterns. In addition, the pilot was left at room temperature, comparable to the average water temperature of 22.7 °C measured in the
full-scale heat exchanger (Table 2S). The residual chlorine was below detection limit during the pilot experiment.

Biofilm sampling was carried out after 6, 8, and 12 weeks of operation. At each sampling time, a HX was removed from the pilot
setup. The HX was capped to preserve the water that was in it at the time of sampling and sonicated at maximum speed for 5 min using
an ultrasonic bath (Fisher-Scientific, Pittsburgh, United States). After the first sonication, the water was collected. Three more cycles of
sonication were done using ultrapure water to fill the exchanger. After each sonication cycle, the water inside the HX was collected in
the same container, for a total volume of 350 mL after the 4 sonication cycles. The water samples were analyzed for total solids, total
dissolved solids, and total suspended solids as described in analytical methods.

B &3 2o
Y .
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Fig. 2. 81-plate HX installed on site with 3 years of deposition (A); schematic plan of heat exchanger, sampled pairs of plates are indicated by an arrow and plate
numbers (B).
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Fig. 3. Circuit diagram for pilot study on HX biofouling (A); bench top plate HX image with fused plates (B and C).

2.4. Scaling and corrosion potential indexes

Corrosion and scaling potential were evaluated using four indices [21]. The Langelier Saturation Index (LSI) can be calculated using
equations (1)-(5) and is indicative of the water’s ability to deposit or dissolve calcium carbonate [6]. An LSI value greater than 0.5 can
lead to scaling and less than —0.5 values represent corrosion potential [6].

LSI=pH - pHs @
Where pH is the measured water pH and pHs is the pH at saturation in calcium carbonate:

pHs=(9.3+A+B)-(C+D) (2)

A= (log[TDS inmg /1]- 1)/10 3)

B=-13.12 x log[T(°C) + 273] + 34.55 (€]

C=log[Ca®" as CaCO; inmg /L|- 0.4 (5)

D =log[alkalinity as CaCOs in mg / L] (6)

The Pukorius scaling index (PSI) is an indicator of the likelihood of scale formation in water, focusing on the relationship between
saturation state and the scaling potential [22]. It is calculated using equations (2)-(8).

PSI=2 pHs — pHeq @

pHeq =1.465 x log 10[alkalinity as CaCO5 in mg /L] + 4.54 ®)

A PSI value of 5.5-7.5 is desirable. Values below 5.5 can lead to scale formation and values greater than 7.5 can result in corrosion

[22]. Finally, the Larson-Skold (LR) Index is calculated using equation (9) and incorporates the effect of sulfate, chloride, and bi-
carbonate concentrations.

Bicarbonate concentration is assumed to be equal to alkalinity for pH between 6.5 and 9 [23].

Table 2

Scaling and corrosion indices at municipal and purge point of the circuit (calculated from water quality data from 12-month monitoring prior to cleaning, n = 17).
Indices Desirable range Municipal water average Purge water average
LSI —0.5to +0.5 —0.78 £ 0.5 Corrosive 0.56 + 0.4 Low risk
PSI 55t07.5 11.08 + 0.4 Corrosive 10.05 + 0.5 Corrosive
LR 0.8t0 1.2 0.83 £ 0.2 Low risk 0.88 £ 0.2 Low risk
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LR=(2x [SO7] +[Cl']) / [HCO;] +2x [CO3] 9

3. Results and discussion

3.1. Corrosion index analysis

First, average scaling and corrosion indices were calculated for municipal and cooling tower water in the studied system (Table 2).
According to the LSI and PSI calculated in municipal water, it is considered corrosive. However, the addition of anti-scalant lowered
the risk in the cooling tower system (Table 2). Overall, the water has a low scale formation potential, reducing fouling of the HX
surfaces. The water quality was attributed to routine maintenance, continuous side stream filtration, and effective addition of anti-
scaling and anti-corrosive agents in the cooling tower water system.

3.2. Biofouling development in the in-situ HX with side-stream filtration vs. pilot HX without side-stream filtration

A visual examination of the in-situ HX plates exposed to the CT water was performed before (Fig. 4a) and after cleaning (Fig. 4b).
Before cleaning, the depositions appeared to be mainly organic and located on the upper part of the HX plates. All the organic and loose
deposits were scrubbed, washed, and collected. White deposits associated with scaling located on the edges of the plates could not be
collected through manual scrubbing. Plates were further cleaned by mechanical scrubbing and pressure washing.

Fig. 5A shows the results of total fixed solids (TFS) and total volatile solids (TVS) analysis on the samples in-situ HX plates after 3
years of operation with side-stream filtration and Fig. 5B shows the TFS, TVS, and polysaccharides analysis results for the pilot HX after
6, 8, and 12 weeks of operation without side-stream filtration. The presence of biofilm in the full-scale HX was estimated by measuring
the concentration of TVS. The TVS represents an approximation of the amount of organic matter present in the total solids fraction
[24], which includes polysaccharides along with other organic materials like proteins and lipids. The polysaccharides concentration
represents a fraction of the organic mater in biofilm, estimated to 10-20 % once the water is removed [25]. In the pilot HX (Fig. 5B),
the ratio of polysaccharides to TVS varied between 7 and 11 % in the three samples. In the in-site HX (Fig. 5A), a maximum TVS
concentration of 77 pg/cm? was observed on the initial plates (2-3) of the HX. The concentration appears stable through the rest of the
plates, except for plates 20-21. This lower value could be in part due to the variability associated with the analytical method (up to 10
% standard deviation) and to the sampling method. The lack of measurements between plates 20-21 and 64-65 does not allow to
conclude on the biofouling in the middle section of the HX. The observed accumulation is notably lower compared to the previous
studies. Ilhan-Sungur and Cotuk [11] reported an accumulation of 85.4 ug/cm? of carbohydrates after only 10 months of operation in a
pilot-scale system without side stream filtration. Similarly, Pinel et al. [26] reported a polysaccharides concentrations of 140.4-365.0
pg/cm2 after only 40 days of operation in a system without side stream filtration.

In the pilot HX (Fig. 5B), the concentration of TVS was 50 pg/cm? after 6 weeks and 8 weeks, and increased up to 90 pg/cm? after
the 12th week. The polysaccharide concentrations gradually increased from 3.4 pg/cm? after 6 weeks to 6.5 pg/cm? after 12 weeks of
pilot operation without filtration.

Inorganic deposits

Crganic deposits

Fig. 4. Selected plates before cleaning (A), clean plates after mechanical scrubbing and pressure washing (B); Pictures on the bottom left of each figure are the 500X
microscopic images of deposits on the HX plates.
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Fig. 5. Total fixed (dark gray) and volatile (light gray) solids per surface area in the full-scale heat exchanger (A) and in the pilot heat exchanger (B). Both panels share
the same scale for solids. Polysaccharide concentrations (X) measured in the pilot heat exchanger are shown (B).

Comparing the TVS accumulation in the in-situ HX with the pilot HX and with previous studies shows that the implementation of
crossflow microsand filtration significantly mitigates particle accumulation on the HX plates over time. The use of crossflow microsand
filtration can help stabilize fouling to minimal levels even after a prolonged 3-year operation period without cleaning of the HX. There
are however several operational or environmental factors such as air quality, type of pollutants and temperature, that can also affect
the fouling in a system. Water quality can have a great impact and the lack of information on water quality in other studies where
polysaccharides were evaluated prevents a true comparison.

3.3. Composition analysis of the in-situ HX deposits

To better understand the composition of the fixed solids on the full-scale HX plates, an XRD analysis was conducted on a composite
sample prepared from solids collected from all the sampled plates (Fig. 6). The most prevalent species identified was calcium carbonate
or calcite. The presence of calcium carbonate precipitates is associated with the water hardness and is impacted by water temperature
and pH [27]. The accumulation of calcium carbonate on surfaces exposed to drinking water with medium to high hardness levels [28]
is frequent. Other metals like magnesium and silica were also detected in carbonate and oxide form respectively. The presence of
silicon in the municipal water supplies may have contributed to the progressive accumulation of silica inside the system [29].

Fig. 7 presents the result for the metal concentrations in the in-situ HX plates. Nearly all metals show a consistent pattern when
analyzed plate by plate, with the maximum deposition observed on the first plate, followed by a decreasing trend that stabilizes in the
middle plates before increasing again toward the end plates. The average concentrations of aluminum (0.14 pg/cm?), silicon (0.2 pg/
cm?), iron (0.5 pg/cm?), and copper (0.38 pg/cm?) were lower compared to the average concentrations of Mg (0.84 pg/cm?) and Ca
(12.54 pg/cm?). Calcium and magnesium are the multivalent cations contributing to the water hardness. In Montreal municipal water,
mean concentrations of calcium and magnesium are respectively 30 mg/L and 8 mg/L, compared to concentrations below 1 mg/L for
the other metal ions measured [30]. It is hypothesized that the higher concentration of calcium and magnesium in the makeup water
lead to higher accumulation in the biofilm and deposits on the HX plates. The results in the first part of the HX are consistent with
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Fig. 6. XRD analysis result of solids recovered from the in-site HX plates after 3 years of deposition.
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Fig. 7. Metal concentrations on sampled in-situ HX plates. The dotted line represents the separation between the plates sampled in the first quarter of the HX and the
plates samples in the last quarter.

findings from the previous studies by Gao et al. [13] and Xu et al. [31], who attempted to illustrate time-based deposition of metals in
three phases: introduction, deposition, and stabilization. Increased metal depositions at the end plates is due to the rise in exit pressure
and increased turbulence just before the metal leaves the HX [32]. Higher deposition in the first HX plates can be due to shift in flow
distribution, strong turbulence and temperature differential which enhanced precipitation of dissolved ions [32].

The TFS composition was extrapolated using the metal composition and the XRD analysis. Calcium carbonate was the most
abundant species constituting 65.7 % of the TFS followed by magnesium carbonate accounting for 6.1 % of the TFS and silica making
up 0.9 % of the TFS. Collectively, these three species are estimated to constitute approximately 72.7 % of the total non-volatile or total
fixed solid deposition.

3.4. Study limitations

This study compared the efficiency of a crossflow microsand filtration unit in an industrial full-scale heat exchanger with a lab-scale
heat exchanger. Although the operating conditions were similar by using the same CT water, HX material (both stainless steel),
temperature, water velocity and stagnation patterns, there were differences in chlorine concentrations between the pilot and in-situ
HX. Furthermore, the water from pilot installation was in a closed loop without an exchange with the outside air. Mimicking the
outside air exchange that would happen in an open cooling tower located on a roof was a challenge and could not be undertaken. The
absence of chlorine in the water could enable more bacterial growth in between water changes, leading to increased biofouling, while
the closed loop operation would reduce the solids entering the systems, therefore reducing the fouling potential on the surfaces. For
example, the concentration of pollen varies over time during the season and from one year to the next, making it difficult to simulate at
pilot scale. Consequently, the fouling observed in the pilot could be over or underestimated. Despite these differences, the pilot scale
study was helpful to qualitatively analyze the fouling potential. However, the conditions of the test (i.e., scale, flowrate, duration)
should be considered when comparing results and one should avoid using the absolute values.

4. Conclusion

The main objective of this paper was to address the existing research gap in the direct fouling estimation of onsite industrial-scale
heat exchangers. Two units were compared, an in-situ HX with a side stream filtration unit and a pilot HX unit operating with the same
CT water and similar operating conditions as the in-situ unit but without the side stream filtration. The study key findings are sum-
marized as follow:

- Both municipal and purge water (coming from cooling tower) exhibited low scaling potential, measured by LSI, PI, and LR indices.
This was attributed to continuous side stream filtration as well as good maintenance and the use of anti-scaling and anti-corrosive
agents.

- Magnesium and calcium emerge as the predominant inorganic deposits on the HX plates, with an average long-term accumulation
of 12.54 pg/cm? and 0.84 pg/cm?, respectively.

- The highest concentrations of TS (143 pg/cm?), and TVS (77 ug/cm?) are observed at the heat exchanger entrance, gradually
decreasing and levelling out.

- Metal concentrations on the sampled HX plates exhibit a consistent pattern, with a slight increase in the end plates. This increase
can be attributed to the exit pressure rise and strong turbulence before the fluid exits the heat exchanger.

- The in-situ HX with side stream filtration exhibited very low deposition after 3 years of continuous operation (without cleaning)
with an average TS of 93 pg/cm? and an average TVS of 45 pg/cm?. The low TVS values are indicative of low polysaccharides
deposition and hence, low biofouling potential.

- Without side stream filtration, the pilot maximum TS deposition reached 110 pg/cm? and the maximum TVS reached 90 pg/cm?
after only 12 weeks of operation.

- Comparing the in-situ HX deposits with the pilot HX suggest the role of side stream filtration in reducing particle deposition and,
consequently, decreasing biofouling potential.
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Crossflow microsand filtration is a promising avenue to control fouling and improve system’s energetic performance in a sus-
tainable way. The reduction in fouling on heat exchange surfaces can contribute in improving the building energetic performance by
increasing heat transfer capacity. Future research should focus on quantifying the impact of side stream filtration on the operational
efficiency and energy savings of HVAC units.
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NOMENCLATURE

CT cooling tower

Gpm gallons per minute

HX heat exchanger

HVAC  Heating, ventilation and air-conditioning
TS Total solid

TSS Total suspended solid

TFS Total fixed solid
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