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This article presents a new experimental methodology and results of the waterside thermal hydraulic
performance of brazed-type condensers under fouling operating conditions. High water fouling potential
was developed in to create conditions that cause severe precipitation and particulate fouling during the
experiments; corrosion and biological fouling were intentionally prevented by chemical inhibitors. Among
other advantages, this new methodology is independent from the geographical location of the laboratory and
from the local water supply source. Using this technique, a Langelier saturation index of the water of about
3–3.5 was achieved, which represents very severe fouling conditions. Four brazed-plate heat exchangers
were tested, and a maximum reduction in heat flux of 28% and a maximum increase in pressure drop of
250% illustrate the potentially critical impairment of the heat exchanger thermal hydraulic performance.
The asymptotic fouling resistance had a strong dependence on the internal geometry of the plates and
weak dependence on the aspect ratio of the plates. A soft corrugation angle of 30◦ gives low pressure drop
in clean conditions but significantly increases the propensity of fouling deposition on the heat transfer
surfaces. The measured fouling resistance for the soft corrugation angle brazed-plate heat exchanger was
about ten times higher than those for similar geometries but with hard corrugation angles.

Introduction
The air-conditioning industry has been under
pressure to improve the efficiency of systems, and
recently, brazed-plate heat exchangers (BPHEs)
have been adopted as refrigerant condensers because they provide higher heat transfer coefficients
than conventional plain tube-and-tube exchangers.
BPHEs are also able to handle high refrigerant
pressure and provide significant cooling capacity
without requiring as much space as shell-and-tube
condensers. The performance of BPHEs relies on
the internal geometry of their corrugated plates,

which often incorporate a herringbone pattern. This
type of pattern is designed to maximize the effective
surface area of the plates, promote turbulence, and
distribute the fluid flow. Several stainless-steel corrugated plates are pressed together, and the ridges
of the corrugations provide mechanical support
and distribute the flows of the two fluids across the
plates. Every second plate is rotated 180∞ from the
first plate, creating a three-dimensional network of
pathways through which the fluid flows. Depending
on the internal geometry of the plates, the flow
pattern could either be in the form of a “zigzag” or
“double-cross” flow (Luan et al. 2008). In both flow
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patterns, the fluid streams intersect each other at
the intersection, which induces turbulent flow and,
at the same time, increases the pressure drop inside
the BPHE (Focke et al. 1985). The stacked plates
are assembled with a thin copper sheet before the
unit enters a furnace. The melted copper acts as a
brazing agent to seal the edges of the BPHE plates
and also bonds the meeting points of the corrugation
ridges to provide pressure retention strength.
In condensers, heat is rejected from the refrigerant side to the water side, and the water often circulates in cooling tower loops. Circulating cooling
tower water typically contains an excess of amount
of mineral ions, such as calcium and magnesium,
due to the evaporation of water, thus making the water hard (Cho et al. 2003). When hard water is heated
inside compact BPHEs, the calcium and bicarbonate ions precipitate because a drop in local solubility
occurs. This phenomenon is referred to as mineral
fouling, and this deposition of unwanted material
on the heat transfer surface reduces the overall heat
transfer coefficients and increases the resistance to
the fluid flow (Zubair and Qureshi 2006).
In cooling tower applications, four major mechanisms of fouling are expected: (1) precipitation
fouling (scaling), (2) biological fouling (slime), (3)
corrosion fouling, and (4) particulate fouling (sedimentation) (Haider et al. 1991, 1992). The extent of
the fouling problem depends upon the water quality, operating conditions, monitoring system, and
maintenance practices. In spite of the long use of
BPHEs, few calculation methods have been proposed for predicting the heat transfer and pressure
drops during fouling conditions. Users of this type
of equipment have typically applied the same fouling factors that are recommended for tube-type heat
exchangers, which are summarized in AHRI Guideline E (AHRI 1997). Guidance to the industry has
also been provided by AHRI Standard 450 (AHRI
2007) and from recommendations by the Tubular Exchanger Manufacturers’ Association (TEMA
2007). It has also been determined that significant
precipitation and particulate fouling occurs for internally enhanced tubes (Chamra 2007) but, unfortunately, fouling characteristics cannot easily be generalized for all applications.
The fouling resistance is proportional to the net
fouling deposition rate per unit area, ṁ f , which depends on the difference between the deposition and
the removal rates (Kern 1959):
ṁ f =

d
(m f ) = ṁ d − ṁ r ,
dt

(1)

where ṁ d and ṁ r are the deposit and removal rate
per unit area, respectively. The deposit rate depends
on the type of fouling that occurs in the system, and
the removal rate depends on the hardness, adhesive
force of the deposit, and shear stress on the surface
of heat exchange areas. Because biological fouling
and corrosion are usually prevented by using an inhibitor, the deposit rate in a condenser cooled by
water circulating through a cooling tower is dominated by precipitation and particulate fouling mechanisms. Precipitation fouling occurs simultaneously
with particulate fouling because cooling tower water
typically contains inversely soluble minerals, which
come primarily from the make-up water source but
which may also be introduced by particles in the
atmosphere. As reported by Webb (1994), there are
three possible fouling curve trends: linear, falling,
and asymptotic. A linear growth rate occurs either
when the removal rate is negligible or when the
deposition and removal rates are constant as long
as ṁ d > ṁ r . The fouling resistance will attain an
asymptotic value only when ṁ d = ṁ r . Typically,
precipitation fouling trends linearly, and particulate
fouling due to crystallization and corrosion trends
asymptotically. Most fouling studies report the measured fouling resistance Rf with respect to time, as,
for example, the investigation of the effects of alkalinity on scaling of simulated cooling tower water
by Morse and Knudsen (1977), the study of effects
particle size on particulate fouling by Chamra and
Webb (1993), and the work on particulate fouling by
Thonon et al. (1999). Assuming uniform deposition
over the heat exchanger surface, the fouling resistance Rf can be expressed in terms of net fouling
deposition rate ṁ r , as follows:
dRf
1 dm f
=
dt
ρ·k f dt

(2)

where ρ is the density of fouling deposit, and kf
is the thermal conductivity of the deposit material.
From Equation 2, it is clear that the heat transfer
aspects of the fouling phenomenon are mutually dependent from the physical properties of the deposit
material and mass transfer mechanisms. Taborek et
al. (1972) presented the first systematic investigation of the fouling phenomenon in heat exchangers with emphasis on the CaCO3 constituent. They
proposed different ways to express deposition rates
depending on the deposition mechanisms, and they
explained that precipitation fouling occurs when an
inversely soluble mineral in the water comes out
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Figure 1. Example of solubility curves for two substances.

of the solution and adheres to the internal surface
of the heat exchanger. Many researchers have reported water quality as one of the significant factors
that contributes to precipitation fouling. However,
the quality of cooling tower water varies geographically. Several references from the literature were
explored in order to understand representative particles in actual cooling tower water. Chamra (2007)
reported constituents that can be found in cooling
tower water, and several of them are present because
the system is open to the atmosphere. Municipal water sources usually contain inversely soluble minerals, such as calcium carbonate and magnesium
carbonate (Al-Rawajfeh and Al-Shamaileh 2007).
Solubility of these minerals depends on three different parameters—temperature of the solution, pH
of the solution, and the presence of other minerals
(Grace 2007). The temperature effect on solubility
can be explained by considering the plots in Figure
1.
Increasing amounts of a directly soluble mineral
may be dissolved as the temperature of the solution
is raised. Examples of directly soluble minerals include NaCl and NaNO3 . In contrast, the solubility
of an inversely soluble mineral only increases up
to a certain temperature. Beyond this temperature,
the substance reaches a region where the solubility
decreases with increasing temperature. Examples of
inversely soluble minerals are CaCO3 and CaSO4 .
Besides temperature, the solubility of an inversely
soluble mineral is also affected by the pH of the solution; for example, CaCO3 is more dissolvable in
an acidic solution than a basic solution.
A solution must reach its saturated stage before
the dissolved minerals start to precipitate. It is possible for a solution to reach a supersaturated stage at
which the solution contains more dissolved minerals
than the saturated concentration limits. Supersaturated solution can be attained when water is either

heated or cooled. For instance, Na2 S2 O3 , sodium
thiosulfate, has solubility at 25◦ C (77◦ F) of 50 g of
Na2 S2 O3 per 100 g of H2 O (0.11 lb of Na2 S2 O3 per
0.22 lb of H2 O). If 70 g (0.154 lb) of Na2 S2 O3 are
dissolved in 100 g (0.22 lb) of H2 O at 50◦ C (122◦ F),
and the solution is then cooled to room temperature,
then the extra 20 g (0.0441 lb) of the mineral might
not precipitate. The resulting solution is known to
be supersaturated, and usually the solution is not stable. An evaporation process at ambient temperature
increases the concentration of the dissolved solids
and, if the process is sustained for a sufficient period
of time, it is possible for the water to reach saturated
and supersaturated stages. Once supersaturated conditions are achieved, a small increase of the water
temperature will cause the inverse-soluble minerals
to precipitate. This is the principle that was adopted
in the current work to control the precipitation in
laboratory during the fouling experiments.

Literature Review
Numerous investigators have developed correlations for estimating the thermal hydraulic performance of clean BPHEs for single-phase fluids. The
correlations are functions of plates corrugation angle and Reynolds number (Focke et al. 1985; Wanniarachchi et al. 1995); an excellent review on this
subject can be found in the work by Ayub (2003). An
analysis of the refrigerant side for BPHEs must be
conducted for evaluating the operating conditions of
the condensers. Relevant studies on two-phase heat
transfer characteristics and pressure drop of R134a,
refrigerant in BPHEs, can be found in Yan and Lin
(1999) and, more recently, in Jokar et al. (2004) and
Longo and Gasparella (2007). Longo also investigated condensation heat transfer and pressure drop
in small BPHE (Longo 2008). The experimental facility in his work included a variable-speed refrigerant pump and two independent heat exchange loops
integrated in the system that controls the degree of
superheat and sub-cooling. Longo reported that this
technique provided accurate control of the refrigerant parameters during condensation, and a similar
methodology was applied to the refrigerant loop of
the test facility of the present work.
The literature regarding fouling of heat exchangers is of great relevance for the present study. Because of the broad interdisciplinary nature of the
fouling phenomenon, this summary limited the recent work in the literature to that which aimed
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to identify the main parameters that control the
fouling mechanism, described the technical approaches for detecting precipitation and particulate fouling, or assessed accuracy and repeatability of the fouling resistance measurements in heat
exchangers.
A main driving potential for the fouling deposition is the concentration of the minerals within
the water stream. Although there are several inversely soluble minerals found in typical cooling
tower water, calcium carbonate (CaCO3 ) seemed
to be the predominant mineral found in fouling deposits. Hence, fouling of heat exchangers by precipitation of CaCO3 has been the main focus of many
researchers for the past two decades. The first study
performed regarding precipitation fouling was done
by Langelier (1936). He proposed the “Langelier
index,” now commonly known as Langelier saturation index, or LSI. This parameter is used to predict
the solubility of CaCO3 in water. The parameters
used to determine the LSI are the amount of total
dissolved solids, calcium hardness, total alkalinity,
fluid temperature, and actual pH of the water. The
LSI is defined as the difference between actual pH
of the water sample and its computed saturation pH,
pHs , which is the pH at which the calcium concentration in a given water sample is in equilibrium
with the total alkalinity. In the current work, the
saturation pH values were approximated using the
following equations (Pearson 2003):
L S I = p Hactual − p Hs ,

(3)

p Hs = 12.18 + 0.1 log10 (TDS)
−0.0084(Twater ) − log10 (Ca)
− log10 (Malkalinit y ),

(4)

where
TDS is the total dissolved solid, ppm;
Twater is the water temperature, ◦ F;
Ca is the calcium concentration, ppm as CaCO3 ;
and
Malkalinity is the “M” alkalinity, ppm as CaCO3 .
Other models to compute the saturation pHs are
available in the literature, and they generally provide
similar values of the LSI (Lim 2010). If the LSI is
higher than 2, then the water is considered to be
in severe precipitation fouling conditions, and very
strong scale formation is expected. This condition
is referred to as high fouling potential water. Mild
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scale formation is expected for LSIs between 0.8
and 1.8, and small or no scale formation is usually
observed for an LSI less than 0.3.
Ritter (1981) investigated precipitation fouling in tube heat exchangers using two different
minerals—lithium sulfate and calcium sulfate. The
circulating solution that contained inversely soluble minerals was prepared by charging the system
with distilled water and circulating the system water through a bed of minerals. The experiments were
conducted by varying the solution velocities inside
the heat exchangers between 0.6 ft/s and 13 ft/s (0.2
m/s and 4 m/s), water temperatures between 99◦ F
and 222◦ F (37◦ C and 106◦ C), and heat fluxes between 6 Btu/ft2-hr and 140 Btu/ft2-hr (19 W/m2 and
442 W/m2). The heat transfer coefficients were determined from the inlet and exit temperatures of the
tube and the measured heat inputs. Multiple regression methods were implemented to evaluate the importance of the listed parameters. It was found that
the degree of water supersaturation is the most important parameter in correlating fouling resistance.
Andritsos et al. (1996) studied scale formation of
CaCO3 on tube walls under isothermal conditions.
The effects of pH, supersaturation, flow velocities,
and liquid temperature were investigated. The experiments were performed with water velocity in
the range of 0.6–7.8 ft/s (0.2–2.4 m/s), temperatures in the range of 59–131◦ F (15–55◦ C), and pH
values in the range of 8–13. It was noted that the deposition rate increased sharply between pH of 8.5–9
and was relatively constant at pH greater than 9. The
investigators also explained that the increase of liquid temperature promotes a higher deposition rate
and also shifted the onset of deposit formation to a
lower pH. These results confirmed that an inversely
soluble mineral decreases its solubility with the increase of both fluid temperature and pH. Bansal and
Muller-Steinhagen (1993) focused on precipitation
fouling in a plate heat exchanger using single-phase
liquids. The plate heat exchangers had three channels with a 2.4-mm (9.45 × 10−2 in.) channel gap.
Calcium sulfate solution was prepared using deionized water and stored in a 50-L (13.2-gal) tank. The
undissolved minerals were filtered to eliminate reentrainment. The investigators noticed that the net
fouling deposition rate decreased with time. One
possible explanation was that at the beginning of
the fouling process, there was hardly any removal
process because the size of the crystals on the heat
exchanger surface area was small. After a period of
time, the size of the crystals increased, resulting in
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more fragile crystals and a higher shear force on
the surface of the fouling deposit. These conditions
induced the removal of crystals. The authors also
proposed that as fouling thickness grew, the velocity of the fluid increased because of the reduction of
flow area. The increase of local velocity reduced the
solution temperature by 4◦ F to 6◦ F (2.2◦ C to 3.3◦ C).
Based on the nature of inversely soluble minerals,
the decrease in temperature might have caused the
precipitation rate of minerals to decrease as well.
More work on the effect of fluid velocity on precipitation fouling was also reported by Hasson (1962)
and Watkinson and Martinez (1975).
Webb and Li (2000) studied fouling in enhanced
tubes using actual cooling tower water. In their work,
the fouling mechanism was a combination of particulate and precipitation fouling, which is similar to
the fouling mechanism of the present investigation.
The fouling tests in the Webb and Li study were conducted with water velocity of 3.5 ft/s (1.1 m/s) and
Reynolds number of about 16,000. The total hardness of cooling tower water was approximately 800
ppm CaCO3 , electrical conductivity of 1,600–1,800
µ, and pH = 8.5. Webb and Li observed that
there were more mineral deposits found in enhanced
tubes than those found in the plain tubes and concluded that there was a strong relationship between
asymptotic fouling resistance and the internal geometry of the enhanced tubes. Several researchers
developed experimental facilities to study fouling
performance of plate heat exchangers. An experimental facility was developed by Grandgeorge et
al. (1998) to measure the particulate fouling of heat
exchangers. The foulant was a mixture of anatase
TiO2 particles in deionized water, and it was circulated between a 500L (132-gal) tank and the test
plate heat exchanger. In their work, the fouling fluid
was cooled, and hence, precipitation fouling was
not likely to occur, and only particulate fouling was
of interest. The work by Chamra and Webb (1993)
also focused on particulate fouling inside enhanced
tubes. In another work, Chamra focused on fouling
inside smooth and enhanced shell-and-tube refrigerant condensers by using copper alloy tubes (Chamra
2007). In his work, a water loop and a refrigerant
loop were connected through the test section, which
consisted of a shell-and-tube heat exchanger with refrigerant flowing through the shell and water flowing
through the inner tube. Water with low fouling potential (LSI < 0.5) was created by adding foulants to
distilled water, and the solution was circulated in the
water loop. The refrigerant loop did not incorporate

any refrigerant pumps, and the flow of refrigerant
(vapor) into the test section was provided by means
of buoyancy from a refrigerant tank and the return
to the liquid tank by gravity. Although the test facility used by Chamra was one of the first attempts
to study waterside fouling performance during twophase refrigerant condensation, it seemed that controlling the refrigerant saturation pressure, degree
of superheat, and flow rate at the same time was difficult and hard to achieve with their test apparatus.
The author also investigated the waterside fouling
performance using only water with a very low concentration of minerals, resulting in an LSI less than
0.3. In these conditions, measurements suggested
that low fouling potential water did not produce any
measurable fouling effects.
The above research was primarily experimental
in nature. Hasson and Zahavi (1970) presented a
deposition fouling model that predicts the deposition rate of CaCO3 using the ionic diffusion theory.
Thonon et al. (1999) performed a study on the effect of geometry and flow conditions on particulate
fouling in plate heat exchangers using CaCO3 as
the foulant particle. In order to avoid crystallization
inside the heat exchanger, the wall temperature was
kept as low as possible, and the fluid temperature
ranged between 71◦ F and 75◦ F (21◦ C and 25◦ C).
The corrugation angles were 30◦ , 60◦ , and combination of 30◦ and 60◦ . Thonon et al. (1999) concluded
that the channel geometry and the fluid velocity
are the greatest factors that affect fouling trends in
a plate heat exchanger. Contrary to the finding of
Muller-Steinhagen and Middis (1989), Thonon et
al. did not find that particle size and concentration
significantly affects the rate of particulate fouling.
Blochl and Muller-Steinhagen (1990) investigated
the effect of particle size on the particulate fouling rates during convective sensible heat transfer in
liquids. Experiments were carried with fluid velocities between 0.04 ft/s and 1 ft/s (0.01 and 1 m/s) and
heat fluxes of 1,740–4,565 Btu/hr-ft2 (5,500–14,400
W/m2) and aluminum particles with nominal diameter ranging from 0.06 and 15 µm (2.4 × 10−6 and
5.9 × 10−4 in.). The influence of particle size on the
asymptotic fouling resistance was compared with
the predictions of the Watkinson-Epstein model.
The authors reported that changes of mass transfer
coefficient were observed with increasing particle
size, reduced adhesion forces between particles and
wall and increasing removal forces. Similar conclusions were reported by Chamra and Webb (1993),
in which a semi-empirical model for liquid side
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particulate fouling in enhanced tubes was developed
by modifying Kern and Seaton’s original model.
In summary, while BPHE performances under
clean conditions are well known, the cumulative
impact of fouling on the thermal and hydraulic
performance of BPHEs is difficult to quantify, as it
is a function of water chemistry, minerals dissolved
and particles suspended, temperature, pH, operating
conditions of the condenser, and chemical cleaning
procedures. Enhanced heat transfer surfaces used
in BPHEs provide higher heat transfer coefficients
than conventional plain tubes, but they are usually
more sensitive to fouling (Thonon et al. 1999).
Several BPHEs used currently have a leaving
temperature difference of 2◦ F (1.1◦ C) instead of
5◦ to 6◦ F (2.7◦ to 3.3◦ C). With these small leaving
temperature differences, the field fouling allowance
originally proposed for tube-and-tube of about 2.5 ×
10−4 hr-ft2-◦ F/Btu (4.4 × 10−5 m2-◦ C/W) is a higher
fraction of the total heat transfer resistance than
it was when designs were based on a 5◦ to 6◦ F
(2.7◦ to 3.3◦ C) leaving temperature difference. The
work presented in this article addresses the need to
quantify the long-term thermal and hydraulic performance of brazed-plate-type condensers adopted
in cooling tower applications. A new approach to
systematically investigate the waterside fouling
performance was developed, and its feasibility is
discussed. During the experiments, the water was
maintained saturated in minerals and becomes
supersaturated near the heat transfer surfaces of
the BPHEs. A complete and thorough uncertainty
analysis of the experimental methodology is also
presented to identify the main sources of inaccuracy
during the fouling resistance and pressure drop
measurements. Finally, the propensity for waterside
fouling of four different BPHEs during refrigerant
condensation is presented. The BPHEs were tested
in a laboratory controlled environment with high
fouling potential water as described next.

Experimental Methodology
High water fouling potential was developed in
the laboratory to replicate the fouling mechanism
of brazed-plate-type condensers in cooling tower
applications. The water was progressively concentrated, and the dissolved minerals reached solubility
limits. Water was maintained at saturated conditions
while running through the test BPHE, which was run
in series to a small cooling tower inside the laboratory, which served primarily to concentrate the foul-
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ing minerals. During operation, the water becomes
supersaturated near the heat transfer surfaces of the
test BPHE. Here, the water was rapidly heated up
by the refrigerant, and thus, mineral precipitation
was promoted due to a local sudden drop of solubility. In the present work, the cooling tower acts
more as a mineral concentrator device rather than
a heat sink. It should be emphasized that the work
in this article deals with mineral fouling only, that
is, combined precipitation and particulate fouling.
The effects from biological fouling and corrosion
were reduced by treating the cooling tower water
with a sufficient amount of chlorine and Tolytriazole, which is a chemical additive that prevents corrosion (Walker 1976; Niedrach and Stoddard 1985).
It should also be noted that reverse osmosis water, a
few chemicals, and a small scale cooling tower were
the starting points to create high fouling potential
water. The technical approach provided very repeatable water chemistry, which is independent from the
geographical location of the laboratory and from the
local supply source.

Experimental apparatus and test
conditions
The experimental apparatus consisted mainly of
two sections: a simulated cooling tower water loop
and a refrigeration loop. These two loops shared the
test BPHE, which acted as refrigerant condenser.
Figure 2 shows a schematic of the experimental apparatus with the main sensors and instrumentation.
The cooling tower water loop (1) includes a series
of three centrifugal pumps (pumps 1 to 3), the test
BPHE, a post-cooler that is installed in parallel with
a small cooling tower, and a water reservoir. The water flow rate is set by adjusting the metering valve at
the outlet of pump 3, and the water entering temperature to the test BPHE is controlled by an electric
heater immersed in the reservoir. About 25% of the
total flow rate is diverted to the small-scale cooling tower in order to evaporate the water at ambient
temperature. The remaining stream flows through
the water post-cooler. The cooling tower progressively increases the concentration of the minerals
in the water stream until saturated conditions are
achieved. Make-up water is added periodically to
the cooling tower water loop to replace the amount
of water evaporated. Make-up water has a mineral
content such that its LSI is about 0.4, that is, of low
fouling potential.
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Figure 2. Schematic of the test facility for the fouling tests: (1) simulated cooling tower loop and (2) refrigeration loop.

A gear pump with a variable-speed drive circulated refrigerant R134a throughout the refrigeration
loop (2). The refrigerant is first evaporated in the
top heat exchanger and then superheated before entering the test BPHE. The pressure is taken at the
inlet of the test BPHE while temperature sensors are
installed before and after the test BPHE. The flow
rate is measured by using a coriolis-type mass flow
meter (MFM), which was installed right after the
subcooler. For successful startup of the refrigeration loop, the gear pump was installed at the bottom
of the loop and as close as possible to the sub-cooler.
A series of auxiliary loops were designed to control
the experimental conditions, and they are shown in
Figure 2. The saturation pressure during evaporation
of the refrigerant was set by the water temperature in
the evaporator loop, which includes a 3-kW immersion heater, a reservoir, and a pump (pump 5). The
degree of superheat of the refrigerant is adjusted by
the tuning the temperature of the water in the superheated loop. This loop is shown in the top left
portion of the schematic of Figure 2, and it consists
of a closed loop with a 24-kW (81,891-Btu/hr) inline column heater, an expansion tank (ET), a heat
exchanger, and a circulator. A PID controller adjusts the electric power of the in-line column heater

and regulates the water entering temperature to the
superheater. Finally, heat in the test apparatus is rejected to the chilled water of the building. Pump 7
circulated chilled water through the refrigerant subcooler heat exchanger and the water post-cooler heat
exchanger. Gate valves regulate the amount of cooling provided to each device. Proper balancing of
the valves and adjustment of the PID setting for
the auxiliary systems was critical to achieve accurate control of the test apparatus during the fouling
measurements.
Inside a BPHE, alternating plates are stacked together to form a network of contact points. These
contact points support the two plates and increase
the intensity of turbulence. Figure 3 shows the plate
geometric parameters that contribute to the heat
transfer process, such as aspect ratio L/W , corrugation angles φ, corrugation depth p, and corrugation
pitch transverse to the ribs λ. The corrugation angle is known as the key variable that controls heat
transfer enhancement and the fouling resistance of
a BPHE. In the current work, four BPHEs were selected to cover a broad range for the corrugation
angle and aspect ratio. As summarized in Table 1,
three BPHEs (A2, A3, and A4) had the same corrugation angle but different aspect ratios, while the
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Figure 3. Main geometric parameters for heat transfer analysis
of BPHEs.

fourth BPHE (A1) consisted of the same aspect ratio of A2 but with a different corrugation angle. The
chevron pattern of A1 yielded to low pressure drop
on the water side in clean conditions. All BPHEs
have the same corrugation depth and similar corrugation pitch. The number of plates varied from 6 to
14 and, since the experiments were carried out at
constant water flow rate, the water velocity in between the plates ranged from 0.6 to 1.1 ft/s (0.2 to
0.3 m/s).
A volume of 275 gallons (1.04 m3) of reverse
osmosis water was stored in a reservoir plastic tank.
Magnesium sulfate (93.7 g [0.2065 lb]), calcium
chloride (162.7 g [0.3587 lb]), and calcium hydroxide (30.2 g [0.0666 lb]) were added and mixed to
the reverse osmosis water. Then sodium Tolytriazole
(344 mL or 330 ppm) and chlorine (about 198 ppm)
were added to the water solution to prevent corrosion
(Rother et al. 1985; Yu et al. 2003) and microbial
deposits (Flynn 2009). The resulting solution had

total hardness of about 290 ppm CaCO3 , electrical
conductivity of 5,900 µS/cm (or resistivity of about
170 ), M-alkalinity from 50 to 80 (ppm as CaCO3 ),
and pH ranging between 7.9 and 8.5. Chlorides and
sulfates were less than 200 ppm, whereas the total
dissolved solids ranged from 420 to 620 ppm. Further details on the procedure to make up the solution
can be found in Lim (2010). The LSI calculated using Equation 3 resulted in the range from 0.3 to 0.8,
which was considered very light scaling conditions.
This solution is charged into the tank of the cooling
tower loop of the test apparatus and, if actual pH
was below 9, then potassium hydroxide was added
to adjust the pH to about 9.3. Then the water was
circulated in the test BPHE and in the cooling tower
installed in series in the experimental apparatus. To
avoid sudden precipitation of the dissolved minerals, the evaporation in the cooling tower took place at
an ambient room temperature of about 79◦ F (26◦ C).
During the evaporation process, the dissolved salts
are left behind in the remaining water stream. The
more water that is evaporated, the higher the ratio of salt concentration in the remaining water inside the simulated cooling tower loop is. Minerals
were present in form of precipitate elements, deposit material, and dissolved compounds, and mineral precipitation was further promoted within the
close proximity of the heat transfer surfaces of the
brazed-plate-type condensers, where the water was
heated by refrigerant and the local concentration of
the minerals was brought above the solubility limits.
As make-up water was added to the loop, a known
amount of dissolved salts were also added. The operating conditions during the fouling measurements
were selected in a way in which the test BPHEs operate in similar conditions as refrigerant condensers
in cooling tower applications. Test conditions were

Table 1. Summary of BPHEs for the fouling study.

Dimensions, L × W , in. × in.
(cm × cm)
Aspect ratio, L/W
Number of plates
Heat transfer area, ft2 (m2)
Corrugation angle φ (degree
from flow direction)
Calculated water velocity in
between plates during fouling
tests, ft/s (m/s)

BPHE A1

BPHE A2

BPHE A3

BPHE A4

13.3 × 5.1
(33.8 × 12.9)
2.6
14
4.6 (0.43)
30 (referred to
as soft angle)
0.6 (0.19)

13.3 × 5.1
(33.8 × 12.9)
2.6
14
4.6 (0.43)
63 (referred to
as hard angle)
0.6 (0.19)

21.0 × 5.1
(53.3 × 12.9)
4.1
8
3.9 (0.36)
63 (referred to
as hard angle)
1.1 (0.33)

20.3 × 9.8
(51.6 × 24.9)
2.1
6
5.3 (0.49)
63 (referred to
as hard angle)
0.7 (0.23)
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Table 2. Test conditions for the fouling performance tests on brazed plate-type condensers.
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Independent variables controlled during the fouling Nominal value and deviation during the fouling
experiments
experiments
Water side
Entering water temperature (TEWT )
Water flow rate (V̇w )
Cooling tower water LSI
Refrigerant side
Saturation condensing temperature (Tsat,r )
Degree of superheat for entering refrigerant
(TSH ).
Mass flow rate of refrigerant (ṁ r e f )
#Set

85.03 ± 0.05◦ F (29.4 ± 0.03◦ C)
4.65 gpm# ± 0.03 gpm (29.3 × 10−5 m3/s)
2.0–3.5 (with modified pH @ 9.3)+
105.0◦ F ± 0.2◦ F (40.5 ± 0.1◦ C)
65.0 ± 0.5◦ F (36.1 ± 0.3◦ C)
3.50 ± 0.02 lbm /min (26 × 10−3 ± 15 × 10−5kg/s)

at 3 gpm/ton of cooling capacity. Estimated capacity BPHEs was about 1.5 tons of refrigeration (5.3 kW or 18,000 BTU/hr).
representative of severe scale formation conditions.

+LSI

also in agreement with the recommendations given
in the AHRI 450 guidelines (AHRI 2007). Table 2
provides the list of independent variables that were
fixed and accurately controlled during the fouling
experiments of the present work. The degree of superheat and the water flow rate were selected from
a typical range of brazed-plate-type condensers and
within the scope expressed by ASHRAE (ASHRAE
2007).

Data reduction and uncertainty analysis
Tests were conducted until near-to-asymptotic
fouling conditions were achieved. The data reduction for the measurements for fouling resistance in
BPHEs was carried out according to the steps summarized in Table 3. The logarithmic mean temperature difference (LMTD) was based on the refrigerant saturation temperature in agreement with AHRI
Standard 450. The LMTD accounts for neither the
degree of superheat nor the degree of sub-cooling on
the refrigerant side in the BPHE. While the subcooling part is often negligible, the fouling resistance
obtained with this approach can be evaluated only if
the degree of superheat is fixed for all experiments.
In the current work, the degree of superheat was controlled to 65.0◦ F (36.1◦ C) in order to replicate operating conditions similar to the ones of actual condensers in cooling tower applications. Using the test
facility, the clean and fouled operating conditions
might be different due to the small inherent fluctuations of the refrigerant pressure, flow rate, and
water flow rates during the experiments. In order to
account for these differences, a few additional steps

in the data reduction procedure were taken to reduce
the systematic error when evaluating Rf , and they are
described in steps III, IV, V, and VII of Table 3.
Resistance temperature detectors (RTDs) were
used to read the water and refrigerant inlet and
outlet temperatures, while the refrigerant saturation
temperature was obtained from the refrigerant pressure, for which the transducer was installed at the
inlet of the BPHE. A data logger from National Instruments and Labview Real Time data acquisition
system were used to record and store the data. Operating conditions were closely monitored every 1
s at all times by the Labview Real Time control
module. Data were recorded 2 to 3 h each day with
a sampling rate of 2 s, and the average values of
the operating parameters were then calculated from
about 5,000 data points taken during each recording period. The measurements samples were statistically large to reduce the error from noise, random
fluctuations of the sensor output signals, and sensors
response time. The sensors and corresponding accuracies are summarized in Table 4. The bias error was
considered by calculating average values of the operating parameters directly on line during the tests.
The averages were brought close to the nominal
values of the operating parameters. The systematic
error due to small deviations of the average refrigerant saturation pressure and water flow rates in fouled
conditions with respect to the nominal initial clean
conditions were significantly reduced by using the
double interpolation correction procedure for (UA)c ,
summarized in step VII of Table 3. Refrigerant flow
rate was observed to be a critical parameter also, and
it was kept fairly constant during the experiments,
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Step IV

Step III

Step II:

Step I:

,

(U A)c =
where refrigerant saturation temperature Tsat,r,c is calculated from the saturation pressure psat,r,c .
Perform step II at refrigerant saturation pressures slightly above and below the nominal value. For example, if the nominal psat,r,c = 149.7
psi (1,032 kPa) (i.e., Tsat ,r = 105◦ F or 40.5◦ C), (UA)c coefficients were measured at average refrigerant saturation pressures of about
148.5, 149.5, 150.0, and 150.7 psi (1,024, 1,031, 1,034, and 1,039 kPa). This would provide four values of (UA)c that are slightly
different from each other.
Correlate the (UA)c coefficients with the values of psat,r,c and derive a linear trend of the type “(UA)c = C 1 + C 2 ·psat,r,c ” for the specific
water flow rate, where C 1 and C 2 are two empirical constants obtained by linearly fitting of the (UA)c factors with psat,r,c ..
Repeat steps II to III for at least two water flow rates, one close to the highest limit and one close to the lowest limit of the fouling period.
For example, if the desired nominal flow rate of water was 4.65 gpm (29.34 × 10−5 m3/s), (UA)c coefficients were measured at about
4.63 and 4.67 gpm (29.21 and 29.46 × 10−5 m3/s).
Plot all (UA)c coefficients versus saturation pressure and water flow rate and derive the linear trends for each water flow rate, as specified
in step III above.
(Continued on next page)

ln
Tsat,r,c −TL W T,c
Qw
, (7)
L M T Dc

At initial time t = t0 , measure ṁ w,c , TEWT,c , TLWT,c , psat,r,c, ṁ r e f,c
Perform a first test with refrigerant conditions as close as possible to their nominal values of Table 2. Calculate average values and
standard deviation. For example,
ṁ w,c = 38.60 ± 0.30 lb/min (or V̇w,c = 4.6565 gpm ± 0.02 gpm) (0.292 kg/s ± 0.002 kg/s)
ṁ r e f,c = 3.50 ± 0.02 lb/min (0.0265 kg/s ± 0.00015 kg/s)
psat,r,c = 149.7 psi ± 1.0 psi (1,032.1 kPa ± 6.9 kPa)
TEWT = 85.03◦ F ± 0.05◦ F (29.46◦ C ± 0.03◦ C)
This preliminary test is needed to define the acceptable range of variability in the flow rates during the fouling period. In particular,
variations of the refrigerant flow rate outside the boundary range determined in this step might affect the capacity of the PHE and, thus,
alter the temperature difference of the water across the PHE.
Calculate the clean value of the heat transfer coefficient (UA)c as follows:
Q̇ w = ṁ w,c Cw (TL W T − TE W T )c = ṁ w,c Cw Tw,c , (5)
Tw,c

(6)
L M T Dc =  Tsat,r,c −T
L W T,c +Tw,c

Table 3. Data reduction for fouling resistance in the brazed-plate-type condensers.
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ln
Qw
L MT D f

Tsat,r −TL W T, f

,

At time t, measure ṁ w, f , TEWT,f , TLWT,f , psat,r,f , and ṁ r e f, f and verify that the entering water temperature to the test BPHE in fouled and
clean condition is the same; that is, TE W T, f − TE W T,c ≤ 0.1◦ F (0.05◦ C).
Verify that the refrigerant flow rate in fouled and clean conditions is also the same; that is,
ṁ
−ṁ
| r e f,ṁfr e f, f r e f,c | ≤ 0.6%.
If step V is satisfied, calculate the fouled value of the heat transfer coefficient (UA)f , as follows:
Q̇ w = ṁ w, f Cw (TL W T − TE W T ) f = ṁ w,c Cw Tw, f , (8)
T
(9)
L M T D f =  Tsat,r −TL Ww,T,ff +Tw, f 

(U A) f =
(10)
Step VII: Compute fouling
resistance
Rf as

 follows
1
1
R f = Aht (U A) f − (U A)c,corr ected , (11)
where Aht is the nominal heat transfer area. (UA)c,corrected is the corrected clean (UA)c factor of the BPHE, and it is obtained from double
linear interpolation of the (UA)c coefficients recorded in step IV. The double linear interpolation is performed using the actual saturation
pressure and average water flow rate of the fouling experiment.

Step VI:

Step V:

Table 3. Data reduction for fouling resistance in the brazed-plate-type condensers. (Continued)
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that is, within 0.6% deviation. By measuring (UA)f
and evaluating the corresponding clean coefficient
(UA)c,correcte , at the same refrigerant saturation pressure and water flow rate, the fouling resistance Rf ,
obtained with Equation 11 is representative of the
variation of heat transfer coefficient solely due to
the fouling deposit on the heat transfer surfaces of
the BPHEs.
The pressure drop in clean conditions, pw,c , was
measured by using a differential pressure transducer,
and it was compared with the pressure drop in fouling conditions, pw,f . The water friction factor in
clean (fw,c ) and fouled (fw,f ) conditions could be calculated according to the following definitions:
f w,c = −

1 de ρw
pw,c and
2 L G 2w,c

f w, f = −

1 de ρw
pw, f ,
2 L G 2w, f

(12)

where de and L are the flow channel equivalent diameter and channel nominal length, respectively (Ayub
2003). During the fouling tests, the water mass flux
and inlet temperature were constant, and thus, the
fouling pressure drop penalty factor (PDPF) is reduced to
PDPF = pw, f /pw,c

(13)

A complete and thorough uncertainty analysis
was conducted according to the uncertainty propagation method suggested by Taylor and Kuyatt
(1994). The uncertainty in the fouling resistance
depends on the following variables:




2

∂ Rf
 ∂ Rf
e R f = ±
e
+
eT
 ∂ T L W T TL W T
∂ TE W T E W T

∂ Rf
∂ Psat

is the sensitivity coefficient due to refrigerant
saturation pressure;

eTL W T and eTE W T are the accuracy of the RTD for
leaving (L) and entering (E) water, respectively
(◦ F or ◦ C);
em water is the accuracy of a mass flow meter, lb/min
(kg/s); and
e Psat is the accuracy of a pressure transducer, psi
(kPa).
Each of the accuracies was obtained by in-situ
periodic calibration of the RTDs and from highprecision certified calibration of the flow meter and
pressure transducers by the manufacturer. Considering each measurement as uncorrelated and random,
the uncertainty on the fouling resistance was estimated. The results showed that the uncertainty depended mainly on the difference between the leaving
water temperatures in a fouled condition compared
to the one in a clean condition. From the experimental results, the fouling resistance of the BPHEs
was lower than 1 × 10−3 hr-◦ F-ft2/Btu (1.8 × 10−4
◦
C-m2/W) as shown in Figure 4. In the test apparatus, the RTDs in the water stream were calibrated
in situ to within 0.1◦ F (0.05◦ C). If the fouling resistance varies from 1 × 10−4 hr-◦ F-ft2/Btu to 1 ×
10−3 hr-◦ F-ft2/Btu (from 1.8 × 10−5 ◦ C-m2/W to
1.8 × 10−4 ◦ C-m2/W), the uncertainty ranged from
±60% to ±10%. With some geometries tested in
this work, the fouling resistances were on the order
of 1 × 10−4 hr-◦ F-ft2/Btu and 2 × 10−4 hr-◦ F-ft2/Btu

2

⎞2

⎛

⎟
⎜ ∂ Rf
+⎝
em water ⎠ +
·
∂ m



∂ Rf
∂ Psat

2

e Psat

,

(14)

water

where
∂ Rf
∂ TL W T

is the sensitivity coefficient due to leaving
water temperature;

∂ Rf
∂ TE W T

is the sensitivity coefficient due to entering
water temperature;

∂ Rf
·

∂ m

is the sensitivity coefficient due to water mass

water

flow rate;

(of 1.8 × 10−5 ◦ C-m2/W and 3.5 × 10−5 ◦ C-m2/W),
and the corresponding uncertainty was estimated
within ±60% to ±36%, respectively. The sensitivity of the uncertainty with the accuracy of the RTD,
eLWT , is also shown in Figure 4. An accuracy of
0.15◦ F (0.08◦ C) for eLWT is clearly not sufficient
to measure the fouling resistance in BPHEs. If the
leaving water temperature in fouled condition varies
less than 0.2◦ F (0.11◦ C) with respect to a clean condition, that is, if TLWT is less than 0.2◦ F (0.11◦ C)
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Table 4. Specifications of the key instrumentation for the fouling experiments in brazed-plate type condensers.
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Item

Type

Sensors
Water MFM

Coriolis

Refrigerant MFM

Coriolis

Water inlet temperature
Water outlet temperature
Refrigerant Inlet temperature
Refrigerant pressure

In-stream Pt-RTD
In-stream Pt-RTD
In-stream Pt-RTD
Piezo-transducer

Pressure difference water side

Piezo-transducer

++Special

Nominal range

Accuracy

16 to 55 lb/min (0.1 to 0.4
kg/s)
1 to 5 lb/min (0.01 to 0.04
kg/s)
83 to 87◦ F (28 to 30◦ C)
88 to 95◦ F (31 to 35◦ C)
68 to 173◦ F (20 to 78◦ C)
2.2 to 251 psia (15 to
1,730 kPa)
0 to 15 psid (0 to 103 kPa)

±0.03% of flow rate
±0.1% of flow rate
±0.09◦ F (0.05◦ C)++
±0.09◦ F (0.05◦ C)++
±0.2◦ F (0.1◦ C)
±0.13% of full scale
±0.10% of full scale

limits from high accuracy in-house customized calibration with isothermal bath and precision thermometer.

in Figure 4, the fouling resistance is still measurable with the test apparatus, but the associated uncertainty would be more than 80%. Improving the
accuracy of the RTDs to within 0.05◦ F (0.027◦ C)
could decrease further the uncertainty error from
60% to 27%, as shown in by intersecting a vertical
line at Rf of 1 × 10−4 hr-◦ F-ft2/Btu with the error
propagation curves. The theoretical uncertainty in
the PDPF depends mainly on the accuracy of the
differential pressure transducer. For the range of experiments carried out in this work, the uncertainty
in the PDPF was from ±2.5% to ± 4%.

Discussion of the results
The low fouling potential water was circulated
through the test BPHE and cycled through the cooling tower. The concentration of minerals in the

cooling tower water was progressively increased by
evaporating the water at a controlled rate of 20–24
gal of water per day (76–91 L per day), and the
dissolved minerals quickly reached solubility limits. Figure 5 shows the LSI of the cooling tower
water during this process. During the period labeled the “concentration phase,” the mineral concentrations continuously increased; LSI values of 2
and above, representing severe fouling conditions,
were reached in 7 to 10 days, and values of 3 and
above were reached after 20–30 days. Minerals were
present in form of precipitate elements, deposit material, and dissolved compounds, and this solution is
referred to as high fouling potential water throughout this article. In the cooling tower, the continuous
evaporation process guarantees that the concentration of the minerals remained at the critical saturation limits. Supersaturated conditions occur only

Figure 4. Uncertainty in the fouling resistance versus fouling resistance Rf and difference on the water leaving temperature in fouled
conditions with respect to clean conditions TLWT .
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Figure 5. Langelier saturation index (LSI) during the fouling tests of BPHEs.

in the close proximity of the heat transfer surface
inside the test BPHE, where water is quickly heated
up by the refrigerant and its local solubility limits suddenly decrease. Make-up water, which had
low fouling potential chemical characteristics, was
added periodically to the system to replace the water
vapor evaporated in the cooling tower.
At the end of an extensive (30–70 days) data collection period, the values of heat transfer coefficients
in fouled conditions were evaluated and compared
with the corresponding corrected heat transfer coefficients in clean conditions. The fouling resistances
were calculated and are plotted in Figure 6. The
data for the four BPHEs are given in a logarithmic
scale for the y-axis versus time, in days, on the xaxis and with respect to high fouling potential water
(LSI from 2 to 3.5). All tests show some scatter, but
asymptotic behavior was clearly observed.
The clearest trend shown in Figure 6 is the significant difference between the asymptotic fouling
resistances of BPHE A1 and the other three BPHEs.
After only 30 days with high fouling potential water,
the fouling resistance of BPHE A1 was about 2.0
× 10−3 hr-◦ F-ft2/Btu (3.5 × 10−4 ◦ C-m2/W). The
A2, A3, and A4 BPHEs all have similar trends, and
after 60 to 70 days, the fouling resistances were in
the range from 1.2 to 2 × 10−4 hr-◦ F-ft2/Btu (2.1 to
3.5 × 10−4 ◦ C-m2/W). As shown in Table 1, BPHEs
A2, A3, and A4 all have different geometries, heat
transfer areas, and flow velocities, while they all

have the same hard corrugation angle of 63◦ . BPHE
A1 has identical geometry, heat transfer area, and
flow velocity to BPHE A2, but it has a soft corrugation angle of 30◦ . With the only difference between
the two heat exchangers being the corrugation angle, and the soft corrugation angle BPHE having a
fouling factor one order of magnitude higher than
the hard corrugation angle BPHE, it is concluded
that the soft corrugation angle BPHE leads to a
higher propensity for fouling. This is in agreement
with the conclusion of Thonon et al. (1999), who
reported that the asymptotic fouling resistance of
a plate heat exchanger with a 30◦ corrugation angle was almost ten times higher compared to the one
with a 60◦ corrugation angle. The physical nature of
the flow pattern caused by internal surface geometry
of these test BPHEs must be fully investigated, but
the hypothesis can be made that low corrugation
angles decrease the intensity of turbulence within
the plates and, therefore, reduce the removal rate of
fouling deposits.
Water velocity in BPHE A2 and BPHE A4 were
estimated to be 0.6–0.7 ft/s (0.18–0.21 m/s), while
BPHE A3 had an estimated velocity of 1.1 ft/s
(0.33 m/s). The asymptotic fouling resistance was
expected to be inversely proportional to the fluid velocity in between the plates of the BPHEs (Thonon
et al. 1999; Bansal et al. 2001), but no clear distinction was observed in the results. However, BPHE
A3, which had higher length/width aspect ratio and
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Figure 6. Fouling resistance of BPHEs for LSI of 2.0–3.5.

higher velocity than A2 and A4, manifested an interesting phenomenon of oscillatory behavior of fouling resistance. Before day 50, its fouling resistance
was slightly lower than that of A2 and A4. Then an
oscillatory trend was observed between days 50 and
70, as indicated by the dashed red line in Figure 6.
This oscillatory behavior was also found in previous work in the literature as reported by Li (1998),
and a hypothetical explanation of the phenomenon
may be given in terms of mixed precipitation fouling and particulate fouling. Suspended solids are
introduced into the water by precipitation within
the water and/or removed particles from surface deposits. Suspended solids were evident in the system
for each experiment, forming a soft film on surfaces throughout the system whereever they settle
out, including the BPHE. Thus, it seems inevitable
that both precipitation fouling and particulate fouling will occur in each experiment. Accepting that,
the oscillatory trend of the fouling resistance can
be explained as follows. Precipitation deposits form
on the heat exchanger surfaces as a hard crystalline
structure that may vary in porosity and smoothness
(Lahm and Knudsen 1983; Li 1998). This structure
may, in turn, be covered by particulates that settle out
on the surface. These are attached loosely, especially
toward the end section of the heat transfer surface of
BPHE A3. As the thickness of the particulate layer
on a BPHE plate increases, the gap between BPHE
plates will become obstructed, and water velocity
will increase along with shear stress force on the
loosely adhered particles as well as the crystalline
structure. This increased shear stress force will tend

to remove particulate fouling and even protrusions
of the crystalline structure. Because of the stochastic nature of turbulence within the BPHE, it is anticipated that the dominant mechanism—adhesion
or removal of particles may shift over time, causing the oscillatory behavior shown for BPHE A3 in
Figure 6. This effect may be most noticeable for the
A3 plate, because the local water temperature at the
outlet of the plates is higher compared to the other
geometries, and A3 provides the longest distance in
the direction of the water flow. This effect is consistent with the oscillatory behavior of the pressure
drop in BPHE A3, discussed below.
As shown in Figure 6, significant scatter in the
data was observed, but asymptotic values of the fouling resistance may be estimated by extrapolation,
represented in Figure 6 as the dark dashed lines. The
asymptotic fouling resistances were calculated using the following expression, which was originally
proposed by Grandgeorge et al. (1998):

t 
R f (t) = R f,∞ · 1 − e− τc ,

(15)

where Rf is the fouling resistance at time t, Rf,∞
is the asymptotic fouling resistance, and τ c is the
time constant. The asymptotic fouling resistance is
calculated from the trends of Figure 6. Asymptotic
values of the fouling resistance were estimated to
be 2.4 × 10−3 hr-◦ F-ft2/Btu (4.2 × 10−4 ◦ C-m2/W)
and 1.7 × 10−4 hr-◦ F-ft2/Btu Btu (2.9 × 10−5 ◦ Cm2/W) for BPHEs with soft and hard corrugation
angles, respectively. These asymptotic values would

Downloaded by [Oklahoma State University] at 10:46 16 October 2012

HVAC&R RESEARCH

213

Figure 7. PDPFs of brazed-plate-type condensers with high fouling potential water.

be achieved after about 50 days for BPHE A1 with
the soft corrugation angles and after about 118 days
for BPHE A2 with hard corrugation angle. The measured fouling resistances at the end of the tests represented about 85% of the asymptotic values.
The hydraulic performance of the BPHE is presented in the form of PDPF in Figure 7. These factors are the ratio of the pressure drop measured in
fouled conditions to that measured in clean conditions; e.g., a pressure drop factor of 1.3 corresponds
to a 30% increase in fouled conditions. The pressure
drops in clean condition are also shown in Figure 7.
BPHE A1 with a soft corrugation angle of 30◦ had
the lowest pressure drop in clean conditions, but it
increased by about 50% after 30 days due to the significant fouling deposits. BPHEs A2 and A4 show
similar degradation of hydraulic performance, with
A4 having slightly higher degradation.
A rapid and large degradation of the hydraulic
performance was observed for BPHE A3. The increase of pressure drop for A3 is accompanied by
a large scatter of the pressure data. This scattering supports the hypothesis that the mechanisms of
adhesion and removal of calcium crystallized particles were alternating in this BPHE. After day 65,
the pressure drop of the A3 heat exchanger is 3.5
times higher than its value in clean conditions. At
this point, the pumps installed in the experimental
facility were no longer able to provide a constant

flow rate due to the excessive pressure losses in this
BPHE.
By comparing A2, A3, and A4, which may be
presumed to have similar levels of fouling deposits
based on their fouling factors, it can be seen in
Figure 7 that the asymptotic PDPF is roughly proportional to the square of the average velocity under
clean conditions shown in Table 1. Further research
would be needed to determine whether or not a correlation could be established between the PDPF and
the fouling factor and internal flow velocity.
The heat transfer rate degradation can also be analyzed by measuring the temperature difference of
the water side across the BPHEs. Figure 8 shows the
temperature difference between entering and leaving water versus time, in days, for all four geometries. BPHE A1 clearly has the lowest heat transfer
rate, and the average heat flux in clean conditions
is about 3,424 Btu/hr-ft2 (∼11 kW/m2). After 30
days with high fouling potential water, its heat flux
diminished by as much as 28%. The other BPHEs
with a hard corrugation angle of 63◦ (A2, A3, and
A4 BPHEs in Figure 8) experienced a 4% to 5%
decrease in the heat flux across the plates due to
fouling. It is conjectured that for these types of heat
exchangers, the fouling of heat transfer surfaces is
more a localized phenomena with fouling deposits
primarily affecting the water exit region, where the
refrigerant is superheated and the heat exchanger
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Figure 8. Water temperature difference for BPHEs during fouling tests.

surface has the highest temperatures, lowest local
mineral solubilities, and highest rate of precipitation fouling. Such uneven deposits are expected to
have more effect obstructing the flow and increasing
the pressure drop and less effect on the heat transfer
rate.

Conclusions
BPHEs have recently been adopted by the airconditioning industry to improve the efficiency of
systemsm, but while their operation under clean
conditions is known, the cumulative impact of fouling on their thermal and hydraulic performance is
not well quantified. This article addresses the need
to characterize the waterside performance of BPHEs
under fouling operating conditions.
In order to do this, a new methodology for conducting accelerated-type fouling tests in laboratory
conditions has been developed. Conditions that will
cause precipitation and particulate fouling are created; corrosion and biological fouling are intentionally prevented by chemical inhibitors as are commonly used in the field. Low fouling potential water
was created by adding chemicals to reverse osmosis
water. Then, by cycling the water through a small inside cooling tower at ambient room temperatures of
about 79◦ F (26◦ C), and using low fouling potential
water as the make-up water, high fouling potential

water was created within the system. Among other
advantages, this methodology is independent from
the geographical location of the laboratory and from
the local water supply source. Using this technique
we achieved an LSI of about 3–3.5, which represents
very severe fouling conditions.
Four BPHEs were tested, and a maximum reduction in heat flux of 28% and a maximum increase
in pressure drop of 250% illustrate the potentially
critical impairment of the heat exchanger thermal
hydraulic performance. The asymptotic fouling resistance had a strong dependence on the internal
geometry of the plates. A soft corrugation angle of
30◦ gives a low pressure drop in clean conditions
but significantly increases the propensity of fouling deposition on the heat transfer surfaces. The
measured fouling resistance for the soft corrugation
angle BPHE was about ten times higher than those
for similar geometries but with hard corrugation
angles. Asymptotic values of the fouling resistance
were estimated to be 2.4 × 10−3 hr-◦ F-ft2/Btu (4.2
× 10−4 ◦ C-m2/W) and 1.7 × 10−4 hr-◦ F-ft2/Btu Btu
(2.9 × 10−5 ◦ C-m2/W) for BPHEs with soft and
hard corrugation angles, respectively.
Variations in aspect ratio and internal velocity
seemed to have little effect on asymptotic fouling
resistances for BPHEs with hard corrugation angles. However, longer plates in the direction of the
water flow seemed to lead to oscillatory behavior
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of the fouling, as evidenced by the fouling factors
and pressure drops. While the combined mineral
precipitation and particle deposition on the plates
decreased the heat transfer rate of the hard corrugation angle BPHEs by no more than 5%, a significant
impact was observed for water side pressure drops.
It is theorized that the fouling deposits obstruct the
free flow area of the internal mini-channels near
the water exit, but additional research is needed to
confirm this.
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Nomenclature
A
BPHE
c
Ca
d
e
EH
ET
f
G
k
L
LMTD
LSI
m
ṁ
Malkalinity
MFM
ṁ d
ṁ f
ṁ r
p

= area, ft2 (m2)
= brazed-plate heat exchanger
= specific heat, Btu/lbm -◦ F (kJ/kg-◦ C)
= calcium concentration, ppm as CaCO3
= equivalent diameter, in. (m)
= uncertainty or accuracy (units consistent with the corresponding variable)
= electric heater
= expansion tank
= friction factor (dimensionless)
= mass flux, lbm /ft2-s (kg/m2-s)
= thermal conductivity, Btu/hr-ft-◦ F
(W/m-◦ C)
= length, in. (m)
= logarithmic mean temperature difference, ◦ F (◦ C)
= Langelier saturation index
= mass per unit area, lbm /ft2 (kg/m2)
= Mass flow rate (lbm /min) or (kg/s)
= “M” alkalinity, ppm as CaCO3
= mass flow meter
= deposition rate of material per unit area,
lbm /min-ft2 (kg/s-m2)
= net fouling deposition rate of material
per unit area, lbm /min-ft2 (kg/s-m2)
= removal rate of material per unit area,
lbm /min-ft2 (kg/s-m2)
= pressure (psi) or (kPa) or corrugation
depth, in. (m)

PDPF
Q̇
R
Rf,∞
RTD
t
T
TDS
UA
V̇
W

= pressure drop penalty factor
= heat transfer rate, Btu/hr (W)
= heat resistance, hr-◦ F-ft2/Btu (m2◦
C/W)
= asymptotic fouling resistance, hr-◦ Fft2/Btu (m2-◦ C/W)
= resistance temperature detector
= time, s
= temperature, ◦ F (◦ C)
= total dissolved solid, ppm
= overall heat transfer coefficient, Btu/hr◦
F (W/◦ C)
= flow rate, gpm (m3/s)
= width, in. (m)

Subscripts
c
= clean, constant
d
= deposit
EWT = entering water temperature
f
= fouling or fouled
ht
= heat transfer
LWT = leaving water temperature
r
= removal or refrigerant
Ref = refrigerant
Sat = saturation
SH = superheat
w
= water

Greek symbols
φ
λ
ρ
τc

=
=
=
=

corrugation angle (degree from flow direction)
corrugation pitch, in. (m)
density, lbm /ft3 (kg/m3)
time constant (day)
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