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1 Introduction

Abstract: Erosion or velocity-induced copper pipe corrosion is a significant problem in potable water systems,
especially hot water recirculation systems. The little
scientific work done in freshwater has not always been
able to scientifically isolate the key factors causing these
failures; in fact, most existing recommendations rely on
anecdotal and/or experiential knowledge from forensic
analysis of field failures, which are not confirmed by complementary laboratory research. Consequently, this comprehensive review summarizes prior observations that
include mechanical and electrochemical attack induced
by water chemistry, temperature, velocity, hydrodynamic
conditions, presence of particulate matter, and other variables thought to influence/exacerbate erosion corrosion.
Distinct phenomena thought to contribute to erosion corrosion or “flow-induced failure”, including concentration
cell corrosion, cavitation, particle/bubble impingement,
and high velocity impingement, are explored in detail
along with conventional erosion corrosion testing methods. Existing recommendations to prevent erosion corrosion in copper pipes are evaluated and inconsistencies in
available guidelines are examined.

Copper pipes have been used for domestic water service
since the dawn of civilization (Rambow & Holmgren,
1966) and are a dominant material for domestic plumbing systems in Europe, North America, and Australasia,
among others. The annual world production of copper
water tubing is ~500,000 tons, which is equivalent to
about 1.25 million km of pipe (Sequeira, 2011). Since World
War II, more than 18 billion pounds (or 8.2 billion kg) of
copper plumbing tube has been produced in the United
States alone, 80% of which has been installed in water
distribution systems. This translates into more than
11.26 million km of copper tube (CDA, 2016a). The net
value of copper potable water infrastructure in buildings
throughout the United States alone is on the order of 0.5–1
trillion USD (Edwards & Michel, 2013).
Hock et al. (1994) suggested that copper potable water
piping systems have a service life of 100 years in nonaggressive waters. Lewis (1999) underscored that a conservative 20-year service life could be used for design purposes,
whereas 25–30 years or more is obtained in many areas of
the United States. In fact, the Copper Development Association (CDA) warrantees 50 years of service life in noncorrosive waters (2010). The high levels of quality control
exercised in modern tube-producing plants coupled with
copper’s excellent corrosion resistance give manufacturing-related failure rates of less than one in 1 million
(Sequeira, 2011). However, incidences of short-term failures of copper tube have been reported in the literature
(Myers & Obrecht, 1973; NACE, 1980; Sumitomo Light
Metal Industries, Ltd., 1994; During, 1997; Roberts, 2007;
Villalobos, 2007; Scardina et al., 2008; Sarver, 2010; Gates,
2012; Lytle et al., 2012) and about 8% of homeowners in
the United States have experienced at least one pinhole
leak (Scardina et al., 2008).
Copper plumbing materials can corrode and fail from
a variety of mechanisms. This review focuses on rapid failures of copper-based plumbing materials in potable water
systems due to “erosion or velocity-induced corrosion”. In
classic erosion corrosion failures, the attacked metallic
surface gives an appearance of having been swept clean,
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or eroded away, presumably by localized hydraulic turbulence (Figure 1).
Areas of pipe surface affected by erosion corrosion
are typically bright and shiny and with minimal copper
rusts or other deposits. There is a significant reduction
in wall thickness in areas undergoing attack (Scardina
et al., 2008), and pinhole leaks tend to occur in areas
with wavelet-type or horseshoe-shaped pits whose open
ends face downstream of water flow direction (Campbell, 1982; Cohen, 1993), resembling tracks of a “horse
walking upstream” (Oliphant, 2010). They can also be
characterized in appearance by deep grooves, gullies,
waves, rounded holes, and valleys (Myers & Obrecht, 1972;
Singley et al., 1984). Sometimes, the attack is so severe
that the entire surface is rough, and the characteristic
horseshoe pits are not clearly seen, but the thinning of the
tube wall becomes evident (CCBDA, 1997).

Although many factors have been hypothesized to
contribute to erosion corrosion, there has been little fundamental progress in the laboratory replicating the phenomena as it occurs in the field, and as a result, systematic
studies examining causal factor(s) are lacking. Syrett
(1976) emphasized an “urgent need for a new approach
to erosion corrosion studies” more than 40 years ago, but
progress has been limited.
In the meantime, sustainability goals of promoting water conservation and energy efficiency in modern
construction, especially “green” buildings, have resulted
in increased adoption of hot water recirculation, higher
water temperatures (up to 60°C), and building pointof-entry chlorine dosing to control the growth and proliferation of opportunistic pathogens like Legionella
pneumophila (ASHRAE, 2015). Unfortunately, the
implementation of similar practices under the AS/NZS
3500-4 standard in Australia and New Zealand led to an
alarming rise in erosion corrosion failures of copper in hot
water recirculation systems (Nicholas & Gates, 2012), and
there is an expectation that a similar wave of failures (i.e.
unpredictable and premature leaks, widespread damage
to water infrastructure, and associated economic losses)
could occur elsewhere.
Similarly, the passage of the 2011 Federal Reduction
of Lead in Drinking Water Act lowered the allowable lead
content of metal alloys (often copper-based such as brass)
used in potable water systems from up to 8% to less than
0.25% starting January 2014 (SDWA, 2011). This has led to
newer nonleaded alloys flooding the market, which have
not undergone rigorous long-term testing for erosion corrosion resistance; anecdotal reports suggested at least
some of these alloys are failing prematurely in the field
due to erosion corrosion (Devries, 2014).
This review is aimed at summarizing the present state
of knowledge, critique current, and (sometimes conflicting) recommendations in the literature and identifying high-priority research gaps that need the industry’s
attention.

2 Current state of the knowledge
2.1 E
 rosion corrosion of copper and copper
alloys in seawater operations

Figure 1: Illustrative examples of failures that have been traditionally classified as erosion corrosion or flow-induced failures.

There have been many revelatory studies into the erosion
corrosion of copper and copper alloys caused by flowing
seawater (Campbell & Carter, 1961–1962; Danek, 1966; Yandushkin & Korkosh, 1970; Ferrara & Gudas, 1972; Syrett,
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1976; Efird, 1977; Bianchi et al., 1978; Birn, 1984; Heider &
Bohm, 1984; Wojcik, 1997; Lenard, 1998; Schleich, 2004;
Kocicin et al., 2008; Coyne, 2009). Bianchi et al. (1978)
described “horseshoe corrosion” caused by the rapid
localized attack on the surface, where the seawater pH is a
determining factor and corrosion is heavily influenced by
local hydrodynamic conditions and turbulence. Seawater
is very prone to rapid erosion corrosion due to (a) very high
chloride ion activity (seawater chloride concentrations, on
average, are ~77 times higher than EPA maximum secondary drinking water standards) that destroys the protective film and (b) dissolved oxygen that can both promote
oxide layer growth and accelerate corrosion depending
on the conditions (Danek, 1966; Johnson et al., 2007). In
jet-impingement studies with seawater involving bubbly
flow (controlled bubble size between 1.0 and 2.3 mm) on
high tensile brass (~60% Cu) at 9.1 m/s (30 ft/s), the rate
of wall penetration increased compared to bubble-free jet
conditions due to the mechanical action of the bubbles.
Sustained periods of turbulent attack can eventually overwhelm relatively protective films, leading to rapid material loss (Campbell & Carter, 1961–1962).
Without a protective scale in place, the water can
directly attack the underlying metal/alloy surface. Danek
(1966) tested 56 alloys with seawater at velocities up to
120 ft/s (or 36.6 m/s) and found that copper alloys exhibit
excellent corrosion resistance at low velocities (<2 ft/s
or 0.6 m/s). They are, however, subject to degradation
by erosion corrosion at intermediate to high velocities
(>15 ft/s or 4.6 m/s) thought to strip away protective oxide
films. This hypothesis is further supported by the observation that copper alloyed with elements such as iron,
aluminum, and chromium are more resistant to erosion
corrosion (Syrett, 1976), making them more suitable for
condenser tubes in ocean-going ships or in power stations
using tidal water than pure copper (Sequeira, 2011).
For copper and its alloys, increasing flow velocity
often has no significant effect on corrosion rate until a
“critical” or “breakaway” velocity (possibly a “critical
shear stress”) has been reached (BS MA, 1973). The acceptable maximum design velocity for copper in seawater, as
per the American Society of Metals’ Metals Handbook, is
0.6–0.9 m/s (or 2–3 ft/s; ASM, 2005). An abrupt increase
in corrosion rate past the critical velocity occurs once the
scale is destroyed and its protectiveness is lost; the corrosion rate then becomes purely mass transport controlled
according to boundary conditions of a scale-free system
(Schmitt & Bakalli, 2010). The exposed base copper
surface then acts as an anode, whereas the surrounding
oxide layer is the macrocathode, which further increases
the corrosion rate until the oxide layer is completely
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separated and the rate then plateaus (Matsumura, 2012).
Coyne (2009) performed longitudinal and perpendicular
water impingement tests (Figures 2 and 3) on 0.032-inch
(or 0.813 mm)-thick copper plates (similar to a type M
¾-inch copper pipe wall) using both synthetic seawater
and tap water at 39°C. Whereas the seawater caused significant damage within 4 weeks, no damage was observed
in identical parallel tests with potable water (Figure 3).
The profound differences in the rate of attack in seawater
versus freshwater has been attributed to the aggressiveness of the former (specifically, salinity/chloride levels,
and sulfide pollution) in conjunction with high flow rates,
temperature, and oxygen content of the water (Danek,
1966; Sequeira, 2011). Despite some similarities, erosion
corrosion studies in seawater may not be directly translatable to potable water systems.

2.2 Theories of failure of copper tube
in freshwater systems
Erosion corrosion in freshwater has been described as a
localized wearing away of pipe material due to rapidly
flowing corrosive liquid (Knutsson et al., 1972) or accelerated localized attack due to high surface shear stresses
(Roberge, 2004; Myers & Cohen, 2005). Syrett (1976)

Figure 2: Longitudinal jet tests from Coyne (2009) for synthetic tap
water (top) and seawater (bottom) at 39°C.

Brought to you by | University Libraries | Virginia Tech
Authenticated | sidroy@vt.edu author's copy
Download Date | 7/12/18 6:36 PM

4

S. Roy et al.: Flow-induced failure mechanisms of copper pipe in potable water systems

(Edwards et al., 1994; Sequeira, 2011). It is believed that
there are, therefore, two major processes contributing
(often, in synergy) to erosion corrosion: (a) mechanical comprising physical/hydrodynamic factors including flow rates, cavitation, gas bubble, and particulate
impingement and (b) electrochemical and/or chemical,
where water chemistry, temperature, and corrosion reactions dictate material loss. This synergism is sometimes
expressed in the erosion corrosion literature by the following theoretical equation:
S = T –(E + C )

Figure 3: Perpendicular jet tests from Coyne (2009) for synthetic
tap water (top) and seawater (bottom) at 39°C.

asserted that erosion corrosion is the difference in attack
rate on metal when exposed to a flowing “corrodent” (sic)
as opposed to that occurring in stagnant conditions.
A mechanism analogous to that for seawater (Section
2.1) was described by Obrecht and Quill (1960a–1960f,
1961) and Murakami et al. (2003), who indicated that
erosion corrosion mechanistically removes protective
surface films (or scales) that leaves bare copper metal
fully exposed to the corrosiveness of the bulk water. The
satisfactory performance of copper in potable water is
critically dependent on the presence of protective films
including cuprous oxide (Cu2O; formed by anodic oxidation usually under dynamical flow) and basic copper
carbonates and other materials [formed from waters
containing carbon dioxide (CO2) and oxygen]. If these
films are absent, copper will fail rapidly from corrosion

(1)

where S is the synergistic overall rate, T is the total
erosion corrosion rate, E is the erosion-only material
loss rate, and C is the corrosion-only material loss rate
(Burson-Thomas & Wood, 2017). Hence, if the actual wall
penetration rate is 10 mpy, and 1 mpy would be lost due
to erosion alone (i.e. measured without an oxidant such
as O2 present) and 1 mpy would be lost due to corrosion,
the synergy is 8 mpy. Wood and Hutton’s (1990) approach
of plotting data from prior experiments conducted to
obtain pure erosion (E), pure corrosion (C), and combined (T) rates as log-log S/C vs. E/C graphs are enlightening to illustrate synergistic mechanisms, although the
nonstandard and imprecise nature of the experimental
techniques themselves (see Table 4 for illustrative examples) can make the approach extremely difficult to apply
in practice.
Bengough and May (1924) thought that high-velocity
jets impinging against copper specimens not only prevented the protective surface scale from forming but also
accelerated the corrosion rate perhaps due to unusual
flow characteristics in the direct vicinity of the pipe wall
(Schmitt & Bakalli, 2010). Knutsson et al. (1972) indicated
that copper pipe loops exposed to intermittent flow (≤25%
of the time) showed no erosion corrosion as opposed to
severe damage in constant flow at the same velocity, suggesting that the removal of protective scale layers takes
time (Syrett, 1976).
Bengough and May (1924) hypothesized that the jets
also caused the separation of the anodic and cathodic
regions of the copper, driving accelerated localized corrosion reactions via the formation of a concentration cell.
Coyne (2009) examined this hypothesis explicitly and
found that copper surfaces exposed to high flow were
indeed extremely anodic in certain situations and subject
to very high (>60 μA/cm2) corrosion rates; the protective
scale, however, was not removed in normal potable water
chemistries even at water velocities greater than 7 m/s or
23 ft/s.
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Gas bubble cavitation (Obrecht & Quill, 1960f; Myers
& Obrecht, 1972; Sakamoto et al., 1995; U.S. ACE 1995;
Novak, 2005) and solid particles impacting or impinging
(Cohen & Lyman, 1972; Knutsson et al., 1972) against the
copper pipe surface have been identified as factors initiating or exacerbating erosion corrosion in certain circumstances. Myers and Obrecht (1972) noted that suspended
solids can be abrasive and can accelerate erosion corrosion in rapidly moving waters.
Cuprosolvent waters and waters softened to nearzero hardness have also been suspected of contributing to erosion corrosion (NACE, 1980; U.S. ACE, 1995;
Oliphant, 2010). Hard waters were once believed to be
noncorrosive because of possible formation of protective
calcium compounds on the inner pipe surfaces, although
the presence of such solids have not been observed or
validated in the laboratory. Sequeira (2011) stated that
“the (corrosion) rate in an aggressive supply water may
be as high as 0.26 mm/year” (sic) and that these waters
can be corrosive enough to pick up sufficient copper
to form green stains on plumbing fixtures. To reduce
this perceived aggressiveness, naturally soft waters are
usually stabilized or conditioned by increasing alkalinity
and/or adding corrosion inhibitors such as phosphates
(WHO, 2011). It has also been asserted that when waters
with temporary hardness are softened, they can become
aggressive if heated above 140°C due to the precipitation
of calcium carbonate (CaCO3) and the breakdown of bicarbonates resulting in an increase in CO2 (i.e. a decrease in
pH; Sequeira, 2011).
Obrecht and Quill (1960e) tested copper pipes of
various diameters (0.95–31.75 mm) yielding different
velocities (1.5–13.1 ft/s or 0.45–4 m/s) for the same flow
rate (22.7 l/min) at temperatures 10–93.3°C in recirculating loop experiments for about 1.5 years. For conditions
of (sodium zeolite) softened waters and two blended
waters (60 and 110 mg/l both as CaCO3), they found that
soft waters at pH 7.0 and medium alkalinity contribute to
erosion corrosion when the water temperature is greater
than 45°C and observed maximum corrosion near 77°C.
They theorized that this temperature effect could be due
to an increase in copper dissolution, diffusion rates, and
electrical conductivities, which may speed up corrosion.
When the water hardness was increased to 110 mg/l (as
CaCO3), maximum corrosion was observed at 60°C instead
of 77°C.
Kristiansen (1977) also found that copper corrosion
was exacerbated at high temperatures in low alkalinity
waters between pH 5.6 and 6.1 during continuous flow
operation. That 3-month test illustrated water containing natural organic matter (NOM) further accelerates the
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corrosion rate with increasing temperature. He reasoned
that the organic matter might prevent the formation of a
black, protective copper oxide film that often forms in hot
water systems.
A comprehensive “general theory” that can explain
the range of these issues encountered in practice is not
currently available (Burson-Thomas & Wood, 2017). There
is also dearth of experimental data to aid our understanding of the interplay between the many variables
contributing to flow-induced failures. It is, however, generally accepted that erosion corrosion may occur partly
by mechanical processes (i.e. pure erosion or high shear
stress) and partly by electrochemical (or chemical or dissolution or mass transfer) processes (Vassilou, 2001).
Syrett (1976) believed in a version of erosion corrosion
governed purely by electrochemical reactions, whereas
Matsumura (2012) posited, “countermeasures against
erosion corrosion lie not in the field of electrochemistry
but in […] fluid dynamics”. It is not always possible to
neatly isolate these phenomena in laboratory studies
because attempting to recreate one process (e.g. erosion
via particle impingement) will automatically allow for
the other kind (i.e. electrochemical interactions depending on water chemistry) to occur between the exposed
metal surface of pipe and flowing water. Roberge (2004)
drawed on Chexal et al. (1998) to summarize the damage
mechanisms of both mechanical and dissolution types
as shown in Table 1, where the damage dependency
on both mechanisms is theoretically distinguishable.
For example, the corrosion rates become increasingly
dependent on mechanical factors (e.g. due to increase in
flow rate) as one advances downward in the table. The
accompanying figures (T1a–T1d) are hypothetical depictions of mass loss rates that complement the descriptive
“stages”:
–– Figure T1a is the initial corrosion rate resulting from
two opposing reactions: (i) passivation by (primarily) oxide-layer formation over pipe walls and (ii) corrosion of fresh copper as it interacts with stagnant
water. Over time, a thick and stable oxide layer forms
on the copper surface, the release of copper ions into
water decreases, and the corrosion rate plateaus.
–– Figure T1b describes the condition where passivation
and copper release rates due to pipe interactions with
flowing water, its constituents, and associated hydrodynamics are at steady state leading to a constant
mass loss rate.
–– Figure T1c illustrates the hydrodynamic removal of
the protective layer that can still repassivate, and the
damage rate over time looks similar to Figure T1b.
Figures T1b and T1c can be considered tangents to
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Table 1: Summary of erosion corrosion damage mechanisms.
Dissolution dominant

Flow thins to an equilibrium thickness that is a function of both the mass transfer rate and the oxide growth
kinetics. The erosion corrosion rate is a function of the mass transfer and the concentration driving force.
The erosion corrosion kinetics follows a linear time law (Figure T1b)
The film is locally removed by either surface shear stress or dissolution or particle impact, but it can
be repassivated. The damage rate is a function of the bare metal dissolution rate, passivation rate, and
frequency of oxide removal. The damage kinetics follows a quasi-linear time law (Figure T1c)
The film is locally removed by the dissolution or surface shear rate and the damage rate is equivalent to the
bare metal dissolution rate. The damage kinetics follows a quasi-linear time law (Figure T1c)

← Dissolution increases

← Mechanical damage increases

The oxide film grows in static aqueous solutions according to oxide growth kinetics. The corrosion rate is a
function of the bare metal dissolution rate and passivation rate. The corrosion kinetics follows a parabolic
time law (Figure T1a)

The film is locally removed and the underlying metallic surface is “mechanically damaged”, which contributes
to the overall loss rate, i.e. the damage rate is equal to the bare metal dissolution rate plus a possible
synergistic effect due to mechanical damage. The damage rate follows a nonlinear time law (Figure T1d)
The oxide film is removed and mechanical damage (cavitation, droplet impingement, etc.) to the underlying
metal is the dominant damage mechanism. The erosion kinetics follows a nonlinear time law (Figure T1d)
Mechanical damage dominant

T1a: Parabolic time law

T1c: Quasi-linear time law

T1b: Linear time law

T1d: Nonlinear time law

Reproduced with permission from NACE International, Houston, TX. All rights reserved. Roberge (2004). © NACE International 2004.

the curve in Figure T1a, mathematically representing
slopes.
–– Finally, Figure T1d elucidates what happens when
mechanical damage primarily leads to accelerated
material loss. An incubation period, depending on
water turbulence, length of exposure, and properties
of the target material (Campbell & Carter, 1961–1962),
precedes rapid damage and this can sometimes be
expressed as in terms of a “critical velocity.”

2.3 H
 otter temperatures, water recirculation
systems, and growing concerns over
L. pneumophila
Erosion corrosion seldom occurs in cold water systems,
and when it does, it only occurs in systems with excessive
water pressure [i.e. >80 psig (5.44 atm)] or poor workmanship (Myers & Cohen, 1998). Failures are witnessed predominantly in hot water systems. Scardina et al. (2008)
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compiled and assessed CDA’s forensic analysis records
of copper pinhole leak failures from 1975 to 2004 and
found that 34% of failures in the “hot water category”
were attributed to erosion corrosion. Furthermore, this
was believed to be an underestimate of the total number
of failures actually occurring in practice because erosion
corrosion is often easily diagnosed by eye, and full forensic evaluations that would cause entry to the database
result in under-reporting. “Excessive heating of water”
was also cited as a causal factor for an additional 23% of
failures, which might also indicate erosion corrosion failures which increase at higher temperature (Lane et al.,
1971; Knutsson et al., 1972; Scardina et al., 2008). For comparison, erosion corrosion accounted for 24% of copper
pipe failures reported in Japan in 1993 (Sumitomo Light
Metal Industries, Ltd., 1994).
Residential water heating infrastructure and especially hot water pipe systems, have now been associated
with the growth and spread of the bacteria L. pneumophila. Inhaling water contaminated with Legionella from
building water systems (e.g. breathing Legionella-containing aerosols in the shower or those released from cooling
towers) can cause Legionnaire’s disease (LD), a severe
type of pneumonia. LD is currently the leading agent of
waterborne disease outbreaks in the United States, causes
8000–18,000 hospitalizations every year with more than
10% of cases being fatal and is reportedly on the rise
(CDC, 2011, 2016). Because of increasing concerns over
this health risk, there is an increased impetus to raise
water temperature to 60°C to better control this pathogen
(Tiefenbrunner et al., 1992; Pedro-Botet, 2002; Lévesque,
2004; NRC, 2006; Bartram et al., 2007; Brazeau & Edwards,
2013; ASHRAE, 2015). The newly launched risk management directives for reducing Legionella growth under the
ASHRAE/ANSI Legionellosis 188 Standard call for active
and preventative steps to control temperature, disinfectant residual and pH in tandem with constant monitoring
of water quality inside buildings (ASHRAE, 2015; BEL,
2016; CDC, 2016). The corrective actions can include elevated chlorine dosing and/or raising water temperatures
above 66°C (or even 71–77°C) followed by intensive flushing to scour biofilms harboring Legionella, which do not
always work (ASHRAE, 2000; Bartram et al., 2007; WHO,
n.d.). Even without shock chlorination or thermal shock
treatment followed by flushing at increased water pressures, conventional hot water recirculation practices can
exacerbate corrosion damage (Lane et al., 1971; Knutsson, 1972). It would be predicted that increased temperatures will sometimes markedly enhance the likelihood of
erosion corrosion damage in systems that were immune
to such problems near the 48°C temperature set point
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recommended by the U.S. EPA (Gates, 2012). Myers and
Obrecht (1972) noted that “potable water should never be
heated above about 60°C if corrosion is to be minimized”
without providing data to support this assertion. Lane
et al. (1971), however, did find that, at “high” velocities of
3–5.6 ft/s (or 0.9–1.7 m/s), corrosion damage at 80°C was
worse than that at 60°C. In contrast, Kristiansen’s exploration of copper corrosion w.r.t. temperature showed for
conditions between 30°C and 70°C the worst corrosion
rate was determined to be at 60°C. His testing specifically
focused on the role of CO2 and NOM in water affecting corrosion rates and showed hotter temperatures alone do not
always lead to severe corrosion (Kristiansen, 1977).

2.4 Deficiencies in reviewed theories
After reviewing the literature and compiling possible
fundamental explanations, it was apparent that even
the classic description of such failures was deficient. For
instance, accelerated localized corrosion driven by fluid
velocity alone has never been proven to physically erode
the underlying metal or protective scale. Syrett (1976) also
underscored this by stating that mass transport to and
from the metal surface usually determines the rate of corrosion, and although velocity does influence mass transfer, it is not the sole factor. Additionally, some authors
argued that erosion corrosion is caused by rapidly flowing
liquid, gas bubbles, and suspended particles (Cohen &
Lyman, 1972; Knutsson et al., 1972; Myers & Obrecht, 1972),
whereas others think that it is also caused by a concentration cell phenomenon (Obrecht & Quill, 1960f).
Myers and Cohen (1998) investigated more than 100
incidents of erosion corrosion of copper tubes in the field
(>95% of which happened in circulating domestic hot
water systems) and developed empirical equations that
attempt to predict rates of copper erosion corrosion. These
equations take into account water hardness, reaming condition, and temperature to calculate penetration rates,
and a system with unreamed cut tube ends that circulates
“soft water” at temperatures in excess of 60°C was deemed
the worst-case scenario. Strangely, no information was
provided regarding the derivation of the equations, why
critical parameters such as velocity and water chemistry
were not included, and/or the accuracy in predicting penetration rates with actual copper pipe failures in the field.
None of the previous studies actually isolated specific mechanistic causes of erosion corrosion failures. For
example, Knutsson et al. (1972) speculated that erosion
corrosion is abetted by gas bubbles and solid particles
entrained in flow, yet short-term preliminary testing of
Brought to you by | University Libraries | Virginia Tech
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these ideas in subsequent tests performed by Coyne (2009)
could not verify these expectations. The overarching roles
of temperature and velocity in copper pipe failures by
erosion corrosion, however, have been repeatedly emphasized in recommendations available in the literature and
associated standards (see Table 2). From the table, it is
apparent that velocity recommendations to avoid erosion
corrosion are inconsistent across the literature; however, it
is acknowledged that, in the presence of abrasive particulates, failures can occur at much lower velocities (Oliphant,
2010; CDA, 2016a). Roberge (2004) noted that emphasizing a single velocity value as a marker for the initiation
of erosion corrosion can be misleading in predicting the
service life of pipe metal; change in pipe diameter while
holding other variables constant, for instance, alters the
thickness of the velocity boundary layer and shear stresses
at the pipe wall, thereby changing the maximum design
velocity value for preventing erosion corrosion.
Table 3 lists the individual factors (except velocity
and temperature) that can influence erosion corrosion in
plumbing systems that have been found in the literature
and current standards. In addition to the hydrodynamic
flow characteristics, water chemistry, and other extraneous variables that govern field failures, the test methods
employed to study and recreate erosion corrosion in the
laboratory can also influence our understanding of the
phenomenon. Reliability, reproducibility, rapidity in
obtaining results, and most accurate simulation of field
conditions are critical to preferring one method over
another. Moreover, the ease of measuring electrochemical
readings and weight/thickness losses of test specimens
also determine the effectiveness of apparatuses. Although
results from these short-term tests are often extrapolated
to give a constant corrosion rate, care should be exercised
while interpreting such results as localized erosion corrosion in actual systems is relatively complicated (Roberge,
2004). Typical experimental techniques used for erosion
corrosion testing (in potable water applications and
beyond) are summarized in Table 4.
Given the diverse variables and distinct phenomena believed to cause erosion corrosion in copper water
systems, it is clear that a more holistic approach is required
in defining the erosion corrosion framework.

3 E
 xpanded review of mechanisms
contributing to erosion corrosion
A number of mechanisms are likely involved in a range
of failures observed in practice and that collectively fall

under a broad category of “flow-induced failures”. In
and after the fact evaluation of field failures, it is usually
not possible to identify the precise conditions or causal
mechanisms inducing the failure (Figure 4). Corrosion
effects, whether uniform or localized, only can increase
the degree of pipe damage and may even be the dominant
mechanism of attack.

3.1 C
 oncentration cell corrosion
Concentration cells arise from electrochemical differences
on different sections of copper pipe surfaces. For example,
a different level of oxygen at two points of a copper pipe
surface (Wood & Fry, 1990) creates a voltage in which the
high oxygen area becomes the cathode and the low oxygen
area becomes the anode (Bengough & May, 1924; Obrecht
& Quill, 1960f). A similar condition would occur when differential flow patterns create differences in oxygen or disinfectant levels on different sections of pipe (Evans, 1937;
Novak, 2005). Differential flow can also develop on surfaces at the microscale. For example, if a deposit or burr
is present on the inner wall of a copper pipe, the resulting
obstruction to flow can create extreme local turbulence
and possibly reach velocities up to 50 times the bulk water
velocity (Landrum, 1990) immediately downstream of the
obstruction that could enhance delivery of oxygen.
Dependent on the water chemistry and the type of
metal, pipe surfaces exposed to a high flow rate could
become highly anodic or cathodic relative to areas of the
pipe surface exposed to a low flow rate or stagnant conditions. This section reviews the basic electrochemical
theory related to this phenomenon and describes practical situations in which differential flow arises in plumbing
networks and might contribute to erosion corrosion-type
service failures.

3.1.1 Concentration cells formed by differential flow
A concentration cell can develop whenever different portions of a metallic pipe surface are exposed to differing
chemical conditions (Obrecht & Quill, 1960f). The resulting electrochemical imbalance can create an electrochemical potential, separate anode and cathode, and induce
electron flow through the metal. In classic pitting corrosion, electrons are produced at the anode (the active site
of the corrosion; Figure 5):
Cu0 → Cu1+ + e −
(anodic reaction for copper)
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Erosion corrosion worse at 80°C than at 60°C

<60°C

Exchangeable
Not exchangeable
Exchangeable
Not exchangeable

9.8
4.9
39.4
9.8
4.9

50°C

8.2
4.3
32.8
8.2
4.3

70°C

At “high” water velocities of 3–5.6 ft/s

13.1
6.6
52.5
13.1
6.6

10°C

Max. permissible flow rate (ft/s) at mean
temperatures (°C)

6.6
3.3
26.2
6.6
3.3

90°C

b

a

Remarks

For Type K pipe; velocities much lower for Types L and M
For domestic hot water temperatures (<57°C); equivalent to
eight gallons per minute flow in a 1-inch Type K Copper tubing
These velocities and associated turbulence especially at high
temperatures (71–82°C)
At temperatures ~49–54°C
For waters below 60°C <3–4 ft/s for waters above 60°C
For hot waters above 60°C
Between 25–60°C
For cold waters (with positive scaling and pH ≥ 6.9)
In heated water circulation systems
For cold waters with longer draw-off periods (>15 min)
For cold waters with intermittent service
For hot water recirculation systems
For cold waters (with no scaling and pH ≥ 6.9)

For water in continuously circulating hot water tubing

Elaborations and/or associated conditions, if any

Myers and Obrecht (1972)
Myers and Cohen (1998)
Lane et al. (1971)

Mattsson (1980, from SBPPB
1970)

PHCC NSPC (2006)

Myers and Cohen (1998)
CCBDA (1997)
ASM (2005, cited CDA)
PHCC NSPC (2006)
CDA (2016a)
DIN EN 12502–2 (2005)

AWWA (1996)
WHO (2006)
NACE (1980)
Singley et al. (1984, US EPA)
Lane (1993)
Obrecht and Quill (1961)

Reference

Exceptions to the low velocity recommendations (as pointed out by Nicholas & Gates, 2012) are: British Standard BS 6700 (1987 Edition): which allows 6.5–8 ft/s for waters above 60°C; this
standard has been revised several times and is now superseded by BS EN 806-5:2012. The latter standard does not have provision for velocity constraints (not validated by authors of this
paper). Australian Standard AS 3500.4 (2005): allows ~10 ft/s for waters at any temperatures (as it does not differentiate between hot and cold waters). The maximum allowable flow velocity
for hot water recirculation systems is currently being revised.
a
Very high flow rates create a corrosion risk and are accepted in only this type of installation (pipe to water supply point)
b
For dimensioning, use 1.0–2.6 ft/s.

Temperature

Continuous flow/circulation

Pipe to water supply point

Distribution main

Type of water installation

<5 ft/s
2–3 ft/s
5 ft/s
5–8 ft/s
<1.6 ft/s
<6.5 ft/s
<9.8 ft/s
2 ft/s
4 ft/s
Accessibility

<1.5 ft/s
<3 ft/s
<4 ft/s
≤4 ft/s

Water velocity

~4–5 ft/s

Recommendations for prevention of flow-induced
failures

Factor

Table 2: Velocity-temperature recommendations to prevent erosion corrosion in copper tubing (modified from Gates, 2012).

S. Roy et al.: Flow-induced failure mechanisms of copper pipe in potable water systems

Brought to you by | University Libraries | Virginia Tech
Authenticated | sidroy@vt.edu author's copy
Download Date | 7/12/18 6:36 PM

9

Water hardness

pH

Particulates/suspended solids

Natural organic matter (NOM)

Manganese

Free chlorine

Dissolved oxygen/dissolved
carbon dioxide

Obrecht and Quill (1960c)
Shifler (1999)

–
–

NACE (1980)
WHO (2011)

NACE (1980)

Obrecht and Quill (1960e)

Lane et al. (1971)
Syrett (1976)
Campbell (1982)

Schleich (2004)

Oliphant (2010)

Myers and Cohen (1998)

Kristiansen (1977)

Campbell (1954)

Atlas et al. (1982)

PHCC NSPC (2006)

Obrecht and Quill (1960d)

Knutsson et al. (1972)

Gilbert and LaQue (1954)
NACE (1980)
DIN EN 12502–2 (2005)
Lane et al. (1971)

Reference

High velocities would not cause erosion corrosion in
deaerated waters even if it is moderately corrosive
–

In conjunction with high velocities and reduced static
and/or dynamic pressure

Elaborations and/or associated conditions, if any

With low hardness waters (non-scaling) and temperatures
higher than 43°C
Chiefly responsible for copper corrosion and effect is accelerated at lower pH (<7 pH); no specific reference to erosion
corrosion
Worse in conjunction with soft waters
Referred to as “soft water pitting” and usually restricted
to the hottest parts of hot water systems
Worsens erosion corrosion
When NOM is present alongside Carbon Dioxide and at
increased temperatures
Erosion corrosion […] mitigated by ensuring that […]
–
“abrasive suspended solids are not present in the water”
Failures can occur much faster if particulates are present
Can happen at velocities much lower than 6 ft/s if
abrasive particulates are present
Presence of sand in seawater detrimental […] and may
Dependence on sand content, size of sand particles, flow
worsen erosion corrosion
profile, magnitude of impingement, and water chemistry
“Low” pH is more conducive to erosion corrosion
Condensate containing carbon dioxide (i.e. “low” pH) can
be harmful at “lower” threshold velocities compared to
high pH water; treatment with caustic soda increases pH
decreasing EC rates
Increasing hardness reduces corrosion
Tests with sodium zeolite softened and blended hard
waters at 60 and 110 ppm
Soft water (that is not “stabilized”) can corrode copper
Does not form protective film on pipe walls
pipes and metal surfaces
Excessively hard water can have corrosion tendencies
No specific threshold hardness values defined

Treatment with silicates can sometimes promote a
protective deposit reducing erosion corrosion
Low oxygen content decrease possibility of erosion
corrosion
High concentrations of CO2 and O2 found in most
“aggressive” waters
Deaerated water less corrosive
Deaeration of seawater substantially reduces erosion
corrosion
Erosion corrosion highly promoted when CO2 >10 ppm

Presence increases likelihood of failure

Chemical factors
Air/gas bubbles

Corrosion inhibitors

Role in preventing or exacerbating flow-induced failures

Factor

Table 3: Factors besides velocity and temperature contributing to erosion corrosion.
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Water pressure
Workmanship

Sizing in pipe systems
Surface roughness

Pipe diameter

Worst impact at 20 degrees

Impingement angle

Experiments with flow duration less than 25% of total
time showed no signs of attack
Owing to high localized velocities

Elaborations and/or associated conditions, if any

Limited studies with particles impinging on “ductile”
metal surfaces, but fails to explain failures at 45 degrees
and above
Larger pipe diameter (≥5/8″) increases erosion corrosion
Experiments conducted over a year showed large
rates due to increased turbulence
diameter pipes exhibited erosion corrosion as opposed
to smaller ones at similar velocities possibly because of
higher turbulence due to bigger Reynolds numbers (e.g.
Re ≥ 105 at 3 ft/s velocity)
Smaller pipe diameter (no specifics) increases erosion
Shear stress on the passive film on pipe wall increases
corrosion rates due to reduced “breakdown velocity”
leading to its breaking down/metal removal as pipe
diameter decreases thereby increasing corrosion mass
transfer from/to the pipe surface; “breakdown velocity”
at which failures occur is, thus, reduced
Oversized circulation pumps and/or undersized distribution lines are “a recipe for disaster”
Smoother the pipe surface, lesser the likelihood
Increase in surface roughness is usually a consequence of
erosion corrosion, which in turn exacerbates damage rate
A near-linear dependence between mass transfer
indicated by the Sherwood number (Sh = ratio of total
mass transport to that by molecular diffusion) and
turbulent flow pattern or Reynolds number (Re = ratio
of inertia force to friction force) as a consequence of
increased surface roughness demonstrated by the
equation Sh = 0.01 · Re · Sc0.33 (Sc = Schmidt number)
High pressures increase likelihood
Pressures greater than 80 psig or 5.4 atm
Flared joints worse
At high velocities, erosion corrosion more easily possible
than with capillary fittings
Design faults, incorrect installation or poor workmanship
Includes unreamed cut tube bends, globules of solder on
increase likelihood of attack/failure
the inside surface in the joint area, tube ends not fully
inserted into fitting prior to soldering, tube ends not cut
square, dents/dings in tube, and tube crimped during
bending
Reduced pipe efficiency due to increased friction loss; protrusions due to improper adjustments between pipe ends
and outlets leading to increased turbulence

Sharp bends like in elbows, plug tees and poorly
designed couplings are especially prone

Intermittent flow reduces instances of erosion corrosion

Physical factors
Flow duration

High turbulence

Role in preventing or exacerbating flow-induced failures

Factor

Table 3 (continued)

Schleich (2004)

Cohen (1993)
Myers and Cohen (1998)
DIN EN 12502–2 (2005)

Myers and Cohen (1998)
Knutsson et al. (1972)

Villalobos (2007)
Chexal et al. (1998)
Poulson (1999)
Roberge (2004)

Syrett (1976)
Schleich (2004)

Knutsson et al. (1972)

NACE (1980)
Mattsson (1980)
Mazumder (2004)
Schmitt Jr (1979)

Knutsson et al. (1972)

Reference
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Cheap and convenient, the rotating spindle tests involve a metal disc specimen axially mounted on a spindle being rotated about its axis in a tank filled
with liquid being studied. As the linear velocity of the disc increases from zero (at its center) to a maximum at the periphery, effects of velocity on corrosion
rate can be calculated. Rotating disc tests are carried out by attaching flat plate specimens to the outer edge of a non-conducting, corrosion resistant disc
and rotated in a manner similar to the spindle tests
The fluid flow characteristics in these tests rarely resemble those in the field; the results should, thus, be “interpreted with caution”

Cylindrical specimens are axially mounted on a spindle which is then rotated in a tank with test liquid. The flat ends of cylinders are insulated, the curved
surfaces are exposed to the liquid and all points on its surface are at a constant velocity. This velocity can be changed by adjusting the rotation speed

Test coupon specimens are positioned in a pipe parallel to the flow direction and upstream from a nozzle fitted with appropriate orifice plates. The liquid
velocity striking a test coupon depends on the orifice diameter
Liquid velocities can be easily varied thereby allowing multiple tests to be setup in parallel and the results compared

Involves a liquid jet impinging from a nozzle on a test specimen (say, a flat copper plate) immersed and held stationary in the same liquid (Poulson, 1983;
Neville & Wang, 2009). A variation of this test is a free jet as opposed to the submerged one previously described
Owing to the perpendicular nature of the flow w.r.t. to the specimen surface, the critical jet velocity for erosion corrosion would be much lower than the
breakaway velocities determined from other tests

This technique developed by Matsumura involves a test liquid (usually, 1–3% CuCl2 solution as Cu2+ ions accelerate corrosion in copper alloys) at low pH
injected through a narrow gap causing local depressurization and then impinging from a nozzle at a right angle eventually flowing in a radial direction over
a round metal specimen (2012)

This test is used to estimate minimum seawater velocity required to cause erosion corrosion. Test specimens are fully immersed in natural seawater at
60°C subject to a 0.4 mm diameter submerged jet positioned at a 1–2 mm distance and air is forced through at high velocity for 2 weeks (UK MOD, 1969)

Test specimens (flat plates) are placed in tube shaped resin holders and positioned along the flow path of a circulating loop, i.e. water flows parallel to the
test specimen and different waters like seawater (Efird, 1977) and 3% NaCl solution (Sekine et al., 1991) can be tested

This test is actually a standard which offers a choice of many wear tests involving corrosion (Erosion-only studies below lists a few examples) to calculate
material losses occurring as a result of interactions between erosion and corrosion in that system (ASTM, 2009)
A multitude of wear tests undermines the accuracy of the calculated material loss rate because the latter depends on the test chosen. The standard can
also not be used for materials where corrosion products like oxides form on the surface causing weight gain

b. Rotating spindle and disc
tests

c. Rotating cylinder or drum
test

d. Multi-velocity jet test

e. Jet impingement or
submerged impinging test

f. Jet in slit test

g. Brownsdon and Bannister
test

h. Efird’s test (first used by
Efird, 1977)

i. Synergism between wear
and corrosion test

Also called the “rotating arm method”, specimens are rotated at high rotational velocities through suspended drops to see the effect. This method,
however, is mostly restricted to studying erosion in aircraft leading edges and helicopter rotor blades (ASTM, 2010b)

Gas-entrained solid particle impingement on metal specimens via nozzle jet type erosion equipment. Primarily used as a screening test for ranking erosion
characteristics of different materials for the same solids type (ASTM, 2013a), but not used for evaluating effectiveness in potable water applications

k. Liquid impingement
erosion test

l. Solid particle
impingement test

Test specimens are immersed in the liquid and a vibratory apparatus (like, an ultrasonic processor) is used to produce cavitation damage on them. The test
“induces formation and collapse of cavities in the liquid, and the collapsing cavities produce the damage and erosion (material loss) of the specimen”.
(ASTM, 2010a)

Involves tests which reproduce field conditions to the extent possible. Forcing liquids to flow through pipe specimens to simulate service failures seen in
domestic water systems is one example (Knutsson et al., 1972)
There is a clear emphasis on pipe design and layout, flow rates, and water chemistry similar to what is typical in service

a. Simulated service test/
flow systems

Erosion-only studies
j. Cavitation erosion test
using vibratory apparatus

Description

Test method

Table 4: Experimental techniques used to study erosion corrosion in various fluid conditions (compiled partly from Syrett, 1976; Roberge, 2004).
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These electrons pass through the pipe to the cathode
where they are consumed by reactions usually involving
common potable water oxidants such as dissolved oxygen
or disinfectants:
0.2502 + e − + H+ → 0.5H2O

(cathodic reaction with oxygen)
Differential aeration cells are formed when the oxygen
is more readily available on one portion of a metal surface
than another (see Figure 6 for an iron differential cell
illustration). The portion of the metal exposed to higher
oxygen becomes electron deficient due to the faster rate of
reduction and electrons flow through the metal from low
concentration to higher concentration. Thus, the area of
the metal exposed to higher oxygen becomes the cathode,
consuming electrons flowing from the anode. This has
been well documented for corrosion occurring in a drop
of water on an iron metal surface. The overall corrosion
reaction for iron can be written as

Figure 4: Fluid-wall interactions in flow systems. Reprinted (with
slight modification) from Schmitt and Bakali. © 2010, with permission from Elsevier.

Copper pipe wall
Cu0 → Cu1+ + e–
Anode e– → e–

–

e

–

e

¼O2 + e– + H+ → ½ Η2Ο
→ e–
Cathode

4Fe + 302 + 2H2O = 2Fe2O3 ⋅ H2O (EX-2)
Iron/Steel + Oxygen + Water = Rust

Plastic dielectric breaking electrical contact
¼O2 + e– + H+ → ½ Η2Ο
Cathode

Cu0 → Cu1+ + e–
Anode
e–
e–

e–

The cathodic reaction predominantly occurs in
the oxygen-rich outer edge of the drop, and the anodic
reaction occurs at the center. Electrons are transported
through the metal, and as a result, the metal at the center
of the drop is rapidly eaten away.
Considering the analogous situation for an iron pipe
in service, it is predicted that the metal will be eaten away
more rapidly on the iron pipe surface exposed to less turbulent water flow, as oxygen concentrations will be lower
at this surface. Witter et al. (2002) have demonstrated a

e–

Ammeter
Figure 5: Key reactions on anodic and cathodic regions of the pipe
surface produce electron flow through the metal (above). If the
anodic and cathodic regions are not in electrical contact, the resulting voltage and current could be monitored with a simple multimeter
(below).

Side view of
water drop

Top view of
water drop

Solution alkali, good
Oxygen access, reduced
Rate of attack

Air
Anions

Air
Cations

Anions

Iron

Iron
Flow of electrons

Anodic corrosion
Rust
Cathode

Rust
Ring

Site of anodic attack,
ferrous salt production
Movement of
ions/electrons

Figure 6: Corrosion within a drop of water on iron (after Evans, 1937).
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Iron pipe
Anode

Copper pipe
Cathode

Cathode

Anode

Low velocity flow
High velocity flow
Anodic area
Cathodic area
Differential aeration dominates

Ion loss dominates

Figure 7: Hypothesized location of corrosion due to turbulence for
iron and copper pipe.

corrosion reaction products (metal cations such as Cu2+ or
Pb2+) than the rest of the pipe (Figure 8). The net result of
these imbalances depends on the electrochemical kinetics in the specific system. Specifically, if the anodic reaction is rate limiting, the removal of the reaction product
such as Cu+ (Wood & Fry, 1990) will have a disproportionate effect, and a local excess of electrons will be created
at the surface subject to high flow (Figure 8). There will
then be a net flow of electrons to the portion of the pipe
surface exposed to lower flow where the cathodic reaction
will occur (Figure 8).
If the cathodic reaction is rate limiting, the higher concentration of oxygen or disinfectant at the surface exposed
to high flow due to the enhanced diffusion of oxygen to the
surface (Obrecht & Quill, 1960f) has a disproportionate
impact (Figure 9). This would create a relative deficiency
of electrons in the portion of the metal surface exposed to

High velocity

Low or zero velocity
High [Cu1+]

Low [Cu1+]
Cathode

Anode

+

flow dependency on the corrosion of red water, which
might be related to this behavior.
Strong concentration cells can also form on the copper
tube used in domestic water supply. If particulates settle
or otherwise deposit on the pipe wall, the portion of the
tube under the deposit is cut off from the main oxidant
(e.g. oxygen, chlorine, or chloramine). This results in a
large difference in oxidant concentration over the surface.
The oxidant-deficient area under the deposit can cause
localized attack via a phenomenon termed “pitting corrosion.” Once established, relatively thick deposits form
as the result of local corrosion, which can stabilize the
concentration cell until the pipe wall under the deposit is
eaten away and a leak forms.
However, for copper tube and other more noble
metals, under flowing conditions, oxygen is continually
transported to the pipe surface, and less oxygen is consumed due to a low rate of corrosion relative to iron. Thus,
there is a lesser difference in oxygen concentration over
the surface. It is also predicted that, for copper, the anodic
reaction can become the rate-limiting step, in that the
overall corrosion rate is controlled by the concentration
of cupric and cuprous ions near anode surface (Evans,
1937). In this event, the portion of the copper pipe surface
exposed to higher flow would become the anode, as it
has the lower concentration of cupric and cuprous ions.
This is the exact opposite of what occurs when dissolved
oxygen was the rate-limiting step.
Copper corrosion rates are also very sensitive to the
formation of scale (cupric rust), which forms a barrier
to the diffusion of oxygen and cuprous/cupric ions. If
higher-velocity water were to cause this scale to detach
via erosion, portions of the pipe surface exposed to higher
flow rates would tend to become the anode due to greatly
reduced levels of cuprous/cupric ions near surfaces with
less scale. This exacerbates the extent of corrosion occurring at points exposed to greater turbulence or highest
velocities.
Corrosion reactions are quite complex, and the above
tendencies can be expected to change as a function of
temperature, pH, and other chemical constituents in
the water. It is nonetheless interesting that portions of
iron metal exposed to low flow are eaten more quickly,
whereas copper metal may be consumed more rapidly in
areas of higher flow (Figure 7).
The electrochemical imbalance can also be created by
differential flow as a result of enhanced transport near the
surface of the pipe that is exposed to more turbulence. Specifically, the portion of the surface with higher flow will be
exposed to higher concentrations of corrosion reactants
(oxidants such as O2 and Cl2) and lower concentrations of

Cu

14

Cu2O
Cu pipe wall

High electron
flow

Cu pipe wall

Figure 8: Simplified schematic of concentration cell pitting corrosion for anodically limited reaction (Nguyen & Edwards, 2006).

High velocity

Low or zero velocity
Low [O2]

Anode

Cathode

Cu2O

Cu2O
Cu pipe Wall

High [O2]

Low electron
Flow

Cu pipe Wall

Figure 9: Simplified schematic of concentration cell pitting corrosion for cathodically limited reaction (Nguyen & Edwards, 2006).
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higher flow, and the anodic reaction would then occur at
the portion of the pipe surface exposed to lower flow. In
that case, the direction of electron flow through the metal
and the location of the anode and cathode would then be
reversed from the situation described in Figure 8.

3.1.2 Differential flow in service
In a premise plumbing potable water system, concentration cells arising from differential flow could develop in
a number of situations at either the macro or micro scale.
For example, a home may have a section of copper plumbing leading to a kitchen faucet that is frequently used
during the day at a typical maximum velocity of 8 ft/s for
washing dishes and preparing food. This branch of the
plumbing system could be in electrical contact with other
branches that lead to plumbing devices that are stagnant such as a second bathroom or an outside hose bib
(Figure 10). These long periods of stagnation in seldom
used plumbing fixtures can produce large areas of copper
pipe surface that are exposed to relatively high concentrations of copper ions. Conversely, the frequent usage of
the branch of plumbing leading to a kitchen would have
relatively low concentrations of copper corrosion products
(i.e. Cu+ and Cu2+) and high levels of oxygen and chlorine
in the water versus the less frequently used branch (i.e.
copper ions are removed from the system, whereas oxygen
and chlorine are introduced to the premise plumbing from
the main during periods of flow). Due to these differing
chemical concentrations, the entire sections of the plumbing network might therefore become anodic or cathodic to
each another.

Water
main

Copper
premise
plumbing
subject to
flow

Kitchen
faucet
(used
frequently)

Secondary
bathroom
faucet
(used
Sparingly)
0 ft/s

8 ft/s

Bathroom
faucet

Differential flow can also develop on surfaces at the
microscale (Figure 11). For example, if a deposit or burr
is present on the inner wall of a copper pipe, there is an
extreme local turbulence and high velocities up to 300 ft/s
(Landrum, 1990) immediately downstream of the obstruction (Figure 11). In this type of situation only a very small
portion of the overall pipe surface will be exposed to the
relatively high turbulent flow, a large portion of the pipe
surface is exposed to relatively low flow, and a very small
part of the surface (under the deposit) can be exposed to
nearly stagnant conditions.
3.1.3 Effect of design, installation, and water chemistry
The ultimate consequences of differential flow are determined by a number of factors. If numerous deposits are
formed on the pipe surface or if joints are not deburred
during installation, then microscale differential flow cells
can occur with high frequency throughout the plumbing
system. In other installation scenarios, such situations
may be rare or nonexistent. Maintaining maximum flows
less than 8 ft/s in cold water systems and 5 ft/s in hot
water systems, as per design recommendations of the CDA
(2010), would also reduce the magnitude of differential
flow concentration cells at either the micro or macro scale
compared to situations that would arise if design velocities were 10, 20, or 30 ft/s.
Water chemistry also plays a critical role because
it controls the type of reactions and scale (i.e. copper
rust layers) that form on the metal. As a relatively noble
metal, the corrosion of copper can be either anodically
or cathodically limited depending on the water chemistry (Evans, 1937). As mentioned earlier, in some situations, the portion of the surface exposed to the high flow
will become anodic, and in other situations, the portion
of surface exposed to high flow will be cathodic (Figures
8 and 9). However, the water chemistry and the overall
propensity for pipe failure due to differential flow can be

Micro-scale turbulence without scale formation
Low velocity

Copper
premise
plumbing
subject to
zero flow

Local turbulence
(up to 300 ft/s)

Copper pipe wall
Figure 10: Conceptualization of macroscopic differential flow
patterns that naturally arise from different water use patterns in
separate branches of a premise plumbing system.
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Flow
obstruction

Figure 11: Schematic of localized high velocity and turbulence,
which may form downstream from an obstruction.
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Copper pipe wall
Low velocity
(≤8 ft/s)

100 cm2 Area of pipe
subject to low velocity
(cathode)
Local excessive turbulence
(up to 300 ft/s)
1 cm2 Area of pipe subject
to turbulence (anode)

Flow
obstruction

Figure 12: Simplified schematic of small area (1 cm2) of pipe subject to
turbulence and a large area (100 cm2) of pipe subject to low velocity.

influenced by the type and durability of scale that forms
on the copper pipe surfaces at the anode or cathode, as
the formation of highly durable or protective scales at the
anode could protect the surface exposed to flow and mitigate the strength of the concentration cell that is formed.

Time to failure (years) =

of deposits (Figure 11). If all these factors are met, attack
at a very small anode is supported by a very large cathode
(Figure 12), and the attack is perpetuated by a failure to
form a protective scale on the part of the surface exposed
to high flow (Table 5).
If the cathodic reaction is rate limiting, the very small
area exposed to high flow becomes the cathode and the
anodic attack is distributed over a much greater surface
area as seen for a ¾-inch type M copper pipe (Table 6). It
is therefore believed that water chemistry would control
whether a pipe exposed to differential flow would last
100 years or fail in as little as 1 year. Assuming the transfer of one electron per corrosion reaction and using 100%
wall thickness loss as a measure of failure, time to failure
can be calculated for various copper pipe types (Figure 13)
using the following equation:

Current density (µA/cm2 ) × 3.28 × Copper’s atomic mass (amu)
(2)
No. of electrons transferred × Density of copper (g/cm3 ) × Pipe wall thickness (mm)

The chemistry of the water supplied and the mode
of operation can also be influential. For example, if the
water is operated in a continuous recirculation mode,
the concentration of Cu+ and Cu2+ reaction products may
equilibrate in the bulk water and the concentration of dissolved oxygen and chlorine can become depleted. In such
situations, the area of pipe exposed to high flow might
not form a strong concentration cell relative to the situation that occurs in freshwater that has not previously contacted the copper surface.
In the vast majority of plumbing installations, water
chemistries, and water use patterns that are encountered
in premise plumbing, nonuniform corrosion arising from
differential flow is of little consequence. It is only in very
unusual cases that problems are observed. Based on
this analysis, rapid failures are expected to occur from
this mechanism if nondurable scale forms on the anodic
pipe surface, if the anodic reaction is rate limiting, and
if a small area of the pipe surface is subject to very high
velocities due to a failure to de-bur or from the formation

Unfortunately, at present, there is little to no research
on the specific aspects of water chemistry that will determine scale durability or whether copper corrosion will be
subject to anodic or cathodic control. Indeed, there have
been few systematic investigations into the veracity of the
above hypothesis.
In seawater, the high values of the mass transfer coefficient at high velocities result in both an increase of the
surface pH and an increase of the dissolution rate of the
film by diffusion of a soluble Cu(I) species. Localized
attack in the erosive cavities gives rise to active-passive
cells, which are self-perpetuating due to the local hydrodynamic conditions established in them (Bianchi et al.,
1978; Bastidas et al., 2010).

3.2 Cavitation bubble implosion and damage
Cavitation describes the spontaneous nucleation, growth,
and then collapse of gas or vapor bubbles when local

Table 5: Simplified example of expected failure time among concentration cell reactions controlled anodically and cathodically for new ¾”
type M copper tube.
Rate limiting reaction controlling
concentration cell
Anodic reaction
Cathodic reaction

Measured electron
flow (Current, µA)

Area of anodic portion
of pipe (cm2)

Current density
(µA/cm2)

Expected time to
failure (years)

35
35

1
100

35
0.35

1
100
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Table 6: Comparison of classical vaporous and gaseous cavitation.
Parameter

Vaporous cavitation

Gaseous cavitation

Bubble formation rate

Implosion pressures

Very quick on the order of thousands of
a second
Vapor will condense in milliseconds
once higher pressures are encountered
Extremely violent

Typical gas content

Almost entirely water vapor

Bubbles grow more slowly due to
diffusion from bulk solution
Bubbles disappear by dissolution of
gases into the water (several seconds)
Presence of dissolved gases smoothens
pressure spikes (Lai et al., 2000)
Nitrogen, oxygen, CO2, Cl2, Ar

Bubble disappearance

100

Anodic current density (µA/cm2)

90
80
70
60

1/2″ Type K

1/2″ Type L

1/2″ Type M

50

3/4″ Type K

3/4″ Type L

3/4″ Type M

40
30
20
10
0

0

5

10 15 20 25 30 35 40 45 50 55 60 65 70 75
Time to failure (years)

Figure 13: Anodic current density vs. time to failure for different
types and sizes of copper pipe.

hydraulic pressure drops below the gas saturation pressure or below the vapor pressure of water (Novak, 2005).
Liquids, therefore, are said to “cavitate” when pressure
reduction causes the formation and growth of bubbles
(Brennen, 2013). This can occur in systems where the flow
velocity is very high and the direction of flow is sharply
changed or it encounters flow obstacles such as burrs,
solder blobs, and uneven corroded surfaces. Obstructions
such as valves or orifices downstream of a pipeline are
especially prone to witnessing the “unwanted phenomena” of cavitation (Euler, 1754; Chan, 2003; Wilson et al.,
2006). In a plumbing fitting (such as a 90° elbow), the
centrifugal force flowing around a short bend radius at
high velocity causes a lowering of pressure at the throat
(CCBDA, 1997).

3.2.1 Vaporous and gaseous cavitation
Classical cavitation experiments that disregard dissolved
gas are not directly relevant to natural water systems and
require a redefined cavitation inception number, which

considers dissolved gases. Vaporous cavitation occurs
when the bubble is composed entirely of water vapor due
to local solution pressure dropping below the vapor pressure and “boiling” the water at ambient temperature. The
cavitation inception number is defined as
σ ci =

Pfl − Pv

0.5 ρU 2



(3)

where σci is the cavitation inception number, Pfl is the
fluid pressure, Pv is the vapor pressure of the liquid at a
given temperature, ρ is the fluid density, and U is the free
stream velocity. The cavitation inception number σci is a
dimensionless number used to evaluate the potential for
cavitation in a system. Typically, cavitation becomes a
significant problem when σci drops below three, although
the number has been known to vary depending on circumstances and the system. It has been noted that cavitation
inception increases with higher dissolved gas contents
(Brennen, 1993).
Gaseous cavitation refers to bubbles composed of
dissolved gases and formed by a pressure drop below the
saturation pressure of the constituent gases (pfl < pg). The
distribution of gases in a water in equilibrium with the air
are governed by Henry’s law:
pgas = kC

(4)

at a constant temperature, where pgas is the partial pressure of the individual gas, k is Henry’s constant, and C is
the concentration of the gas in air.
Typical vapor pressures of water from 10°C to 40°C
range from 0.012 to 0.073 atm, whereas the total dissolved
gas (TDG) pressure of natural water is typically in the range
from 0.8 to 1.2 atm (Scardina et al., 2004). Decreasing the
pressure to below the TDG pressure will tend to create gas
bubbles at nucleation sites as in the case of opening a
pressurized carbonated beverage. The bubbles will begin
to redissolve into the water if the ambient water pressure
is increased to above the TDG pressure. The formation of
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gaseous cavitation bubbles is slower than vaporous, as
the dissolved gases are present in the water at the ppm
level and the bubble grows by diffusion, whereas vaporous water can form much more rapidly as water itself is
the solvent.
Preliminary attempts to describe the effects of
gaseous cavitation led to the incorporation of TDG into the
classical cavitation inception formula (Naylor & Millward,
1984):
σ ci =

Pfl − ( Pv + Pg )
0.5 ρU 2



(5)

where Pg is the TDG pressure. The main implication of
the above equation is that gaseous cavitation occurs far
more readily in practical situations in pipelines than does
vaporous cavitation (Figure 14), which is to be expected
considering that ambient pressure only needs to drop
below about 1 atm (TDG pressure) for gaseous cavitation
to be possible versus below about 0.073 atm necessary for
vaporous cavitation.
Table 6 offers a comparison between vaporous and
gaseous cavitation. As long as the water contains dissolved gas, as most potable waters will, gaseous cavitation will always occur much higher pressure and lower
velocities than vaporous cavitation. However, given the
kinetic limitations to gas diffusion into growing bubbles,
it might be that vaporous cavitation bubbles dominate in
some circumstances. Bubble collapse and implosion pressures are often modified by the presence of other gases; if
gas quantity is greater, the slow nucleation of the cavity

will produce less violent implosions (Koivula, 2000). In
theory, all cavitation occurring in natural waters will be
either gaseous cavitation or a combination of gaseous and
vaporous cavitation. This is interesting because the presence and specific role of dissolved gases are often ignored
in prior research on the subject.

3.2.2 Bubbles and corrosion
Bubbles are believed to enhance corrosion via gas bubble
impingement, bubble implosion from vaporous cavitation, and trapped gas.
3.2.2.1 Bubble impingement
For either iron or copper, the direct contact of bubbles on
a pipe wall can result in the loss of pipe material or, more
importantly, the deterioration of protective films that
have developed on the pipe. Entrained gases are known
to increase corrosion rates and decrease the velocity at
which cavitation occurs (Obrecht & Quill, 1960f; Lagos,
2001). Bubbles traveling in a continuous cloud could
have a scouring effect on the metal and could damage
it significantly by erosion even without the implosion
of the bubbles or air trapping. Air scouring, the deliberate injection of air to scour and clean distribution pipes,
is a recognized practical application of this idea (Severn
Trent Services, n.d.). The precise role of higher velocity,
bubble size, and concentration has not been evaluated
experimentally.
3.2.2.2 Implosion
Bubbles consisting of water vapor are highly unstable and
can collapse (or implode) when the bubble returns to a
normal pressure region (Figure 15). The implosion creates
“microjets” of water that can travel faster than the speed
of sound and with pressures sufficient to physically gouge
and damage metallic copper, often causing crater-shaped

Figure 14: Comparison of supersaturated and undersaturated
cavitation inception to pure vaporous cavitation (σci = 3). Without
dissolved gas in water, velocities greater than 30 fps are required
for vaporous cavitation even at 5 psig. However, if 1.5 atm dissolved
gas are present, gaseous cavitation will occur even without flow at
7.7 psig or less (Novak, 2005).

Figure 15: Bubble collapse/implosion (Novak, 2005).
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material abrasions inside the system (During, 1997; Siegenthaler, 2000; Novak, 2005; Merkle, 2014). Plesset and
Chapman (1970) estimated the velocity of the liquid jet,
originating at the collapse of the bubble if attached on the
solid wall, to be as high as 128 m/s. The microjets formed
are extremely small and short-lived, but they are still very
damaging, in some cases impacting metal surfaces with
such force as to literally rip away minute amounts of metal
(Siegenthaler, 2000; Coyne, 2009).
Bubble collapse after vaporous cavitation can occur
with tremendous force and seriously damage metal due to
creation of a shock wave (Figure 15). Although pure vaporous cavitation probably does not occur in a water system
saturated with dissolved gases, it is generally more damaging because of the forces involved and localized nature
of the problem. Because dissolved gases cushion these
implosions, damage from vaporous cavitation would be
expected to decrease with higher gas content (Jang and
Aral, 2003) as opposed to the tendency that is actually
observed in practice.
When the local pressure is higher than the TDG pressure, the bubble will disappear, sometimes violently. The
maximum pressure from the bubble collapse is estimated
at tens of thousands of pounds per square inch and the
time span of collapse can be less than 1 ms (Konno et al.,
2001). Although theoretically this collapse occurs instantaneously after the bubble moves into an area of higher
pressure, the bubbles can persist 20 times beyond the
nozzle diameter in jet cavitation in tap water nearly saturated with dissolved gas even at pressures up to 72 psig
(5.06 atm; Nakano et al., 2001).
3.2.2.3 Trapped gas
Bubbles that have formed may not travel along with the
water flow but instead cling to the metallic surface of pipe
(Evans, 1937). In this case, corrosion would occur just
outside of the air bubble (Figure 16). A bubble of air at

Figure 16: Corrosion of metal in presence of an air bubble
(Novak, 2005).
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atmospheric pressure would not be of much concern, as
the oxygen in the gas would be gradually removed (Evans,
1937), and the local concentration of dissolved oxygen
would have started at only 8.4 mg/l at 25°C.
However, a bubble in a distribution system is not in a
solution at atmospheric conditions, as even 20 psig pressure is 2.4 atm absolute pressure. In high-pressure lines
such as those for high-rise buildings or fire sprinkler
systems, pressures can even exceed 175 psi (12 atm). This
translates to 12 times the partial pressure of O2 in trapped
gas, and dissolved oxygen concentrations in the water
immediately next to the bubble would approach 120 mg/l
at saturation (e.g. 12 times the dissolved oxygen in equilibrium with gas at 1 atm). This could drive massive concentration cells, as the water oxygen concentration would
remain at or slightly below saturation.
If a pipe is partly filled with pressurized air, the
oxygen present can also serve as a reservoir (Figure 17).
In a copper pipe in service, it often takes only about
2 weeks of corrosion to remove all dissolved oxygen from
water. However, the oxygen stored in an air gap of 0.8 inch
within a 1-inch pipe could fuel the equivalent of 4 years of
copper tube corrosion, even without replacing the water
(Figure 17). This trapped oxygen can therefore serve as a
massive reservoir for aerobic reactions in the pipe, including corrosion or bacterial growth.

3.2.3 Gaseous versus vaporous cavitation
Gaseous cavitation was observed in the experiments
performed by Novak (2005), although theoretical calculations (using equations by Naylor & Millward, 1984) indicated that for the saturations and velocities being tested it
should not occur. Novak (2005) speculated the possibilities
that gaseous cavitation was occurring at the pump itself
or that gaseous cavitation in distribution pipes occurs at
higher inception numbers than commonly thought. In any

Figure 17: Trapped gas in a water pipe (Novak, 2005).
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case, because recirculating pumps are used in home and
building plumbing, the implication is that cavitation may
be widespread. Gaseous cavitation was also influenced by
changes in temperature, initial dissolved gas concentration, and water chemistry, pH in particular (Novak, 2005).
Trends in pipe failures from erosion corrosion and
cavitation are consistent with predictions based on
gaseous, rather than vaporous, cavitation (Novak, 2005).
It is possible that the dissolved gases present in the tap
water increase the persistence of the bubbles. Chan et al.
(2002) suggested that cavitation played a significant role
in valve damage in Hong Kong water lines and that copper
is highly susceptible to cavitation attack. They noted that
vaporous cavitation should not be occurring in domestic water supplies. Gaseous cavitation may be the actual
cause of pipe failure in these circumstances. In addition,
recent forensic evaluations of some failed copper pipe
sections revealed a damage pattern consistent with that
believed to be cavitation implosion (Figure 18).

3.2.4 Flashing
A lesser known phenomenon, flashing, occurs in a
manner similar to cavitation, but here the downstream
pressure does not quickly rise above water’s vapor pressure; i.e. the vapor bubbles generated stay intact and do

Figure 18: Pipe from a real premise plumbing system exhibiting
possible cavitation bubble implosion damage.

not immediately collapse. The fluid flowing downstream
is a mixture of liquid and vapor (i.e. a two-phase system) at
high velocities and gives rise to potentially explosive and
certainly hazardous heterogeneous clouds, often resulting
in the erosion of downstream piping (Cleary et al., 2007;
Skousen, 2011). Figure 19 demonstrates the pressure curve
differences for both cavitation and flashing.
Flashing can occur in any configuration of liquid –
whether static, like in a pressure tank or flowing, as being
ejected through some configuration into a low-pressure
region (Brown & York, 1962). In fact, flashing is used in
aerosols manufactured for industries, agriculture, and
household purposes (Kitamura et al., 1986). For liquids
flowing through pipes and nozzles, rapid depressurization brings the liquid from subcooled to saturated and
finally to superheated state initiating bubble nucleation,
which then increases water volume (i.e. bubbles contribute to surge in void fraction), and can subsequently lead
to cavitation damage downstream (Riznic et al., 1987;
Watanabe et al., 1996; Elias & Chambre, 2000). Flashing is encountered in boilers and steam generators, converging-diverging nozzles, containment failures that leak
hazardous chemicals into the atmosphere, and nuclear
power plants with supersaturated waters (Shin & Jones,
1986; Elias & Lellouche, 1994; Witlox et al., 2006). Flashing can also occur in piping systems with valves where
bubbles form in the vena contracta immediately following
the valve and cause downstream erosion (Kitamura et al.,
1986). The location within a flow where the liquid begins
to flash is called the “flashing inception point”.
A combination of hydrodynamic instabilities and
thermal nonequilibrium conditions causes flashing where
the liquid can come to a new equilibrium by releasing its
superheat through evaporation, which consists of boiling

Figure 19: Pressure curves for cavitation and flashing, where P1 is
the upstream pressure, P2 is the downstream pressure, and Pv is the
vapor pressure of the liquid. Reprinted from Skousen. © 2011, with
permission from Emerson Fisher.
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and vaporizing of the droplets as they disperse and provide
an explosive characteristic to the process (Calay & Holdo,
2007). The length of the nucleation zone for bubbles
strongly depends on the flow velocity, depressurization
rates, and level of superheating (i.e. the temperature of
vapor above water’s boiling point; Jones and Zuber, 1978).
Figure 20 is a flashing jet schematic as it occurs from a
nozzle/leak but can be theoretically extended to flashing
phenomena inside pipes or vessels. In terms of two-phase
flow formation profile, bubbles, initially close to the wall,
continue to grow and then agglomerate ultimately migrating to the core of the flow further downstream due to their
(bubbles’) faster acceleration compared to flowing water;
this represents a sufficiently developed bubble profile controlling any vapor generation downstream of the channel
(Riznic et al., 1987). The bubbles continue expanding and
accelerating downstream often agglomerating into slug
bubbles and therefore forming a continuous vapor core
toward the annular flow regime.
There are limited experimental studies for flashing
in pipes carrying water (Reocreux, 1974; Seynhaeve et al.,
1976; Ardon & Ackerman, 1978; Seynhaeve, 1980) that
found an increase in mass fluxes causes a corresponding
decrease in superheat. Moreover, at very high mass fluxes
(up to 20,000 kg/m2 s) and temperatures of 110°C–167°C,
flashing at negative superheat (i.e. bubble nucleation initiated above vapor pressure of water) was witnessed. The
effect of pipe geometry (i.e. length-to-diameter ratios or

L/D) indicating short or long tubes and orientation has
been explored to a limited extent. Fraser and Abdelmessih (2002a) moved the point of flashing inception along
the length of different pipes by altering the position of a
smaller diameter cavitating ring inside and found that
superheat decreased as the location of flashing inception
was moved upstream. A typical axial pressure profile from
their experiment is shown in Figure 21. Subcooled water
(at P0 and T0) is discharged along the pipe where local
static pressure reduces with distance reaching saturation
pressure PSAT (at T = T0), becomes superheated, and ultimately flashes at location ZFi (local static pressure = PFi).
The degree of superheat ΔTS [=T0 – TSAT (PFi)] changes when
the ring location is moved, which then alters the flashing inception point in the pipe. Based on experimental
data, Fraser and Abdelmessih (2002b) developed a mathematical model that only required knowledge of upstream
stagnation state and pipe geometry to predict maximum
and minimum critical mass fluxes. These experiments,
however, tested temperatures only above 110°C and it is
unclear if such flashing two-phase (water/vapor) systems
can occur in actual premise plumbing with complex
flow geometries, fittings, temperatures below 70°C, and
varying pressure conditions along the length of the pipe.
Despite numerous flashing models (Shin & Jones,
1993; Elias & Chambre, 2000; Fraser & Abdelmessih,
2002b; Calay & Holdo, 2007; Cleary et al., 2007; Saurel
et al., 2008) and reviews (Kitamura et al., 1986; Shin and
Jones, 1986; Riznic et al., 1987; Elias & Lellouche, 1994;
Polanco et al., 2009) available, one cannot predict flashing behavior (Polanco et al., 2009). The long-term effects of
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Figure 20: Schematic showing the expansion and entrainment
region of a radially flashing jet and typical temperature and velocity
variation along the jet axis. The radial variation of droplet size, temperature, and velocity at different locations along the jet axis shows
approximate Gaussian distribution. For flashing inside pipes, the
temperature/velocity curves in the entrainment region will be different owing to different hydrodynamic conditions. Reprinted from
Calay and Holdo. © 2007, with permission from Elsevier.
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Figure 21: Pressure profile and flashing location for critical twophase flow. Reprinted from Fraser and Abdelmessih. © 2002, with
permission from Elsevier.
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flashing inside copper pipe and damage mechanisms from
flashing within plumbing systems require investigation.

3.2.5 Water hammer
Water hammer is defined as “an extreme fluid transient,
occasionally recognized by loud banging, or hammering sounds, sometimes associated with fluid transients,
which are caused by flow rate changes and resultant pressure surges [and subsequent, often rapid, shock wave
propagation through the pipe]” that can occur when a
valve or a pump is abruptly shut off causing water to come
to a sudden halt and is frequently encountered in premise
plumbing (Skousen, 2011; Leishear, 2013). The pressure
surges witnessed may exceed design pressures by a factor
of “6–10” and resulting stresses can increase an order of
magnitude beyond the pipe’s design stresses (Leishear,
2013). Theoretical reviews of this phenomena can be found
elsewhere (Ghidaoui et al., 2005; Leishear, 2013). Water
hammer events themselves cause significant mechanical damage, bursting or failure in pipes (Skousen, 2011),
and associated pressure transients can also lead to cavitation (Ghidaoui et al., 2005; Geng et al., 2017; Urbanowicz,
2017). Their occurrences can be minimized by preventing
abrupt pressure changes, shutting valves uniformly, and
installing surge protectors or pressure-relief valves in
piping systems (Skousen, 2011).

3.3 Particle impingement
The formation, growth, and proliferation of particles in
water distribution systems is complex and not well understood. Particles can originate from a variety of sources,
both external and from internal processes within the distribution system, including
–– background concentrations of organic/inorganic
material from source waters;
–– suspended solids not completely removed at the treatment plant;
–– particles added to the water at the treatment plant
(such as carbon and sand particles, alum or iron flocs,
and bioparticles from biofilters) or forming within the
distribution system via pipe and fitting corrosion, lining erosion, biological growth, or chemical reactions;
–– external contamination during pipe repairs, intrusion, or back flow.
Further complications result due to physicochemical
changes during contact with different pipe materials,

their ages, and changing hydraulic conditions (Vreeburg &
Boxall, 2007). Particles often precipitate in water heaters
from carbonate hardness containing waters (Pierre, 2005).
Hot water from “instantaneous heaters” or multiple tube
heat exchangers in domestic systems at low velocities can
allow sand particles, corrosion products, and/or organic
matter from the water supply to settle out in the pipes
(NACE, 1980). Finally, debris left inside plumbing postinstallation (possibly from manufacturing, transport,
storage, and even during installation) can act as potential instigators of localized corrosion in copper (Schock &
Lytle, 2011).
Particle impingement describes the possible progressive wearing-away or mechanical breakdown of pipe material due to particle impact against the plumbing material.
The terms abrasion, erosion, and wear are used interchangeably in this section to describe this phenomenon,
although they carry distinct meanings in the literature of
other fields. To avoid problems with erosion corrosion of
copper, pipe networks are generally designed to ensure
that the water velocity does not exceed about 6 ft/s in hot
water systems, but if abrasive particulates are present it is
believed that failures can occur at much lower flow rates
(Oliphant, 2010; CDA, 2016a). Particulates lend slurry-like
characteristics and increased abrasivity to flowing water,
which, in turn, can likely shorten the life of the pipe
material to a large extent. Henceforth, the term “slurry”
describes particle-carrying liquids irrespective of particulate concentrations. Solid particles can damage both
types of protective films, i.e. thick diffusion barriers and
thin passive films, on the pipe wall leading to erosion corrosion (Postlethwaite & Nesic, 2011). A generally accepted
model for this simultaneous action of erosive and corrosive processes (Figure 22) is referred to as tribocorrosion
(Stachowiak & Batchelor, 2014).
Particles can severely accelerate damage rates as
was seen in an experiment where corrosion rates in
carbon steel pipes carrying water rose 10-fold from 1 to

Figure 22: Cyclic removal of corrosion product films by abrasion.
Reprinted from Stachowiak and Batchelor. © 2014, with permission
from Elsevier.
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approximately 10 mm/y because sand was introduced
(Postlethwaite et al., 1986). Baseline corrosion rates can
even be insignificant when mechanical abrasion is more
intense (Batchelor & Stachowiak, 1988). In other words,
plastic deformation can be responsible for pure erosion
damage caused due to solid particle impact (Matsumura,
2012). In such high erosion prone attacks, there is progressive formation, extension, and subsequent breaking of
highly distressed layers on the metal microsurface due to
impingement of particles (Levy, 1995).
The ASTM standard G119-09 includes tests to calculate material losses resulting from interactions between
erosion and corrosion mechanisms (ASTM, 2009). Specifically, it allows conducting one out of several available
wear tests involving corrosion, thereby giving combined
erosion and corrosion material loss rates. This is followed
by a repeat of the same test with cathodic protection of the
test material (which may not always be practical for water
pipes) to suppress corrosion and calculate erosion-specific loss rate. The corrosion rates can then be obtained by
subtracting the latter from the former. There is extensive
experimental work evaluating erosion from slurries containing particles (Zu et al., 1990; Gupta et al., 1995; Stack
& Pungwiwat, 1999; Clark & Hartwich, 2001; Zhang et al.,
2007). “Erosive-abrasive” wear produced by solid particles entrained in a fluid stream has been found responsible for premature failures in industrial operations for
equipment parts such as oil-well casings, pump casings,
storm chokes, pipe bends, condenser tubes, power plant
boiler tubes, and slurry pipelines (Wahl & Maier, 1952;
Olesevich, 1959; Tanabe, 1969; Faddick, 1975; Thompson
& Aude, 1976; Zhong & Minemura, 1996). Sand particles
can play a major role in erosion corrosion of oil and gas
production systems (API, 1990).
A thorough literature search revealed no experimental studies on the role of (abrasive) particles in erosion
corrosion of copper in potable water systems, beyond a
few vague recommendations in overview papers that such
reactions were important (Myers & Cohen, 1998; CDA,
2016b; Oliphant, 2010).

3.3.1 E
 rosion and particulates
Schleich (2004) listed particle content and their size,
magnitude of impingement, flow profile, and associated
water chemistry as factors that can be detrimental to the
performance of copper alloys in brackish waters owing
to erosion corrosion. The erosion rate especially depends
on the kinetic energy of particles (“the high pressure
developed between the abrasive particle and the material
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surface”; proportional to up2, where up being the particle
velocity) and frequency of impacts (proportional to up) to
a first approximation (Benchaita, 1980; Benchaita et al.,
1983; Lotz, 1991; Postlethwaite & Nesic, 2011):

Material loss rate αup 3
(6)
The velocity exponent can range from 1 to 3 depending on the pipe material and particulate type (Heitz
et al., 1991). Postremoval of scale, attack on the underlying metal becomes “strongly nonsteady state”, and the
longer the pipe wall remains exposed to flow, the larger
the exponent becomes (owing to speedier wall thinning).
Cavitation attacks can also increase the velocity exponent further upward to 5–8 (Lotz, 1991), although damage
due to particles can prevent the detection of cavitation
occurring simultaneously. At low velocities, accelerated
corrosion is the major factor, whereas, at high velocities,
erosion can lead to rapid degradation as witnessed in oil
and gas applications (Smart, 1993).
Particle trajectories in liquids follow complex geometries especially when flows are turbulent and encompass
a wide range of impact angles (Postlethwaite & Nesic,
1993), which makes it highly unlikely that a singular
impact angle always causes the worst damage. A reducer
downstream of a T-junction and pinch valve subjected to
sand slurries in disturbed flow conditions witnessed an
extraordinary failure via erosion in an alarming 8 days
(Postlethwaite et al., 1978). For ductile materials such as
copper, the erosion corrosion maxima develops at impact
angles in the range of 15°–50°. A set of experiments found
maximum thickness loss at 45° and 55° angles in horizontal and vertical 1-inch aluminum specimens, respectively, demonstrating the role of flow orientation (Heitz,
1991; Mazumder, 2004; Schmitt & Bakalli, 2010). On the
contrary, in a series of jet impingement experiments on
steel alloys with slurries of both coal-kerosene and silicawater, peak erosion rates were obtained at 90° with an
intermediate peak occurring somewhere between 40° and
60° range for many but not all alloys. According to Levy
(1995), particles most effectively penetrate the lubricating film of the carrier liquid at a 90° angle, transmitting
maximum impact force on the wall surface; hence, peak
rates would likely be observed at this angle.
Schleich’s (2004) “particle content and size” description includes particle density, size, shape, terminal velocity, microroughness, and solids concentration (Tanabe,
1969; Wilson et al., 2006; Postlethwaite & Nesic, 2011).
The force of particle impact is proportional to mup, so
the effect of smaller/less dense/softer particles will be
rather small. Larger and more angular particles tend to
be increasingly abrasive, whereas higher particulate
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concentration causes enhanced corrosion (Schleich,
2004). Although particulate shape is not representative of
its surface microroughness, their combination influences
the forces generated on the pipe wall on impact. As evidenced by erosion experiments with both round sand and
glass particles, erosion rates in the sand condition were
two orders of magnitude, greater owing to their surface
microroughness (Postlethwaite & Nesic, 1993). Studies
have also shown that the “particle size effect” is not necessarily a factor above a critical value under the same test
conditions, usually observed between 100 and 200 μm
(Tilly & Sage, 1970; Stack & Pungwiwat, 1999). Damage
rates drop significantly when particle sizes are below 100
μm (Glaeser, 2005).
Finally, the impact frequency and erosion rate are
proportional to the solids concentration in dilute slurries
with less than 5% volume solids (Blatt et al., 1989). This
dependency is reduced at higher concentrations due to
particle-particle interference. Increased solids loading
can greatly accelerate erosion despite associated increase
in viscosity of the slurry liquid as seen in the coal-laden
kerosene slurry experiments in a slurry pot tester on steel
alloys (Levy et al., 1987; Levy & Hickey, 1987). Erosion rates
decreased for some steel alloys but not others with increase
in temperatures, a phenomenon that cannot be readily
explained; the rates eventually rose back up at even higher
temperatures (>100°C). Finally, the cumulative erosion
rates decreased with time in a short run of 5 h, leading the
researchers to conclude that initial impingement caused
“the surface to be deformed to a smoother microstructure,
which led to fewer exposed platelets that could be struck
and fractured by impacting particles” and this presumably
retards erosion (Levy, 1995).
Erosion drops dramatically when impacting particles are softer than the wall material (Finnie, 1960; Wasp
et al., 1977; Kosel, 1992; Schmitt & Bakalli, 2010). In other
words, if a slurry with particulates of Mohs hardness
3 were flowing in a pipe of Mohs hardness 5, the particles
could possibly damage rust films and cause accelerated
corrosion but would not significantly cause erosion of
the underlying metal (Postlethwaite & Nesic, 2011); see
Section 3.3.2.
When a fluid stream containing solid particles is
turned as in pipe bends or tees, the particle trajectories
deviate from that of the fluid: almost all solid particles
are thrown against the outer wall due to centrifugal forces
(Benchaita, 1980). Hence, for relatively coarse particles
passing through bends, tees, contractions of pipes, and
projecting nozzles, erosion on these surfaces are very
severe. In straight lengths of piping, extreme conditions
occur whether solids are transported mainly in state of

suspension or slide, roll, and jump at the bottom of the
pipeline (Goldstein, 1938).
It is important to point out gaps with current erosion
wear models for solid particle impingement in terms of
representing relevant variables. Meng and Ludema (1995)
shortlisted 28 models of erosion wear via solid particle
impingement and found 33 parameters among them. The
average number of parameters per model was five, and there
was no consistent pattern of parameter use and no single
equation containing all 33 parameters. Several cherry-pick
variables for their word models and empirical equations
and “arbitrarily […] emphasize [those variables’] role in
the overall erosion phenomena” while others make “no
pretense towards developing fundamental concepts” but
do sometimes provide (valuable) data from specific testing
mechanisms (Benchaita, 1980; Meng & Ludema, 1995).
This seemingly vast number of variables also underscores
the complexity of testing methods like the G75-07 standard
used for abrasive and/or corrosive slurries.
ASTM standard G75-07 is used to determine the relative abrasivity of a slurry owing to constituent particulates
called the “Miller number.” This number is calculated
with respect to weight losses in a “standard” 27% chrome
iron wear block rubbed in that particular slurry with a
50% solids concentration by weight for a specific amount
of time (Miller, 1995; ASTM, 2013b). Miller numbers for
different samples of a particular copper ore are listed in
Table 7. Pitting corrosion in copper primarily caused by
considerable oxygen (air) present in the slurry due to agitation both in Miller equipment and actual pumps leads to
a great deal of metal loss and thus contributes to a higher
Miller number. Tests done at higher pH by dosing sodium
hydroxide (NaOH) severely suppress the corrosion effect,
making it possible to quantify the abrasion rate almost
alone. As the Miller number is primarily focused on slurry
abrasiveness with respect to a “standard” metal type, it
does not explicitly consider the role of “relative hardness”
i.e. the role played by hardness values of both the particulates and the metal on which impingement occurs.
There also exists a “paucity of good experiments to
verify proposed models” (Meng & Ludema, 1995), which

Table 7: Miller numbers for various samples of a copper ore (Miller,
1995; ASTM, 2013b).
Sample number

pH

Miller number

1
2
3
3 NaOH inhibited

6.3
1.3
5.9
13+

92
553
117
33
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is further convoluted by an excess of models flooding the
literature, making it difficult to either choose models to
design experiments for or vice versa. More than a decade
after Meng and Ludema (1995) pointed out shortcomings
of erosion models, mechanistic models and empirical correlations have continued to be published for the estimation of erosion wear based on experimental data obtained
through laboratory test rigs. Take this equation from
Desale et al. (2008) as an example:
E w = KV βd γC φ f ( α)

(7)

where Ew is the erosion rate, V is the velocity, d is the particle size, C is the solids concentration, and K, β, γ, and φ are
constants whose value may be a function of the material
properties of solids, target, and carrier fluid. The values of
the constants varied over a wide range because of differences in the experimental conditions and materials used
(Desale, 2008); thus, no universally accepted correlation
exists for the estimation of wear. For this study, the erosion
wear has a strong dependence on velocity, particle size,
and relative hardness (for normal impacts) but relatively
weak dependence on solids concentration. Clearly, efforts
toward a unifying model or, at the very least, an overarching representation (and mapping the relative influence) of
these variables have come up short and there is confusion
about what factors are most practically relevant.

3.3.2 R
 elative hardness and erosion mechanisms
The extent of abrasive wear occurring on the pipe material will depend on the ratio of the hardness of the particle to the hardness of the pipe surface being worn (Wahl,
1951; Wellinger & Uetz 1955; Uetz & Föhl, 1969). This ratio
of particle hardness to that of pipe is termed as “relative
hardness” (or “hardness ratio”). Consider the hardness
of graphite (Mohs hardness ~ 2) and silica sand (Mohs
hardness ~ 7) particulates relative to that of copper (Mohs
hardness ~ 2.5–3). If erosion via impingement is the dominating mechanism, it can be expected that copper will
be abraded more readily and rapidly by silica sand than
graphite particles. According to one set of experiments,
abrasive particles of material A will scratch material B
if the hardness of material A is at least 20% higher than
that of material B on the Vicker’s scale (Akagaki & Rigney,
1991; Rigney, 2000; Pintaude, 2010). Feng and Ball (1999),
on the contrary, believed that the hardness of particles
itself had little effect on wear as opposed to their shape
and kinetic energy for ductile materials, but their findings
were based on gas blasting experiments in the absence of
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water. The microstructure of pipe material also influences
its resistance to erosion (Zum Gahr, 1987).
From a metallurgical point of view, copper responds
to “sliding abrasion” where particles move tangentially
along the pipe wall and “solid particle impact” where
erosion occurs by plastic deformation, micromachining,
and cutting often at an angle (Benchaita, 1980; Wilson
et al., 2006).
In “sliding abrasion”, the normal stress is greatly
enhanced when flow streamlines are curved (e.g. at
elbows) and result in centrifugal acceleration proportional to u2/r, where u is the local velocity and r is the
radius of curvature of streamlines. Curved streamlines
increase wear rates, which occasionally manifest as
accelerated wear of elbows, although adjacent straight
sections of pipe are completely unaffected (Wilson et al.,
2006). Such failures can also be instigated by soft abrasives, i.e. particles that are less or equal in hardness to the
attacked pipe walls. The attack of such soft abrasives may
result in elastic or plastic deformation, surface fatigue,
surface cracking, and adhesion. Protuberances due to
plastic deformation of the rubbed surface may be cut or
repeatedly pushed aside by following abrasive particles.
Frequently, the main difference between erosive wear at
small attack angles and abrasive wear lies in the kinetic
energy transmitted to the stressed surface, which mainly
affects the elastic and plastic deformation of the wearing
solid (Zum Gahr, 1987).
In “solid particle impact” mode, particles strike the
pipe surface at varying angles and material comes off
owing to small-scale deformation, cutting, fatigue cracking, or a combination of these. Figure 23 visually depicts
the failure mechanisms as a consequence of solid-particle
impact, which typically occur because “trajectories of
individual particles do not follow the streamlines of the
average flow” (Wilson et al., 2006). Moreover, corrosion
products sticking to the pipe walls are typically soft and
loose that can come off owing to particle impacts as illustrated in Figure 22. Highly turbulent flow regimes often
push particles toward flow boundaries along the pipe due
to the action of eddies and can cause damage in the upper
portions of pipelines (Wilson et al., 2006).
Zum Gahr (1987) used the terms “microploughing” and
“microcutting” to frame dominant interactions in erosion.
In microploughing, prows form ahead of the abrading particle and the material is continually displaced sideways to
form ridges adjacent to the groove produced. Microcutting involves material loss due to repeated ploughing by
many abrasive particles acting simultaneously or successively and eventually leading to microfatigue (Buttery
& Archard, 1970/1971; Moore, 1979; Murray et al., 1982).
Brought to you by | University Libraries | Virginia Tech
Authenticated | sidroy@vt.edu author's copy
Download Date | 7/12/18 6:36 PM

26

S. Roy et al.: Flow-induced failure mechanisms of copper pipe in potable water systems

Low angle

High angle
Deformation

Free cutting

Plowing
Cutting

Crack formation

Chip removal
Fatigue

Figure 23: Mechanisms of particle impact erosion. From Wilson
et al. (2006). © 2006 Springer Science-I-Business Media, Inc. With
permission from Springer.

Microcutting occurs when the attack angle of the harder
abrasive particles is greater than a critical angle αC (Mulhearn & Samuels, 1962; Sedricks & Mulhearn, 1963, 1964).
In practice, a gradual transition from microploughing to
microcutting is observed with increased attack angle (Zum
Gahr, 1987).
Finally, attrition is an unavoidable consequence of
particulates moving continuously in pipelines and pumps,
which is likely in hot water recirculation systems (Section
3.3.3). Particles will get ground up, act as a carrier fluid for
the larger particles (Wilson et al., 2006), thereby reducing
friction losses and altering the wear rates as the effective
size and size distribution of the particles changes.

3.3.3 P
 recipitation of water hardness (CaCO3) as
particulates
Water hardness (expressed in mg/l as CaCO3) refers primarily to calcium and magnesium salts dissolved in water.
Typically, water hardness precipitates as off-white solids
called “scale” on pipe walls composing predominantly
of CaCO3 along with magnesium hydroxide, calcium
sulfate, and other salts. This coating increases conductive

resistance to heat transfer, not to mention, narrowing
and even blocking the flow pathway (Royer et al., 2010).
Precipitation to a certain degree is preferred as it purportedly forms a protective eggshell-like coating on the walls
reducing chances of direct contact between the flowing
water and the pipe. However, increased precipitation in
the form of particulates can contribute to fouling inside
the distribution system (such as pipes, valves, and meters)
as well as consumer or industrial facilities such as hot
water tanks, pressure tanks, heat exchangers, and boilers
and cause a build-up of sediment when interacting with
other treatment process residuals (Ranjbar, 2010; Schock
& Lytle, 2011). Moreover, the concentrations of such
solids keep increasing in constantly circulating systems
(Ranjbar, 2010). Langelier index and CaCO3 precipitation
potential are two measures that have been used historically to predict conditions that favor CaCO3 precipitation,
although there is growing consensus that these indicators
are not always reliable, especially when scaling inhibitors
are present (Snoeyink & Wagner, 2011; Wang et al., 2017).
Precipitation and scale formation increase with
rising temperatures; the rate of scale formation was
seven times higher in a water heater system at 82°C than
that of a normal domestic water heater at 60°C. Very
high temperatures can be reached in domestic hot water
systems; house-heating furnaces, for example, can lead to
water being delivered at as high as 93°C (Krappe, 1940).
Moreover, CaCO3 can deposit as either of its polymorphs
aragonite or calcite especially close to the metal heating
elements in water heaters at high pH values of 8.5 (Pierre,
2005). Scales deposit fastest at highest heat input spots
(Davies & Scott, 2006), in heat exchangers and heating
elements of water heaters, for instance. In fact, high concentrations of aragonite particles and chunks were found
inside copper tubes and pump impellers of hot water recirculation systems that witnessed extensive damage and
leaks and were served by very hard water (Roy & Edwards,
2014). Based on the above discussion, it is predicted that
water hardness precipitating as calcite or aragonite particulates can have devastating consequences in copper
plumbing systems, but this has yet to be investigated in
the laboratory.
Understanding specifically how particles exacerbate
erosion corrosion of copper will complement current
knowledge of “erosion” with electrochemistry to uncover
synergistic effects. Electrochemical methods allow for the
simulation of oxidation characteristics, which are representative of a corrosive environment, offer insights into
kinetics of these reactions both in situ and in real time,
and aid the calculation of metal removal owing to corrosion. These outcomes are critical pieces of the erosion
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corrosion puzzle, which currently rely on wear/erosion
techniques/models as well as surface characterization of
affected pipe material and wear particles, to some extent
(Landolt et al., 2001; Ponthiaux et al., 2004; Mischler,
2008). Tabakoff (1984) said there was “great potential for
research exists for particulate flows in turbomachinery”,
which still holds true for practical applications including
copper premise plumbing.

3.4 “ High”-velocity water impingement
High-velocity water impingement is believed to detach
copper scale from pipe walls or otherwise alter the type
and distribution of scale that forms (Bengough & May,
1924). It can also “disrupt formation of protective films
like metal oxides, hydroxycarbonates, and carbonates”,
which otherwise may help protect against corrosive attack
(Schock & Lytle, 2011).
Landrum (1990) believed that the local velocity of
water could be greatly accelerated when it passes by
deposits on pipe surfaces. Without citing any studies,
Landrum (1990) stated that velocities could increase
from 6 ft/s (a typical premise plumbing water velocity) to 300 ft/s just past small flow obstructions such
as burrs, tubercles, deposits, or solder blobs (CCBDA,
1997). M
 arshall et al. (2004) proved that copper pinhole
leaks formed most readily at bends, i.e. in areas of greatest turbulence, although copper scale was not detached.
Landrum (1990) also pointed out that increasing water
velocity makes protective films detached more rapidly and
that copper itself is very sensitive to increasing fluid velo
cities. Finally, high velocities can accelerate corrosion by
delivering oxidant species to the pipe walls at increased
rates (Schock & Lytle, 2011).
Increasing velocities inside a pipe often translate into
turbulent flow conditions, i.e. higher Reynolds number,
which in turn leads to higher shear stress on the pipe
walls as well as a turbulent boundary layer near the wall.
Reaching very high velocities can result in sudden pressure changes that in turn propagate vibrations, high noise
levels, and water hammer effects through the pipes and
ultimately damage or even burst piping supports and
piping connections (Skousen, 2011).
Finally, gas bubbles entrained in these high flowing
fluids can damage protective scales, layers, or films when
impact energy is high enough, like, at the inlet of heat
exchanger tubes where air bubbles can develop a substantial radial velocity component. Such damage begins
with isolated “horseshoes”, which grow together and
finally cause considerable roughening of the wall surface
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(Schmitt & Bakalli, 2010). In fact, Suzuki et al. (2009)
witnessed erosion corrosion in copper tubes carrying hot
tap water with “microbubbles” at velocities of 1–1.5 m/s
and 60°C temperature within a span of just 3 months
as opposed to the condition without bubbles. Although
the spectrum of studies conducted indicates the critical
role velocity plays, by itself or in conjunction with other
factors, finding reliable threshold velocities for copper
pipes in plumbing standards worldwide (see Table 2) has
proven elusive.

4 Summary and conclusions
Based on a thorough review of the literature, the following
statements can generally be made regarding flow-induced
failures in copper-based potable water systems:
–– Copper pipes and fittings are widely used in premise plumbing in the developed world. The premature
failure of copper due to erosion corrosion has been
reported widely; however, save for a handful studies
in the 1960–1970s, failures have not been systematically studied or recreated in the laboratory. As a result,
plumbers, consultants, and trade organizations rely
on deficient (often anecdotal) evidence when inspecting pipe damage and offer preventive recommendations without supporting data.
–– Conversely, erosion corrosion in seawater operations has been examined for copper-based alloys; a
research-backed “critical velocity” to prolong the service life of many such alloys is available.
–– Erosion corrosion typically occurs due to the interplay
of mechanistic (includes hydrodynamic) and electrochemical factors from flowing water in copper plumbing; either can contribute in major fashion (even 100%
in some cases) in the removal of protective scale and
underlying copper metal.
–– Available design standards, recommendations, and
building codes for preventing erosion corrosion as a
function of flow velocity and temperature are wideranging, conflicting, and sometimes impractical. This
makes available models and predictive equations
less reliable. Moreover, current apparatuses, laboratory tests, and standard methods for studying erosion corrosion are rarely commensurate to real-world
conditions.
–– There is concern about adopting new ASHRAE guidelines on controlling Legionella growth in premise
plumbing (i.e. hotter water temperatures, increased
water recirculation, and booster chlorine dosing)
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without careful consideration that these factors can
themselves be instigators of flow-induced failures as
was witnessed in Australia and New Zealand in the
early 2000s.
–– Although there is no “general theory” of erosion
corrosion, the “flow-induced failures” framework
presented in this review compiled principal mechanisms including concentration cell corrosion, gaseous cavitation, particle impingement, high-velocity
water impingement, and key factors (Tables 3 and 4)
for scientifically studying erosion corrosion of copper premise plumbing both in field failures and in the
laboratory.
There is presently an urgent need for quality research to
understand specific processes driving copper failures in
potable water systems. Specifically, recreating erosion
corrosion in the laboratory and generation of sound data,
in light of recent ASHRAE guidelines, will help frame science-based recommendations for homeowners, plumbers, and the water industry.
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