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Forensic Issues that Arise from
Recirculating Hot Water Systems

By Stephen R. Jenkins, CPEng (NAFE 11)

Abstract

There has been a significant increase in the failure of pipes used for recirculating hot water systems
installed in hospitals, apartment blocks, and hotels in recent years. The rise has occurred as these systems
have increased in popularity, and thermostatic mixing valves have made the higher operating temperatures in
recirculating systems safe. A common theme tends to be the continuous flow of water above 65°C (150°F) at
velocities that have been found acceptable for non-continuous flow. Failures have been experienced in pipes
made from both copper and polypropylene random copolymer. Explanations have been slow to emerge and
are still subject to debate, particularly as to the initiating causes of pin-hole corrosion (one of the more com-
mon modes of failure). Since it is not possible to view the initiation of the pin hole, proof of the cause of the
initiation is still unknown. There are indications from consistent correlations between operating conditions
and the onset of pin-holing corrosion that are used by authorities as the basis of modifications to design and
installation standards to minimize occurrence. This paper will cover some of the background, myths, and
current thinking on the causes of the problem in both copper and polypropylene from the point of view of a
forensic engineer trying to make sense of uncertain science and the complications of a problem that is trans-
disciplinary in nature.

Keywords
Recirculating hot water, pin-hole corrosion, erosion corrosion, installation faults, polypropylene cracking, copper
pipes, forensic engineering

in the Western world for more than 100 years as evidenced
by standards for manufacture and use'3.

Introduction

The widespread use of copper pipes began in the mid-
1800s — formed from copper sheets with longitudinal lap
joints and screw thread connections. Around 1900, pipes
began to be drawn or extruded but were still either joined
by fine screw threads or push fit joints, incorporating
O-ring seals. In 1936, the first British standard was pub-
lished, allowing capillary brazing for joints'. Since then,
the use of copper pipes has been normal practice and is
covered by a range of engineering standards.

However, copper has not been without occasional
problems — generally appearing as accelerated corrosion,
resulting in leaks or blue water staining on sanitary fit-
tings. These problems have tended to arise in concentrated
areas, or, at particular times, followed by research on the
problem that has identified and generally resolved the im-
mediate problem — often without finding more general
solutions or the actual root cause. For example, an area of
a community may experience an outbreak of pin-hole cor-
rosion, which (after investigation) is found to be related in
time to the introduction of a water softening system with

Copper piping has long been the favored material
selection for plumbing systems for domestic water, hav-
ing been used for water piping successfully from the days

of early civilizations to the present day. Copper pipes to
drain water from the ceremonial areas in the pyramids of
Abusir around 2750 BC in Egypt were discovered by ar-
cheologists in 1994 (these were still functional). Copper
began to be used as a roofing and water proofing material
in around 650 BC. Copper pipes have been in regular use

an associated change in the chemical ions present in the
water, but the mechanism of failure may not be clear*.

In parallel with the use of copper, alternative piping
systems based on plastics have developed and generally
been successful for cold water applications. The extension
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of service conditions for plastic piping into hot water sys-
tems have often not been successful with some systems
having a short commercial life before being withdrawn
(author’s observation).

With the rise of reliable and economic point-of-use
thermostatic mixing valves, recirculating hot water sys-
tems have become popular in large facilities (such as large
hospitals or apartment blocks) where peak usage patterns
and the length of the reticulation system make the use of
higher temperatures a practical engineering solution to
maintaining satisfactory water temperatures for users as
well as microbiological hygiene, in some instances. In par-
allel with the growth of this engineering solution, there
has been a significant increase in pin-hole corrosion in
copper pipes and unexpected failures in random polypro-
pylene random copolymer used in hot water recirculating
systems®.

Most hot water used for personal hygiene (e.g., show-
ers and basins) is used at between 38°C and 43°C (100 to
110°F). Tests by the author indicate users prefer the lower
end of this range. To reduce storage volumes, it is held at
higher temperatures and reticulated generally in the 60°C
to 65°C (140 to150°F) range. This is also the temperature
where legionella cannot colonize the water reticulation
— just below the temperature copper is prone to develop
failures. Unfortunately, where high peak demand occurs, a
simple solution is to raise the water storage temperature.
In the author’s experience, temperatures of 75°C to 80°C
(167 to 176°F) are not unknown in hotels and other build-
ings with high peak demands.

This paper is based on the author’s experience in try-
ing to understand the reasons for persistent pin-holing.
The investigation included the collection of data and ex-
amination of samples from a large building over the course
of five years — where he was leading a team of experts,
metallurgists, and tradespersons.

The Use of Copper

Copper is a soft and reasonably reactive material.
When used in water reticulation systems, it typically de-
velops a protective coating either through the formation of
copper oxide or copper carbonate films or a layer of miner-
als precipitated from the water being carried by the pipe.
In essence, the copper becomes the mechanical support for
a contact surface that is not metallic copper (Figure 1).

This both protects the copper and preserves the chemi-
cal quality of the water. However, there are circumstances

Figure 1
Copper pipe after 30 years of service with an internal coating.

where the formation of these films is imperfect, and re-
actions between the water and the copper pipe can create
problems that fall into reasonably well-recognized classes.
These classes of problems include: blue water, where dis-
solved copper gives the water a characteristic blue tinge
and often results in blue stains on sanitary fittings; pin-
hole pitting in relatively short time frames of two to five
years; microbially induced corrosion; erosion corrosion;
and leaks generated by deposits of flux or debris on the
inside pipe surface.

There is a wide range of research in published litera-
ture, much of which concentrates on trying to relate the
chemical characteristics of the water carried by the pipe
and the type of failure observed that inevitably leads to
much confusion and contradiction amongst reports of
research with words like “suggested,” “proposed,” and
“likely” common®*®.

There is no doubt that water chemistry (particularly
the pH and softness/hardness of the water) plays a part in
the problem. However, the author’s review of some of the
published research and investigations carried out over the
last 20 or 30 years emphasizes the fact that water is an
amazingly versatile compound with a wide range of char-
acteristics and a high ability to absorb small amounts of
other materials. This has led to many papers identifying
a unique aspect of water chemistry apparently associated
with a particular problem, often superseded by other re-
search proposing an entirely different chemical cause for
a similar problem.

This, coupled with what appears to be quite complex
chemical and electrochemical behavior of copper and the
variable conditions of temperature and velocity in the
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pipes, makes the problem a transdisciplinary issue that
does not lend itself to a single path to resolution’*?.

Characterizing Copper Corrosion

Because there are distinctly different circumstances
associated with corrosion of copper pipe, types of corro-
sion have been described and classified by industry asso-
ciations such as the Water Services Association of Austra-
liaIO,ll:

e Type I pitting (largely eliminated by better manu-
facturing processes), which occurs in cold water
reticulation systems.

e Type II pitting (the current problem), which oc-
curs in hot water systems, often soft waters with a
pH of around seven.

* Type Il pitting initially associated with stagna-
tion particularly early in the life of the pipe.

*  Microbially induced corrosion generally arising
from the development of a biological film in cold
or warm soft waters able to support biological ac-
tivity.

*  Erosion corrosion from high-velocity water, par-
ticularly in hot water systems or because of cavi-
tation at any temperature.

*  Flux induced corrosion or poor workmanship dur-
ing construction or repairs.

*  Concentration or differential aeration cell corro-
sion arising from debris and deposits in the pipes
often because of inadequate flushing after con-
struction or an accumulation of solids delivered in
the supplied water.

Although these characterizations are still common-
ly referred to in discussions of copper pipe corrosion,
research and experience have modified the classifica-
tions.

Type I pitting is rarely (if ever) seen in current instal-
lations. This is because the root cause was identified as
being a thin carbon film left on the inside of the pipe dur-
ing the manufacturing process as a result of oxidation of
drawing lubricants'>"* (Figure 2). This film was generally
imperfect, and accelerated electrochemical pitting took
place at breaks in the film. This happened in cold water,

and initial perforations typically appeared after about two
years. Tests were devised, and manufacturing processes
were adjusted some 20 years ago to eliminate the forma-
tion of this film. It is unlikely that any installed pipe net-
works with this problem remain in service (as they would
have failed many years ago).

Type II and Type III pitting (Figure 3) are now rec-
ognized as similar processes with a high probability that
both originate or are associated with periods of stagnation
during construction or use, although other processes are
suggested in the literature'*'S. Installation standards now
recognize this problem and recommend procedures to
avoid it.

EHT= S.00 EV W= 25 mm L

1. Cmm 1

Figure 2
Scanning electron micrograph of a Type 1 pit.

Figure 3
Polished section through a Type II pit from
a system that was subject to stagnation.
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Pits caused by debris on the bottom of the pipe can
be easily identified by the inclusion of large debris in the
corrosion cap (Figure 4). It should be noted that a Type 11
corrosion cap can contain finely divided copper released
by the corrosion process. This type of corrosion, which
involves differential access to oxygen caused by the pres-
ence of the debris, is not limited to copper pipe.

Research into the Causes and
Characteristics of Copper Corrosion

In an analysis of some 48 published water analyses
from a range of literature, the author found references to
61 compounds and elements and five characterization tests
with little consistency in the conclusions drawn relating to
the proposed causative chemical for any particular type of
failure.

Comparison across the published water analyses show
cause being allocated to a particular element. Chlorine, sil-
ica, iron, and manganese have all been identified as having
an effect coupled with pH and temperature in particular
circumstances, but there is contradictory evidence in other
research reviewed by the author. For example, where an
element is claimed to be causative in one investigation,
it is present in other investigations where cause is allo-
cated to different elements present in the analytical results.
Therefore, conclusions drawn from a single water analysis
are likely to be unreliable.

Temperature and pH are common factors in the speed
and intensity of observed corrosion. This is an area where,
as forensic engineers, we need to be both cautious and
skeptical. Senior metallurgists who have spent a lifetime
working with copper corrosion in water pipes advise that
while many proposed causes have been eliminated, there

Figure 4
Pit caused by an accumulation of debris at the bottom pf the pipe.

is still some uncertainty as to the actual processes that
initiate corrosion in copper pipe’. Many technical papers
use terms such as “provides insight” or “indicating,” sug-
gesting caution in accepting the conclusions of a single re-
search paper. Much of the knowledge is based on correlat-
ing suspected issues with known results. So, for example,
pin-hole corrosion is frequently experienced where copper
pipes are left stagnant for long periods, typically greater
than eight weeks''. pH seems to have an effect in a certain
range. Temperatures above 65°C appear to accelerate the
process.

It is often maintained that the corrosion relates to, or is
initiated by, a “bad batch” of pipe or a particular manufac-
turer. This tends to be reinforced for lay persons by the fact
that these problems are either localized in a community
on a single water supply or occur in a large installation.
The extent of the problem can often be traced to a consis-
tent construction method where there are a limited number
of tradesmen in a local community or a large installation
where all pipes have been subject to similar treatment. Oc-
casionally, the water chemistry is the cause of widespread
but similar issues, particularly where a new water supply
is introduced from a source with different characteristics
(i.e., hard, soft, surface, deep well, artesian.)

Despite extensive testing, no repeatable research has
managed to establish a difference in performance between
copper pipes from different manufacturers that have good
quality assurance and comply with manufacturing stan-
dards (as most do) or between different batches from the
same manufacturer’.

It is also often suggested that electrical currents arising
from the use of copper pipe networks for electrical earth-
ing promotes or accelerates corrosion processes'. Again,
there is no repeatable research that demonstrates or proves
stray currents or impressed voltages have a discernible
effect on pin-hole corrosion rates. Indeed, research con-
cludes there is no effect on rates or origination of corrosion
from this cause.

When copper pipes are recovered and opened after
periods of service, they often exhibit characteristic linear
blue-green deposits (Figure 5), which, to an observer,
suggest a logical connection between linear surface de-
fects arising from the extrusion or drawing process and
pin-hole leaks or corrosion. However, no research has
found a definite correlation, although there is still some
unproven suspicion that there is a connection between
them.
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What is generally agreed by research metallurgists is
that pitting corrosion is an electrochemical process that is
initiated by small sites associated with defects in the nor-
mally protective oxide or carbonate coatings that form on
the inside of the pipe. The cause of these defects — and
their relationship to the initiation of pitting — is still a sub-
ject for research.

Microbially Induced Corrosion (MIC)

For many years, it was thought that microbes could
not exist in a copper-rich environment; therefore, microbi-
ally induced corrosion could not be a cause of problems
in copper pipe. Experience and research have shown that
microbes are often present in cold water systems reticu-
lated in copper pipe'®!”. They certainly contribute to (and
may be the primary the cause of) blue water, and appear
to possibly play a part in the initiation of pitting corrosion.
One of the problems of establishing a firm connection is
that pitting corrosion is clearly an electrochemical process
and is only detected when pipe wall penetrations occur. No
one sees the start of the process.

In most operating hot water systems, microbial activ-
ity is not present because temperatures are too high — and
legionella does not survive temperatures greater than 50°C
(122°F)"®¥, In cold water systems, if microbes are detect-
ed in corrosion pits, it is not clear whether they have been
there from the start, or simply found a convenient place to
live — sheltered from the water flow and possible disin-
fectants.

When the ability of microbes to survive in copper pip-
ing systems was firmly established, it was, for a while,
regarded by many as the answer to copper corrosion prob-
lems — and certainly was raised as a defense in litiga-
tion. It now appears to be better understood as a potential
contributor rather than an unavoidable natural root cause.

Problems in Recirculating Hot Water Systems
Currently in New Zealand, Australia, and Europe, the
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Figure 5
Normal linear markings inside copper pipes
removed from service at around 10 years.

failure of piping systems in recirculating hot water sys-
tems has become a regularly reported problem. It’s also
the subject of wide discussion in the building design pro-
fession because the issue is creating problems in hospi-
tals, hotels, and apartment buildings. (This geographical
concentration is most likely to be because these countries
have common engineering design standards. The problem
is likely to arise elsewhere in the world where recirculat-
ing hot water systems are becoming common — there are
no particularly local characteristics to either the design or
the failure process.)

Typically, systems in large facilities that fail begin to
experience pin-hole corrosion after four to five years in
their hot water system if they have used copper pipe, or
they experience splits in polypropylene random copoly-
mer pipe apparently appropriately rated for the operating
temperatures. Both failures appear to be continuing after
the initial appearance with pin-holing, in particular show-
ing little sign of reducing over time if no corrective action
is taken. Some mitigations (such as precise temperature
control below 65°C) can slow the process. However, met-
allurgists tell us that once pinholes have started, the only
thing that can be controlled is the speed with which they
penetrate the pipe wall.

One common factor in both these types of failure is a
water temperature above 65°C, but the nature of the failure
obviously is different in different materials. Some failures
as observed in polypropylene random copolymer are re-
lated to stress or joints that appear to have been moved
during fabrication while the joint is still hot and occur in
both hot and cold services (Figure 6, on page 58).

In terms of the failures investigated by the author in
polypropylene random copolymer systems, the problem
appears to be a combination of temperature and pressure,
particularly in high-rise buildings as the failures tend
to occur at a level where the static pressure is high, and
the recirculating water has not lost much temperature.
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Figure 6
Typical failures in PPr piping in hot and cold systems. Left: internal surfacing cracking;
center: cracking from point stress; right: cracking from poorly formed joints.

Examination of the rating tables supplied by pipe manu-
facturers suggest that the life of polypropylene random
copolymer at the combinations of temperatures and pres-
sures that are being seen is relatively short.

One of the suggested causes is that a mixture of poly-
propylene random copolymer and copper in a hot water
system results in dissolved copper attacking the plasticiz-
ers in polypropylene random copolymer. Manufacturers
claim this is a cause, and recommend that polypropylene
random copolymer should not be used in a system with
any copper piping or fixtures®.

Causes Proposed for Copper Pipe Corrosion

There is no doubt when the fundamentals of reactions
between copper and water are examined scientifically
that there is a region where a combination of temperature
around 65°C and pH around 7.0 result in a change in the
processes that are taking place*'?2. However, there is not
a full understanding of what these processes are and how
they can be controlled, apart from moving either the tem-
perature or the pH out of the critical region.

Temperature is obviously the easiest parameter to
control. Unanticipated consequences are likely if dosing
to adjust pH is undertaken, given the fact that many of
the systems fed by the reticulation in health or industrial
installations are likely to be tuned to the current water
chemistry.

In copper recirculating hot water systems, we are see-
ing both pitting and erosion. The rate at which these pro-
cesses are damaging the copper pipes appears to be closely

related to the combination of temperature and velocity in
the pipes. Since 2000, engineering standards around the
world have been steadily reducing design velocities for
hot water in recirculating systems from the original stan-
dard based on non-recirculating systems of 3 m/s (10 ft/s)
to figures as low as 0.5 m/s (less than 2 ft/s). There are
also strong recommendations that temperatures should not
exceed 65°C (150°F) and should preferably be in the order
of 60°C (140°F). These are reinforced by recommenda-
tions in health facility specifications to maintain the tem-
peratures in recirculating hot water systems between 60°C
(140°F) in the flow lines and 50°C (122°F) in the return
lines for control of legionella species®.

Standards also require that during construction and
commissioning copper pipe systems should not be al-
lowed to stand with stagnant water for extended periods
(AS4809 recommends no more than eight weeks)!'. The
standard requires either routine flushing on a regular
basis or draining and drying the piping systems. This
creates a practical problem as normal construction se-
quencing generally leaves pressurized water in the pipes
between the first and second plumbing fix to ensure any
pipe damage during the fitting of wall linings is detected.
(First fix is installing concealed pipework before the wall
linings are installed. Second fix is connection of the fit-
tings and fixtures.) This can be overcome by testing with
air (taking care to test in steps to avoid burst incidents)
and leaving a low residual pressure that can be monitored
for sudden drops that will indicate pipe damage has oc-
curred.

The recommendations are essentially practical, based
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Figure 7
Erosion penetrations at poorly formed joints.

on observation and experience, although some consistent
opinion (rather than hard research) on the cause is begin-
ning to emerge.

Observations to date are:

» Systems that are not subject to periods of stagna-
tion and are put into service soon after construc-
tion do not have pin-hole corrosion problems.

*  Similar systems that have had periods of stagna-
tion exceeding eight weeks, particularly during
construction, are often subject to pin-hole corro-
sion.

e The rate of pin-hole corrosion appears to be re-
duced if water temperature is reduced.

* Erosion corrosion is observed less frequently in
areas of reticulation systems where velocities and
temperatures are lower.

It is suggested, but not proven, that during early stag-
nation the formation of protective oxide or carbonate lay-
ers can be disrupted by naturally occurring microbes in the
water. This creates defects in the protective layer, which
become sites that allow aggressive high temperature water
to initiate pin-hole corrosion processes when the microbe
colonies die. This suggests a connection between microbi-
al-induced corrosion as an initiator with the electrochem-
istry of pin-hole corrosion as the driving mechanism.

Hot water above 65°C is an aggressive material with
a high capacity to damage copper through erosion, par-
ticularly as a result of cavitation, which can be originated
by poor joints (Figure 7) or partially closed valves used
for flow control (Figure 8). It can also erode apparently
smooth surfaces most likely starting at a small surface im-
perfection® (Figure 9, on page 60).

Recognizing Different Corrosion Types

There are many references, some of which are quoted
in this article, that assert blue water is a result of micro-
bial colonization and can generally be controlled by ei-
ther shock dosing with chlorine disinfectant followed by

Figure 8
Copper pipe removed from service showing
erosion and surface polishing where a butterfly valve
was used to throttle flow rates. Flow left to right.
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Figure 9

Left-hand end general material removal from surface with gross erosion extending from a burr measured at 0.1 mm high
at the joint coupled with a poorly formed joint. Flow left to right. (Bend in joint at bottom was caused when the section was cut.)

subsequent normal levels of chlorination or by flushing the
system with hot water typically at 60°C (140°F)!0-1L1617,
Care must be taken to ensure that temperature-sensitive
elements are not present and people are prevented from
using the fixtures if hot water treatment is the chosen al-
ternative.

Tests can be performed, if necessary, to prove micro-
bial colonization. These typically involve recovering pipe
samples aseptically and providing them to specialists who
will use staining followed by microscopic examination'’.
Gross colonization can often be recognized as a slimy sur-
face on the inside of the pipe.

Pin-hole corrosion in hot water systems can be recog-
nized from the outside of the pipe, as it will either weep or
spray from a relatively regular small hole. The leak rate
may be low enough that initially the water will evaporate
from the hot pipe surface before it flows away, leaving a

mass of corrosion, adhered insulation material, and mineral
deposits on the outer pipe surface. Examined internally, it
will have a mound of corrosion product often with a comet
tail extending downstream of the deposit (Figure 10).

In cold water systems (Type 1 corrosion), the exter-
nal appearance of the pin-hole will be the same (although
with less mineral and adhered materials). But internally
the corrosion site will more likely appear flat or slightly
depressed with raised corrosion material around the edge.
Type 1 corrosion does not occur in hot pipes and is unlike-
ly to be observed in current cold systems. Erosion leaks
tend to be irregular in shape woprihen examined from the
outside of the pipe and will often appear in groups or in a
circumferential pattern around an artifact, such as a brazed
joint (Figure 7).

Gross erosion is identified by large areas of material
removal often with small peaks surrounded by a bright

Flow direction

Figure 10
Typical active pin-hole leak and internal corrosion tubercule.
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Figure 11
Gross material erosion. Flow from left to right cut
from a section of pipe about 3 meters (10 feet) long.

horseshoe shape (Figure 11). The direction of flow can be
identified using the mnemonic that horses walk upstream.
It may be difficult to find an origination for this kind of
erosion, which can extend for significant distances along
the inside surface of the pipe.

Rough internal surfaces (Figures 8 and 9) or highly
polished areas are both indications of surface material loss
as a result of local cavitation or high-velocity flow fields.

When carrying out investigations into leaks in copper
pipes, the location of the leak (top, bottom, or side), the
direction of the flow, and the orientation of the pipe are
important to record as they provide clues as to the cause.
Pitting proposed to be caused by stagnation typically is
observed at the top of the pipe and can be present on verti-
cal sections of the reticulation — pitting caused by debris
is almost always on the bottom of the pipe, and erosion can
be at any orientation.

Conclusions

The current apparently sudden increase in pin-hole
corrosion in hot water systems using copper pipes appears
to be closely correlated to the appearance of high tempera-
ture recirculating hot water systems.

Although much has been written about the relation-
ship between corrosion in copper pipes, and the composi-
tion and stability of the water flowing in them, it appears
that temperatures above 150°F (65°C), velocity in the re-
gion of 6 to 10 ft/sec (2 to 3 meters per second), and pos-
sibly a water pH of around 7.0 appear to be the critical fac-
tors — probably coupled with periods of stagnation during
construction or commissioning. The problem appears to
be controllable by ensuring that the new design criteria ap-
pearing in standards for temperature and velocity are ad-
opted, and stagnation during construction is avoided. Tests

have not found any root cause associated with the manu-
facture or the material of copper pipe.

Other failures occurring in systems using polypro-
pylene random copolymer pipe appear to be related to
the ability of the material to withstand combinations of
temperature and pressure that occur in the recirculating
system. Polypropylene random copolymer manufacturers
do not recommend the use of this material in association
with copper in hot water systems®. Polypropylene random
copolymer pipes have an entirely satisfactory service his-
tory at cold temperatures, but many designers are justifi-
ably reluctant to use them for hot water reticulation based
on industry experience, although manufacturers claim the
product has been improved.
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