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ABSTRACT

Flow restrictions in the stator bar cooling channels are

commonly caused by copper oxide deposits. The pa-

per discusses the mechanisms of such flow restric-

tions: formation, release, migration and transport of

copper oxides. These parameters can be controlled by

water chemistry. Of the 1,600 water-cooled stators

world-wide (excluding Russia, China and Japan), about

half operate under high-oxygen chemistry, the other

half under low-oxygen conditions. Alkaline treatment

and "cationic purification" are promising options.

INTRODUCTION

In early generator technology, the heat losses were re-

moved by gas cooling, either with air or with hydrogen.

Water cooling was introduced in order to accommodate

larger generator sizes.

The first generator stator to have water-cooled windings

was an AEI 30 MW unit in England put into service in 1956.

Subsequently, water cooling for stator and rotor windings

was introduced in China in 1967, and commercial use

started in 1960 in the USA, 1961 in England and 1964 in

Germany. Today there are about 1,600 water-cooled sta-

tors and 90 water-cooled rotors operating world-wide, not

including China, Russia and Japan, for which qualified

public data are not available. Some of these generators

have reached more than 250,000 successful operating

hours.

In most cases, the water-bearing hollow conductors are

made of copper, but since 1973 stainless steel has also

been successfully used, in a total of 79 stators to date [1].

Corrosion-related performance of copper in water-cooled

generators has been good. While the first publications on

stator water chemistry in 1968 did not mention any prob-

lems [2], a few years later, in 1974, the Allianz Centre of

Technology reported for the first time the occurrence of

flow restrictions and recommended remedies [3].

Besides relatively small issues, only a few problems have

emerged on an industry-wide scale [4]. Plugging of hollow

conductors by copper oxides is the most common of all

generator corrosion-related phenomena and the resulting

load limitations and downtime required for repairs result in

serious financial losses. 

This is the first part of a series of four papers to appear in

this journal on the prevention, diagnosis and removal of

flow restrictions in water-cooled generator coils [5–8]. This

information has also been included in more detail in EPRI

publications on this subject [4,9].

GENERATOR COOLING WATER SYSTEMS

There are cooling systems for the water and gas coolants

consisting of heat exchangers, circulating pumps for wa-

ter, fans for gas, filters, and any connecting features.

Cooling water for stator cooling is purified by ion ex-

change, and its dissolved oxygen concentration is con-

trolled either to very low levels (usually less than

20 µg · kg
–1

, but sometimes up to 50 µg · kg
–1

) or to high

levels (greater than 2 mg · kg
–1

), depending on the manu-

facturer. Figure 1 shows a typical arrangement for water

cooling of stator bars. The various systems have been de-

scribed extensively in the literature ([10,11,15] and others)

and will therefore not be discussed in detail here.

Flow Restrictions in Water-Cooled Generator Stator Coils:

Prevention, Diagnosis and Removal

Part 1: Behaviour of Copper in Water-Cooled Generator Coils

Figure 1: Schematic view of a water cooled stator. For

clarity, only four stator bars are shown. 

(1) cooling water inlet

(2) distributor ring for cooling water

(3) electrically insulating water connecting tubes

(4) stator bars

(5) and (6) cooling connection for phase 

connectors and terminal bushings

(7) head tank (expansion vessel)
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CORROSION AND PLUGGING OF HOLLOW

CONDUCTORS 

Plugging of the stator hollow copper conductors has af-

fected practically all designs and manufacturers, and also

all water chemistry regimes [3,10–23]. Consequences have

ranged from a benign increase in stator pressure drop to

the destruction of the coil because of partial meltdown of

stator bars.

Depending on design and manufacture, the inside dimen-

sions of stator coil hollow conductors are typically 3 to 10

mm wide, 1 to 3 mm high, 5 000 to 12 000 mm long, and

they are packed into the stator bar with numerous bends

(Roebel transpositions) [10]. These small cross sections

and the bends make the hollow conductors susceptible to

plugging by copper oxides that are generated in the cool-

ing water system (Figure 2).

Deposition of copper oxides – generally a mix between

CuO and Cu2O – is reported to be heaviest at the outlet

end of the conductors, but deposits have also been expe-

rienced inside the conductor at bends or at local defor-

mations, and even at the inlet end. Such plugging of hol-

low conductors has led to industry-wide equipment fail-

ures and production losses.

It should be noted that this is not strictly a corrosion fail-

ure; it is caused by the re-deposition of copper oxides that

were formed by the reaction of copper with oxygen. Actual

material loss due to this oxidation is minimal, on the order

of a few micrometers. Nevertheless, without this small

amount of corrosion and release of the corrosion products

into the cooling water, the subsequent re-deposition and

ensuing plugging would be impossible.

It is therefore more appropriate to use the term "oxidation"

in place of "corrosion" when referring to the cause of dep-

osition and plugging in generator coils by copper oxides.

MECHANISM OF PLUGGING

Under the conditions typically found in pure water sys-

tems, copper does not react with water in the absence of

oxygen [24]. However, in many cases, oxygen is intro-

duced into a generator cooling system, resulting in oxida-

tion of copper conductors. This may occur either inadver-

tently by inleakage, or with the make-up, or inherently, for

example by in-diffusion through the insulation hoses in

machines where the gas between rotor and stator is air, or

intentionally, by leaving the system open to air.

The oxide layer formed in a generator system is very thin

(a few micrometers) and does not, as such, cause any

plugging. But once it becomes mobilised and re-deposits

at selected critical spots, those locally accumulated ox-

ides may become thick enough to cause flow restrictions

or even full plugging of the conductor. Plugging of the hol-

low conductors is shown schematically in Figure 3.

Oxidation

At low-oxygen conditions, all oxygen entering the system

is fully consumed; otherwise the oxygen content in the

system would increase towards saturation. At high-oxy-

gen conditions, dense oxide layers form that prevent fur-

ther access of oxygen to the copper and thus stop further

oxidation.

In low-oxygen systems and in neutral-pH systems,

cuprous oxide (Cu2O) will be predominant, while in high-

oxygen and in alkaline systems, the oxide will be mainly

cupric oxide (CuO). Figure 4 illustrates that all points are

close to the Cu2O/CuO boundary in the Pourbaix (poten-

tial-pH) diagram for the Cu-H2O system. The Pourbaix di-

agram is for equilibrium conditions, which are different

from the dynamic conditions in a cooling system.

Therefore, a changing and potentially unstable mixture of

oxides may be present in a generator.

The morphology of the oxides is also influenced by the

system water chemistry. Figure 5 gives an example of a

Figure 2: Hollow conductors with oxide plugging at the

water inlet end.

Figure 3: Schematics of the mechanism for hollow

conductor plugging:

(1) Oxidation of the copper

(2) Release of the oxidised copper

(particle or ion)

(3) Transport of the released copper

(4) Re-deposition of the migrating copper 
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specimen with dense polyhedral oxides, typical for high-

oxygen or alkaline water chemistry, and another one with

flower-shaped needles, typical for low-oxygen or neutral

water chemistry.

Release

The first publication on flow restrictions in electric genera-

tors was presented in 1974 by the Allianz Centre of

Technology [3]. The authors investigated the release rates

of copper in high purity water (Figure 6). They found that

copper release is low at very low and also at high oxygen

levels, but has a maximum in the 100–500 µg · kg
–1

range.

Also, an increase in pH reduces copper release consider-

ably, suggesting that alkalisation of the stator water could

be beneficial. Alkaline water treatment was closely investi-

gated and then implemented by the Rheinland-Westfä-

lische Elektrizitätswerke (RWE) and Siemens in the late

1970s; see Figure 7 [14,15].

It should be noted that these data refer to the release rates

and not to the total oxidation rate. The difference between

these two rates is the quantity of copper corrosion prod-

ucts (oxides) that stays in place on the metal surface.

The copper is released from surfaces as:

� dissolved copper ion (Cu
+

and Cu
++

)

� particle or colloid

The blue colour of ion exchange resins is evidence of the

release of copper ions, whereas the clogging of strainers

and fouling of mechanical filters is a result of particle re-

lease. 

An investigation made through EPRI showed that particu-

late release plays an important role [23]. The particle re-

lease seems to be connected to phase changes between

Cu2O and CuO, possibly by stresses from the change of

structure. Such phase changes are initiated by variations

in the electrochemical potential. These take place, for ex-

ample, when the oxygen concentration is changed from

its normal range (either less than 20 µg · kg
–1

or greater

than 2 mg · kg
–1

) to intermediate concentrations (100–

500 µg · kg
–1

).

Transport

Once the copper is released into the water, it migrates with

the water flow until it is either removed by the ion ex-

changer and the mechanical filters/strainers, or until it re-

deposits in the system, mainly in the generator.

Re-deposition

Re-deposition of particulate copper may take place by

gravitational, centrifugal, or other mechanical forces. While

some deposits are clearly a mechanical accumulation of

oxide flakes, this does not explain the dense layers which

have evidently grown slowly at exposed sites, like con-

ductor inlets (Figure 2). Crystallographic growth onto the

seeding oxide crystals at the copper surface provides a

mechanism of re-deposition. Here the structure of the

seeding crystals is of relevance for the future properties of

the deposit layer [23].

The dependence of solubility of copper ions on tempera-

ture is also an important vehicle for driving copper trans-

port and re-deposition. Copper will be released the most

where copper solubility is highest, and re-deposited where

it is lowest. Available literature data on the solubility of

copper oxides, however, are incomplete and do not yet

permit conclusions of general validity. Hydrodynamic con-

ditions influencing the mass transport from the metal sur-

face into the liquid also play an important role.

Figure 4: Pourbaix Diagram and potential of passivated

(black CuO layer) and active (freshly pickled)

copper specimens [12].

Figure 5: Copper oxides: Dense polyhedrons (left) and

flower-shaped needles (right) formed in alkaline

and in neutral water, respectively [12].
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SOLUTIONS

A good water chemistry regime is essential in eliminating

the root cause of plugging. Today there are five different

water chemistries being applied (Table 1).

Water chemistry specifications for low- and high-oxygen

treatment have been specified in EPRI guidelines [25],

which represent industry consensus, backed by literature

and research:

� Low-oxygen treatment is specified as oxygen

< 20 µg · kg
–1

� High-oxygen treatment is specified as oxygen

> 2 mg · kg
–1

Low-oxygen treatment is obtained by having the system

sealed against air (for example, by a hydrogen gas blan-

ket at a pressure slightly above atmospheric). High-oxy-

gen treatment is obtained by leaving the system (for ex-

ample the water tank) open to air. Problems arise when

deaeration is violated by air inleakage (low-oxygen sys-

tems) or when aeration is insufficient. The generator

should be scheduled for shutdown and repair if the oxy-

gen level is > 50 µg · kg
–1

in low-oxygen, and < 1 mg · kg
–1

in high-oxygen systems.

Common causes for air inleakage in low-oxygen systems

are leaky flanges, valves or pump sliding seals, use of sig-

nificant quantities of aerated make-up water, opening

parts of the system for maintenance, or inadequate lay-

Figure 6: Copper release rates at various water chemistry conditions, by Effertz and Fichte (Courtesy of Wiley–VCH/

Jahrbuch vom Wasser [3]).

Figure 7: Copper release rate as a function of oxygen

concentration and pH, by Schleithoff and

Emshoff (Courtesy of VGB PowerTech [15]).

Type of water treatment Keep oxidation Keep release Direct transport Keep re-deposition 

low rate low into IX low

Low-oxygen / neutral •

Low-oxygen / alkaline • •

High-oxygen / neutral •

High-oxygen / alkaline •

Cationic purification • •

Table 1: Strategies for water chemistry to prevent plugging of the stator hollow conductors.

• target parameter for the respective water treatment

IX ion exchanger
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up. It must also be recognised that air may even be sucked

into an overpressured system by a water-jet effect.

Common causes for insufficient aeration in high-oxygen

systems are hydrogen leaks into the water that replace the

air cap in the water tank. In addition, oxygen is consumed

slowly by the copper surfaces in the system. Regular or

continuous feed of air may be necessary to maintain high

oxygen levels.

Alkaline pH is normally understood as a pH 8 to 9. In prac-

tice, there have been two different methods for achieving

this:

� Alkalisation by injection of NaOH

This can be done either by injection of NaOH with a

pump, or with a specially featured cation exchanger that

leaches the desired NaOH concentration [15].

� Alkalisation by replacement of the mixed-bed ion ex-

changer by a single-bed anion exchanger

This means the ion exchanger does not remove re-

leased copper. Alkaline pH is achieved by copper hy-

droxide. Even though this method carries a high risk of

supersaturation and re-deposition of copper, Eskom

(South Africa) has successfully operated some of their

plants like this for about 20 years.

Alkaline pH is normally applied to low-oxy-

gen regimes. Eskom, however, has con-

verted some of their high-oxygen systems

to alkaline with promising results.

The Cationic Purification method defies the

strategies of all the other types of water

treatment. The system is kept fully aerated,

which results in a slightly acidic pH,

~ 6.0–6.5, due to the carbon dioxide from

air. For a period of several months, a sin-

gle-bed cation exchanger replaces the

mixed-bed ion exchanger. Copper oxides

dissolve, the copper ions are removed in

the cation exchanger and the generator is

kept free of oxide deposits. After this

"cleaning period", the mixed-bed filter is

put back into normal function again. This

operating cycle is repeated at regular inter-

vals. Electricité de France (EdF) has suc-

cessfully implemented this treatment on

their nuclear generator fleet for more than 5

years [18,19]. It should be noted that this treatment re-

quires profound knowledge of copper solubility and depo-

sition criteria, as well as expert supervision.

Consideration has been given to the use of reducing

agents or inhibitors for low-oxygen cooling water. Potential

problems are the incompatibility of the agent with the low-

conductivity limits required for generator operation, and

the need for its replenishment when consumed or removed

by the system's mixed-bed filter. Moreover, unexpected

side effects may occur. Some inhibitors have caused a

compacting of oxide deposits, thus rendering them more

difficult to remove. Consequently, there is good reason to

recommend maintaining the simple chemistry of the cop-

per/water system.

Some generators have oxygen scavengers combined with

the side-stream mixed-bed filter. Techniques are either

scavenger loaded ion exchangers (sulphite, ascorbic acid,

hydrazine), or the use of Pd-catalysed resin to recombine

oxygen with the dissolved hydrogen gas [14]. These side-

stream devices have the disadvantage of having a slow

"clean-up" time constant, and oxygen may more rapidly

be consumed by the coil than by the scavenger. In gener-

ators with slow oxygen consumption (for example with al-

kaline treatment) or large side-stream water flows, this

technique may nonetheless be interesting. However, it re-

quires supervision and maintenance.

Figure 8 shows the chemical parameters for the different

water treatment regimes in combination with the copper

release rates. Table 2 summarises the technologies pre-

sently used by the different manufacturers or operators.

However, it should be mentioned that while all these water

treatment regimes have their successes, none is without

failures.

In specific cases it may be useful to convert the water

chemistry from one regime to another. The associated

transition in oxide structure may cause the oxide layers to

become unstable. Such a step should therefore be care-

fully planned, and take into consideration the design, ma-

terials, available hardware, and the current condition of

the hollow conductors [26]. 

The ultimate method of preventing plugging by copper ox-

ides is to eliminate the copper from the system by using

hollow conductors made of stainless steel [1]. 

Figure 8: Summary of copper release as a function of oxygen

concentration and pH; operating areas of the different water

chemistry regimes.
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With each of these water treatment regimes, continuous

conductivity monitoring assures that high purity water is

used. It is also used to indirectly monitor the pH: the

known relationship between pH and conductivity for acid

and caustic solutions automatically gives the extremes be-

tween which the pH must lie (Figure 9). Oxygen monitor-

ing helps to determine if the system is operating within the

correct operating range. A continuous on-line instrument

is a good investment for avoiding problems, but it is not

yet common practice. Results from the EPRI investigation

[23] indicate that monitoring the electrochemical potential

(ECP) may be a new indicator for adverse conditions and

this method may be more robust and require less mainte-

nance than a dissolved oxygen monitoring system.

GENERATOR CLEANING

If, despite all other efforts, a generator does become

plugged, the first step would be to perform a mechanical

or a chemical cleaning. Guidance is given in later reports

in this series [7,8]. The water chemistry control should then

be reviewed in an effort to reduce or eliminate plugging in

the future.

PRACTICE

The 1,600 generators world-wide (exclusive of Russia,

China and Japan) operate under the following chemistries

(the numbers are approximate): 40 % high-oxygen/neu-

tral, 5 % high-oxygen/cationic purification, 50 % low-oxy-

gen/neutral, 5 % low-oxygen/alkaline. The fraction of

plants with alkaline treatment is growing.

This paper should not be left without a statement on our

company's practice. Alstom today comprises the tech-

nologies and products of the former companies Brown

Boveri/Asea (ABB), Alsthom (France), GEC (England) and

others, including the pioneer AEI. The fleet of water-cooled

stators numbers today approximately 710 generators. 79

of them have stainless steel hollow conductors. Of the re-

maining units, about 80 % operate under low-oxygen

chemistry, and about 20 % under high-oxygen chemistry.

Included is the EdF fleet on cationic purification, and a set

of 9 hydrogenerators operating under alkaline/low-oxy-

gen; the remaining generators operate with neutral water

and with no additives. Some generators employ oxygen

scavenging resin in the side-stream ion exchange loop.

With this collective experience, it is still not possible to

take a straight position towards one of these options. As

already noted above, all those water treatment regimes

give good performance, but none is without failures. This

also applies to the Alstom fleet.

The following case studies illustrate typical events leading

to problems. Two of the cases occurred with Alstom gen-

erators, two with other major OEM generators where we

were involved in the subsequent chemical cleaning.

Hollow Conductor Plugging Due to Uncontrolled

Oxygen Concentration 

960 MVA Generator in a Nuclear Power Plant (Non-

Alstom) High oxygen chemistry was implemented by

maintaining the stator water tank vent open to atmos-

phere. However, no active efforts were made to ensure

oxygen saturation.

The plant was commissioned in 1971. Over the years,

there were no noticeable changes in the differential pres-

sure across the generator stator. Beginning in July 2001, it

was reported that the dissolved oxygen level in the water

Table 1: Water treatment technologies applied by different manufacturers and operators.

Type of water treatment Manufacturer / Operator

Low-oxygen / neutral Alstom-GEC, Alstom-BBC, Westinghouse, OPG (Canada)

Low-oxygen / alkaline Siemens, Eskom

High-oxygen / neutral General Electric, Alstom, Belforce, Ansaldo, Hitachi, Toshiba

High-oxygen / alkaline Eskom

Cationic purification EdF (France)

Figure 9: Conductivity versus pH:

(a) Relation for strong acids

(c) Relation for strong caustic

(i) Impossible region

(p) Region for all possible electrolytes
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had fluctuated between less than 0.1 mg · kg
–1

and

3 mg · kg
–1

. Right after restart from the 2001 outage, pres-

sure drop deteriorated from the normal 126–308 kPa

(25–30 psig) range to 411 kPa (45 psig). Finally, the flow

regulation was fully open and the flow deteriorated from

its normal value of 139 m
3

· h
–1

(610 gpm) at the rate of

7 m
3

· h
–1

(30 gpm) per day. Due to insufficient cooling of

the stator the plant load had to be reduced during prime

demand for several days. 

Root Cause After initial high-oxygen chemistry, oxygen

decreased to low levels and subsequently the plant had

been operating for extended periods under low-oxygen

conditions (oxygen levels may decrease by oxygen con-

sumption of the copper surfaces or by hydrogen leakage

that replaces the air cap in the water tank). During and af-

ter the outage the stator water cooling system was again

exposed to higher oxygen levels. This variable water

chemistry caused a mobilisation of the oxides that then

plugged the hollow conductors. 

An on-line Cuproplex
®

cleaning, employing a dilute chelant

(EDTA) solution [8,12], successfully restored reliable oper-

ation. 

Hollow Conductor Plugging Due to Hydrogen Leak

512 MVA Generator in a Coal-Fired Power Plant

(Alstom/ABB) The operator has practiced the low-oxy-

gen chemistry. Within a period of 3 months, stator water

flow deteriorated from 98 m
3

· h
–1

(430 gpm) to less than

68 m
3

· h
–1

(300 gpm).

Root Cause A large leak, 14 160 L (500 ft
3
) per day,

from a broken flexible metal cooling water tube introduced

large amounts of hydrogen with enough trace impurity

oxygen to result in the stator hollow conductors becoming

partially plugged by oxide.

Subsequent repair of the damaged cooling water tube and

chemical cleaning of the hollow conductors restored cool-

ing water flow conditions to normal.

Plugged Stator Bars Result in Forced Outage

440 MVA Generator in a Coal-Fired Power Plant (Alstom/

ABB) This generator had operated for about 5 years

with low-oxygen chemistry. Two weeks after an outage,

the stator tripped by ground-fault. At the following inspec-

tion, it was found that two stator bars had been over-

heated. An investigation of these bars showed deposits of

Cu2O/CuO flakes (Figure 10). In a sister unit, the same type

of incident led to the meltdown of two stator bars under

transient load conditions.

Root Cause Low-oxygen chemistry was poorly imple-

mented; the stator cooling water had long-term excursions

to higher oxygen levels. Oxygen monitoring was only spo-

radic. During normal operation, the high oxygen level led

to Cu2O deposits, which transformed partially to CuO dur-

ing the outage when the wet hollow conductors were ex-

posed to atmosphere. This phase change initiated the ox-

ide exfoliation at re-start, and soon afterwards the de-

posits caused the generator to fail due to insufficient

cooling. The overheated bars were replaced.

Poor Generator Cooling Water Chemistry Control

Results in Load Reduction

1450 MVA Generator in a Nuclear Power Plant (Non-

Alstom) The plant had been running for 18 years under

low-oxygen chemistry. Cooling water flow as well as sta-

tor bar temperatures deteriorated following the last refu-

elling outage. Finally, load had to be reduced during prime

demand.

Root Cause At the time of the incident, the oxygen level

was 2 mg · kg
–1

, indicating poor control of low-oxygen

chemistry, which resulted in build-up of copper oxides in

the hollow conductors.

On-line Cuproplex
®

cleaning brought the unit back from

87 % to full load.
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