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ABSTRACT

Useful methods for detecting flow restrictions in sta-

tor bar cooling channels are the review of operating

parameters and history vs. original design, of genera-

tor cooling water chemistry, of strainer and filter clog-

ging history and of results from diagnostic chemical

cleaning, as well as monitoring of stator water flow vs.

pressure drop, individual stator bar water flow meas-

urements, monitoring of on-line stator temperatures,

visual inspections, and DC Hipot testing. A combina-

tion of these methods can be selected under consid-

eration of plant specific hardware features and the

cost-to-benefit relation.

A proactive approach to detecting flow restrictions is

recommended in order to permit advanced planning of

corrective action, thus reducing the risk of unplanned

maintenance downtime, or even component failure.

Managing flow restrictions at an early stage reduces

the risk of severe plugging of conductors, which may

be very difficult to remove later on.

INTRODUCTION

Flow restrictions in hollow conductors of water-cooled

generators are most commonly caused by copper oxide

deposits, but may also be caused by various debris that

has entered the recirculating water, or even by mechanical

deformation of the hollow conductors. The resulting load

limitations and downtime required for repairs result in seri-

ous financial losses. It is therefore useful to have a process

that monitors the generator cooling water system for flow

restrictions and to have options for removing them.

This is the second part of a series of four papers to ap-

pear in this journal on the prevention, diagnosis and re-

moval of flow restrictions in water-cooled generator coils

[1–4]. This information has also been included in more de-

tail in EPRI publications on this subject [5,6].

METHODS FOR DETECTING ACTUAL AND

POTENTIAL FLOW RESTRICTIONS

Review of Actual Operating Parameters versus

Design or OEM Recommendations

Such a review may already indicate if a generator runs "as

designed" or if it goes its own way. Comparison to sister

machines also serves such a purpose; however, not even

all machines operating in the same plant may perform in a

consistent manner. When dissimilar behavior is found, the

reasons and implications should be clarified.

Review of System Operating History

Generally spoken, the generator water cooling system is

designed for continuous operation at nominal power. Any

other conditions may add an extra influence on the occur-

rence of flow restrictions, be it for good or for bad. 

Stator Cooling Water Temperature Temperature has

an influence on the production, migration and deposition

of copper oxides. There is strong evidence that hollow

conductor plugging becomes more frequent and more in-

tense the higher the temperature is. 

The temperatures in the stator coil are determined mainly

by generator cooling water inlet temperature, power out-

put and by cooling water flow rate. If any of these param-

eters is changed, attention should be given to a possible

impact on deposition in the hollow conductors. Examples

are uprating generator power and changing pump per-

formance.

Makeup Water Consumption The quantity of makeup

water used should be monitored (and recorded) regularly.

Any consumption more than is typical for the system may

indicate either a leak or some other type of water loss,

e.g., as caused by opening a component, taking samples

etc. For monitoring, an integrating water meter is recom-

mended. A stator cooling system where no water is taken

or drained should have a consumption of no more than

20–40 L per year. The makeup water quality may be differ-

ent to that of the system water, causing a chemistry tran-

sient in the cooling water system. The most prominent ex-

ample is the introduction of aerated makeup water into a

low-oxygen cooling water system. 

Maintenance and Outage Layup History When the

generator is drained by replacing the water with air, the
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hollow conductors are subjected to a water film with oxy-

gen and carbon-dioxide saturation, that is, some

6–8 mg · kg
–1

of oxygen and a pH of approx. 5.5. This en-

vironment is quite different to normal operation and may

result in reactions within the oxide layer. 

There have been cases where a stator was cooled over

extended time with low-oxygen water chemistry. Some

small chronic air inleakages, however, produced cuprous

oxide. This oxide layer did not cause any harm during op-

eration. However, when the generator was drained and left

moist and filled with air during maintenance, a large crud

burst at startup resulted in clogged stator bars, which in

due course failed by overheating. The crud burst was the

result of the transformation of cuprous to cupric oxide un-

der the influence of oxygen from air (2Cu2O + O2 �

4CuO). Even with generators normally operating air satu-

rated, moist shutdown conditions may upset the cupric

oxide layer by the lower pH in the water film.

It is therefore recommended to review each maintenance

and layup event critically for adverse conditions with re-

gards to hollow conductor performance.

Hydrogen into Water Leakage History Some hydro-

gen into water leakage is normal for any generator. Part of

it comes through the inherent diffusion of hydrogen

through the Teflon insulating hoses, another part possibly

from leaks through the Teflon to metal connection, and

possibly also from other pinhole leaks or leaky fittings.

Depending on OEM, values of 100 L per day are usual and

values up to 500 L per day are accepted as normal.

In low-oxygen systems a large hydrogen leakage may in-

troduce oxygen into the stator water system. Depending

on hydrogen purity, more or fewer oxygen leaks into the

system will cause transient oxygen conditions. This is ex-

emplified by a case where a 14 m
3

per day (500 cft per

day) leak of 99.5 % purity hydrogen (through a broken

tube) caused plugging of the stator coil within a few weeks

(Figure 1).

In high-oxygen systems large hydrogen leaks may dis-

place the oxygen in the system, thus causing the system

to have low-oxygen conditions. Such changes in oxida-

tion conditions are detrimental for the stability of the oxide

layers and may lead to local re-deposition and flow reduc-

tions.

Monitoring hydrogen leakage requires suitable instrumen-

tation. The overall hydrogen consumption of the generator

is not conclusive as larger parts are consumed by the hy-

drogen cooling of the rotor-to-stator space. Good results

are obtained from integrating gas-flow meters at the ex-

haust of the vent of the generator water cooling system. 

Review of System Water Chemistry

The usual parameters for generator cooling water are con-

ductivity, dissolved oxygen, copper and pH. Monitoring

permits comparison of current data to long-term data, to

OEM specifications, and to utility and industry experience.

Deviations in chemistry may point to the buildup of prob-

lems in the generator.

Conductivity While this parameter does not give a di-

rect indication of oxide buildup, it nevertheless identifies

the high purity of the water. It should be monitored contin-

uously.

Oxygen Every type of generator water treatment has its

own requirements on oxygen. Low-oxygen regimes are

usually characterized by O2 < 10–50 µg · kg
–1

, and high-

oxygen regimes by O2 > 2 mg · kg
–1

, the respective values

depending on the OEM. Operation outside the oxygen

specification brings an increased probability of copper ox-

ide deposits in the system. Therefore monitoring dissolved

oxygen in the generator cooling water is important.

Regular analysis at intervals of 1x per week to 1x per

month is usually adequate if system conditions are stable

and the system is tight. In plants with large generators, or

where non-continuous monitoring has proven to be diffi-

cult and not cost effective, it may be warranted to use on-

line monitoring. 

Figure 1: Plant B2: Long-term trend of stator water flow

and pressure drop.

The normalized pressure drop shows the oper-

ating history best (pressure drop at 98 m
3

· h
–1

or 425 gpm). Over a 2 year period, between 

and , the normalized pressure drop stayed

constant, indicating that the variations in water

flow did not have a cause related to the stator

flow resistance. At point severe fouling of the

stator hollow conductors occurred by buildup

of oxides (inleak of impure hydrogen). At point

cooling was enhanced by adding the

standby-pump, but it is evident that this did not

change the trend of normalized pressure drop.

Subsequently, the stator was chemically

cleaned.

3

2
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Oxygen analysis should be done in such a way that no

oxygenated makeup water is added to compensate sam-

ple water loss. For continuous analysis, sample return is

indicated. Grab samples, however, require substantial

amounts of flushing water (2–5 L). If done frequently, de-

oxygenated makeup water should be used. This applies

to low-oxygen systems.

Copper Of even more importance than oxygen concen-

tration may, however, be the copper release of the sys-

tem. 

Analyses of grab samples may give a short term picture,

even though the low levels make analysis difficult and pos-

sibly even unreliable. It is recommended to perform regu-

lar copper analyses in the same frequency as non-contin-

uous oxygen analyses.

The copper release of the system is best measured by tak-

ing a representative resin sample at the same occasion

each year (core samples, or samples of mixed up spent

resin). The total amount of copper in the resin bed has to

be determined. It should be presented as grams copper

per square meter of system "hot" copper surface per year.

A "hot" surface is one that needs to be cooled. Surfaces

at lower temperatures have a markedly lower release rate

and do not contribute significantly to total copper release.

Cooler and piping surfaces should be excluded.

In addition to the integrated copper analysis in the ion ex-

change resin, the quantity of oxides removed in the me-

chanical filter should also be measured or at least be esti-

mated (including the material which has settled on the ves-

sel bottom).

A comparative empirical value may indicate if oxide de-

posits are less likely to become a problem. We therefore

recommend such an analysis on a regular basis and ob-

servation of the trend. It is also useful if the OEM or a user

group keeps a comparative database for the specific type

of generator. Comparative trending is an important tool to

diagnose out-of-the-flock behavior.

pH Although this is a relevant parameter, it is not a prac-

tical one to monitor regularly. pH measurement in high pu-

rity water is difficult and even unreliable. Samples cannot

be returned to the system without clean-up from the sen-

sor's electrolyte. For in-line use it has to work at increased

pressure. In sum, it is not practical to have to use such an

instrument in an auxiliary circuit of the power plant.

Other There are investigations which clarify whether the

electrochemical potential (ECP) could be a significant pa-

rameter for monitoring copper oxide evolution in the sys-

tem [7]. 

Strainer and Filter Clogging

The mechanical filters and/or the strainers collect parti-

cles from the water. Over time, their quantity gives a rela-

tive indication of oxide transport in the system, which can

be a symptom of upcoming flow restrictions in the gener-

ator. It is recommended to record any events involving the

mechanical filters and strainers, e.g., quantities of oxide

removed per period of time, frequency of change of filter

elements etc. If an abnormal situation develops, it is use-

ful to check other parameters relevant for detecting dete-

rioration of generator cooling.

Diagnostic Cleaning

There is one good way to determine the quantity of oxide

that is present in the generator: removal of the oxides by

chemical cleaning and determination of their quantity. (This

of course requires a cleaning method which dissolves only

the oxides, but not the base copper itself.) The quantity

and type of matter removed by such diagnostic cleaning

gives an indication of the effectiveness of previous system

operating practice.

There is the question of when the effort for such "diagnos-

tic cleaning" is warranted. It is certainly useful in plants

which do not have any other good data on oxide evolution

available. This is, for example, in plants which have oper-

ated successfully for a long time, but supervision of the

generator cooling system has not been fully implemented

and documented. 

Total Flow/Pressure Differential Measurement

Most generators are equipped with instrumentation to

measure total flow through the generator and pressure dif-

ference across the generator. Those which are not should

be. Such instrumentation provides reliable on-line moni-

toring for flow restrictions.

The flow measurement should reflect the actual water flow

through the stator. The pressure difference must be meas-

ured across the stator. It has to be either one pressure me-

ter measuring the pressure difference, or it can be two in-

dependent meters for absolute pressure. It is important

that the connections for this measurement really are at

stator inlet and stator outlet. Pressure meters at the pump

give irrelevant numbers, as such measurement includes

filters, valves with variable settings etc.

Data can be collected in different ways: regular readings

at normal flow conditions, or periodic measurement of the

flow characteristics on the occasion of outages.

Figure 1 displays the long-term trend of pressure drop

readings at a given water flow. It can be seen that the di-

rect readings of flow and pressure difference give a con-

fusing picture as one influences the other. It is recom-

mended to normalize the pressure difference to a refer-

ence flow rate, e.g., to nominal flow. This gives a much

clearer picture. Of course, it is also possible to normalize

the flow to a reference pressure drop. Both are done by

the well-known square dependence of pressure drop from

flow.
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Normalization of pressure drop (∆P) to standard flow rate

(F):

Fref
2

Pn = P · (–––) (1)
F

Pn ∆P normalized to Fref

P ∆P measured at F

F measured flow rate

Fref reference flow rate

Figure 2 displays the full pressure drop characteristics of

a stator. For this, the flow was varied by stepwise reduc-

ing flow with the pump outlet valve. It is obvious that this

can only be done during an outage. During operation sin-

gle points at nominal flow can be obtained.

Individual Bar Flow Measurements

Because the stator works at high voltage, and the stator

cooling water system is at ground voltage, the supply of

water for every stator bar passes through an insulating

water hose, in most cases made of Teflon. There is also a

corresponding water outlet hose. Depending on design,

one water hose may supply just one bar, or two or more

bars in series, or a group of bars in parallel.

It is possible to perform flow measurements using ultra-

sonic emitters with Doppler frequency detectors which can

be calibrated for flow velocity. Such Doppler flow meas-

urements on individual bars or on a group of bars give a

more detailed picture of flow restrictions than the global

measurement over all of the whole stator (Figure 3).

Doppler flow measurements can be made only during

shutdown, with the machine partly disassembled in order

to gain access to the otherwise concealed water tubes.

For precise measurements it is essential to have very re-

producible relations with regard to tube geometry, espe-

cially the distance for relaxation of flow and turbulence up-

and downstream of the instrument. While it is not too diffi-

cult to get a reproducibility across the different hoses of a

generator of ± 20 %, such high variations permit only the

identification of severe flow reductions. Instruments, pro-

cedures and experienced personnel should be at hand in

order to obtain a reproducibility of ± 5 % or even better

± 2 %.

When evaluating the individual bar flows, these have to be

arranged into groups with comparable flow conditions. For

example, the phase leads or the terminal collectors have

different flow than the bulk of the stator bars.

Temperature Measurements On-Line 

During operation, the generator heats up. The rise in cool-

ing water temperature across the stator can serve as a

useful measure of impairment of cooling water flow.

The quantity of heat transport in the water is proportional

to the quantity of water multiplied by its specific heat ca-

pacity (Cp = 4.2 J · g
–1

· K
–1

). At a given heat production of

the generator, the temperature rise is therefore indirectly

proportional to the water flow. If flow restrictions reduce

water flow, the water outlet temperatures will increase. 

Variations in cooling water flow, hence also in temperature

rise, are also caused by variations in pump output or sys-

tem flow control valve settings. Such effects have to be

taken into account when interpreting data.

The temperature rise is also governed by variation of the

heat losses of the generator, which are dependent on gen-

Figure 2: Plant L: Long-term trend of stator water flow

and pressure drop.

Between commissioning in 1984 and 1992 con-

ditions were stable. From 1992 until 2001 pres-

sure drop slowly increased, indicating slow

plugging in the system. Chemical cleaning in

Aug 2001 restored conditions to "as new."

Figure 3: Plant S3: Flow distribution in the stator bars. 

Water flow is moderately impaired.
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erator load. The heat losses follow to a large part Ohm's

law (applicable for pure resistance systems) indicating

heat production being proportional to the square of the

current. At a given water flow, the heat-up of the bars is

therefore approximately a square function of the generator

current, which is proportional to the generator load in MVA.

Some of the heat is also dissipated by gas-side cooling.

In practice it was found that a second order polynomial fit

with a linear component gives good results.

Normalization of temperature rise (T) to a reference gener-

ator load (Lref):

L
2

L
Tn = T ·[a · (–––) + (1–a ) · (–––)] (2)

Lref Lref

Tn T (above inlet) normalized to Lref

T T (above inlet) measured at L

L measured generator load [MVA]

Lref reference generator load [MVA]

a plant specific coefficient

T (in °C or °F) is always defined as the temperature rise

above the inlet water temperature. A precise water inlet

temperature measurement is therefore required. If this fea-

ture is not available, it should be retrofitted.

The plant specific coefficient "a" can be determined by

comparing temperature readings made at different load

levels within a short period, such as on one day. It has to

be taken into account that this calculation is approximate

and should be used in a plant-specific narrow load range

only. In plants investigated so far, the formula was found

to give an error of less than 1 °C between 80 % and 100 %

load. Coefficients are usually 0.8–1.0, but 0.6 was also

found in one particular case.

In many plants it is not the temperatures that are moni-

tored, but temperature differentials, e.g., "delta T max"

(temperature difference between the hottest and the cold-

est bar in a group), or "deviation from average." Because

the normalization factor (Tn/T) is the same for all bars, the

temperature differentials can also be corrected by multi-

plying with the same normalization factor.

Due to the varying influence of gas-side cooling, the coef-

ficient may be different for water outlet temperatures and

for slot temperatures.

Global System Temperatures A temperature indica-

tion at the inlet collector and one at the outlet collector

does not give very useful information for our purpose. The

global temperature rise is a direct function of the genera-

tor heat loss (that is, it is dependent on the generator load)

and the water flow, and is minorly influenced by gas-side

cooling. Thus variations in the global system temperatures

do not give much specific information.

Temperatures at the Water Outlet Teflon Hoses Many

generators are equipped with resistance temperature de-

vices (RTDs) or thermocouple (TC) elements fixed to the

ends of the outlet Teflon tubes. Depending on their ther-

mal contact to the tube, they reflect largely the water tem-

perature in the hose. There may also be a slight influence

of the hydrogen gas temperature which is blown on the

other side of the RTDs. This cooling by the hydrogen may

be asymmetrical around the stator; therefore slightly dif-

ferent RTD temperatures do not necessarily also mean dif-

ferent water temperatures. In the extreme case of a com-

pletely plugged bar, the RTD takes up the hydrogen tem-

perature and thus may misleadingly even indicate a lower

than average bar temperature. 

Depending on the hydraulic design of the stator cooling,

such a Teflon hose may represent the water coming just

from one individual bar, or from some bars in series or in

parallel. This has to be taken into consideration when eval-

uating the data. Bars which have different hydraulic

lengths have different water flow, thus different outlet tem-

peratures. If a generator has such bars, they have to be

considered individually.

There is the question of how responsive bar outlet water

temperatures are to localized heating. This depends on

the design of the bar and especially on the number of con-

ductors in a bar. In most cases one completely plugged

conductor does not yet heat the water above the bulk but

nevertheless can already cause a hot spot. Because bar

outlet water temperatures are related to the individual

bar's water flow, it can be assumed that the response of

bar outlet water temperatures may have a similarly limited

meaningfulness to single bar Doppler flow measurements. 

It is recommended to perform such temperature measure-

ments regularly, well before any problems have come up.

Such data should already be taken at commissioning. With

such procedures, the "fingerprint" of each point is known

and developments can be identified with enhanced sensi-

tivity.

Temperatures in the Stator Slots Many generators are

equipped with TC or RTD elements fixed in the stator slots.

Figure 4 gives an example of such a temperature meas-

urement. Depending on the design of the stator slots, such

temperatures represent a mix of the temperatures of two

or more bars. This has to be taken into consideration when

evaluating the data.

The stator slot data and their limitations are quite compa-

rable to the data from the Teflon hoses. While it is harder

with the slot measurement to identify the affected bar, they

are considered to be more responsive to localized heat-

ing, especially in a single pass design.

Visual Inspections 

A visual inspection gives first-hand information on flow re-

strictions. Because of the narrow size of the hollow con-

ductors, such visual inspections will be limited to the inlet

and outlet of the hollow conductors, which already give

most of the information. The inside of the hollow conduc-



Flow Restrictions in Water-Cooled Generator Stator Coils – Part 2

76 PowerPlant Chemistry 2004, 6(2)

tors, especially the flow transitions at the Roebel bends,

still remains unseen, however. Visual inspection can only

be done during shutdown and may require considerable

dismantling of the generator.

Direct Visual Inspections of the Stator Bars give very

valuable information about the conditions at the hollow

conductor ends. Deposits are seen, and their thickness

can be estimated or even measured. Their compactness

can be tested with a needle or other tools. Analysis of de-

posit samples can help identify the probable origin and

cause of the deposit. It is also useful for identifying the

best method for cleaning. The specific design of a gener-

ator and its parts has an important influence on the ac-

cessibility for direct visual inspections. 

Videoprobe Inspections of the Stator Bars With video-

probes all parts of the hollow conductor ends can be in-

spected. The videoprobe can either be introduced via the

bore of the water chambers, or from the other end of the

Teflon tube through this tube. A directable movable head

is useful for directing towards all parts of the water cham-

ber and all hollow conductor ends.

The pictures can be either recorded as single shots, or as

a movie. Single shots give the best picture quality. Views

from different angles may help prevent optical illusions,

e.g., apparent white deposits which really are only reflect-

ing traces of water etc. Movie recordings, on the other

hand, give a good 3-dimensional impression. The move-

ment of the shadowsquickly identify the depth of deposits.

Figures 5 and 6 were taken with an Everest VIT, Inc.

VideoProbe XL Pro, 6.1 mm diameter x 3.0 m length. The

VideoProbe was snaked through the Teflon hose in order

to gain access to the inlet or outlet conductor strands. A

single hand control panel allows for the use of the other

hand to insert and maneuver the probe. Ambidextrous

controls are set up to allow the user to control functions

with either hand. Images are digitally stored in the unit and

can be downloaded to a floppy disk.

Visual Inspection of the Stator Bars, Enhanced by

Mechanical Methods When the water chambers are

open and visually inspected, it is also possible to examine

the hollow conductor endings by mechanical means.

Most useful is single-hollow conductor flow testing. For

this, a small supply hose with pressurized air (or nitrogen)

is equipped with a rubber nozzle at its end which fits into

the end opening of an individual hollow conductor.

Pressurized air is applied to a hollow conductor's open-

ing, and then it is checked whether air is coming out at

the other end. This can be done by pulling a thin balloon

over the bore of the opposite water chamber. If the bal-

loon shows signs of being filled, then the hollow conduc-

tor has an open passage. With some refinement of equip-

ment, even some quantification of the flow could be ob-

tained. 

Figure 4: Plant L2: Normalized stator bar temperatures

(RTD in stator slots).

For reasons of clarity, only the "hottest" bars

have been selected. The rapid deterioration of

temperatures in September/October 1999 and

reestablishment by on-line cleaning are clearly

visible.  

Figure 5: Hollow conductors with oxide plugging.

Figure 6: Hollow conductors with debris.
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Such methods seem a bit laborious, but they are the only

means of obtaining direct information on the cooling of in-

dividual hollow conductors.

Figure 7 shows the results of such a test. Single bar flow

measurements indicated severe flow restrictions. It was

therefore expected to find many plugged hollow conduc-

tors. Surprisingly, however, even the bars which had a

quite normal single bar flow also had 10–25 % of their hol-

low conductors plugged.

This demonstrates that the visual inspection, enhanced by

mechanical methods like single-hollow conductor flow

testing, gives the best results.

There are many possible variations of this method. For ex-

ample, pinpoint size flow detectors (self heated tempera-

ture elements that cool off with air flow), feathers, or foam

could serve to indicate an air flow at a conductor outlet. 

It is evident that the application of such methods may be

very demanding in water chambers that do not permit

straight access to the conductor endings.

Even the bars which had normal or even higher flow had

some completely plugged hollow conductors. Thus, it

is evident that in a heavily fouled generator single bar

flow measurements (and single bar temperature meas-

urements) may give results that do not reflect the poor

conditions.

All the plugs were opened by the subsequent mechani-

cal cleaning.

DC Hipot Test Off-Line 

The leakage current of the stator can give an indication of

copper plate-out in the system. A practical measure is ob-

tained by measuring the resistance of the stator towards

ground when the plant is shut down. This resistance de-

pends for one thing on the resistance across the Teflon

tubes, but additionally on the resistance of the water in-

side the Teflon hoses. The resistance of the water is much

lower than the resistance of Teflon hose, which means that

measurement of the total resistance is normally dominated

by the water. It is therefore best if the generator is drained

and dried for the resistance measurement. But even when

the generator is not drained the data are useful. It just has

to be considered that the resistance of the water depends

on its purity (which may be degraded during shutdown),

as well as on the water temperature.

The data should be used in comparison to earlier meas-

urements. This means that regular measurements are nec-

essary in order to have a good database.

Decreasing resistivity can mean conductive deposits on

the Teflon hoses. They are an indication of copper plate-

out in the system, either electrochemical plate-out or de-

posit of metallic copper particles. High leakage currents

during operation may lead to serious damage of equip-

ment. Deposits of copper particles in the system may lead

to hard-to-remove flow restrictions.

COMPARISON AND ASSESSMENT OF THESE

METHODS

Regular review of operating parameters is a simple way to

gain information and is practically free of charge if consid-

ered as part of the normal housekeeping. It does not pro-

vide direct information on clogging conditions in the gen-

erator, but gives good indications with regard to risk fac-

tors.

Assessing the frequency of strainer or filter clogging gives

a direct indication of oxide migration in the system, which

probably also affects oxide deposition in the generator.

Diagnostic cleaning gives valuable information on the ox-

ide deposit over a longer time period. It requires additional

effort, but also provides the additional benefit of having

the generator clean again. It is especially useful at genera-

tors of an advanced operating age.

Total flow and pressure drop measurement is done on-line

as well as off-line with simple instruments. It gives a reli-

able indication of the global plugging conditions in the

Figure 7: Plant PN3: Statistics on plugged hollow con-

ductors before cleaning.

Horizontal axis: Results of Doppler flow meas-

urements: water flow at the outlet Teflon hose

of each of the stator bars. The phase bars that

have a different hydraulic length have been ex-

cluded. Nominal flow of a clean bar would be

8.6 L · min
–1

in this generator. The flow is se-

verely impaired in the majority of the bars.

Because all bars are hydraulically in parallel, the

cleaner bars receive an above-normal flow.

Vertical axis: Results of single-hollow conduc-

tor flow testing – number of totally plugged hol-

low conductors of each bar. Each bar has 8 hol-

low conductors. Up to 6 conductors were com-

pletely plugged.
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generator. Data should be normalized either to a standard

flow or to a standard pressure drop. This measurement

technique is, however, not sensitive to conditions in an in-

dividual bar.

Individual bar flow measurements give a good indication

of the flow integral of all conductors in an individual bar. It

can be done only at shutdown and requires entrance of

personnel into the generator, that is with hydrogen gas

drained off. It has great value in displaying and localizing

deteriorated flow. However, it does not give a conclusive

indication of whether any hollow conductors are plugged

or not. Even at bars with high flow it is possible that one

or more conductors are already plugged.

Temperatures at bar water outlets or in the individual slots

give information that is basically comparable to the flow

measurements, but more precise. These data can be ac-

quired only on-line, while the generator is running. 

Visual inspections give some of the best and in any case

the most immediate information. However, considerable

effort may be required to gain access to the component.

This can be done only at shutdown. Visual inspections are

therefore a good complement to the other methods, and

are especially to be used if there are indications of severe

plugging that have to be verified or even followed up by

localized manual cleaning.

The most compete information is when several of the

above-mentioned methods are used in combination. The

specific design of a generator and its parts has an impor-

tant influence on the accessibility for detecting flow re-

strictions. Therefore, not necessarily all options listed may

be feasible in a particular case.

This assessment is summarized in Table 1.

RECOMMENDATIONS

A proactive approach to detecting flow restrictions should

be taken. It gives an earlier warning for upcoming prob-

lems. Corrective actions can be planned in advance, thus

reducing the risk of unplanned maintenance downtime,

expensive rewinds, or even component failure. Managing

flow restrictions at an early stage reduces the risk of se-

vere plugging of conductors, which may be very difficult

to remove later on.

Operating parameters and the occurrence of strainer/filter

clogging should be frequently assessed (e.g., every

On/Off-Line Benefit Price

Method on-line off-line some fair good excellent low medium high

Assessment of

operating parameters x x x x

operating history x x x x

system water chemistry x x x x

Strainer and filter clogging history x x x x

Diagnostic cleaning x x x x

Total flow/pressure drop measurement (*) x x x x

Individual bar flow measurement x x x

Temperature measurements on-line

global system temperatures (*) x x x

water outlet Teflon hose temperatures (*) x x x

stator slot temperatures (*) x x x

Visual inspections

cooling water system components x (x) x x

stator bars x x x

stator bars, enhanced by mechanical methods x xx x

DC Hipot test x x x

Table 1: Comparison of methods to detect flow restrictions.

"On/off-line" specifies under which conditions the method is available. "Benefit" is understood to be the

degree of relevant information derived on the subject. "Price" indicates the material and/or labor efforts

required. The degree of Benefit and Price may vary in specific cases.

(*) requires the necessary stationary plant instrumentation
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month). Monitoring of system copper release by analysis

of the spent ion exchange resin is recommended. Instal-

lation of on-line oxygen monitoring has to be considered

case by case; it is not always practical. 

Diagnostic cleaning is recommended for plants of ad-

vanced operating age.

Continuous individual bar temperature measurements

(slots and/or outlet water hoses) are recommended. 

Indications of total stator water flow and pressure drop

should be available and the data evaluated regularly (e.g.,

monthly and more frequently after transients).

Individual bar flow measurements should be made proac-

tively at regular intervals as well as when other parame-

ters suggest the likelihood of plugging.

Visual inspections give the most immediate information

and should be made whenever there is a good and easy

opportunity to do so. If severe plugging is suspected, in-

creased efforts for such inspections are usually warranted.

Visual inspections supported by mechanical means give

the most conclusive information on the plugging condi-

tions of a generator. They may, however, not always be

fully feasible within reasonable efforts.

If any such investigations interfere with normal operating

conditions (e.g., having air entering a low-oxygen system),

the benefit of the investigation has to be considered with

regards to the possibility of intensifying plugging.

The required minimum stationary plant instrumentation:

– indication of total stator water flow and pressure drop,

– indication of individual bar temperatures (slots and/or

outlet water hoses),

– conductivity measurement in main circuit and after ion

exchanger, and

– on-line oxygen monitor (optional, plant specific).
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