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ABSTRACT

The beginning of suitable condenser monitoring was instituted in 1994 with the introduction
of amultisensor probeinstalledinthevent line between the condenser and its exhausting equi pment.
This paper will summarize the results since then, showing the impact of thismonitoring method on
minimizing excess back pressure on LP turbines and lowering unit heat rate. Other benefits such
as lower overall condensate dissolved oxygen, lower plant corrosion rates, and reduction in forced
outages, will be discussed.

Additional benefitsof the measurement method hasbeen the application of quantified ventline
vapor and noncondensable mixture properties over a wide range of operating conditions to
understand the dynami cs of steam and noncondensableswithin theshell of the condenser. Theresult
has been the development of a program that predicts the probability for air binding within any
particular condenser configuration. To be presented isthe impact of air binding on heat rate, along
with other recognized performance limiting issues, such as dissolved noncodensables which cause
corrosion and affects plant life. A program employing proprietary methods to modify condensers
for the purpose of removing or reducing the size of air bound zones with aconsequenceof lowering
condenser pressure, unit heat rate and lowering dissolved gaseswill be discussed. These proprietary
methods do not include the removal of tubes to create |anes.

BACKGROUND

Heat rate is the ratio of heat input energy in BTU units to output electrical energy in KWhr.
Animprovement in heat rateisto lower itsvalue. Thiscan be done by lowering theamount of heat
input or by increasing the output power being generated. Generally, either or both can be affected
by an improvement depending on the method of plant operation. Asan example, adecreasein hea
loss from the steam cycle can result in decreasing fuel to the boiler, the so called turbine follow
mode, maintaining load, or by an increasein output power by the generator, maintaining fud input,
the so-called boiler-follow mode, the latter being appropriate to nuclear power plants.

Therehave been many innovationsover the past fifty yearsand thiscontinuestoday. Recently,
installation of such things as M SRs are being doneto improve plant heat rate. There hasbeen much
work to improve the effectiveness of components through improved design or control. A major
component deserving and receiving much attention during the middle of the 20" century, because
of itsunderstood importance, has been the condenser. Condenserswere extensively researched and
studied regarding the condensation process throughout the world up to about 1983 when interest
seemed to diminish. It is understood that this happened primarily because of the perceived,
published and believed complex nature regarding the shell side dynamics. Constructed condensers
having clean tubes and containing insignificant amounts of air in-leakage showed performance
variationsthat could not bejustified by design®. L acking a comprehensive understanding of steam
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dynamicswith no air, made the subject of understanding performance behavior containing air even
moredifficult. Although someresearch continued, little has changed in condenser design resulting
in a realized improvement in the measured heat transfer coefficient for common tube and shell
condensers.

With theintroduction of RheoV ac condenser diagnostic equipment® new performancerelated
information was made available. For the first time, water vapor and air mixture propertiesin the
vent line to the exhauster was definitively measured and quantified. This provided researchers at
Intek, Inc. the tools necessary to examine the causes leading to the make up of this mixture. The
result was a model describing condenser behavior and a comprehensive theory describing the
dynamics for pure steam and steam conta ning non-condensabl e gases.

Thispaper describesthe benefits of this Multi Sensor Probe (M SP)® to accurately monitor and
maintain, through efforts of O&M personnd, a condenser at its optimum performance capability.
In this way, condenser impact on heat rate increase is minimized, for its current design condition.
In addition, to further improve heat rate, a program is described initiated in 2003, and early 2004,
to modify current condenser configuration to improve their performance. The performance
improvement related to heat rate is the lowering of condenser pressure which lowers turbine back
pressure, improving the unit’ sthermal efficiency. Other significant benefitsresulting directly from
these pressure reducing modifications or designs are al so discussed, since their observed presence
can be described by the model and, by assocation, providing the validity of the modd. The
instrumentation and methods of condenser modification, or new design, are patented and Intek, Inc.
is the only organi zation licensed to practice this new technol ogy.

INSTRUMENTATION

M easurements, since 1994, of air in-leakagein steam surface condensers has been performed
using a patented MSP“. This measurement is made in the exhauster vent line at a convenient
location between the condenser shell and the exhauster suction port. There are four different
measurements made on the flowing water vapor and gases that are combined with reasonable
assumptions regarding its composition that permit quantifying the mass flow rate of each
constituent. Itisassumed that themixtureiscomposed of water vapor and air. All noncondensables
being removed from the condenser are included in the measured amount of air.

The probe, shown in Figure 1, consists of a
thermal flow sensor, a temperature sensor that is
also used as the flow sensor reference, a pressure
sensor, and a sensor to measure the relative
saturation of the water vapor component. A
microprocessor or computer based electronics
package provides for mathematical manipulations
of sensor data using thermodynamic equations
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Figure 1 - Multi-Sensor Probe and Output
M easurement Data. (Courtesy of Intek, Inc.)
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Specia focusisdirected to the water vapor-to-air masratio because of its clear indication for
relating the threshold of air in-leakage to the onset of excess condenser back pressure. When the
water vapor mass flow rate to air mass flow rate or equivalently, water vapor density to air density
exceeds the value of 3, thereis no change in condenser pressure with variationsin air in-leakage in
amost all well designed condensers. Should this ratio fall below 3, then there is an effect on
condenser pressure from the added air contributing to an increased back pressure on the turbine and
tounit heat rate. Thisrelationship between air in-leakage and pressure showing apressure saturation
level at aleakage below athreshold valueiswell known intheindustry. The measured water vapor
to air mass ratio simply identifies if the condenser is being adequately exhausted by the venting
sysem.

Another feature of the instrument isits ability to measure volumetric and total mass flow rate
in the vent line. These parameters are direct measurement of the exhauster or vacuum pump
capacity at its present suction pressure. Should excessive back pressure affecting unit heat rate be
otherwise identified, these two measurements can be used to determine if the cause is improper
performance of the vacuum maintaining exhausters. The volumetric flow reading is more
appropriate to monitoring positive displacement and LRV P exhausters and the total mass flow
reading is more appropriate to eva uating the adequacy of SIAE exhausters.

If the exhausters are found to have adequate capacity, then the identified excess back pressure
may be caused by either high air in-leakageor by fouled tubes. Sincetheair in-leakageis measured
by the instrument, it can be quickly identified. If itislow invalue, the problem could be associated
withfouled tubes. Should fouled tubesbe ruled out because of historical knowledge, thenthereason
for excess back pressure and increased heat rate may be due to other plant component failure,
causing an increase in condenser duty, or a decrease in circulating water flow rate.

The ability to quickly identify the cause of excess turbine back pressure, affecting heat rate,
Isachieved through continuous monitoring of the condenser using the M SPinstrument. It has been
estimated that many plants are operated with an excess back pressure of between 0.3 and 0.5"HgA
because of a lack of definitive condenser monitoring. It is further known that without proper
monitoring of the kind provided with the MSP, plant personnd have a difficult time making a
determination of the existence of low excess back pressure. There are hourly and daily swing in
measured condenser pressure from load and/or environmental variations, amounting to about
0.3"HgA. This“noise” can mask a definite change caused by an immediately correctable problem
such as air in-leakage or adegraded exhauster.

Therefore, proper condenser monitoring can alone effect a decrease in heat rate. With a
conservativeestimate of 0.17% heat rate change per 0.1"HgA, adecrease of between 0.5% and 0.9%
in plant heat rate can be achieved. With effort limited only to MSP instrument installation and
positive direction to O& M personnel, this level of heat rate improvement can be achieved for the
average power producing unit.

CONDENSER DESIGN RELATED PROBLEMS
Tablel containstypical observationsrelated to many plant condensers, that may be signals of
condenser design deficiencies in that they are counter to the indicated and well defined condenser

performancefeatures or requirements that may be found in textbooks or adequate condenser design
theory.
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Table I. Condenser Observations at Many Plants vs.
Accepted Desired Condenser Features

Observations Condenser Features/ Reguirements
1. High DO, = 10 ppb or greater 3 - 7 ppb (for low air in-leakage)
2. Hotwell subcooling The design should minimize condensate subcooling

throughout with zero hotwell subcooling

3. CF < 100% or design at all times CF = 100% unless otherwise explained by manufacturer

4. Condenser pressure exceedsdesign | Design pressure should be met for a given nominal operating
condition of duty, circulating water flow rate inlet water
temperature, and tube type and surface area

5. Temperature stratification No allowance made

6. The presence of air binding New requirement not yet recognized in textbooks (it was
previously observed, but the phenomenon was not
comprehensively understood until recently by Intek)

The higher than design DO (item 1) concentration in hotwell condensate is a direct result of
excessive subcooling (item 2) within the condenser. Although some subcooling can occur in
condensers, the design should minimizethisdel eteriouseffect and el iminateitsconsequencethrough
aprocessknown as regeneration. For most plants, regeneration is inadequate and/or subcooling is
overwhelming.

Surface condensers were designed throughout the twentieth century, up to the present, using
engineering heat transfer methods deve oped and applied, generdly, to all types of heat exchangers
where two fluids apply. However, condensers are unique heat exchangers requiring appropriate
consideration. Usingwe | defined laboratory experiments, the Heat Transfer Coefficient (HTC) was
determined between steam, on the outside, and water, on the inside of clean tubes made with
different materials and diameters, over a range of various cooling water flow rates and input
circulating water temperatures. When however, an appropriate HTC along with operating
parameters were used to describe a performance indicator for a designed condenser, such as
pressure, the measured operating pressure (item 4) was found to be higher. Asaresult, additional
tubes needed to be added to the constructed condenser in order to obtain the desired lower pressure.

To overcome this apparent decreasein the HTC, afactor lower than unity was then applied to
the above described laboratory determined clean tube HTC in an attempt to ssimplify the math and
obtainthe desired pressure, but with added tube surfacearea. Since atube contaminant, such asdirt,
would decrease the heat transfer coefficient, this factor was called the “ Cleanliness Factor (CF).”
The use of CF wasthen accepted by the condenser fabrication industry.

Although fouled tubes on the water side and air in-leskage on the shell side would affect the
measured heat transfer coefficient, to further decrease its value, the use of a“design CF’ hasled
designersto “overlook” inadequate designs, such as Air Binding (AB). A more proper term isto
call this factor a*Performance Factor” as suggested by EPRI and let CF be applied to express the
just mentioned “further decrease” or additional degradation in heat transfer. Although this*“factor”
is still in use today, it received much attention from researchers throughout the 1960s to the mid
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1980s time period and sometimes referred to as a “factor of ignorance’ emphasizing the need to
develop, through research, abetter understanding of condenser shell side behavior.

Consequently, the use of a 100% CF is seldom utilized and rarely measured as identified in
item 3. Often, a cleanliness factor of greater than 100% isreported but it is generally the result of
measurement error or the design HTC referenceisnot thelaboratory determined value but aderated
value. Condensers can and should be designed with use of a 100% CF value. Or, the experimental
results challenged and corrected.

The operating pressure in condensersis generally higher than its design pressure (item 4). It
can be the result of operating conditions where water side fouling is present and air in-leakage is
high. If however, neither is present, other causes such as AB is highly probable.

Temperature stratification in the outlet water box (item 5) isamajor indication of improper
condenser operation and poor performance. It is not properly accounted for in design or
performance analysis.

The presence of AB (item 6) isadirect result of improper tube bundle layout. Its effect on
back pressure is generally not eliminated by the removal of rows of tubes to displace the “bound”
air and lower condenser pressure, as is a common but relatively unsuccessful practice. The
existence of AB zones has been recognized for at least 20 years, but there has not been a connection
made between it and the use of the modifier, CF, in condenser design, until recently, by Intek. AB
zones can be analytically generated and observed for any AB prone tube sheet design by the Intek
team.

The existence of AB leads to dissolved gases in the condensate as predicted by the Intek
model. If some tubes are totally bound with no steam in contact with them, there will be no
circulating water temperature rise. The temperature of any condensate falling on these tubes can
approach theinlet circulation water temperature. Theresult can be up to 45°F subcooling of local
condensate. Inthisregion the oxygen partial pressurefrom air a thislocation would be high. From
Figure 2, the dissolved oxygen at this cold location could reach 620 ppb.
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Figure 2 - Upper Limit of DO vs Subcooling in Condenser
Zones at 85°F Inlet Cooling Water Temperature
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Obvioudy, water chemistry iscritical in these plants and chemical upsets often occur. Outages
are often caused by corrosion induced failures. Much of this corrosion results from dissolved gases
of which oxygen isonly one. Other dissolved gases that are important contributors to corrosion are
ammonia and carbon dioxide. The importance of removing these gases from the condenser by
eliminating AB regions must not be overlooked particularly when a plant cycle chemistry is on
oxygenated treatment. For such a program oxygen would then be introduced after the condensate
pump and de-aerator, if employed.

CONDENSER MODIFICATION PROGRAM

Experience at Intek shows that a very high percentage of condensers suffer from design
deficiencies. Table | summarizes most of the observed deviaions from expectations and all are
related through the condenser model and performance understanding that exists at Intek. Not all of
these observations are made apparent by design issues such as AB.

Design problems searched for in the program are AB zones and inadequacy of the air removal
section of the condenser. The program has a minimum of four major but independent study phases
conducted sequentially. Work on a subsequent phase is dependent on the results of the previous
phase; particular attentionis given to the potential cost benefit.

A program to identify and then minimize the effects of AB in condensers has been devel oped
by Intek, Inc., having exclusiverightsto rel ated worl d-wi de patentsand technology, and includesthe
following steps:

Phasel: Condenser drawing review to assess the possible existence of AB and adequacy of
the air removal section.

Phasell:  Engineering evaluation to determinethe extent of the problem, including condenser
inspection, and tedts.

Phase I1l: Modification engineering to define the extent of needed changes or modifications
that can be made to the condenser to eliminate or significantly reduce the effects of
AB.

Phase IV: Follow up to quantify the improvement through measurements.

Thisprogram can be typically executed in connection with normal scheduled outages. Studies have
been conducted on several condensers where excess pressure due to inadequate condenser design of
construction isin the range of 0.2 to 1.0"HgA. Correspondingly, heat rate excess amounts to 0.34"
to 1.7%.

CONCLUSIONS

All plants experiencing operating back pressure below design levels should have ther
condensers evaluated for AB and air removal section deficiencies using the unique capability of the
Intek condenser model.. The program identifies sequentially, whether or not AB exists, the
magnitude of the AB problem on excess back pressure and dissol ved oxygen, theamount of recovery
that can be achieved by retrofit, and drawings necessary to effect the modification. The benefitsfar
outweigh the cost of this service.
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