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ABSTRACT 
It is known that many condensers are not operating at their design performance point, and 

there are many reasons recognized and understood to cause performance degradation.  Chronic 
poor performance exist in many condenser designs, despite the fact that, in the design process, a 
cleanliness factor is used to diminish the condenser tube heat transfer coefficient.  The resulting 
additional condensing surface area is therefore necessary to account for conditions other than 
tube fouling in an attempt to ensure that the performance goal is achieved. A means to identify 
and accurately quantify these condenser performance deficiencies is needed and can only be 
aided when adequate condenser measurements are employed and practices of the past be 
rejected. 

This paper provides engineering guidance and describes root causes of excess condenser 
backpressure and condensate chemistry upsets. Condenser monitoring data from operating plants 
will be used to illustrate these root causes and provide operating guidelines based on sound 
engineering principles. The paper also presents results from a condenser before and after a 
performance improvement condenser retrofit. Some of the results include: reduced condensate 
dissolved oxygen, performance factor increase, equivalent backpressure reduction, heat rate 
reduction and increase in effectiveness of noncondensable gas removal. 

Problem Identification 
It should be understood that all condensers have the potential to operate at or below an 

achievable pressure, PA, determined by first principles that take into account condenser material 
properties and classical mathematics.  It should also be understood that all condensers have the 
potential to operate with condensate dissolved oxygen (DO) << 10 ppb for air in-leakage (AIL) 
maintained below condenser venting equipment capacity.  Unfortunately, only a limited number 



of condensers operate at the low value of PA and below 10 ppb DO.  In fact, many older 
condensers, as well as a number of newer condensers, operate chronically in excess of 0.5”Hg 
above the achievable pressure value and greater than 15 ppb DO. 

This fact may not be visible to many condenser operators because the “design” condenser 
pressure is often confused with the "achievable" pressure PA.  By way of example, it is not 
commonly understood why, and accepted that, condensers are “over designed,” since a 
cleanliness factor of about 85% is employed in design for clean tubes, using a "practical" heat 
transfer coefficient (U) as provided by the HEI standard [1].  Further, there are many experience 
driven observations that have lead to “rules of thumb” as shown in Table 1 for operating and 
maintaining condensers. 

Table 1: Commonly Used “Rules of Thumb” 

Rule for Air In-leakage: 

1SCFM/100MW 

Guideline for Circulating Water ∆T: 

Stratification exists – average values are used for performance computations 

Rule for Hotwell Condensate Subcooling: 

Subcooling exists – subcooling is expected and a consequence of condensation 

Oxygen Content of Condensate: 

High DO is related to high air in-leakage 

HEI: DO is a function of venting equipment capacities being 2 to 6.7 greater than AIL 

Oxygen Treatment (OT) programs have relaxed targets for condenser condensate dissolved gases 

Condenser Design “Cleanliness Factor” (CF): 

U reduction factor:  HEI now requires CF to be “selected by the Purchaser” 

These non-science and non-engineering based conclusions and observations, that change 
periodically, have been developed by condenser manufacturers and by other organizations. They 
have been incorporated into Guidelines and have been used by managers, engineers, operators 
and experts in the power industry for decades.  The basis for condenser performance description 
is, however, a proven age old knowledge of cross or counter flow of two fluids in heat 
exchangers.  This generally applies to two fluids where one fluid is cooled and the other heated 
and are classed as liquid-liquid, liquid-gas, or gas-gas heat exchangers.  The governing equation 
for the process is given by the Fourier equation: 

Q = U A ∆Tlm 

Where Q is the amount of heat transferred, U is the heat transfer coefficient, A is the heat 
exchanger surface area and ∆Tlm  is the logarithmic mean temperature difference between the two 
fluids.  The equation works for all types of heat exchangers and has been proven using first 
principal analysis, which agrees quite well with experiment, to within expected error. 



For condensers where one fluid, steam, is condensed at its saturation temperature and 
therefore has no temperature change, up or down, for the most part, the equation holds until 
noncondensable gases are introduced with the steam.  This is where all analysis fails and 
attempts to solve this problem has been the subject of investigation since before the use of 
computers and continues today using such programs as finite element analysis and computational 
fluid dynamics.  Despite these efforts, none have resulted in sufficient comprehension suitable 
for optimizing the design of condensers nor to providing a reliable means to modify condensers 
exhibiting very poor performance. 

EPRI, in the February 2005 Generation and DR Sector Strategic Bridge Plan, version 1.2 
pp 21, identified a problem worthy of study to be “understanding the condensation processes” in 
condensers.  In other words, proof of comprehension regarding how the very complex 
condensers really work has not been shown.  Like religion, people trying to understand 
condensers did so out of faith in the procedures of analysis without the use of proven methods. 

Politics also plays a role in condenser performance diagnostics.  When effort is made to 
reduce air in-leakage in order to reduce DO, and no real leaks are found, an effort to find other 
causes for high DO indication becomes an objective.  This gives rise to placing blame on 
instrumentation calibration, installation of sample lines, system cleanliness, personnel training, 
etc. The same blame game is played when effort is made to explain excess condenser pressure. 
Like politics, politically correct approaches are often adopted without comprehensive 
understanding.  

Table 1 is an illustrative but non-exhaustive list of religious and political influences on 
condenser design, operations and maintenance. 

Appropriate comprehension and adequate measurement are needed to resolve these 
issues.  The understanding of all causes for excess condenser pressure and all mechanisms 
responsible for DO in condensate are needed to properly diagnose behavior of this important 
balance of plant component.  Some of the behaviors that are not generally recognized will be 
discussed in this paper. 

Proper Monitoring 
In the field of management it is said “you can’t control what you can’t measure.”  This 

saying holds somewhat true in engineering.  If one wants to diagnose a complex system one 
needs to know all of the system inputs and outputs, and the condenser is certainly a complex 
system.  Figure 1 shows all of the significant inputs and outputs of a steam surface condenser.  
Vent line gas flow and circulating water flow are highlighted in the illustration because 
instruments for the direct measurement of these parameters have historically been unavailable or 
inadequate for comprehensive performance and continuous monitoring. 



 
Figure 1: Illustration of Condenser Inputs and Outputs 

In 1994 the RheoVac® Multi Sensor Probe (MSP) [2] measurement technology was 
invented and an instrument was made commercially available.  This instrument provides four 
primary measurements and six other computed measurements used in performance diagnosis.  
Since its introduction significant advancements have been made with regard to fundamental 
understanding of steam dynamics. 

More recently, Rheotherm® Circulating Water Flow and Fouling (CWFF) meters (patent 
pending) [3] have been introduced for direct measurement of tube flow, temperature and fouling.  
Both of these continuous monitoring instruments are shown in the illustration of Figure 1.  Direct 
measurement of circulating water velocity, tube fouling, tube sheet fouling, outlet thermal 
stratification, pump/exhauster capacity, and air in-leakage are essential for a comprehensive 
condenser monitoring program.  

Excess Backpressure 
Shown in Figure 2 is a unique graph and mathematical prescription that applies to all 

steam surface condensers regardless of operating condition.  This graph and the relationships 
shown provide engineering basis for root cause analysis of excess pressure in a condenser.  It is 
the intent of this section to provide guidance on interpreting these plots based on sound physical 
reasoning.  These relationships have been substantiated by MSP and/or CWFF measurement in 
hundreds of different operating condensers.  They also provide a basis for identifying root causes 
of poor performance, poor water chemistry and the establishment of air pockets that can exist in 
tube bundles referred to generally as air bound (AB) zones. 



Figure 2 shows the general relationship between condenser pressure (PC) and air in-
leakage (AIL).  Also provided in the Figure are the different components that contribute to 
overall excess condenser pressure, (Pex), above the achievable condenser pressure (PA).  PA can 
be approximated using components of the standard HEI condenser design calculations.  The 
highlighted regions in Figure 2 are defined and described in Table 2. 
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Figure 2:  Condenser Pressure, PC vs. AIL Relationship 

There are four different primary root causes for correctable excess pressure, Pex - air in-
leakage, inadequate venting, fouling, and configuration caused air binding.  Much attention has 
been given to eliminate or mitigate the first three of these root causes.  The excess pressure 
caused by air binding is significant, and exists for condensers with configuration deficiencies at 
very low levels of air in-leakage.  Correcting this root cause of excess backpressure requires a 
well designed and planned condenser retrofit or modification.  Proper corrective action will have 
a large, long term, sustainable impact on performance and should be given proper attention. 

 



Table 2:  Definitions and Descriptions for Figure 2 

Pex Excess Pressure – a summation of all contributors to excess condenser pressure. 

At 
A finite amount of air in-leakage identifying a threshold whereby a contribution to excess 
condenser pressure due to air ingress begins.  PA is the lowest pressure obtainable by the 
condenser for its required operating conditions with AIL # At. 

PAIL 

Excess pressure due to AIL above a pressure onset threshold value At determined by the 
pump capacity. PAIL is identified by excessively high AIL and the resulting formation of 
stagnant zone where air is stored causing Pex to increase. Tests are available using a 
MSP instrument for air in-leakage; this monitor unambiguously determines if pump 
capacity is sufficient to mitigate excess backpressure caused by existing air in-leakage.  
Measured amount of air in-leakage, in SCFM, or total mass flow, in lbs/hr, can be 
compared to pump capacity curves at the measured suction pressure to determine 
adequacy of the exhauster system. 

PIV 

Excess pressure due to insufficient venting; determines the value of AIL for At where 
pressure begins to rise. PIV is identified by excessively low pump capacity.  The measured 
water vapor to air mass ratio is an indicator of excess condenser pressure caused by 
relatively high air in-leakage or from degraded pump capacity.  Empirical data shows that 
a water vapor-to-air mass ratio above 3 indicates no excess back pressure due to 
insufficient venting capacity. 

PFoul 

Excess pressure due to fouling. PFoul is identified by tube fouling measurements such as 
differential waterbox pressure or through newer technologies such as the circulating flow 
and fouling monitor based on Rheotherm technology, patent pending. If neither one of 
these technologies is available, then PFoul can also be determined by comparing high-
resolution condenser data (including AIL data) with known good baseline data following 
tube cleaning. Also, PFoul results in the lower curve being shifted upward. 

PConfig 

Excess pressure due to condenser design configuration causing air binding.  PConfig can 
be identified by: high chronic DO (>5ppb), measured low cleanliness factors (clean tube 
measurements), steam and condensate cycle corrosion, hotwell subcooling, and 
condenser pressure dependence on AIL below the At value.  It can be described by steam 
dynamics modeling using CCMT to establish boundary conditions. 

No AB 
Zones 

The curve containing the horizontal line at PA is the achievable condenser pressure 
response to AIL if no air bound zones exist. Note that Pex 0 for AIL < At. 

AB Zones 

The upper curve marked by “AB Zone” is representative of the condenser pressure 
response to AIL if air bound zones exist (typical condensers).  Indicators of this response 
are contained within the Pconfig definition.  Note that Pex increases for all increasing values 
of AIL and over the entire range of AIL. 

 



Case Study 1: Excess backpressure due to air in-leakage (PAIL) 
After a scheduled outage this 850MW plant observed very high air in-leakage levels, 

~105 SCFM, from their RheoVac MSP instrument, and higher than expected backpressure as 
shown in Figure 3. The primary vent line parameter measurements from the MSP were validated 
by comparing them with related plant measured condenser parameters and known relationships 
and tolerances.  The measured total mass flow rate and pressure was compared to pump 
performance curves to verify that the high measured condenser pressure was due to AIL and not 
poor vacuum pump capacity.  In this way the indicated 105 SCFM AIL was validated. 

 
Figure 3: Vent line and plant data - excessive high AIL 

After 4 months of operation under these conditions and being unable to identify the 
source using the helium location method, the plant was shut down to perform internal 
inspections.  Plant personnel finally located a combustion air heater return valve that was found 
partially open. After returning online, the plant personnel re-opened the valve to verify the 
source and size of AIL. The data from this test before, during and after re-opening of this valve is 
shown in Figure 4. 



 
Figure 4: Vent line data leak verification test 

The reported difference in condenser pressure was ~1.5”Hg of excess condenser pressure 
leading to ~$1.25 million in excess fuel cost alone over the 4 month period. Without MSP vent 
gas monitoring and verified high AIL condition this may have gone uncorrected for an even 
longer period and caused the plant further economic loss. 

Case Study 2: Excess backpressure due to inadequate venting (PIV) 
Inadequate venting capacity can significantly affect condenser performance from 

degraded, damaged, undersized or poorly operated/maintained vacuum pumps. Degraded 
performance is evidenced in an increase in the condenser pressure. However, the pressure 
measurement is affected by many parameters so a pressure rise due to pump problems may not 
be easily recognized. Therefore, vent line measurements are the preferred method for monitoring 
pump capacity because the value of import is the flow rate from the condenser and therefore 
measurements should be made on the suction side of the pump. On the other hand, pump exhaust 
measurements only suggest pump capacity and can be affected by common maintenance issues 
such as pump or vent line valve shaft seal in-leakage. 

This condenser unit has redundant vacuum pumps, pump 62 and pump 61. A test was 
conducted whereby pump 62 was in service and isolated. Immediately before isolating pump 62, 
pump 61 was put in service. Figure 5 shows the data from this pump capacity comparison test 
using the MSP.  



 
Figure 5: Identification of poor pump capacity using MSP data 

The results from the test concluded that pump 61 had significantly more capacity than 
pump 62 as shown by the sharp increase in ACFMRV. Excess condenser pressure was reduced by 
~0.2"Hg by putting pump 61 in service. Also note the W/A mass ratio changes from ~0.9 to 3.9 
after putting pump 61 in service, indicating no excess condenser pressure due to insufficient 
pump capacity or excessive AIL. Plant personnel were trying to convince maintenance that pump 
62 was performing poorly and with vent line monitoring data they had the necessary proof to 
initiate remedial action. 

Condensate Chemistry Upsets 
Dissolved noncondensable gases from air in-leakage, contaminants from cooling water 

in-leakage and decomposition products throughout the cycle are the sources causing chemistry 
issues for condenser performance.  Well recognized methods of detecting and correcting 
circulating water in-leakage exist.  Causes of dissolved gases in condensate are less well 
understood, identified and corrected, although it is generally accepted that high DO is related to 
air in-leakage.  DO caused by air bound zones in the condenser result in not only chronic high 
DO in condensate but also is a key culprit for high excess backpressure [4]. 

The existence of an air bound zone in the condenser is recognized by thermal 
stratification in the circulating water outlet temperatures that are monitored.  Using only one 
temperature measurement, or simply averaging different measured values of multiple 
temperature sensors can adversely affect the determination of performance indicators.  The 



magnitude of error in the determined critical performance values would be directly proportional 
to the error in ∆TCW [5].  As can be seen, using the “rule of thumb” guideline of average ∆TCW 
values can lead to improper conclusions about condenser performance. 

Case Study 3: DO variations with load / configuration driven 

A well recognized and accepted guideline for DO in condensate is that DO increases as 
load is reduced, or that DO is a function of venting equipment capacities.  However, this does not 
always hold true.  The authors documented load cycling studies on several condensers while 
maintaining very low AIL levels.  Studies showed that for different condensers, DO behavior 
was different.  Load cycling tests on one 450 MW condenser showed DO at half load to rise to 3 
times that at full load, but on a different 380 MW condenser DO was much lower at low load – 
DO was less than 30% of the DO value at full load despite a 35% increase in AIL [6]. 

Figure 6 and Figure 7 provide additional evidence of this observation.  Figure 6 provides 
data from a condenser with known design caused air bound zone.  This AB zone is the source of 
high levels of DO in condensate.  For this condenser configuration, the AB zone is always 
present and the reason for DO increasing with increasing load is a result of the increased volume 
of condensate falling through the AB zone with increasing load. 

 
Figure 6: DO behavior vs. load, illustration 1 



Figure 7 illustrates DO behavior with load change for a condenser with different 
configuration issues.  The design of this condenser not only promotes the formation of an AB 
zone, other features in the condenser cause extreme steam shorting directly to the air removal 
section.  The combination of these design features created the condition of high DO at low loads 
for this condenser. 

 
Figure 7: DO behavior vs. load, illustration 2 

Furthermore, generating units on the OT program that measure high condenser 
condensate DO (with no direct condensate upset causes) are operating with significant excess 
condenser pressure because of their common root cause. Put in simpler terms, the OT program is 
not a "free pass" for uncontrolled condenser hotwell DO. 

Condenser Retrofit to Eliminate Root Cause of Poor Performance 
All condensers showing chronic performance problems such as high condenser pressure 

and high DO should be examined for susceptibility to air binding and/or inadequate condenser 
venting caused by configuration deficiency.  Experience shows that a very high percentage of 
condensers suffer from this problem.  Excess condenser pressure from a variety of conditions has 
been found to be in the range of 0.2 to 1.0”Hg.  This corresponds to heat rate excess of 0.34% to 
1.7%. 

Common configuration issues identified from MSP instrument data, CWFF instrument 
data, Comprehensive Condenser Model and Method (C2M2) program, and/or condenser 
inspections are AB zones, often accompanied by inadequacy of the air removal section of the 
condenser.  A program to identify and then to minimize the effects of these problems has been 
developed and is shown in Table 3.  This program has a minimum of four major, but 
independent, study phases, conducted sequentially.  Initiating effort on a subsequent phase may 
depend on the results of the previous phase, and is a function of a cost benefit evaluation. 



Results from an Intek designed retrofit, utilizing Intek patented retrofit methods and 
designs, and conducted using the described program of Table 3, are shown in Figure 8.  Figure 8 
is an example of actual plant data presented to a plant using an on-line diagnostic toolkit [7].  
The modified tube bundle was a Westinghouse design similar to that shown in Figure 1.  A 0.5-
0.7”Hg pressure reduction at inlet temperatures ranging from 70-90F was achieved as a result of 
the retrofit despite a required tube material change from pre-retrofit Admiralty Brass tubes to 
post retrofit SS304 tubes.  The overall bundle design remained relatively unchanged; however, 
baffling was installed to improve steam flow dynamics and a new air removal section was 
installed. 

 
Figure 8: Pressure vs. Inlet Temperature Reduction 

Summary 
This paper provided case study data to illustrate practical engineering guidance for the 

identification and determination of root cases of excess condenser backpressure and DO.  A 
special, recent case study reporting the results of a condenser retrofit that eliminated the root 
cause of configuration issues that adversely affected condenser performance showed that these 
problems can be solved through sound engineering principles that can be validated and proven in 
plants. 



Table 3:  Condenser Improvement Program Overview 
 

Phase I: 

  Review condenser drawings and various historical data as a first step in determining the cause of 

customer identified operating deficiencies.  A review of design drawings and plant operating data is 

conducted to relate the severity of indicated issues to possible operating or design features that created 

them.  Historical data related to DO, cleanliness factor, circulating water flow, heat rate, heat transfer 

coefficient and other parameters are examined as required for sufficiency to perform analysis, and to 

identify locations to be critically examined by inspection. 

 
Phase II: 

  An engineering evaluation is conducted to determine the extent of the problem, including condenser 

inspection, and any identified need for additional testing.  It is often found that calibration of existing 

instrumentation or new instrumentation is necessary to provide an accurate performance assessment.  

Details of as built condenser configuration are sometimes different from that which is shown in drawings.  

A preliminary evaluation of condenser performance, an estimate of current potential performance, and an 

assessment of potential performance after retrofit is made.  The necessary decision making information to 

proceed with retrofit design or consider other corrective actions is provided.  

 
Phase III: 

  A specific design concept and configuration for retrofitting the condenser is selected.  Detailed 

analysis of the selected concept and modeling of the new configuration is conducted to optimize the 

retrofit design.  Drawings and materials list are generated, along with construction guidelines, for the 

plant to perform the retrofit or bid out to construction firms.  The retrofit takes into account all the 

information gained during the prior stages, with emphasis on minimizing the time needed for the 

modification.  From this phase of the program the plant receives all the information needed to retrofit the 

designated condenser.  Construction services are generally performed by established contractors. 

 
Phase IV: 

  Provide consultation to the plant and inspection services at key implementation points during the 

retrofit.  Following construction and start-up, assistance can be provided to quantify improvements.  It is 

highly recommended that RheoVac and CWFF data be taken before and after the retrofit to establish an 

operational reference point for performance evaluation. 
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