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EXECUTIVE SUMMARY 
The Department of Energy’s Integrated Energy Systems Light Water Reactor 

Sustainability (LWRS) Program at the Idaho National Laboratory (INL) has 
established a pathway to engage existing U.S. nuclear reactors in research to 
develop technologies and other solutions to improve plant economics to obviate 
the need for economic dispatch and flexible power operations to accommodate 
variable renewable generation such as wind and solar. The LWRS Flexible Plant 
Operation and Generation (FPOG) pathway is coordinating several research 
elements that take the first key steps to assess nuclear plant modifications that 
enable the use of large-scale thermal energy (steam) and electricity to support 
processes that can ultimately produce alternative energy products with 
substantially lower carbon emissions, and which can compete economically with 
the current modes of production. Such integrated technologies provide potential 
alternatives that sustain clean baseload operation while diversifying the energy 
produced. 

The FPOG pathway adapts and uses analysis tools developed by the U.S. 
Department of Energy (DOE) to complete technical and economic assessments of 
large, realistic market opportunities for producing nonelectrical energy products 
such as hydrogen from high temperature steam electrolysis. Hydrogen production 
costs approaching the DOE goal of $2/kg are achievable when high temperature 
electrolysis is integrated at a nuclear power plant where plant secondary system 
steam can be used to promote process water to steam that is subsequently used in 
the electrolytic process. 

This report presents a plant system integration feasibility assessment 
performed to establish constraints and limitations to establish a target for thermal 
energy that can reasonably be extracted from the secondary system of a generic 
pressurized water reactor (PWR) without major secondary system redesign and 
modification, and without impact to the primary function of the electric 
generator. This evaluation estimates the system operating conditions to assess the 
performance of the secondary systems, structures, and components when the 
plant is configured to divert a portion of the main steam from the turbine to the 
integrated energy system supply. The system has been modeled and the system 
thermodynamic conditions estimated for thermal power dispatch (TPD) of 30%, 
50%, and 70% of the rated system thermal design. 

The preconceptual evaluations conclude that 30% TPD can be performed 
safely without major equipment replacement. Similarly, the same conclusions 
apply to 50% TPD, although some components will operate closer to design 
limits. Plant-specific evaluations are expected to identify necessary equipment 
upgrades and/or component replacement to ensure that the plant can continuously 
perform these functions with additional margin to ensure plant safety and 
reliability. Modifications and upgrades to support 50% TPD are not expected to 
be cost prohibitive, and changes to plant operations could otherwise reduce these 
impacts in specific conditions.  
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Investigation of the impact on the secondary plant at 70% TPD demonstrates 
potentially significant challenges to several components, concluding that going 
above 50% TPD will prove challenging on plant systems. Modifications to 
extract thermal power above 50% are not expected to be cost-effective option for 
the existing U.S. nuclear fleet. 

An initial evaluation of the required control system modifications, including 
changes to the RCS Average Reference Temperature program, has been 
completed. The design bases have been reviewed and control system 
modifications identified by system and detailed to inform future design 
modification development. This review applies specifically to digital control 
systems and more specifically, Westinghouse 4-Loop PWRs. The assessment 
approach is generally applicable to other Nuclear Steam Supply System (NSSS) 
designs. All PWR plants will require a detailed plant-specific assessment and 
modification plan. 
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Evaluation of the Technical Feasibility, Plant 
Physical Modification, and Digital Controls 

Modifications required for 50% and 70% Thermal 
Energy Extraction from a Pressurized Water 

Reactor 
1. INTRODUCTION 

Nuclear power has been proven vital as a key element to U.S. energy security. Nuclear power offers 
the U.S. a resilient grid without carbon emissions and remains a critical part of the energy transition 
process and is essential to meeting climate goals as clean energy producing technology necessary to 
decarbonize the electric power and transportation sectors, while increasing energy independence.  

Despite the benefits of nuclear power, the U.S. nuclear industry continues to face significant 
challenges. Market conditions have forced reactors into early retirement and others have engaged in 
nuclear power dispatch to accommodate subsidized variable renewal generation, transmission constraints, 
and to avoid sustained periods of low to negative power pricing. Even where nuclear power provides 
substantial baseload generation, the value of operational flexibility is very high, allowing the grid operator 
the ability to provide the lowest cost power to the regional customer through a mix of baseload, 
intermediate and peaking generation assets. The ability of nuclear plants to curtail output to accommodate 
minimum operational output for intermediate assets is of high value, particularly in regional situations 
where net demand is marginally greater than nuclear output. Nuclear curtailment can also provide 
economic incentives where electric market participation avails the utility of very low-cost excess 
renewable generation.  

The mission of the U.S. Department of Energy (DOE) is to advance nuclear energy science and 
technology to meet U.S. energy, environmental, and economic needs. In consideration of the economic 
impacts to the existing nuclear fleet and in recognition of the crucial role that existing nuclear plants play 
in providing clean generation and grid reliability, the DOE has established Office goals including 
enabling continued operation of the existing U.S. nuclear reactors. The DOE objectives are: 

1. Develop technologies that reduce operating costs. 

2. Expand to markets beyond electricity. 

3. Provide scientific basis for continued operation of existing plants (useful life of the plant which is 
demonstrably 80 years or more [13].) 

The Department of Energy’s Integrated Energy Systems Light Water Reactor Sustainability (LWRS) 
Program at Idaho National Laboratory (INL) has been [created, funded, supported] by the DOE to 
advance the Office objectives. LWRS conducts research to develop technologies and other solutions to 
improve the United States (U.S.) domestic fleet of nuclear power plants in economics and reliability, 
safety, and to extend operations. The program consists of several research and development sub-
programs, or “pathways” including Flexible Plant Operation and Generation (FPOG). The FPOG pathway 
provides research and development to evaluate economic opportunities, technical methods, and licensing 
needs for light water reactors to directly supply thermal and electrical energy to co-located or adjacent 
industrial processes. This pathway adapts and uses analysis tools developed by the U.S. Department of 
Energy (DOE) to complete technical and economic assessments of large, realistic market opportunities for 
producing nonelectrical energy products. Carbon emissions from large-scale non-electric energy 
applications such as hydrogen production, chemical synthesis, and petroleum refining can be substantially 
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reduced by using heat and electricity sourced from clean nuclear power. The pathway has more recently 
engaged in technical programs for the engineering design, testing, and demonstration of integration of 
industrial processes with existing nuclear power plants. Design activities include feasibility assessments 
for nuclear plant modifications to divert thermal energy (steam) from the plant secondary system. 

Recent global initiatives to reduce greenhouse gas emissions, most notably carbon dioxide emissions, 
have added an incentive to replace certain fuels and energy feedstocks with non-emitting sources, 
including nuclear energy. Direct steam utilization is one potential method of alternative revenue. Nuclear 
plant steam applications include hydrogen generation, desalination, district heating, thermal storage, and 
industrial processes. Steam utilization can help increase nuclear plant efficiencies and economics while 
providing a low-carbon solution for thermal power users. 

For nuclear energy to be integrated in new ways, a variety of challenges must be overcome, including 
technological, regulatory, economic, and environmental. The biggest challenge is modification of the 
existing plants to provide large quantities of steam while maintaining full functionality of the plant 
design. This report assesses the impacts of high levels of thermal power extraction (TPE)a on a generic 
nuclear plant design to determine feasible extraction limits for nuclear plant steam. This report also 
assesses the design basis and modification requirements for a PWR digital control system. 

This report presents a plant system integration feasibility assessment performed to establish 
constraints and limitations for the amount of thermal energy that can reasonably be extracted from the 
secondary system of a generic PWR. This evaluation estimates the system operating conditions to assess 
the performance of the secondary systems, structures, and components when the plant is configured to 
divert a portion of the main steam from the turbine to the integrated energy system supply. The system 
has been modeled and the system thermodynamic conditions estimated for thermal power dispatch (TPD) 
of 30%, 50%, and 70% of the rated system thermal design. 

This report also documents the plant digital control system design basis for a PWR an initial system 
modification requirements assessment to accommodate TPE from the High Pressure (HP) steam header. 
Identify the control system considerations to be implemented in a digital implementation in the plant. The 
following evaluation also identifies the devices/components to be controlled and the impacts to existing 
control systems that need to be considered by end users that pursue implementation and presents 
operational considerations for how operators shall enable the dispatch of steam. 

Since the use of HP steam requires significant modifications to the existing Nuclear Steam Supply 
System (NSSS) and balance of plant (BOP) control systems of a nuclear plant, such modifications to an 
analog control system would require significant calibrations and operator manual actions thereby 
increasing operator burden, which is a significant design consideration. Additionally, coordination of 
controls with reactor power are required to ensure that reactor overpower conditions are 
minimized/eliminated. The coordination will consist of operator alarms and automatic control actions. As 
such, reuse of an existing analog control system is not feasible, and a digital control system 
implementation will be required. Consequently, this assessment does not apply to analog control systems. 

 
 
 
a  Thermal Power Extraction (TPE) generally applies to the system process of extracting steam from the plant secondary 

system whereas Thermal Power Dispatch (TPD) is the operation of the extraction system. These terms are considered 
interchangeable.   
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2. PROJECT SCOPE 
The scope of the analysis presented in this report includes an initial feasibility assessment for the 

extraction of large quantities of steam from a generic (or typical) PWR secondary steam cycle plant to 
ascertain maximum expected thermal extraction limits, below which are with the design capacity of the 
major secondary system components and preclude large-scale plant modifications. Consideration of the 
impacts of the integration of a TPE system on the plant digital control systems is also included. This 
scope is intended to provide a first-order engineering assessment of major system sizing and modification 
issues considered to be the most limiting and to provide useable guidance for the initial concept 
development for the subsequent design of integrated energy systems with existing nuclear plants.  

The potential Impacts to secondary systems, structures, and component will be evaluated based on 
estimated system operating conditions with concurrent electric power generation and thermal energy 
extraction. A heat balance model has been developed for a generic PWR using the Performance 
Evaluation of Power System Efficiencies (PEPSE) simulation software. Three successive heat balance 
analyses have been completed for 30%, 50%, and 70% thermal extraction, respectively from the main 
steam HP turbine piping. The resulting changes in secondary system operating conditions will then be 
evaluated to determine if operation remains within the design bounds of the respective secondary system 
components. An engineering determination of a reasonable limit for the capacity of the thermal energy 
extraction system will be presented. 

It is emphasized that the scope of this effort provides for the initial feasibility assessment of impacts 
on major secondary system components to inform future design work. This report does not address the 
design bases requirements for a specific plant modification. Plant-specific efforts will require design 
consideration of the physical placement of the extraction system and return flow piping, structural support 
analyses, dynamic effects assessment within the new operating modes of the plant, impacts to adjacent 
systems, structures, and components, placement and interface requirements for the integrated energy 
system, specific control systems design for digital plant applications, and all other design related aspects.   

3. REFERENCE PLANT DEFINITION 
The designs of U.S. PWR plant secondary systems are functionally similar and a heat balance 

analysis for a specific PWR design is expected to provide insight into the impacts on major secondary 
system components for thermal extraction on a generic basis. For the purposes of this evaluation, the 
reference plant modeled is a Westinghouse 4-Loop PWR. Extraction system design considerations 
developed in this report are considered generally applicable for all PWR design and consider that all 
plants will perform a plant-specific assessment prior to design development.  

The heat balance model assumes a Westinghouse reactor with a thermal power rating of 3650 MWth 
and a nominal plant generating capacity of 1,225 MWe. The plant secondary system will be evaluated for 
TPE cases of 30% (~1,100 MWth), 50% (~1,825 MWth), and 70% (~2,550 MWth), and will be compared 
to the baseline case with no extraction. 

The reference plant for consideration of digital control system modifications to accommodate a 
thermal energy extraction system is not generic. A design based on the use of HP steam requires 
significant modifications to the existing NSSS and BOP control systems of the nuclear plant. Such 
modifications to an analog control system would require significant calibrations and operator manual 
actions thereby increasing operator burden, which is a significant design consideration. Additionally, 
coordination of controls with reactor power are required to ensure that reactor overpower conditions are 
minimized/eliminated. The coordination will consist of operator alarms and automatic control actions. As 
such, reuse of an existing analog control system is not feasible, and a digital control system 
implementation would be required. Therefore, this evaluation will be based on the Westinghouse 4-Loop 
digital plant design.  
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The assessment of digital control systems modifications will consider the impacts to existing control 
subsystems. The integration of a thermal energy extraction system assumes that the plant design includes 
a reboiler (heat exchanger) to maintain isolation between the plant secondary system and the process 
steam. This document does not address the reboiler portion of the design. Control provisions for the 
reboiler have been previously addressed for smaller extraction systems [14].  

4. THERMAL EXTRACTION ANALYSIS MODEL DESIGN 
4.1 General Arrangement 

A generic pla 

ation under this condition must be confirmed with the turbine original equipment manufacturer 
(OEM) on a plant-specific basis. 

Complete HPT analysis is included as Appendix B. nt arrangement, including TPE, is provided in  

Figure 4.1-1. The next section describes the method of steam extraction and thermal conversion. 

 
Figure 4.1-1. General arrangement for reference plant thermal power extraction. 

4.2 Affected Equipment 
This report is primarily focused on the impacts of large-volume TPE on the plant secondary cycle. 

Equipment is assessed to determine which specific components will require additional maintenance or 
replacement for 30%, 50%, and 70% TPE. The major secondary system equipment evaluated for the 30%, 
50%, and 70% cases, respectively are as follows: 

• High Pressure Turbines (HPTs) 

• Low Pressure Turbines (LPTs) 

• Condensers 

• Pumps 

• Moisture Separator Reheaters (MSRs) 

• Feedwater Heaters (FWHs) 

• Extraction Steam 

• Feedwater Heater Drains 

• MSR Drains. 
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4.3 Thermal Power Extraction 
Previous work has assessed the impacts of steam extraction up to 105 MWt (~3%) on the nuclear 

plant [1]. At this comparatively small volume of extraction, Cold Reheat (downstream of the HP turbine) 
was deemed optimal from a nuclear plant efficiency standpoint. However, as higher steam volumes are 
extracted from the Cold Reheat, turbine shaft imbalance, blade loading, and thrust may cause the turbines 
to deviate from the intended design. Therefore, Cold Reheat steam extraction is not recommended for 
higher power levels and is not evaluated in this report. Additionally, high quality steam enables lower 
extraction volumes for the same thermal power, as well as smaller piping. As a result of these factors, the 
preferred location for 30%, 50%, and 70% steam extraction is Main Steam (as opposed to Cold Reheat), 
upstream of the HP turbine.  

Main steam extraction through the extraction steam line (XSL) is shown in Figure 4.3-1. 

 
Figure 4.3-1. Main steam extraction. 

Following extraction, this steam would pass through a heat exchanger(s) in the Protected Area, where 
it would be used to heat a process fluid for the desired industrial application. The plant steam would 
condense in the heat exchanger before returning to the main condenser, while process steam would be 
piped to the desired use case.  

In this work, the boiling of demineralized water is used as the reference case for modeling. However, 
it may be preferable to use pressurized water or a different process fluid with higher heat capacity 
depending on the application. Applications could include hydrogen production (via high-temperature 
steam electrolysis), thermal energy storage, district heating, desalination, and other industrial applications. 

The supply and return locations of the process steam and nuclear steam/condensate are shown in 
Figure 4.3-2. 
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Figure 4.3-2. Supply and return locations. 

4.4 Heat Balance Model 
4.4.1 Methodology 

A generic PEPSE heat balance model of the reference plant is used as the starting point of this 
evaluation. This model is modified through the addition of splitters, mixers, and stream components to 
assess the impacts of 30%, 50%, and 70% TPE on the nuclear power cycle main steam system. 

A heat exchanger component is used to model the steam reboiler thermal performance. The extracted 
steam is condensed and subcooled before it is returned to the power cycle. A pump component is used to 
model system pressure increase from a demineralized water supply tank to the reboiler. The amount of 
thermal energy extracted is calculated within PEPSE using operational variables. The amount of thermal 
energy extracted is controlled by changing the flow fraction out of the main steam splitter supplying the 
reboiler.  

4.4.2 Assumptions 
The PEPSE model is based on the following assumptions: 

1. The temperature of the condensed and subcooled extraction steam (ES) is assumed to be 120°F before 
it is returned to condenser.   

2. The discharge pressure for the water supply pump is assumed to be 650 psia.  

3. The heat exchanger pressure drop is assumed to be 50 psid. 

4. Pressure and temperature losses to the environment are included in the new associated stream 
components based on the assumed inputs in Table 4.4-1. 
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Table 4.4-1. PEPSE model input assumptions. 

Description Units 30% Extraction 50%/70% Extraction 
Main Steam Extraction DP psid 80 80 

Main Steam Extraction Heat Loss BTU/hr 210,000 250,000 

Process Steam Extraction DP psid 100 100 

Process Steam Extraction Heat Loss BTU/hr 2,230,000 2,700,000 
*  Pressure drop values used here are considered to be reasonable for this application, but will vary on a case-by-case basis, 

depending on pipe and equipment sizes. 
 

4.4.3 PEPSE Modeling Considerations 
PEPSE is a validated, steady-state commercial simulation software that is widely used in the electric 

power utility industry to assess plant performance and evaluate options for thermal performance 
improvements. The performance of the PEPSE simulation software has been verified by comparing 
calculated results with data obtained from operating nuclear plants and has been shown to be reliable for 
assessing equipment limitations for a range of flow conditions in major components of the secondary 
systems of nuclear plants. PEPSE was employed Sargent & Lundy (S&L) for this work to determine the 
performance of the secondary system, including equipment limitations, during TPD operations. Principle 
limitations of the PEPSE simulation software are: (1) it is only capable steady-state simulations (no 
transient analysis); (2) assumes relationship between fluid flow and pressure is linear, and (3) system 
efficiency predictions do not include thermal losses, which are small for normal operating conditions. The 
last assumption may limit the accuracy of the PEPSE simulation software calculations at high levels of 
TPD for which steam flow in the turbine system is reduced, which causes the relative impact of thermal 
losses in the turbine system to increase. This section summarizes the impacts of TPD on the overall 
secondary system as functions of the TPD level and includes comparisons with results from related 
models.  

Figure 4.4-1 shows predicted steady-state values of mass flow in the main steam line and the turbine 
systems for different levels of TPD ranging from 0% to 100%, as calculated by the PEPSE simulation 
software (S&L) [17]. Figure 4.4-1 also includes simulation results from a reduced-order PWR model 
developed by Lew, et al. [18] and models reported by Ibrahim et al. [19] and Hancock et al. [20]. The 
most striking feature of Figure 4.4-1 is that the results from all the TPD models collapse onto nearly 
identical lines. The results from Ibrahim et al. [19] are outliers compared to the other models, in part due 
to different assumptions in that model regarding turbine efficiency and in part due to mass imbalances in 
the model. 
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Figure 4.4-1. Comparison of destination of reactor heat to TPD. 

The work of Hancock et al. are based on a validated, full-scope, high-fidelity simulator of a 3-Loop 
PWR from GSE Systems to model various levels of TPD [20]. In that work, the percentage of TPD is 
defined as the percentage of main steam flow that is dispatched to the XSL, such that the percentage of 
TPD includes the heat from reactor as well as heat in the feedwater. The TPD values from Hancock et al. 
[20] in Figure 4.4-1 have been adjusted to make their levels consistent with a definition of TPD based on 
a percentage of total reactor heat that is extracted from the main steam line for use by an industrial 
partner. 

As noted above, an important aspect of TPD is that the temperature of the feedwater entering the 
steam generator decreases with increasing levels of TPD because steam flow from the turbine system to 
the feedwater heaters decreases with increasing TPD. Figure 4.4-2 shows the decrease in the temperature 
of the feedwater entering the steam generators (SG)as predicted by the different models. The results from 
the RO-TPD simulator and the full-scope GSE Systems simulator (Hancock et al. [20]) predict that TPD 
has substantially more impact on the feedwater temperature than predicted by the PEPSE model 
developed by S&L. The differences between the results obtained from the RO-TPD simulator and the 
PEPSE model developed by S&L are not surprising because the PEPSE model is much more complex 
and more closely resembles the secondary system of a real 4-Loop Westinghouse PWR. Some of the 
feedwater extraction lines and the moisture separator/reheater lines are combined in the RO-TPD 
simulator for simplicity, which results in loss of heat recuperation in the feedwater heaters. The result is 
that the RO-TPD simulator overpredicts the impact of TPD on feedwater temperature compared to a real 
plant. The modifications made to the model for TPD are well within the model capabilities for up to 50% 
TPD. Mass and energy balances of the PEPSE model have been carefully checked, so those results are 
expected to closely match anticipated potential TPD operations in real PWRs. The fact that results from 
the full-scope, high-fidelity 3 loop Westinghouse PWR simulator modified for TPD operations by 
Hancock et al. [20] match those of the RO-PWR simulator rather than the predictions of the detailed 
PEPSE model are likely due to simplifications in the transient model by Hancock et al. Differences 
between the models for 3-loop and 4-loop PWRs may also be partially responsible for the discrepancies 
between the Hancock and PEPSE model results in Figure 4.4-2. 
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Figure 4.4-3 shows the steady-state values of mass flow in the main steam line and the turbine 
systems for increasing levels of TPD, as calculated by the different models presented in this work. The 
flow of steam in the main steam line decreases with increasing TPD because colder feedwater requires 
more thermal energy to heat to the saturated pressure specification of the main steam line. The heat 
available from the reactor is limited, so the flow of steam secondary fluid through the steam generator and 
the main steam line must decrease with increasing TPD. The results from S&L and Hancock et al for the 
effect of increasing TPD on main steam flow are in excellent agreement, while the RO-PWR simulator 
indicates a greater decrease in main steam flow with increasing TPD.  

Regarding steam flow in the HP turbine, the results from S&L PEPSE model indicate that as TPD 
increases, the ratio of main steam going to the HP turbine increases relative to that of main steam going to 
the MSR. This effect is manifest in the slopes of line fitted to the S&L HP turbine steam flow in 
Figure 4.4-3. The coefficients from a least-squares regression fit to the S&L PEPSE model for the steam 
flow in the HP turbine are shown and indicate that the reduction in the steam flow to the HP turbine is 
only 87% of the increase in steam flow for TPD, which is only possible if less main steam flows to the 
MSR.  

Figure 4.4-3 also shows the combined turbine shaft work predicted as a function of TPD. According 
to the S&L PEPSE model, the impact of TPD on the combined turbine shaft work is nearly identical to 
the TPD level, such that a TPD of 50% of the reactor power causes the turbine shaft work to decrease 
approximately 50%. Interestingly, the results from the RO-PWR simulator and Hancock et al. [20] 
simulator indicate that the steam flow in the HP turbine and the combined turbine shaft power are all 
similar to the percent of TPD, indicating that these models may not fully account for losses in the turbines 
at lower steam flow rates and lower pressures. 

 
Figure 4.4-2. Decrease in feedwater temperature entering the steam generator for increasing levels of TPD 
as determined by different models. 
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Figure 4.4-3. Steam flow in the main steam line and turbine system as well as combined turbine shaft 
work as functions of TPD as determined by different models. 

4.4.4 Operating Experience 
Nuclear cogeneration is a developing field of study. Currently, there are a number of pilot projects in 

the United States investigating hydrogen production at existing nuclear power plants [12]. However, these 
projects are not extracting thermal energy at a scale significant enough to negatively impact equipment 
and plant operations.  

The conditions at operating nuclear power plants that most closely resemble large TPE scenarios as 
described in this work are forced downpower or planned power reduction events. In both of these cases, 
turbine systems operate below their rated power for a given period of time before returning to normal 
operation. On occasion, these types of operations have lasted for weeks and even months with power 
reductions greater than 50%. Typically, no long-term plant or equipment ramifications have been 
observed due to these curtailed power operations. The Institute of Nuclear Power Operations Industry 
Reporting and Information System database has a collection of such events, with durations ranging from 
minutes to weeks. The prevalence of these power reduction events provides some support for the 
feasibility of operating at the large TPE volumes, although equipment health needs to be monitored 
closely for long-term impact. 
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5. THERMAL EXTRACTION MODEL RESULTS – 30% 
5.1 Thermal Analysis 

5.1.1 PEPSE 
The PEPSE computer program was utilized to determine the performance of the entire turbine cycle 

including prediction of the gross generator output. Modifying the generic PEPSE model, plant impacts 
were assessed for 30% TPE, as shown in Table 5.1-1. The PEPSE diagrams provided in Appendix A 
(pages A29 to A31) show the results for the baseline (0% TPE) and 30% TPE cases.  

Table 5.1-1. General impacts for 30% thermal power extraction. 

Description Units 0% 30% Δ (30%) 
Generator Electric Power Mwe 1,228.0 844.6 ‐31.2% 
Thermal Power Extracted MWt 0 1,095 ‐ 
% of Flow ‐ MS % 0 21.9 ‐ 
MS Flow from SGs lbm/hr 16,037,390 15,436,290 ‐4% 
HP Turbine Inlet Flow lbm/hr 15,218,400 11,272,260 ‐26% 
HP Turbine First Stage Pressure psia 651.5 487.5 ‐25% 
MSR Inlet Pressure psia 190.3 140.2 ‐26% 
Low Pressure (LP) Turbine Inlet Flow lbm/hr 3,673,069 2,677,248 ‐27% 
LP Turbine Inlet Pressure psia 175.5 129.3 ‐26% 
Condenser Duty BTU/hr 8.21E+09 5.78E+09 ‐30% 
Condensate Pump Flow lbm/hr 11,334,490 11,723,820 3% 
Heater Drain Pump Flow lbm/hr 4,732,792 3,742,365 ‐21% 
Feedwater Pump Flow lbm/hr 16,067,280 15,466,190 ‐4% 
Final Feedwater Temperature °F 440.9 413.3 ‐27.6°F 
Cascading Drain Flow to Condenser lbm/hr 817,619 745,815 ‐9% 
Reboiler Inlet Mass Flow lbm/hr ‐ 3,376,114 ‐ 
Reboiler Inlet Pressure psia ‐ 817.3 ‐ 
Reboiler Inlet Temperature °F ‐ 520.7 ‐ 
Reboiler Inlet Enthalpy BTU/lbm ‐ 1,197.2 ‐ 
Reboiler Outlet Temperature °F ‐ 120.0 ‐ 
Reboiler Outlet Enthalpy BTU/lbm ‐ 90.1 ‐ 
 

It is expected that this volume of TPE will require four (4) trains. Each train should consist of a 
reboiler and drain cooler (to accommodate condensate cooling and preheating of reboiler feedwater). 
Using a Kettle style reboiler and shell and tube drain cooler, anticipated equipment dimensions are 
provided below in Figure 5.1-1. 
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Figure 5.1-1. Heat exchanger dimensions (side view). Note the reboiler is expected to be approximately 
12-ft wide and the drain cooler is expected to be approximately 5-ft wide. 

5.1.2 Plant Impacts and Considerations 
5.1.2.1 Mechanical Transients 

Plant operational transients must be assessed for 30% TPE. Transient events will primarily occur 
during startup and shutdown of the extraction system. Under 1095 MWt extraction, approximately 
3,380,000 lbm/hr of steam will be sent to the reboilers from main steam, corresponding to approximately 
22% of main steam flow. This extraction will reduce total main steam flow by 600,000 lbm/hr, or 4%.  

The below sections describe the capabilities of the reactor (in response to a load rejection event) and 
power cycle equipment in response to a transient event, as well as changes to normal operating 
conditions. 

5.1.2.2 Plant Hazards 
Existing nuclear power plants are required to be protected from plant hazards such as high-energy line 

breaks (HELBs). Each station’s licensing basis defines HELB criteria, which state the conditions required 
to define a high-energy system based on operating temperature and/or pressure limits. If a station is 
licensed to a temperature and pressure, both the minimum temperature and the minimum pressure criteria 
must be met for the system to be defined as a high-energy system. Conversely, if a station is licensed to a 
temperature or pressure, only one of the criteria need to be met for the system to be defined as a high-
energy system. The temperature and pressure limits are defined as 200°F and 275 psig. As shown in the 
PEPSE heat balance diagram (Appendix A), the maximum operating conditions for 30% TPE are 532°F 
and 897 psia. Both values exceed the criteria for a high-energy system, therefore steam extraction pipe 
design and installation would need to be performed under a station’s HELB program.  

A review of a plant’s specific HELB program should be conducted to assess the impact of the new 
high-energy lines. Some stations analyze HELBs in the Turbine Building for impact on essential 
equipment. Any piping additions should be routed in such a way as to be separated from any equipment 
that may be important to safety or station operation. Any piping additions inside the Turbine Building 
routing to the steam reboilers are generally expected to be smaller than the main steam line they are tied 
into. Therefore, the impact of a HELB in the new piping is expected to be bounded by the mass and 
energy release rates for existing main steam piping. Any piping routed outdoors must also be designed in 
accordance with the station HELB program.  

5.1.2.3 Water/Steam Hammer 
During the detailed design of the thermal steam extraction system, the potential for water hammer or 

steam hammer must be addressed. These phenomena could occur if steam or water flow rapidly stops; 
this condition is typically addressed by selecting appropriate valve closing times. 
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5.1.2.4 Core Reactivity and Plant Response Overview 
The impact on core reactivity associated with extracting steam from the secondary cycle must be 

assessed for any plant-specific modification as described within this report. Reactivity impacts are derived 
not only from the steam extraction, but also from the reduced feedwater temperature resulting from the 
supply of reboiler condensate to the main condenser. Both steam extraction and feedwater temperature 
variation magnitude will impact core reactivity via the core negative moderator temperature coefficient 
(MTC). A negative core MTC can be understood broadly to create the effect “reactor power follows 
steam demand”. The following description of core reactivity effects does not attempt to quantify the 
discrete contributions of the steam extraction and feedwater temperature variation. The goal is to explain 
reactivity changes resulting from TPE operation and describe the expected nuclear plant control system 
response for extraction impacts relative to nominal plant response. The following descriptions assume that 
the nuclear plant is operating in Mode 1, above 15% reactor power. 

Broadly speaking, TPE will impact core reactivity much in the same manner as changing the main 
generator electrical output. Similar to raising generator output, ramp up of TPE steam will add positive 
reactivity to the core through the negative MTC, resulting in a corresponding rise in reactor power. 
Shutdown of the TPE supply will lower the reactor power through the same effects. The sequence 
described below illustrates how changes to the thermal demands on the nuclear plant secondary through 
operation of the ES supply create this effect.  

Core Reactivity for Startup and Shutdown 

In order to focus on the effects of the negative MTC, the following description purposely leaves out 
any discussion of plant control system response. As a result, reactor power may exceed 100% for this 
theoretical discussion. The following describes how steam extraction and feedwater temperature changes 
result in reactivity changes in the core.  

On TPE startup, steam extraction from the SGs increases. This higher flow lowers the pressure in the 
SGs. As SG pressure lowers, more liquid feedwater in the SGs flashes to steam. This results in more 
thermal energy being extracted from the reactor coolant flowing through the SG U-tubes, thereby 
lowering the primary coolant temperature. This “colder” primary coolant leaves the SGs and is supplied 
to the core. In possessing a negative MTC, colder water results in positive reactivity being added to the 
core. 

In addition to steam extraction, startup of the TPE system changes thermal characteristics of the 
nuclear plant through the lowering of feedwater temperature supplied to the SGs. As presented in 
Table 5.1-1 SG feedwater temperature lowers as ES supply increases. Colder feedwater in the SG causes 
more thermal energy to be extracted from the primary coolant, once again delivering “colder” primary 
coolant to the core, adding positive reactivity, and causing a corresponding rise in reactor power. This 
occurs through the same negative MTC effect described in steam extraction above. Although the 
mechanism by which reactor coolant temperature lowers is different, the end result is the same; colder 
reactor coolant adds positive reactivity. 

Startup, and subsequent raising of TPE volume, adds positive reactivity to the core via the negative 
MTC. Both the added heat removal of steam extraction and the lower SG feedwater temperature 
occurring during TPE system operations will lower the primary coolant returning to the core from the 
SGs. This positive reactivity causes more fissions in the core, thereby causing reactor power (i.e., thermal 
output) to rise. Increased heat production from more fissions raises the temperature of primary coolant 
leaving the core and being supplied to the SGs. With hotter primary coolant in the SG U-tubes, more 
feedwater boiling occurs and the SG pressure goes up. At this point, the effects described above are 
creating a new heat balance and begin to move towards achieving a new equilibrium.  

After being initially lowered by added thermal output, the average primary coolant temperature rises 
with the increase in reactor power. The additional TPE through startup and increased output of the TPE 
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system is now being provided through additional thermal power output of the core. As the average 
primary coolant temperature rises back to its previous level, reactor power will stabilize to meet the 
desired load. 

Lowering the output and shutting down the TPE system will result in the same effects described 
above but in reverse, with the negative MTC now causing an overall lowering of reactor thermal output. 
Reduced steam extraction and the associated increase in feedwater temperature will initially cause reactor 
coolant temperature to rise, and therefore reactor power to lower. When in operation, changes to TPE 
output will drive the reactor thermal output to match the changes. As stated previously, the negative core 
MTC can be understood broadly to create the effect “reactor power follows steam demand”. 

Control System Response 

The previous description provides a straightforward discussion of the reactivity effects that will occur 
for changes in TPE. The actual integrated plant response will be determined by the magnitude and rate of 
change for a particular transient. It is expected that any planned TPE output changes will be controlled 
within the same limits as planned main generator load changes in place for the station. Using this 
methodology, a planned TPE load change will cause a plant control system response that behaves nearly 
the same as a ramp down or ramp up of total plant power output. As described previously, there may be 
some minor differences created due to the lower feedwater temperatures. Changes should be evaluated in 
core and plant response analyses and accounted for through tuning of the plant controls.  

The load change limits assumed in the reference plant are established based on typical Westinghouse 
4-loop PWR controls designs. These limits would allow for the plant’s Reactor Control System to act to 
preclude any compensatory actions beyond control rod motion. Typical Reactor Control System limits 
could enable the nuclear plant to accept a step load increase or decrease of 10% and a ramp increase or 
decrease of 5% per minute within the load range of 15% to 100% without reactor trip, steam dump, or 
pressurizer relief actuation, subject to possible xenon limitations.  

A condition for consideration is the sudden and complete loss of the TPE steam when operating at 
100% capacity (i.e., 30% reactor power). In the event of this thermal load loss, the plant controls systems 
would respond to the resulting thermal imbalance. The Reactor Control System would activate control rod 
insertion at the maximum speed provided. This inward rod motion inserts negative reactivity to the core, 
reducing the number of fissions and thereby lowering reactor power. Additionally, the Steam Dump 
Controller would open valves that would dump steam directly to the main condenser. This would allow 
for continued heat removal from the core to prevent a rapid rise in primary coolant temperature and 
potential actuation of the pressurizer power-operated relief valves. The reference plant Reactor Control 
System is assumed to have the capacity to compensate for a 10% step change. Additionally, the Steam 
Dumps are assumed to compensate for up to 40% step change. Between the two responses, a complete 
loss of the 30% TPE is well within plant control system response capacity. 

5.2 Equipment Assessment 
The effects of 30% TPE on plant secondary equipment has been investigated. A detailed description 

of the effects on this equipment can be found in Appendix B through Appendix H. 

5.2.1 Turbine Cycle 
A representative turbine cycle was chosen to evaluate the impacts of TPE on turbine performance and 

operations. A single HPT and three parallel LPTs were modeled. The representative cycle contained a 
MSR between the HPT and LPTs, where moisture is removed from the HPT exhaust and heated with two 
stages of regenerative heating. The turbines provide extraction to seven FWH stages. 

The representative turbine cycle performance was modeled in a PEPSE model which contains cases 
benchmarked to the turbine vendor’s thermal kit. Cases at Valves Wide Open (VWO), rated thermal 
power (100%), and 75% power are provided. 
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For the case with 30% turbine cycle thermal energy extracted, the PEPSE heat balance was modified 
as documented in Appendix A. The modification included removal of steam from the main steam system 
and return of the condensate to the main condenser after energy was extracted in the reboiler/s. 

Table 5.2-1 shows the change in mass flows at various location along the turbines. 
Table 5.2-1. Mass flow comparison. 

Location 

Mass Flow Rate (lbm/hr) 

Δ (30%) 0% 30% 
Throttle Valve Inlet 15,218,400 11,272,260 -26% 

HPT Bowl (Left) 7,609,201 5,636,129 -26% 

Governing Stage Shell (Left) 7,609,201 5,636,129 -26% 

FWH6 Extraction Stage (Left) 6,808,507 4,939,882 -27% 

HPT Exhaust (Left) 6,808,507 4,939,882 -27% 

HPT Bowl (Right) 7,609,201 5,636,129 -26% 

Governing Stage Shell (Right) 7,609,201 5,636,129 -26% 

FWH7 + RH2 Extraction Stage (Right) 6,550,264 4,879,028 -26% 

HPT Exhaust (Right) 6,550,264 4,879,028 -26% 

LPT A Bowl 3,673,069 2,677,248 -27% 

FWH4A Extraction Stage 3,470,241 2,479,494 -29% 

FWH3A Extraction Stage 3,271,723 2,285,586 -30% 

FWH2A Extraction Stage 3,075,061 2,108,017 -31% 

MR (to FWH1A) Extraction Stage 3,015,812 2,069,513 -31% 

FWH1A Extraction Stage 2,855,450 1,931,433 -32% 

MR (to LPT A Exhaust) Extraction Stage 2,788,284 1,889,616 -32% 

LPT A Exhaust 2,788,284 1,889,616 -32% 

LPT B Bowl 3,673,069 2,677,248 -27% 

FWH4B Extraction Stage 3,468,763 2,478,139 -29% 

FWH3B Extraction Stage 3,273,638 2,287,097 -30% 

FWH2B Extraction Stage 3,068,421 2,102,369 -31% 

MR (to FWH1B) Extraction Stage 3,008,809 2,064,802 -31% 

FWH1B Extraction Stage 2,847,364 1,924,897 -32% 

MR (to LPT B Exhaust) Extraction Stage 2,780,228 1,882,541 -32% 

LPT B Exhaust 2,780,228 1,882,541 -32% 

LPT C Bowl 3,673,069 2,677,249 -27% 

FWH4C Extraction Stage 3,473,448 2,482,813 -29% 

FWH3CExtraction Stage 3,278,225 2,291,586 -30% 
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Location 

Mass Flow Rate (lbm/hr) 

Δ (30%) 0% 30% 
FWH2C Extraction Stage 3,070,612 2,103,231 -32% 

MR (to FWH1C) Extraction Stage 3,011,389 2,064,763 -31% 

FWH1C Extraction Stage 2,850,762 1,926,528 -32% 

MR (to LPT C Exhaust) Extraction Stage 2,783,458 1,884,387 -32% 

LPT C Exhaust 2,783,458 1,884,387 -32% 
 

5.2.1.1 High-Pressure Turbine 
As shown in Table 5.2-1, the main turbine is expected to experience a reduction in mass flow rate of 

at least 25% when operating in the 30% TPE case. HPT flows are expected to reduce by a similar amount 
on either side of the HPT flow path. Therefore, additional stress due to turbine imbalance is not expected. 

HPT performance modeled by PEPSE is visually represented on the Enthalpy‐Entropy Chart in 
Figure 5.2-1. 

 
*  Rated load and 75% power cases refer to the turbine kit values from the vendor for the specific turbine design. Baseline 

refers to normal operation with 0% TPE. 
Figure 5.2-1. Enthalpy-entropy chart (HPT). 

As shown in the entropy-enthalpy chart, the 30% TPE case trends very closely with the 75% power 
case. Based on the review of PEPSE heat balance conditions, the turbine is expected to operate within 
design for the 30% TPE case. However, final acceptability of oper 
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5.2.1.2 Low-Pressure Turbines 
As shown in Table 5.2-1, the LPTs experience a mass flow rate reduction of at least 25% when 

operating in the 30% TPE case.  

The entropy-enthalpy chart for the LPTs is shown below in Figure 5.2-2. 

 
*  Rated load and 75% power cases refer to the turbine kit values from the vendor for the specific turbine design. Baseline 

refers to normal operation with 0% TPE. 
Figure 5.2-2. Enthalpy-entropy chart (LPTs). 

As in the HPT Enthalpy-Entropy Chart, the 30% TPE case trends very closely with the 75% power 
case. Based on the review of the PEPSE heat balance conditions, the turbines are expected to operate 
within design for up to 30% TPE. Final acceptability of operation under this condition must be confirmed 
with the turbine OEM on a plant-specific basis. 

Complete analysis of the LPTs is included as Appendix B. 

5.2.2 Condensers 
The main condenser is the steam cycle heat sink. During normal operation it receives and condenses 

Low Pressure (LP) turbine exhaust steam and turbine bypass steam. The main condenser is also a 
collection point for other steam cycle miscellaneous flows, drains, and vents.  

Although there are three independent zones for steam flow, the condenser has a single pass of 
Circulating Water (CW). CW enters at the LP zone, passes through the intermediate-pressure zone, and 
exits at the HP zone. The cold surface of the stainless steel tubes condense the steam into water, which is 
collected in the hotwell.  

The operating conditions of the main condenser were evaluated for the 30% TPE scenario with 
respect to baseline (0% TPE) operation. Required air removal capacity was not specifically evaluated as, 
during operation, the major sources of noncondensable gases are not expected to change compared to 
baseline conditions. 
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Condenser operating conditions are tabulated below in Table 5.2-2. 

Table 5.2-2. Condenser operating conditions. 

Description Units 0% 30% Δ (30%) 
Condenser A Shell Pressure psia 1.24 1.01 -18.9% 

Condenser A Shell Flow lbm/hr 3,120,435 2,198,666 -29.5% 

Condenser A Duty BTU/hr 2.92E+09 2.11E+09 -27.8% 

Condenser B Shell Pressure psia 1.38 1.07 -22.5% 

Condenser B Shell Flow lbm/hr 2850639 1,928,182 -32.4% 

Condenser B Duty BTU/hr 2.64E+09 1.83E+09 -30.7% 

Condenser C Shell Pressure psia 1.64 1.22 -25.9% 

Condenser C Shell Flow lbm/hr 2,854,037 1,929,813 -32.4% 

Condenser C Duty BTU/hr 2.65E+09 1.85E+09 -30.4% 

Hotwell Temperature °F 115.6 105.1 -10.5°F 

Condensate Flow lbm/hr 11,334,490 11,723,820 3.43% 
 

The evaluation of condenser operating conditions shows that the condenser will continue to meet 
operation requirements for 30% TPE conditions, and the evacuation capacity of the condensers is not 
affected by operating with 30% TPE conditions. Condenser steam flow rates, backpressures, and heat 
loads decrease for the TPE case; therefore, backpressure limits will not be challenged and flow-induced 
vibrations will be reduced. Overall condenser duty decreases for 30% TPE since diverting large amount 
of main steam from the turbine cycle and condensing it elsewhere results in less heat removal in 
condenser given the same amount of CW. 

A detailed analysis of the condenser can be found as Appendix C. 

5.2.3 Pumps 
The power conversion system is a closed cycle, with the condensate (CD), condensate booster (CB), 

and feedwater (FW) systems working to deliver water from the condenser hotwell to the four SGs. The 
Condensate Pumps (CDPs) draw water from the condenser and pump it through the Steam Jet Air Ejector 
(SJAE) Condensers and Gland Steam Condensers to the Condensate Booster Pumps (CBPs). The booster 
pumps provide the required head to pump condensate through the LP FWHs and to provide sufficient 
suction head at the two Turbine Driven Feed Pumps (TDFPs). The water collected from the heater drains 
is stored in the Heater Drain Tank (HDT) and is forwarded into the CB system upstream of the 5th point 
heaters through the heater drain pumps (HDPs). In the FW system, the water is pumped through one stage 
of HP FWHs and then on to four SGs. 

The power train pump systems evaluated under 30% TPE are the CDPs, CBPs, Feedwater Pumps 
(FWPs), and the HDPs, along with the associated HDT control valves. Each system was analyzed through 
the use of a generic Fathom hydraulic model of the CD, CB, HD forwarding, and FW systems. The 
condenser pressure, FW flow, HD flow, and water temperatures were taken from the PEPSE heat balance 
results. These conditions are shown in Appendix D.  
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5.2.3.1 Preferred Operating Region (POR) 
Table 5.2-3 shows the preferred operating region (POR) for the four pumps evaluated. For the CDPs, 

CBPs, and TDFPs, the percent best efficiency point (BEP) remains within the associated POR, and 
changes from the base scenario to the 30% TPE case are minimal. The HDPs experience a significant 
change in operating point and will have to be evaluated on a plant‐specific basis. However, it is not 
expected that any equipment changes will be required. 
Table 5.2-3. Pump preferred operating regions. 

Pump 
Acceptance 

Criteria 0% 30% Δ (30%) 
Condensate Pumps (CDP) 70% - 120% 109.6 113.0 3.1% 

Condensate Booster Pumps (CBP) 70% - 120% 114.3 117.8 3.1% 

Turbine Drain Feed Pump (TDFP) 70% - 120% 99.1 95.2 -3.9% 

Heater Drain Pumps (HDP) 80% - 115% 102.8 79.9 -22.3% 

5.2.3.2 Pump Driver Duty 
The power requirement for each pump to perform as hydraulically characterized in the Fathom model 

is reported as part of the pump performance results. The evaluation of these pump drivers under the 
baseline (0% TPE) and 30% TPE scenarios is tabulated in Table 5.2-4 below. 

Table 5.2-4. Evaluation of pump driver duty (hp). 

Pump 

Horsepower (hp) 

Δ (30%) 0% 30% 
CDP Gearbox 664 680 2.3% 

CDP/CBP Motor 3157 3224 2.1% 

TDFP Turbine 8590 8170 -4.9% 

HDP Motor 1894 1877 -0.9% 
 

The duty on the CDP gearbox and CDP/CBP motor increases slightly for the 30% TPE case. These 
will need to be evaluated against the rated horsepower of their associated drivers. The duty on the TDFP 
turbine and HDP motor decreases and is expected to meet the acceptance criteria for the 30% TPE case. 

5.2.3.3 Net Positive Suction Head (NPSH) Ratio 
The NPSH ratio (NPSHa/NPSHr) is a measure of the available suction head margin for a pump. 

Vertical pumps often operate without NPSH margin, and only require that the net positive suction head 
available (NPSHa) exceed the net positive suction head required (NPSHr). Though vertical pumps require 
an NPSH ratio of 1, a general acceptance criterion of 2.0 to 2.5 is used for conservatism, depending on the 
pump. Table 5.2-5 provides the NPSH ratio for the evaluated pumps. 
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Table 5.2-5. Evaluation of NPSH ratio. 
Pump HI / ANSI Guideline 0% 30% Δ (30%) 

CDP ≥ 2.0 1.86 1.76 -5.5% 

CBP ≥ 2.5 2.86 2.39 -16.5% 

TDFP ≥ 2.5 2.42 3.55 46.7% 

HDP ≥ 2.0 16.27 16.13 -0.9% 
 

The NPSH ratio for the TDFPs significantly improves, and while the NPSH ratio decreases for the 
HDPs, this change is small. The CDP NPSH ratio is below the HI/ANSI guideline for both cases, but it is 
not expected that TPE will significantly increase the risk of cavitation since the change from the baseline 
scenario is relatively small (~5.5%). The NPSH ratio for CBPs decreases more significantly (over 16%) 
and it falls below the guideline for the 30% TPE case. Therefore, although no physical changes are 
expected to the CDPs, CBPs, and HDPs, they should be evaluated for acceptance on a plant-specific basis 
for the 30% TPE case. 

5.2.3.4 Suction and Discharge Pressure 
Suction and discharges pressures for each pump are compared in Table 5.2-6. This evaluation is used 

to see which pumps may be at risk of falling below alarm setpoints. 
Table 5.2-6. Pump suction and discharge pressures. 

Pump 

Suction Pressure (psig) Discharge Pressure (psig) 

0% 30% Δ (30%) 0% 30% Δ (30%) 
CDP -5.1 -5.5 -3.9% 129.5 127.1 -1.6% 

CBP 99.2 94.9 -3.8% 584.3 570.3 -2.3% 

TDFP 425.0 412.3 -2.9% 1130.5 1122.1 -0.7% 

HDP 184.8 136.5 -24.2% 696.1 763.6 9.5% 
 

Overall, suction and discharge pressures decrease for the 30% TPE case. Suction pressures will need 
to be evaluated on a plant-specific basis to ensure that they do not fall below low alarm setpoints. Alarm 
setpoints may need to be adjusted based on the conclusions of the plant-specific evaluation. 

5.2.3.5 Turbine Driven Feedwater Pump Speed 
The FW pump flow is regulated by the speed of the driving turbine, which receives steam from the 

main steam system. The Fathom model calculated turbine speed based on the required flow and TDFP 
developed head. 

As shown in Table 5.2-7 above, the max calculated turbine speed decreases, therefore the margin 
improves for the 30% TPE case and is not expected to challenge the acceptance criteria for TDFP speed. 

Table 5.2-7. Evaluation of FWP turbine speed. 

Description 

Speed (rpm) 

Δ (30%) 0% 30% 
Max Calculated Turbine Speed 5,022 4,934 -1.8% 
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5.2.3.6 Heater Drain Tank Level Control Valves 
The HDT level control valves were evaluated for controlling margin. Acceptable control margin 

corresponds to a valve position of less than 50% open, so that each operating valve maintains the ability 
to pass all of the drain flow.  

Based on these results in Table 5.2-8, the HD tank level control valves meet the acceptance criteria, 
improving margin for the 30% TPE case. 

Table 5.2-8. Heater drain level control valve evaluation. 

Description 
Acceptance 

Criteria 

Valve Position (% Open) 

Δ (30%) 0% 30% 
HD Level Control Valve ≤ 50% 26.0 16.9 -35.1% 

 

5.2.3.7 Power Train Pump Assessment Summary 
Based on the analysis above, the changes from baseline (0% TPE) operation to 30% TPE on power 

train pumps are minimal. It is not expected that there will be any equipment changes necessary. However, 
pumps should be evaluated on a plant-specific basis to ensure all acceptance criteria are met. 

A detailed pump analysis is provided in Appendix D. 

5.2.3.8 Moisture Separator Reheaters (MSRs) 
The MSRs take wet exhaust steam from the HPT and pass it through a series of chevrons to remove 

moisture. The steam then goes through two stages of heat exchangers where it is heated before being sent 
to the LPTs. 

MSR operating conditions for the baseline (0% TPE) and 30% TPE scenarios are compared in 
Table 5.2-9. 

Table 5.2-9. MSR operating conditions. 

Description Units 0% 30% Δ (30%) 
MSR Removal Effectiveness – 0.95 0.95 0.00% 

MSR Chevrons Inlet Flow lbm/hr 3,151,396 2,266,680 -28.1% 

MSR Chevrons Inlet Enthalpy BTU/lbm 1,104 1,115 1.02% 

MSR Chevrons Inlet Pressure psia 190.3 140.2 -26.3% 

MSR 1st Stage Inlet Enthalpy BTU/lbm 1,193 1,189 -0.31% 

MSR 1st Stage Inlet Pressure psia 184.6 136.0 -26.3% 

MSR 2nd Stage Inlet Enthalpy BTU/lbm 1,227 1,222 -0.41% 

MSR 2nd Stage Inlet Pressure psia 181.8 134.0 -26.3% 
 

The impacts to the MSRs are primarily a reduction in flow, with minimal change in enthalpies. The 
approximately 28% mass flow reduction is similar to 75% power with no TPE. From these results, it is 
concluded that MSRs will not be affected by 30% TPE operating conditions.  

For a detailed analysis of the MSR, refer to Appendix E. 
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5.2.4 Feedwater Heaters 
The Condensate (CD) and Feedwater (FW) systems deliver feedwater (condensed steam) to the SG. 

The CD system first directs flow through three parallel strings of LP feedwater heaters (1st point external 
drain cooler and 1st through 4th point heaters). Flow then passes through two parallel strings of LP 
feedwater heaters (5th point external drain cooler, 5th and 6th point heaters) to the TDFPs. FW flow then 
continues through two parallel HP feedwater heaters (7th point heaters) to the SG. The feedwater heaters 
receive ES flow and MSRs drain flow from the turbine system. Relevant values from the FWH evaluation 
are provided below. 

5.2.4.1 Nozzle and Tube Velocities 
Table 5.2-10 provides the feedwater heater channel end nozzle velocities under baseline (0% TPE) 

and 30% TPE scenarios. 

Table 5.2-10. Condensate/feedwater heater nozzle velocities. 

FW Heater 

Velocity (ft/s) 

Δ (30%) HEI Limit 0% 30% 
1st EDC 10 11.9 12.3 3.4% 

1st Point 10 11.9 12.3 3.4% 

2nd Point 10 11.9 12.3 3.4% 

3rd Point 10 11.9 12.3 3.4% 

4th Point 10 11.9 12.3 3.4% 

5th EDC 10 10.0 10.3 3.4% 

5th Point 10 9.6 9.2 -3.7% 

6th Point 10 9.6 9.2 -3.7% 

7th Point Inlet 10 10.2 9.8 -3.7% 

7th Point Outlet 10 15.8 15.2 -3.7% 
 

Tube side nozzle velocities exceed the Heat Exchange Institute (HEI) guidelines for several of the 
FWHs; however, changes from the baseline case are small. As a result, feedwater nozzle wear is not 
expected to be an issue. 

Table 5.2-11 provides the FWH tube velocities based on the density at average tube temperature. 
Table 5.2-11. FWH tube velocities. 

FW Heater 

Velocity (ft/s) 

Δ (30%) HEI Limit 0% 30% 
1st EDC 10 10.7 11.0 3.1% 

1st Point 10 8.9 9.2 3.0% 

2nd Point 10 9.1 9.3 2.7% 

3rd Point 10 9.6 9.9 2.5% 

4th Point 10 8.1 8.2 2.2% 

5th EDC 10 7.0 7.1 2.0% 
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FW Heater 

Velocity (ft/s) 

Δ (30%) HEI Limit 0% 30% 
5th Point 10 9.1 8.6 -5.2% 

6th Point 10 8.5 8.0 -5.4% 

7th Point 10 8.8 8.3 -5.8% 
 

Tube velocities remain below or marginally exceed the HEI guidelines for the 30% TPE case. 
Because changes are small, it is not expected that this will impact FWH tube degradation. 

Table 5.2-12 and Table 5.2-13 provide the FWH steam inlet and drain outlet nozzle velocities, 
respectively. 

Table 5.2-12. Steam inlet nozzle velocity. 

FW Heater 

Velocity (ft/s) 

Δ (30%) HEI Limit 0% 30% 
1st Point 215 137 181 32.6% 

2nd Point 195 148 206 38.9% 

3rd Point 179 179 249 39.1% 

4th Point 167 156 214 37.5% 

5th Point 156 101 115 37.2% 

6th Point 150 103 139 19.8% 

7th Point 146 80 123 5.39% 
 
Table 5.2-13. Drain outlet nozzle velocity. 

FW Heater 

Velocity (ft/s) 

Δ (30%) HEI Limit 0% 30% 
1st EDC 4.0 2.3 2.1 -9.13% 

1st Point 4.0 1.8 1.5 -20.2% 

2nd Point 4.0 2.9 2.7 -5.49% 

3rd Point 4.0 2.4 2.3 -3.27% 

4th Point 4.0 2.8 2.7 -3.63% 

5th EDC 4.0 1.8 1.5 -14.1% 

5th Point 4.0 2.5 2.1 -14.3% 

6th Point 4.0 2.7 2.3 -13.7% 

7th Point 4.0 2.2 1.9 -13.6% 
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Steam inlet nozzle velocities for the TPE case increase for all FWHs and exceed the HEI guideline for 
the 2nd, 3rd and 4th point heaters. Shell wear rates will likely slightly increase and should be considered 
during regular future inspections. Based on the past experience with the power uprate projects which 
similarly increased flow velocities, no FWH replacement is expected unless the existing FWH are already 
in poor condition.  

Drain outlet velocities decrease for the TPE case, therefore HEI guidelines are not challenged, and 
wear rates may decrease. 

5.2.4.2 Tube Side Pressure Drop 
The tube side pressure drop principally affects two design issues, (i) the differential pressure across 

the pass partition plate (PPP), and (ii) the total pressure drop in the feedwater train.  

To review the impact on PPP pressure loss, the change in mass flow rate squared is shown in 
Table 5.2-14. 
Table 5.2-14. Pass partition plate pressure loss. 

FW Heater 

Mass Flow Rate 
(lbm/hr) 

Ratio of Flow Rates, R 
(30% / 0%) 

PPP dP 0% 30% R R² 
1st EDC 3,778,163 3,907,940 103% 107% 7.0% 

1st Point 3,778,163 3,907,940 103% 107% 7.0% 

2nd Point 3,778,163 3,907,940 103% 107% 7.0% 

3rd Point 3,778,163 3,907,940 103% 107% 7.0% 

4th Point 3,778,163 3,907,940 103% 107% 7.0% 

5th EDC 5,667,245 5,861,910 103% 107% 7.0% 

5th Point 8,033,640 7,733,095 96% 93% -7.3% 

6th Point 8,033,640 7,733,095 96% 93% -7.3% 

7th Point 8,033,640 7,733,095 96% 93% -7.3% 
 

The pressure loss across the PPP is expected to increase in FWHs 1 through 4 and both external drain 
coolers. However, the expected increase in tube side pressure drop for the TPE case is not expected to 
appreciably impact reliable operation of the heaters. 

5.2.4.3 Drain Inlet Nozzle Mass Flux 
The mass flux and mass flux parameter of flashing condensate flows entering the shell side of the 

FWHs are provided in Shell side operating pressure and temperature is provided in Table 5.2-16. Tube 
side operating temperature is provided in Table 5.2-15. 

Drain inlet mass fluxes remain below HEI guidelines. However, the FWH 7 inlet mass flux parameter 
increases by nearly 50%; therefore, if the subject station does not show sufficient margin to allow for this 
increase, the drain inlets could see the additional flashing steam causing increased wear which should be 
considered during future inspections. 

5.2.4.4 Operating Pressure and Temperature 
Shell side operating pressure and temperature is provided in Table 5.2-16. Tube side operating 

temperature is provided in Table 5.2-17. 
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Table 5.2-15. Heater drain inlet nozzle mass flux and mass flux parameter. 

FW Heater 

Mass Flux (lbm/s/ft2) Mass Flux Parameter (lbm/ft/s2) 

HEI Limit 0% 30% Δ (30%) HEI Limit 0% 30% Δ (30%) 
1st EDC 250 141 129 -8.9% 4,000 4,755 4,110 -13.6% 

2nd Point 250 148 144 -2.4% 4,000 6,491 7,214 11.1% 

3rd Point 250 179 174 -2.5% 4,000 4,141 4,741 14.5% 

5th EDC 250 102 89 -12.9% 4,000 199 150 -25.4% 
5th Point 
(cascading) 

250 188 165 -12.2% 4,000 647 490 -24.3% 

5th Point 
(MSR) 250 119 79 -33.2% 4,000 4409 2,414 -45.2% 

6th Point 250 118 104 -11.7% 4,000 515 404 -21.7% 

7th Point 250 112 107 -3.9% 4,000 2,177 3,231 48.4% 
 
Table 5.2-16. Shell side operating pressures and temperatures. 

FW Heater 

Pressure (psia) Temperature (°F) 

0% 30% Δ (30%) 0% 30% Δ (30%) 

1st EDC 5.4 3.6 -33.4% 165.6 149.0 -16.6°F 

1st Point 5.4 3.6 -33.0% 165.6 149.0 -16.6°F 

2nd Point 15.9 10.8 -32.0% 215.9 196.8 -19.1°F 

3rd Point 40.6 28.2 -30.6% 268.1 246.7 -21.4°F 

4th Point 89.5 64.5 -28.0% 319.9 297.4 -22.4°F 

5th EDC 186.1 137.1 -26.3% 375.8 351.4 -24.4°F 

5th Point 186.1 137.1 -26.3% 375.8 351.4 -24.4°F  

6th Point 287.1 212.7 -25.9% 413.3 387.0 -26.3°F 

7th Point 408.7 303.0 -25.9% 446.7 418.3 -28.4°F 
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Table 5.2-17 Tube side operating temperatures. 

FW Heater 

Temperature (°F) 

Δ (30%) 0% 30% 
1st EDC 126.6 113.5 -13.1°F 

1st Point 161.7 144.8 -16.9°F 

2nd Point 212.8 192.6 -20.2°F 

3rd Point 265.0 243.3 -21.7°F 

4th Point 316.4 293.5 -22.9°F 
5th EDC 332.2 306.8 -25.4°F 

5th Point 370.2 345.9 -24.3°F 

6th Point 409.7 383.7 -25.9°F 

7th Point 441.5 413.8 -27.7°F 
 

Operating temperatures and pressures decrease for all FWHs, therefore margins with design values 
will improve for the TPE case. 

5.2.4.5 Drain Cooler Tube Vibration 
Tube vibration in the 1st through 7th point heater drain coolers is evaluated by comparing the drain 

cooler volumetric flow rates. Results are provided in Table 5.2-18. 

Table 5.2-18. Drain cooler vibration. 

FW Heater 

Drain Volumetric Flow Rate (gpm) 

Δ (30%) 0% 30% 
1st EDC 1,671 1,518 -9.1% 

2nd Point 1,240 1,172 -5.5% 

3rd Point 842 814 -3.3% 

4th Point 439 423 -3.6% 

5th EDC 3,767 3,235 -14.1% 

6th Point 2,434 2,100 -13.7% 

7th Point 1,578 1,363 -13.6% 
 

The volumetric flow through all drain coolers is expected to decrease during operation, resulting in 
increased margin for tube vibration parameters. 
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5.2.4.6 Feedwater Heater Assessment Summary 
Tube and tube side nozzle velocities exceed the HEI guidelines for several of the FWHs, but changes 

from the baseline case are small or decrease, therefore it is not expected that FWH tube degradation or 
nozzle wear will be an issue. Steam inlet nozzle velocities exceed HEI guidelines for the 2nd, 3rd, and 4th 
point heaters. This could affect wear patterns of the shells, which should be noted during future 
inspection. Tube side pressure drop for the TPE case is not expected to appreciably impact reliable 
operation of the heaters. Drain inlet mass fluxes remain below HEI guidelines, but the mass flux 
parameters for various heaters exceed the guidelines for the TPE case. For most FWHs, however, the 
mass flux parameter decreases or exhibits small increases. Operating temperatures and pressures decrease 
for all FWHs; therefore, design margins will improve for the TPE case. Volumetric flow through all drain 
coolers is also expected to decrease during TPE operation, resulting in increased margin for tube vibration 
parameters.  

It is not anticipated that feedwater heaters replacement will be required for 30% TPE. However, 
normal plant inspections would remain suitable to identify potential Flow Accelerated Corrosion issues. 
This conclusion is supplemented by past experience with power uprates which similarly increased flow 
velocities in these and many other FWH locations. In most instances, no FWH replacements were 
required if the condition of the existing FWHs was satisfactory. 

A detailed evaluation of the feedwater heaters is provided in Appendix F. 

5.2.5 Extraction Steam 
To maximize steam cycle efficiency, the ES system diverts steam taken from the turbine to the 

feedwater heaters. There are three stages of extraction from the HPT and four stages of extraction from 
each LPT. The ES is used to heat the feedwater in seven separate feedwater heater stages. 

There are three trains for the 1st through 4th point LP feedwater heaters, two trains for the 5th and 6th 
point LP feedwater heaters, and two trains for the 7th point HP feedwater heater. 

Heat balance data for the baseline (0% TPE) and 30% TPE scenarios is discussed below. 

5.2.5.1 Pressure Drop 
Table 5.2-19 shows the pressure drop in the ES lines. 

Table 5.2-19. Extraction steam line pressure drop. 

Description 

Upstream Pressure (psia) Pressure Drop (psid) 

0% 30% Δ (30%) 0% 30% Δ (30%) 
HPT to 7th Stg FWH 451.0 337.0 -25.3% 6.50 5.24 -19.4% 

HPT to 6th Stg FWH 296.5 219.7 -25.9% 8.46 8.82 4.2% 

HPT to 5th Stg FWH 190.3 140.2 -26.3% 4.97 6.82 37.4% 

LPT to 4th Stg FWH 92.39 66.6 -27.9% 4.33 5.80 33.9% 

LPT to 3rd Stg FWH 41.9 29.11 -30.5% 3.24 4.41 35.8% 

LPT to 2nd Stg FWH 16.43 11.18 -32.0% 0.78 0.98 25.9% 

LPT to 1st Stg FWH 5.428 3.637 -33.0% 0.13 0.14 6.4% 
 

The pressure drop in the lines from the HPT to 7th stage FWHs decreases, but all other XSLs see an 
increase in pressure drop for the extraction case, with the most significant changes in lines to the 2nd, 3rd, 
4th, and 5th stage FWHs. 
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5.2.5.2 Operating Conditions  
ES line pressures and temperatures are compared below in Table 5.2-20. 

Table 5.2-20. Extraction steam line operating conditions. 

Description 

Line Pressure (psia) Line Temperature (°F) 

0% 30% Δ (30%) 0% 30% Δ (30%) 
HPT to 1st Stg Rhtr 448.7 335.3 -25.3% 456.50 428.15 -28.4°F 

HPT to 7th Stg FWH 408.7 303.0 -25.9% 456.50 428.15 -28.4°F 

HPT to 6th Stg FWH 287.1 212.7 -25.9% 416.29 389.77 -26.5°F 

HPT to 5th Stg FWH 186.1 137.1 -26.3% 377.64 353.15 -24.5°F 

LPT to 4th Stg FWH 89.6 64.6 -27.9% 382.52 386.44 3.9°F 

LPT to 3rd Stg FWH 40.6 28.2 -30.5% 270.06 248.61 -21.4°F 

LPT to 2nd Stg FWH 15.9 10.8 -32.0% 217.68 198.51 -19.2°F 

LPT to 1st Stg FWH 5.4 3.6 -33.0% 165.73 149.10 -16.6°F 
 

Pressures and temperatures decrease for the TPE case in all lines other than a small temperature 
increase in the 4th Stg FWH line. Based on these results, margins for design pressures and temperatures 
will largely improve for relevant valves and expansion joints. 

5.2.5.3 Expansion Joint Liner Thickness 
Required liner thicknesses are compared in Table 5.2-21. 

Table 5.2-21. Expansion joint liner thickness. 

Description 

Required Liner Thickness (in) 

Δ (30%) 0% 30% 
LPT to 4th Stg FWH 0.137 0.160 17.2% 

LPT to 3rd Stg FWH 0.138 0.163 17.9% 

LPT to 2nd Stg FWH 0.156 0.184 17.8% 

LPT to 1st Stg FWH 0.149 0.172 15.1% 
 

Liner thickness requirements increase for the TPE case. Existing expansion joints will need to be 
evaluated on a plant-specific basis and may need to be replaced to ensure they meet these requirements. 

5.2.5.4 Extraction Steam Assessment Summary 
Analysis of the ES system for the 30% TPE scenario shows that overall, XSL pressure drops increase 

due to higher flow velocities. The increased flow velocities should be included in the individual station 
Flow Accelerated Corrosion (FAC) program to ensure that any potential degradation is properly 
monitored and addressed.  

Expansion joint liner thickness requirements also increase, and existing expansion joints will need to 
be evaluated on a plant-specific basis. Replacement may be needed to ensure expansion joint 
requirements are met. Pressures and temperatures mostly decrease during operation with TPE, therefore 
operating condition design margins will largely improve for valves and expansion joints in the ES system.  

Refer to Appendix G for a detailed evaluation of the extraction steam system. 
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5.2.6 Heater Drain System 
There are seven stages of feedwater heating for normal operations. Two parallel trains (‘A’ and ‘B’ 

trains), each consisting of FWH 5, 6 and 7 are available for normal operation. Drains cascade back to the 
HDT starting at FWH 7. Flow for each train passes through the FWH 5 external drain coolers before 
entering the HDT. Emergency drains to the condenser are available for FWHs 5, 6, and 7. 

Three parallel FWH drain trains (‘A’ train, ‘B’ train, and ‘C’ train), each consisting of a FWH 1, 2, 3, 
and 4, are available for normal operation. Drains cascade from FWH 4 to the flash tanks through FWHs 3 
and 2. FWH 1 drain to the flash tanks as well. Each flash tank drains to the condenser via the FWH 1 
external drain coolers. Emergency drains to the condenser are available for FWHs 4, 3, and 2, as well as 
the flash tanks. 

Four MSR drain trains (‘A’ train, ‘B’ train, ‘C’ train, and ‘D’ train), each consisting of a moisture 
separator drain tank (MSDT), 1st stage reheater drain tank (RH1DT), and a 2nd stage reheater drain tank 
(RH2DT), are available for normal operation as well. The MSDT drains are directed to the HDT. The 1st 
and 2nd stage reheater drains are directed to FWHs 5 and 7, respectively. Emergency drain lines to the 
condenser are available for each of the drain lines. 

5.2.6.1 Valve Flow Capacity 
Valve volumetric flow was computed based on the mass flow rate and fluid temperature. Table 5.2-22 

compares volumetric flow for the baseline (0% TPE) and 30% TPE scenarios. 

Table 5.2-22. Drain volumetric flow comparison. 

Description 

Volumetric Flow Rate (gpm) 

Δ (30%) 0% 30% 
Flash Tank Normal 1,683 1,527 -9.3% 

FWH 2 Normal 1,234 1,168 -5.4% 

FWH 3 Normal 836 809 -3.2% 

FWH 4 Normal 434 419 -3.6% 

FWH 6 Normal 2,416 2,086 -13.7% 

FWH 7 Normal 1,557 1,346 -13.5% 

MSDT Normal 756 433 -42.8% 

RHDT1 Normal 331 215 -34.9% 

RHDT2 Normal 527 507 -3.9% 

Flash Tank Emergency 1,683 1,527 -9.3% 

FWH 2 Emergency 1,234 1,168 -5.4% 

FWH 3 Emergency 836 809 -3.2% 

FWH 4 Emergency 434 419 -3.6% 

FWH 5 Emergency 3,890 3,335 -14.3% 

FWH 6 Emergency 2,416 2,086 -13.7% 

FWH 7 Emergency 1,557 1,346 -13.5% 
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Description 

Volumetric Flow Rate (gpm) 

Δ (30%) 0% 30% 
MSDT Emergency 756 433 -42.8% 

RHDT1 Emergency 331 215 -34.9% 

RHDT2 Emergency 527 507 -3.9% 
 

As shown above, all drains experience a decrease in flow. 

5.2.6.2 Valve Pressure Drop 
The pressure drop across the valve is the minimum allowable pressure drop due to choked flow and 

the available pressure drop from valve inlet to outlet based on flow conditions and frictional losses. 
Pressure loss was computed, as shown in Table 5.2-23. 

Table 5.2-23. Drain valve pressure loss. 

Description 

Pressure Drop (psid) 

Δ (30%) 0% 30% 

Choked Available Choked Available Choked Available 
Flash Tank Normal 2.7 7.3 2.9 6.2 8.0% -14.6% 

FWH 2 Normal 2.3 3.2 0.5 0.5 -77.6% -83.4% 

FWH 3 Normal 9.1 14.6 4.7 7.6 -48.7% -48.0% 

FWH 4 Normal 32.1 44.5 23.5 32.2 -26.5% -27.6% 

FWH 6 Normal 85.0 95.9 63.3 70.8 -25.5% -26.2% 

FWH 7 Normal 90.9 108.1 65.3 76.9 -28.1% -28.8% 

MSDT Normal 19.6 5.9 15.1 6.5 -23.0% 11.0% 

RHDT1 Normal 42.7 249.3 28.1 187.3 -34.0% -24.9% 

RHDT2 Normal 115.6 454.6 116.0 562.4 0.4% 23.7% 

Flash Tank Emergency 4.1 9.2 4.1 7.8 -0.7% -15.1% 

FWH 2 Emergency 5.5 11.7 3.7 7.6 -32.5% -35.0% 

FWH 3 Emergency 15.0 37.1 10.6 25.4 -29.1% -31.4% 

FWH 4 Emergency 38.4 92.0 30.0 67.8 -21.9% -26.3% 

FWH 5 Emergency 23.0 196.4 18.5 148.1 -19.4% -24.6% 

FWH 6 Emergency 86.9 283.3 65.3 209.6 -24.9% -26.0% 

FWH 7 Emergency 97.5 405.9 72.0 300.9 -26.1% -25.9% 

MSDT Emergency 16.4 186.0 11.8 137.9 -28.2% -25.9% 

RHDT1 Emergency 47.6 444.7 32.9 333.2 -30.9% -25.1% 

RHDT2 Emergency 116.8 862.6 117.3 865.2 0.4% 0.3% 
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All drain control valves experience choked flow conditions except the MSDT. With respect to valve 
capacity, a decrease in valve pressure loss is non-conservative; therefore, nearly all valves see a non-
conservative reduction in allowable pressure loss. In most cases, the reduction in allowable pressure drop 
is significant, with FWH 2 normal drains seeing a greater than 80% reduction in pressure drop available. 

5.2.6.3 Required Valve Cv 
Required valve CV values are shown in Table 5.2-24. 

Table 5.2-24. Drain valve required Cv capacity. 

Description 

Cv 

Δ (30%) 0% 30% 
Flash Tank Normal 1019 892 -12.5% 

FWH 2 Normal 796 1595 100.5% 

FWH 3 Normal 271 367 35.8% 

FWH 4 Normal 74 84 13.1% 

FWH 6 Normal 245 248 0.9% 

FWH 7 Normal 150 155 3.2% 

MSDT Normal 292 160 -45.2% 

RHDT1 Normal 46 37 -18.8% 

RHDT2 Normal 43 41 -4.1% 

Flash Tank Emergency 823 751 -8.7% 

FWH 2 Emergency 520 600 15.5% 

FWH 3 Emergency 211 243 15.4% 

FWH 4 Emergency 68 74 9.7% 

FWH 5 Emergency 759 731 -3.7% 

FWH 6 Emergency 243 244 0.5% 

FWH 7 Emergency 145 147 1.7% 

MSDT Emergency 175 119 -31.9% 

RHDT1 Emergency 43 34 -20.7% 

RHDT2 Emergency 43 41 -4.1% 
 

The required CV capacity for all FWHs increases with 30% TPE. Flash tank and the various MSR 
drain tanks all see reduced capacity requirements. FWHs 2 and 3 show significant increase in required 
flow capacity, with FWH 2 requiring approximately double the baseline capacity. It is expected that a 
station specific review of these FWHs would result in requiring valve replacement prior to 30% TPE 
operation. Additional equipment changes are not expected, but station specific review is required. 
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5.2.6.4 Drain Tank Parameters 
Table 5.2-25 provides the operating parameters for the drain tanks (MSDT, RH1DT, RH2DT, and 

Flash Tank). 
Table 5.2-25. Drain tank conditions. 

Parameter Units 0% 30% Δ (30%) 
MSDT Drain Flow lbm/hr 331,167 192,757 -41.8% 

RH1DT Drain Flow lbm/hr 135,811 90,676 -33.2% 

RH2DT Drain Flow lbm/hr 200,488 192,645 -3.9% 

Flash Tank Drain Flow lbm/hr 821,877 749,629 -8.8% 

MSDT Drain Pressure psia 184.6 136.0 -26.3% 

RH1DT Drain Pressure psia 444.2 332.0 -25.3% 

RH2DT Drain Pressure psia 864.2 866.1 0.2% 

Flash Tank Drain Pressure psia 5.42 3.63 -33.0% 

MSDT Drain Temperature °F 375.1 350.8 -24.3°F 

RH1DT Drain Temperature °F 455.0 426.7 -28.3°F 

RH2DT Drain Temperature °F 527.2 527.4 0.3°F 

Flash Tank Drain Temperature °F 165.2 148.4 -16.8°F 
 

Operating parameters for all heater drain system drain tanks either decrease or show minimal change 
and are expected to operate normally during TPEoperation.  

5.2.6.5 Heater Drain Assessment Summary 
The required CV capacity for all the flash tank and the various MSR drain tank drain control valves 

(DCVs) show reduced capacity requirements when operating with thermal power extraction. DCVs for all 
FWHs will require greater flow passing capability. FWHs 4, 6, and 7 exhibit required increases of less 
than 15%, which is typically within the operating margin of a well sized drain control valve. Therefore, 
no equipment changes would be expected, but a station specific review is required. FWHs 2 and 3, on the 
other hand, show significant increase in required flow capacity, with FWH 2 requiring approximately 
double the baseline capacity. Therefore, it is expected that a station specific review of these FWHs would 
result in requiring valve replacement prior to operation with thermal power extracted for FWHs 2 and 3. 
Operating parameters for all heater drain system drain tanks either decrease or show minimal change and 
are expected to operate normally during TPEoperation. 

A detailed evaluation of the Heater Drain system is provided in Appendix H. 

6. THERMAL EXTRACTION MODEL RESULTS – 50% 
6.1 Thermal Analysis 

6.1.1 PEPSE 
Modifying the generic PEPSE model, plant impacts were assessed for 50% TPE. Table 6.1-1 provides 

key information pertaining to plant impacts at this degree of extraction. The PEPSE diagrams provided in 
Appendix A (pages A29 and A32 to A35) show the results considering the baseline (0% TPE) and 50% 
TPE cases.  
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As is described in Section 6.2.7, under the 50% TPE scenario, the FWH 2 normal drain control valve 
would not meet the required flow capacity, hence operational changes would be expected. One option is 
to use the FWH 2 and 3 emergency DCVs, which would resolve the operational issues faced by those 
feedwater heaters with minimal additional PEPSE or equipment impacts compared to 50% TPE. An 
alternate option is to operate in partial LP FWH bypass, which would circumvent this issue while 
changing steady-state operating conditions for the plant. An additional case is run for this scenario to 
divert 20% of the condensate flow around the LP FWHs through the bypass line. PEPSE results and 
equipment evaluations are provided in the remainder of this section for these two (2) 50% TPE scenarios 
with and without partial LP FWH bypass. 

Table 6.1-1. General impacts for 50% thermal power extraction. 

Description Units 0% 50% Δ (50%) 
50% w/ 
Bypass 

Δ (50% 
w/ 

Bypass) 
Generator Electric Power MWe 1,228.0 585.3 -52.3% 573.13 -53.3% 

Thermal Power Extracted MWt 0 1,827 – 1,826.38 – 

% of Flow - MS % 0 37.6 – 37.7 – 

MS Flow from SGs lbm/hr 16,037,390 14,952,560 -7.0% 14,916,170 -7.0% 

HP Turbine Inlet Flow lbm/hr 15,218,400 8,615,524 -43% 8,619,505 -43.4% 

HP Turbine First Stage Pressure psia 651.5 374.8 -42% 375.2 -42.4% 

MSR Inlet Pressure psia 190.3 104.6 -45% 97.6 -48.7% 

LP Turbine Inlet Flow lbm/hr 3,673,069 1,980,267 -46% 1,845,837 -49.7% 

LP Turbine Inlet Pressure psia 175.5 96.43 -45% 90.04 -48.7% 

Condenser Duty BTU/hr 8.21E+09 4.18E+09 -49% 4.22E+09 -48.6% 

Condensate Pump Flow lbm/hr 11,334,490 11,889,450 4.9% 11,475,500 1.2% 

Heater Drain Pump Flow lbm/hr 4,732,792 3,093,006 -35% 3,470,571 -26.7% 

Feedwater Pump Flow lbm/hr 16,067,280 14,982,480 -6.8% 14,946,080 -7.0% 

Final Feedwater Temperature °F 440.9 389.0 -51.9°F 387.1 -53.8°F 

Cascading drain Flow to Condenser lbm/hr 817,619 670,424 -18% 522,171 -36.1% 

Reboiler Inlet Mass Flow lbm/hr – 5,629,289 – 5,628,542 – 

Reboiler Inlet Pressure psia – 817.3 – 817.3 – 

Reboiler Inlet Temperature °F – 520.7 – 520.7 – 

Reboiler Inlet Enthalpy BTU/lbm – 1,197.2 – 1,197.3 – 

Reboiler Outlet Temperature °F – 120.0 – 120.0 – 

Reboiler Outlet Enthalpy BTU/lbm – 90.1 – 90.05 – 
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6.1.2 Plant Impacts and Considerations 
6.1.2.1 Mechanical Transients  

Plant operational transients must be assessed for 50% TPE. Transient events will primarily occur 
during startup and shutdown of the TPE system. Under ~1,825 MWt TPE, approximately 5,630,000 
lbm/hr of steam will be sent to the reboilers from Main Steam, corresponding to approximately 38% of 
main steam flow. This TPE will reduce total Main Steam flow by ~1,100,000 lbm/hr, or 7%. 

6.1.2.2 Plant Hazards 
Existing nuclear power plants are required to be protected from plant hazards such as HELBs. The 

temperature and pressure limits for HELB are defined as 200°F and 275 psig. As shown in the PEPSE 
heat balance diagram for 50% TPE in Appendix A, the maximum operating conditions are 532°F and 897 
psia. Based on these conditions, this modification would fall under a plant’s HELB program.  

A review of a plant’s specific HELB program should be conducted to assess the impact of the new 
high-energy lines. Some stations analyze HELBs in the Turbine Building for impact on essential 
equipment. Any piping additions should be routed in such a way as to be separated from any equipment 
that may be important to safety or station operation. Any piping additions inside the Turbine Building 
routing to the steam reboilers are generally expected to be smaller than the main steam line they are tied 
into. Therefore, the impact of a HELB in the new piping is expected to be bounded by the mass and 
energy release rates for existing main steam piping. Any piping routed outdoors must also be designed in 
accordance with the station HELB program. 

6.1.2.3 Water/Steam Hammer 
During the detailed design of the TPE system, the potential for water hammer or steam hammer must 

be addressed. These phenomena could occur if steam or water flow rapidly stops; this condition is 
typically addressed by selecting appropriate valve closing times. 

6.1.2.4 Core Reactivity and Plant Response 
Section 5.1.2.4 provides a discussion of the core reactivity effects and plant controls response for the 30% 
TPE configuration. For 50% TPE, the description will reflect the same effects, responses, and behaviors, 
but the effects will be more pronounced. Specifically, the greater reduction in feedwater temperature is 
noteworthy (refer to Table 6.1-1). As the explanation of the core’s negative MTC describes, the 
combination of the added steam extraction and reduction in feedwater temperature will create more 
pronounced reactivity affects for the 50% TPE cases versus the 30% TPE case. When partial LP FWH 
bypass is employed, feedwater temperature is further lowered. However, this change is relatively small in 
comparison to the magnitude increase going from 30% to 50% TPE. 

From the plant controls response perspective, a sudden loss of heat removal from the 50% TPE 
configuration will challenge the ability of the response to be limited to plant controls alone. With a reactor 
control system compensation capacity of 10% and a steam dump capacity of 40% (typical for the 
Westinghouse 4-loop PWR design), a sudden loss of a fully loaded TPE system with the nuclear plant 
operating at 100% power will leave little or no margin for additional actuations (e.g., pressurizer relief 
operation). Evaluation of plant response to a load rejection event, among other transient scenarios, would 
be required on a site-specific basis. 
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6.2 Equipment Assessment 
The effects of 50% TPE on plant secondary equipment has been investigated. A detailed description 

of the effects on this equipment can be found in Appendix I through Appendix O. 

6.2.1 Turbine Cycle 
A representative turbine cycle was chosen to evaluate the impacts of TPE on turbine performance and 

operations. The design of the turbine cycle was the same for both the 30% and 50% TPE scenarios; a 
single HPT and three parallel LPTs were modeled. The representative cycle contains a MSR between the 
HPT and LPTs, where moisture is removed from the HPT exhaust and heated with two stages of 
regenerative heating. The turbines provide extraction to seven FWH stages. 

The representative turbine cycle performance was modeled in a PEPSE model which contains cases 
benchmarked to the turbine vendor’s thermal kit. Cases at VWO, rated thermal power (100%), and 50% 
power are provided. 

Turbine performance was assessed for two extraction scenarios: (1) 50% thermal energy extracted 
from main steam, and (2) 50% thermal energy extracted from main steam with 20% condensate flow 
bypass around the LP feedwater heaters. Modification to the PEPSE heat balance for these scenarios was 
performed as documented in Appendix A. The modification included removal of steam from the main 
steam system and return of the condensate to the main condenser after energy was extracted in the 
reboiler/s. In the bypass case, the LP FWH bypass valve would be opened to facilitate partial condensate 
bypass around the LP FWHs. 

Table 6.2-1 shows the change in mass flows at various location along the turbines. 

Table 6.2-1. Mass flow comparison. 

Location 
Baseline Mass 
Flow (lbm/hr) 

50% TPE 
50% TPE 
w/ Bypass 

Mass Flow 
(lbm/hr) 

Percent 
Change 

Mass Flow 
(lbm/hr) 

Percent 
Change 

Throttle Valve Inlet 15,218,400 8,615,524 -43% 8,619,505 -43% 

HPT Bowl (Left) 7,609,201 4,307,762 -43% 4,309,753 -43% 

Governing Stage Shell (Left) 7,609,201 4,307,762 -43% 4,309,753 -43% 

FWH6 Extraction Stage (Left) 6,808,507 3,673,657 -46% 3,589,053 -47% 

HPT Exhaust (Left) 6,808,507 3,673,657 -46% 3,589,053 -47% 

HPT Bowl (Right) 7,609,201 4,307,762 -43% 4,309,753 -43% 

Governing Stage Shell (Right) 7,609,201 4,307,762 -43% 4,309,753 -43% 

FWH7 + RH2 Extraction Stage (Right) 6,550,264 3,736,225 -43% 3,722,015 -43% 

HPT Exhaust (Right) 6,550,264 3,736,225 -43% 3,722,015 -43% 

LPT A Bowl 3,673,069 1,980,267 -46% 1,845,837 -50% 

FWH4A Extraction Stage 3,470,241 1,789,735 -48% 1,704,350 -51% 

FWH3A Extraction Stage 3,271,723 1,600,058 -51% 1,562,271 -52% 

FWH2A Extraction Stage 3,075,061 1,443,447 -53% 1,436,663 -53% 

MR (to FWH1A) Extraction Stage 3,015,812 1,418,517 -53% 1,412,978 -53% 

FWH1A Extraction Stage 2,855,450 1,309,843 -54% 1,323,666 -54% 
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Location 
Baseline Mass 
Flow (lbm/hr) 

50% TPE 
50% TPE 
w/ Bypass 

Mass Flow 
(lbm/hr) 

Percent 
Change 

Mass Flow 
(lbm/hr) 

Percent 
Change 

MR (to LPT A Exhaust) Extraction Stage 2,788,284 1,283,649 -54% 1,297,881 -53% 

LPT A Exhaust 2,788,284 1,283,649 -54% 1,297,881 -53% 

LPT B Bowl 3,673,069 1,980,267 -46% 1,845,837 -50% 

FWH4B Extraction Stage 3,468,763 1,788,450 -48% 1,703,682 -51% 

FWH3B Extraction Stage 3,273,638 1,600,396 -51% 1,563,189 -52% 

FWH2B Extraction Stage 3,068,421 1,437,431 -53% 1,434,512 -53% 

MR (to FWH1B) Extraction Stage 3,008,809 1,413,529 -53% 1,411,741 -53% 

FWH1B Extraction Stage 2,847,364 1,303,364 -54% 1,321,198 -54% 

MR (to LPT B Exhaust) Extraction Stage 2,780,228 1,276,719 -54% 1,294,929 -53% 

LPT B Exhaust 2,780,228 1,276,719 -54% 1,294,929 -53% 

LPT C Bowl 3,673,069 1,980,267 -46% 1,845,837 -50% 

FWH4C Extraction Stage 3,473,448 1,792,958 -48% 1,706,039 -51% 

FWH3CExtraction Stage 3,278,225 1,604,687 -51% 1,565,294 -52% 

FWH2C Extraction Stage 3,070,612 1,438,541 -53% 1,434,238 -53% 

MR (to FWH1C) Extraction Stage 3,011,389 1,413,650 -53% 1,410,563 -53% 

FWH1C Extraction Stage 2,850,762 1,304,880 -54% 1,320,862 -54% 

MR (to LPT C Exhaust) Extraction Stage 2,783,458 1,278,498 -54% 1,294,859 -53% 

LPT C Exhaust 2,783,458 1,278,498 -54% 1,294,859 -53% 
 

6.2.1.1 High-Pressure Turbine 
As shown in Table 6.1-1, across both 50% TPE scenarios, the turbine experiences a reduction in mass 

flow rate between ~43% and ~54%. Notably, the HPT interstage flows all decrease by a similar margin 
(43% to 47%). Based on the relatively consistent reduction in flow on either side, additional stress due to 
imbalanced loading on the turbine is not expected. 

HPT performance modeled by PEPSE is visually represented on the Enthalpy‐Entropy Chart in 
Figure 6.2-1. 
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*  Rated load and 75% power cases refer to the turbine kit values from the vendor for the specific turbine design. Baseline 

refers to normal operation with 0% TPE. 
Figure 6.2-1. Enthalpy-entropy chart (HPT). 

The entropy-enthalpy chart illustrates that the 50% TPE cases trend very closely with the 50% power 
case. Based on the review of PEPSE heat balance conditions, the turbine is expected to operate within 
design for the 50% TPE case. However, final acceptability of operation under this condition must be 
confirmed with the turbine OEM on a plant-specific basis. The complete HPT analysis is included as 
Appendix I. 

6.2.1.2 Low-Pressure Turbines 
As shown in Table 6.1-1, the LPTs experience a mass flow rate reduction of 46% to 54% when 

operating in the 50% TPE cases.  

The entropy-enthalpy chart for the LPTs is shown below in Figure 6.2-2. 
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*  Rated load and 75% power cases refer to the turbine kit values from the vendor for the specific turbine design. Baseline 

refers to normal operation with 0% TPE. 
Figure 6.2-2. Enthalpy-entropy chart (LPTs). 

As shown in the HPT Enthalpy-Entropy Chart, the 50% TPE case trends very closely with the 50% 
power case. Based on the review of the PEPSE heat balance conditions, the turbines are expected to 
operate within design for up to 50% TPE. Final acceptability of operation under this condition must be 
confirmed with the turbine OEM on a plant-specific basis. The complete analysis of the LPTs is included 
as Appendix I. 

6.2.2 Condensers 
The operating conditions of the main condenser were evaluated for the two (2) 50% TPE scenarios, 

with and without partial LP FWH bypass, with respect to baseline operation.  

Required air removal capacity was not specifically evaluated since the major sources of 
noncondensable gases are not expected to change compared to baseline conditions. 

Condenser operating conditions are tabulated below in Table 6.2-2. 

Table 6.2-2. Condenser operating conditions. 

Description Units 0% 50% Δ 
(50%) 

50% w/ 
Bypass 

Δ (50% w/ 
Bypass) 

Condenser A Shell 
Pressure psia 1.24 0.87 -29.6% 0.88 -29.5% 

Condenser A Shell 
Flow lbm/hr 3,120,435 1,581,734 -49.3% 1,585,830 -49.2% 

Condenser A Duty BTU/hr 2.92E+09 1.57E+09 -46.1% 1.58E+09 -45.9% 
Condenser B Shell 
Pressure psia 1.38 0.90 -34.9% 0.90 -34.5% 
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Description Units 0% 50% Δ 
(50%) 

50% w/ 
Bypass 

Δ (50% w/ 
Bypass) 

Condenser B Shell 
Flow lbm/hr 2,850,639 1,306,657 -54.2% 1,324,491 -53.5% 

Condenser B Duty BTU/hr 2.64E+09 1.29E+09 -51.1% 1.31E+09 -50.4% 
Condenser C Shell 
Pressure psia 1.64 0.99 -39.8% 1.00 -39.4% 

Condenser C Shell 
Flow lbm/hr 2,854,037 1,308,173 -54.2% 1,324,155 -53.6% 

Condenser C Duty BTU/hr 2.65E+09 1.31E+09 -50.5% 1.33E+09 -49.9% 

Hotwell Temperature °F 115.6 98.1 -17.5°F 98.3 -17.3°F 

Condensate Flow lbm/hr 11,334,490 11,889,450 4.90% 11,475,500 1.2% 
 

The evaluation of condenser operating conditions shows that the condenser will continue to meet 
operation requirements for 50% TPE conditions, and the evacuation capacity of the condensers is not 
affected by operating with 50% TPE under either scenario. Condenser steam flow rates, backpressures, 
and heat loads decrease for the TPE cases; therefore, backpressure limits will not be challenged and flow-
induced vibrations will be reduced.  

A detailed analysis of the condenser can be found as Appendix J. 

6.2.3 Pumps 
The power train pump systems evaluated under the 50% TPE scenarios (with and without partial LP 

FWH bypass) are the CDPs, CBPs, FWPs, and the HDPs, along with the associated HDT control valves. 
Each system was analyzed through the use of a generic Fathom hydraulic model of the CD, CB, HD 
forwarding, and FW systems. The condenser pressure, FW flow, HD flow, and water temperatures were 
taken from the PEPSE heat balance results. These conditions are provided in Appendix I. 

6.2.3.1 Preferred Operating Region (POR) 
Table 6.2-3 shows the POR for the four pumps evaluated. For the CDPs, CBPs, and TDFPs, the 

percent BEP remains within the associated POR, and changes from the base scenario to the 50% TPE 
cases are minimal. The HDPs experience a significant change in operating point, falling outside of the 
acceptance criterion by approximately 8% to 15% with and without bypass, respectively. The HDPs will 
have to be evaluated on a plant-specific basis, and vendors will need to be engaged to determine whether 
the pumps can appropriately operate at the POR for extended durations. However, it is not expected that 
any equipment changes will be required. 

Table 6.2-3. Pump preferred operating regions. 

Pump 
Acceptance 

Criteria 0% 50% Δ (50%) 
50% w/ 
Bypass 

Δ (50% w/ 
Bypass) 

Condensate Pumps (CDP) 70% - 120% 109.6 114.3 4.3% 110.4 0.7% 
Condensate Booster Pumps 
(CBP) 70% - 120% 114.3 119.2 4.3% 115.1 0.7% 

Turbine Drain Feed Pump 
(TDFP) 70% - 120% 99.1 92.4 -6.8% 94.9 -4.3% 

Heater Drain Pumps (HDP) 80% - 115% 102.8 65.1 -36.7% 72.0 -29.9% 
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6.2.3.2 Pump Driver Duty 
The power requirement for each pump to perform as hydraulically characterized in the Fathom model 

is reported as part of the pump performance results. The evaluation of these pump drivers under the 
baseline and 50% TPE scenarios is tabulated in Table 6.2-4. 

Table 6.2-4. Evaluation of pump driver duty (hp). 

Pump 

Baseline 
Mass Flow 

(lbm/hr) 

50% TPE 
50% TPE 
w/ Bypass 

Mass Flow 
(lbm/hr) 

Percent 
Change 

Mass Flow 
(lbm/hr) 

Percent 
Change 

CDP Gearbox 664 686 3.3% 670 0.9% 

CDP/CBP Motor 3157 3253 3.0% 3,184 0.8% 

TDFP Turbine 8590 7772 -9.5% 7,188 -16.3% 

HDP Motor 1894 1844 -2.6% 1,900 0.3% 
 

The duty on the CDP gearbox and CDP/CBP motor increases slightly for 50% TPE without bypass. 
These would need to be evaluated against the rated horsepower of their associated drivers. The duty on 
the TDFP turbine and HDP motor decreases and is expected to meet the acceptance criteria for 50% TPE. 
In all cases for the bypass scenario, increases are less than 1%, and should continue to meet the 
acceptance criteria. 

6.2.3.3 Net Positive Suction Head (NPSH) Ratio 
The NPSH ratio (NPSHa/NPSHr) is a measure of the available suction head margin for a pump. A 

general acceptance criterion of 2.0 to 2.5 is used for conservatism, depending on the pump. 

Table 6.2-5 provides the NPSH ratio for the evaluated pumps. 

Table 6.2-5. Evaluation of NPSH ratio. 

Pump 
HI / ANSI 
Guideline 0% 50% Δ (50%) 

50% w/ 
Bypass 

Δ (50% w/ 
Bypass) 

CDP ≥ 2.0 1.86 1.73 -7.4% 1.87 0.3% 

CBP ≥ 2.5 2.86 2.22 -22.4% 2.75 -4.0% 

TDFP ≥ 2.5 2.42 4.58 89.0% 5.59 130.7% 

HDP ≥ 2.0 16.27 12.58 -22.7% 15.60 -4.1% 
 

The NPSH ratio for the TDFPs significantly improves in both extraction scenarios compared to the 
baseline scenario. With no LP FWH bypass, the CDP, CBP, and HDP NPSH ratios decrease rather 
significantly. The CDP and CBP NPSH ratios are below the HI/ANSI guideline for both cases but are not 
expected to significantly increase the risk of cavitation. Conversely, for the partial LP FWH bypass 
scenario, only the CDP NPSH ratio is below the HI/ANSI guideline but is shown to actually reduce 
cavitation risk compared to the baseline scenario. Although no physical changes are expected to the 
CDPs, CBPs, and HDPs, they should be evaluated for acceptance on a plant-specific basis unless 
operating under partial bypass. 
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6.2.3.4 Suction and Discharge Pressure 
Suction and discharges pressures for each pump are compared in Table 6.2-6.  

Table 6.2-6. Pump suction and discharge pressures. 

Pump 
0% 50% Δ (50%) 50% w/ Bypass Δ (50% w/ Bypass) 

Suction Pressure (psig) 
CDP -5.1 -5.7 -5.9% -5.6 -5.0% 

CBP 99.2 93.2 -5.3% 98.2 -0.9% 

TDFP 425.0 409.4 -3.5% 457.8 7.5% 

HDP 184.8 102.1 -41.5% 95.3 -44.9% 

Pump Discharge Pressure (psig) 
CDP 129.5 126.2 -2.3% 129.0 -0.3% 

CBP 584.3 564.8 -3.3% 582.7 -0.3% 

TDFP 1,130.5 1,115.8 -1.3% 1,115.3 -1.3% 

HDP 696.1 795.7 14.0% 772.4 10.7% 
 

Overall, suction and discharge pressures remain relatively unchanged or decrease slightly for the 50% 
TPE cases. The exceptions are the HDP suction pressure, which decreases by 40-45% under either 
extraction scenario, and the HDP discharge pressure, which increases by 10-15%. Suction pressures will 
need to be evaluated on a plant-specific basis to ensure that they do not fall below low alarm setpoints. 

6.2.3.5 Turbine Driven Feedwater Pump Speed 
The FW flow through the pumps is regulated by the speed of the driving turbine, which receives 

steam from the main steam system. In the Fathom model, the turbine speed was calculated based on the 
required flow and developed head required of the TDFPs. 

As shown in Table 6.2-7 above, the max calculated turbine speed decreases, therefore the margin 
improves for both 50% TPE cases and is not expected to challenge the TDFP speed acceptance criteria. 

Table 6.2-7. Evaluation of FWP turbine speed. 

Description 

Speed (rpm) 

0% 50% Δ (50%) 
50% w/ 
Bypass 

Δ (50% w/ 
Bypass) 

Max Calculated Turbine Speed 5,022 4,847 -3.5% 4,702 -6.4% 
 

6.2.3.6 Heater Drain Tank Level Control Valves 
The HDT level control valves are evaluated for controlling margin. Acceptable control margin 

corresponds to a valve position of less than 50% open, so that each operating valve maintains the ability 
to pass all of the drain flow.  

Based on these results in Table 6.2-8, the HD tank level control valves meet the acceptance criteria, 
improving margin for the 50% TPE cases. 
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Table 6.2-8. Heater drain level control valve evaluation. 

Description 
Acceptance 

Criteria 

Valve Position (% Open) 

Δ (50%) 

Δ (50% 
w/ 

Bypass) 0% 50% 50% w/ Bypass 
HD Level Control Valve ≤ 50% 26.0 13.0 16.5 -50.2% -36.8% 

 

6.2.3.7 Power Train Pump Assessment Summary  
Based on the analysis above, the changes from baseline operation to 50% TPE on power train pumps 

are minimal. Pump operating point changes by less than 10% for all pumps except for the heater drain 
pumps (HDPs) which see a reduction in percent BEP of 30% to 37%. It is not expected that any 
equipment changes will be needed to address this, but the HDPs will have to be evaluated with plant-
specific operating conditions and design margins.  

Changes to pump driver duty are also small, although the duty on the CDPs and CBPs increase and 
will need to be evaluated against the rated horsepower of their associated drivers on a plant-specific basis.  

Without bypass, the CDPs and CBPs require plant-specific evaluation due to the ~7% and ~22% 
decrease in NPSH ratio, respectively. Conversely the 50% TPE scenario with partial LP FWH bypass 
observes much smaller impacts to these NPSH ratios. It is not expected that there will be any equipment 
changes necessary. However, pumps should be evaluated on a plant-specific basis to ensure all acceptance 
criteria are met. A detailed pump analysis is provided in Appendix K. 

6.2.4 Moisture Separator Reheaters (MSRs) 
The MSRs take wet exhaust steam from the HPT and pass it through a series of chevrons to remove 

moisture. The steam then goes through two stages of heat exchangers where it is heated before being sent 
to the LPTs. 

MSR operating conditions for the baseline (0% TPE) and 50% TPE scenarios (with and without 
partial LP FWH bypass) are compared in Table 6.2-9. 

Table 6.2-9. MSR operating conditions. 

Description Units 0% 50% Δ (50%) 
50% w/ 
Bypass 

Δ (50% 
w/ 

Bypass) 

MSR Removal Effectiveness – 0.95 0.95 0.00% 0.95 0.00% 

MSR Chevrons Inlet Flow lbm/hr 3,151,396 1,668,457 -47.1% 1,561,720 -50.4% 

MSR Chevrons Inlet 
Enthalpy BTU/lbm 1,104 1,123 1.73% 1,119 1.37% 

MSR Chevrons Inlet Pressure psia 190.3 104.6 -45.0% 97.6 -48.7% 

MSR 1st Stage Inlet Enthalpy BTU/lbm 1,193 1,185 -0.68% 1,183 -0.79% 

MSR 1st Stage Inlet Pressure psia 184.6 101.4 -45.0% 94.7 -48.7% 

MSR 2nd Stage Inlet 
Enthalpy BTU/lbm 1,227 1,217 -0.81% 1,218 -0.74% 

MSR 2nd Stage Inlet Pressure psia 181.8 99.9 -45.0% 93.3 -48.7% 
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The impacts to the MSRs are primarily a reduction in flow, with minimal change in enthalpies. The 
approximately 47% to 50% mass flow reduction is similar to 50% power with no TPE. From these results, 
it is concluded that MSRs will not be affected by 50% TPE operating conditions.  

For a detailed analysis of the MSR, refer to Appendix I. 

6.2.5 Feedwater Heaters 
The CD and FW systems deliver feedwater (condensed steam) to the SG. The CD system first directs 

flow through three parallel strings of LP feedwater heaters (1st point external drain cooler and 1st through 
4th point heaters). Flow then passes through two parallel strings of LP feedwater heaters (5th point external 
drain cooler, 5th and 6th point heaters) to the TDFPs. FW flow then continues through two parallel HP 
feedwater heaters (7th point heaters) to the SG. The feedwater heaters receive ES flow and MSRs drain 
flow from the turbine system.  

The feedwater heaters are evaluated for two scenarios: (1) 50% thermal energy extracted from main 
steam, and (2) 50% thermal energy extracted from main steam with 20% condensate flow bypass around 
the LP feedwater heaters. Relevant values from the FWH evaluation are provided below. 

6.2.5.1 Nozzle and Tube Velocities 
Table 6.2-10 provides feedwater heater channel end nozzle velocities for the 50% TPE cases. 

Table 6.2-10. Condensate/feedwater heater nozzle velocities. 

FW Heater 

Velocity (ft/s) 

Δ (50%) 
Δ (50% w/ 

Bypass) HEI Limit 0% 50% 
50% w/ 
Bypass 

1st EDC 10 11.9 12.5 12.0 4.9% 1.2% 
1st Point 10 11.9 12.5 12.0 4.9% 1.2% 
2nd Point 10 11.9 12.5 12.0 4.9% 1.2% 
3rd Point 10 11.9 12.5 12.0 4.9% 1.2% 
4th Point 10 11.9 12.5 12.0 4.9% 1.2% 
5th EDC 10 10.0 10.4 10.1 4.9% 1.2% 
5th Point 10 9.6 9.0 8.9 -6.8% -7.0% 
6th Point 10 9.6 9.0 8.9 -6.8% -7.0% 
7th Point Inlet 10 10.2 9.5 9.5 -6.8% -7.0% 
7th Point Outlet 10 15.8 14.7 14.7 -6.8% -7.0% 

 
Tube side nozzle velocities exceed the HEI guidelines for several of the FWHs and drain coolers; 

however, changes from the baseline case are small or decrease. As a result, feedwater nozzle wear is not 
expected to be an issue. 

Table 6.2-11 provides the FWH tube velocities based on the density at average tube temperature. 
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Table 6.2-11. FWH tube velocities. 

FW Heater 

Velocity (ft/s) 

Δ (50%) 
Δ (50% w/ 

Bypass) HEI Limit 0% 50% 
50% w/ 
Bypass 

1st EDC 10 10.7 11.2 10.8 4.4% 0.8% 

1st Point 10 8.9 9.3 9.0 4.1% 0.5% 

2nd Point 10 9.1 9.4 9.1 3.6% 0.1% 

3rd Point 10 9.6 9.9 9.6 3.1% -0.4% 

4th Point 10 8.1 8.3 8.0 2.6% -0.9% 

5th EDC 10 7.0 7.1 6.8 2.2% -2.8% 

5th Point 10 9.1 8.3 8.2 -9.4% -10.4% 
6th Point 10 8.5 7.6 7.6 -9.7% -10.3% 
7th Point 10 8.8 7.9 7.9 -10.3% -10.7% 

 
Tube velocities remain below or marginally exceed the HEI guidelines for the 50% TPE cases. 

Because changes are small, it is not expected that this will impact FWH and drain cooler tube 
degradation. 

Table 6.2-12 and Table 6.2-13 provide the FWH steam inlet and drain outlet nozzle velocities, 
respectively. 

Table 6.2-12. Steam inlet nozzle velocity. 

FW Heater 
Velocity (ft/s) 

Δ (50%) Δ (50% w/ 
Bypass) HEI Limit 0% 50% 50% w/ 

Bypass 
1st Point 215 137 215 175 57.3% 27.8% 

2nd Point 195 148 272 215 83.7% 45.0% 

3rd Point 179 179 348 269 94.5% 50.3% 

4th Point 167 156 287 224 84.5% 44.1% 

5th Point 156 101 183 282 80.8% 178.6% 

6th Point 150 103 150 174 45.6% 69.5% 

7th Point 146 80 91 98 13.5% 22.4% 
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Table 6.2-13. Drain outlet nozzle velocity. 

FW Heater 
Velocity (ft/s) 

Δ (50%) Δ (50% w/ 
Bypass) HEI Limit 0% 50% 50% w/ 

Bypass 
1st EDC 4.0 2.3 1.9 1.5 -18.4% -36.7% 

1st Point 4.0 1.8 1.1 0.9 -40.0% -49.2% 

2nd Point 4.0 2.9 2.6 1.9 -11.2% -32.7% 

3rd Point 4.0 2.4 2.2 1.7 -6.8% -30.6% 

4th Point 4.0 2.8 2.6 1.9 -8.1% -32.0% 

5th EDC 4.0 1.8 1.3 1.5 -25.0% -14.9% 

5th Point 4.0 2.5 1.9 2.1 -25.3% -14.3% 

6th Point 4.0 2.7 2.0 2.1 -25.1% -22.5% 

7th Point 4.0 2.2 1.6 1.6 -26.7% -28.4% 
 

For the 50% TPE scenario with no bypass, steam inlet nozzle velocities for the TPE case increase for 
all FWHs and exceed the HEI guideline for the 2nd, 3rd, 4th, and 5th point heaters. For the 50% TPE 
scenario with partial LP FWH bypass, steam inlet nozzle velocities for the TPE case increase for all 
FWHs and exceed the HEI guideline for the 2nd, 3rd, 4th, 5th, and 6th point heaters. The increases in velocity 
on the 2nd, 3rd, and 4th point heaters are greater for the scenario with no LP FWH bypass, while the 5th and 
6th point heater inlet nozzle velocities are greater for the partial LP FWH bypass scenario. Shell wear rates 
will likely increase, as it should be noted that changes to steam inlet velocity can affect the wear pattern 
of the shell. Shear stresses will also likely increase proportional to the velocities. Future inspections 
should be mindful of these changes. For FWHs inspected less than every outage, there is a high likelihood 
that inspection frequency will increase. However, a frequency greater than once per outage cycle is not 
expected. FAC evaluations should be performed to determine the operating impacts of these increased 
velocities. 

Drain outlet velocities decrease for both TPE cases, so HEI guidelines are not challenged, and wear 
rates may decrease.  

6.2.5.2 Tube Side Pressure Drop 
The tube side pressure drop principally affects two design issues, (i) the differential pressure across 

the PPP, and (ii) the total pressure drop in the feedwater train.  

To review the impact on PPP pressure loss, the change in mass flow rate squared is shown in 
Table 6.2-14. 
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Table 6.2-14. Pass partition plate pressure loss. 

FW 
Heater 

Mass Flow Rate 
(lbm/hr) 

Ratio of Flow Rates (R) 

PPP dP 
50% Extraction 

vs. Baseline 

50% Extraction w/ 
Bypass vs. 
Baseline 

0% 50% 
50% w/ 
Bypass R R² R R² 50% 

50% w/ 
Bypass 

1st EDC 3,778,163 3,963,150 3,825,167 105% 110% 101% 103% 10% 3% 
1st Point 3,778,163 3,963,150 3,825,167 105% 110% 101% 103% 10% 3% 
2nd Point 3,778,163 3,963,150 3,825,167 105% 110% 101% 103% 10% 3% 
3rd Point 3,778,163 3,963,150 3,825,167 105% 110% 101% 103% 10% 3% 
4th Point 3,778,163 3,963,150 3,825,167 105% 110% 101% 103% 10% 3% 
5th EDC 5,667,245 5,944,725 5,737,750 105% 110% 101% 103% 10% 3% 
5th Point 8,033,640 7,491,240 7,473,040 93% 87% 93% 87% -13% -13% 
6th Point 8,033,640 7,491,240 7,473,040 93% 87% 93% 87% -13% -13% 
7th Point 8,033,640 7,491,240 7,473,040 93% 87% 93% 87% -13% -13% 

 
The pressure loss across the PPP is expected to increase in FWHs 1 through 4 and both external drain 

coolers. However, the expected increase in tube side pressure drop for the TPE case is not expected to 
appreciably impact reliable operation of the heaters. This increase is less pronounced in the partial LP 
FWH bypass scenario compared to the case with no bypass. 

6.2.5.3 Drain Inlet Nozzle Mass Flux 
The mass flux and mass flux parameter of flashing condensate flows entering the shell side of the 

FWHs are provided in Table 6.2-15 and Table 6.2-16 for the two (2) 50% TPE scenarios. 

Table 6.2-15. Heater drain inlet nozzle mass flux and mass flux parameter for 50% thermal power 
extraction. 

FW Heater 

Mass Flux (lbm/s/ft2) Mass Flux Parameter (lbm/ft/s2) 

HEI Limit 0% 50% Δ (50%) HEI Limit 0% 50% Δ (50%) 
1st EDC 250 141 116 -18.0% 4,000 4,755 3,704 -22.1% 
2nd Point 250 148 140 -5.3% 4,000 6,491 7,663 18.1% 
3rd Point 250 179 168 -6.1% 4,000 4,141 5,177 25.0% 
5th EDC 250 102 78 -23.0% 4,000 199 109 -42.4% 
5th Point 
(cascading) 

250 188 145 -22.6% 4,000 647 375 -42.0% 

5th Point (MSR) 250 119 56 -53.1% 4,000 4409 1,480 -66.4% 
6th Point 250 118 90 -23.7% 4,000 515 291 -43.6% 
7th Point 250 112 96 -13.9% 4,000 2,177 3,878 78.1% 
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Table 6.2-16. Heater drain inlet nozzle mass flux and mass flux parameter for 50% thermal power 
extraction with partial LP FWH bypass. 

FW Heater 

Mass Flux (lbm/s/ft2) Mass Flux Parameter (lbm/ft/s2) 
HEI 

Limit 0% 
50% w/ 
Bypass 

Δ (50% w/ 
Bypass) HEI Limit 0% 

50% w/ 
Bypass 

Δ (50% w/ 
Bypass) 

1st EDC 250 141 90 -36.4% 4,000 4,755 1,385 -70.9% 

2nd Point 250 148 105 -29.3% 4,000 6,491 3,249 -49.9% 

3rd Point 250 179 125 -30.4% 4,000 4,141 2,139 -48.4% 

5th EDC 250 102 90 -11.3% 4,000 190 144 -24.0% 
5th Point 
(cascading) 

250 188 151 -19.6% 4,000 647 403 -37.7% 

5th Point (MSR) 250 119 56 -53.4% 4,000 4409 1,632 -63.0% 

6th Point 250 118 88 -25.4% 4,000 515 261 -49.4% 

7th Point 250 112 91 -18.8% 4,000 2,177 3,549 63.0% 
 

For the 50% TPE case with no LP FWH bypass, drain inlet mass fluxes remain below HEI guidelines, 
but the mass flux parameters for the 2nd and 3rd point heaters exceed the guidelines for the TPE case. 
Under the partial LP FWH bypass scenario, none of the mass fluxes or mass flux parameters exceed HEI 
guidelines. For most FWHs, the mass flux parameter decreases, or the increase is small (<25%). The 
FWH 7 inlet mass flux parameter increases by 60-80% between the two scenarios, caused by the change 
in density from the lower shell pressure. If the subject station does not show sufficient margin to allow for 
this increase, additional flashing steam could increase wear rates at the drain inlet. Inspections would be 
recommended. 

6.2.5.4 Operating Pressure and Temperature 
Shell pressure and temperature is shown in Table 6.2-17. Tube side temperature is shown in  

Table 6.2-18.  

Table 6.2-17. Shell side operating pressures and temperatures. 

FW Heater 

Pressure (psia) Temperature (°F) 

0% 50% Δ (50%) 
50% w/ 
Bypass 

Δ (50% w/ 
Bypass) 0% 50% Δ (50%) 

50% w/ 
Bypass 

Δ (50% 
w/ 

Bypass) 
1st EDC 5.4 2.4 -55.1% 2.5 -54.4% 165.6 133.3 -32.3°F 133.9 -31.7°F 
1st Point 5.4 2.4 -55.1% 2.5 -54.4% 165.6 133.3 -32.3°F 133.9 -31.7°F 
2nd Point 15.9 7.3 -54.0% 7.3 -54.0% 215.9 178.8 -37.1°F 178.8 -37.1°F 
3rd Point 40.6 19.7 -51.5% 19.4 -52.3% 268.1 227.1 -41.0°F 226.2 -41.8°F 
4th Point 89.5 46.8 -47.8% 44.7 -50.0% 319.9 276.8 -43.1°F 274.1 -45.8°F 
5th EDC 186.1 102.3 -45.0% 95.5 -48.7% 375.8 329.5 -46.4°F 324.5 -51.3°F 
5th Point 186.1 102.3 -45.0% 95.5 -48.7% 375.8 329.5 -46.4°F 324.5 -51.3°F 
6th Point 287.1 161.3 -43.8% 157.5 -45.1% 413.3 364.2 -49.1°F 362.3 -51.1°F 
7th Point 408.7 229.2 -43.9% 224.5 -45.1% 446.7 393.4 -53.3°F 391.6 -55.1°F 
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Table 6.2-18. Tube side operating temperatures. 

FW Heater 

Temperature (°F) 

Δ (50%) 
Δ (50% w/ 

Bypass) 0% 50% 50% w/ Bypass 
1st EDC 126.6 103.9 104.1 -22.4°F -22.2°F 
1st Point 161.7 129.0 130.8 -32.1°F -30.2°F 
2nd Point 212.8 170.7 173.7 -39.5°F -36.4°F 
3rd Point 265.0 221.2 222.9 -41.9°F -40.2°F 
4th Point 316.4 270.2 270.2 -44.2°F -44.1°F 
5th EDC 332.2 283.1 258.1 -48.3°F -73.3°F 
5th Point 370.2 323.6 315.6 -46.3°F -54.3°F 
6th Point 409.7 360.9 358.4 -48.6°F -51.1°F 
7th Point 441.5 388.5 386.5 -51.8°F -53.7°F 

 
Operating temperatures and pressures decrease for all FWHs, therefore margins with design values 

will improve for the TPE case. 

6.2.5.5 Drain Cooler Tube Vibration 
Tube vibration in the 1st through 7th point heater drain coolers is evaluated by comparing the drain 

cooler volumetric flow rates. Results are provided in Table 6.2-19 below. 

Table 6.2-19. Drain cooler vibration. 

FW Heater 
Drain Volumetric Flow Rate (gpm) 

Δ (50%) 
Δ (50% w/ 

Bypass) 0% 50% 50% w/ Bypass 
1st EDC 1,671 1,364 1,058 -18.4% -36.7% 
2nd Point 1,240 1,101 835 -11.2% -32.7% 
3rd Point 842 784 585 -6.8% -30.6% 
4th Point 439 404 299 -8.1% -32.0% 
5th EDC 3,767 2,826 3,205 -25.0% -14.9% 
6th Point 2,434 1,824 1,887 -25.1% -22.5% 
7th Point 1,578 1,157 1,130 -26.7% -28.4% 

 
The volumetric flow through all drain coolers is expected to decrease during operation, resulting in 

increased margin for tube vibration parameters. 

6.2.5.6 Feedwater Heater Assessment Summary 
Tube and tube side nozzle velocities exceed the HEI guidelines for several of the FWHs and drain 

coolers, but changes from the baseline case are small or decrease, therefore it is not expected that 
flashing, tube degradation, or nozzle wear will be an issue. Steam inlet nozzle velocities exceed HEI 
guidelines for the 2nd, 3rd, 4th, 5th, and 6th (for partial LP FWH bypass scenario only) point heaters. This 
increase is more pronounced on the 5th and 6th point FWHs when partial bypass is implemented and could 
affect wear patterns of the shells. Evaluations should be performed on a site-specific basis to assess the 
impact of velocity increases on station FAC programs and inspection frequency. 
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Tube side pressure drop for the TPE case is not expected to appreciably impact heater reliability. 
Drain inlet mass fluxes remain below HEI guidelines, but the mass flux parameters for various heaters 
exceed the guidelines with no bypass. Implementing bypass nullifies this issue.  

Operating temperatures and pressures decrease for all FWHs, therefore design margins will improve 
for the TPE case. Volumetric flow through all drain coolers is also expected to decrease during TPE 
operation, resulting in increased margin for tube vibration parameters.  

It is not anticipated that feedwater heaters replacement will be required for 50% TPE. However, 
normal plant inspections would remain suitable to identify potential FAC issues. 

A detailed evaluation of the feedwater heaters is provided in Appendix M. 

6.2.6 Extraction Steam 
The ES system diverts steam taken from the turbine to the feedwater heaters. There are three stages of 

extraction from the HPT and four stages of extraction from each LPT. The ES is used to heat the 
feedwater in seven separate feedwater heater stages. 

There are three trains for the 1st through 4th point LP feedwater heaters, two trains for the 5th and 6th 
point LP feedwater heaters, and two trains for the 7th point HP feedwater heater. Heat balance data for the 
baseline and 50% TPE scenarios (with and without partial LP FWH bypass) is discussed below. 

6.2.6.1 Pressure Drop 
Table 6.2-20 shows the pressure drop in the ES lines. 

Table 6.2-20. Extraction eteam line pressure drop. 

Description 

Upstream Pressure (psia) Pressure Drop (psid) 

0% 50% 
50% w/ 
Bypass Δ (50%) 

Δ (50% w/ 
Bypass) 0% 50% 

50% w/ 
Bypass Δ (50%) 

Δ (50% w/ 
Bypass) 

HPT to 7th Stg FWH 451.0 258.4 257.5 -42.7% -42.9% 6.50 4.53 5.15 -30.2% -20.7% 

HPT to 6th Stg FWH 296.5 166.6 162.7 -43.8% -45.1% 8.46 9.76 12.91 15.3% 52.6% 

HPT to 5th Stg FWH 190.3 104.6 97.6 -45.0% -48.7% 4.97 8.81 19.67 77.4% 295.9% 

LPT to 4th Stg FWH 92.39 48.34 46.18 -47.7% -50.1% 4.33 7.49 4.34 73.0% 0.3% 

LPT to 3rd Stg FWH 41.9 20.36 19.96 -51.4% -52.4% 3.24 6.02 3.49 85.6% 7.5% 

LPT to 2nd Stg FWH 16.43 7.581 7.56 -53.9% -54.0% 0.78 1.15 0.71 46.7% -8.5% 

LPT to 1st Stg FWH 5.428 2.441 2.472 -55.0% -54.5% 0.13 0.13 0.09 -4.8% -34.4% 
 

For the scenario with no LP FWH bypass, the pressure drop in the lines from the HPT to 7th stage 
FWHs and LPTs to 1st stage FWHs decreases, but all other XSLs see an increase in pressure drop for the 
50% TPE case due to higher flow velocities. The most significant changes are in lines to the 3rd, 4th, and 
5th stage FWHs which have an increase in pressure drop of greater than 70%.  

With the addition of partial LP FWH bypass, the increased pressure drop at the 5th and 6th stage 
FWHs becomes significantly more pronounced. For the 5th stage heater specifically, the pressure drop is 
approximately 20% of the upstream pressure.  
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6.2.6.2 Operating Conditions 
ES line pressures and temperatures are compared below in Table 6.2-21. 

Table 6.2-21. Extraction steam line operating conditions. 

Description 

Line Pressure (psia) Line Temperature (°F) 

0% 50% 

50% 
w/ 

Bypass 
Δ 

(50%) 

Δ (50% 
w/ 

Bypass) 0% 50% 

50% 
w/ 

Bypass 
Δ 

(50%) 

Δ (50% 
w/ 

Bypass) 
HPT to 1st Stg 
Rhtr 448.7 257.1 256.2 -42.7% -42.9% 456.5 403.9 403.6 -52.6°F -52.9°F 

HPT to 7th Stg 
FWH 408.7 229.2 224.5 -43.9% -45.1% 456.5 403.9 403.6 -52.6°F -52.9°F 

HPT to 6th Stg 
FWH 287.1 161.3 157.5 -43.8% -45.1% 416.3 366.8 364.9 -49.5°F -51.4°F 

HPT to 5th Stg 
FWH 186.1 102.3 95.5 -45.0% -48.7% 377.6 331.1 326.1 -46.6°F -51.6°F 

LPT to 4th Stg 
FWH 89.6 46.9 44.8 -47.7% -50.0% 382.5 388.6 394.3 6.1°F 11.8°F 

LPT to 3rd Stg 
FWH 40.6 19.7 19.4 -51.4% -52.3% 270.1 241.5 250.5 -28.6°F -19.5°F 

LPT to 2nd Stg 
FWH 15.9 7.3 7.3 -53.9% -54.0% 217.7 180.4 180.3 -37.3°F -37.4°F 

LPT to 1st Stg 
FWH 5.4 2.4 2.5 -55.0% -54.5% 165.7 133.5 134.0 -32.2°F -31.7°F 

Pressures and temperatures decrease for the TPE case in all lines other than a small temperature 
increase (~10°F) in the 4th Stg FWH line, therefore design margins will largely improve. 

6.2.6.3 Expansion Joint Liner Thickness 
Required liner thicknesses are compared in Table 6.2-22. 

Table 6.2-22. Expansion joint liner thickness. 

Description 

Required Liner Thickness (in) 

Δ (50%) 
Δ (50% w/ 

Bypass) 0% 50% 50% w/ Bypass 
LPT to 4th Stg FWH 0.137 0.186 0.164 35.7% 20.0% 

LPT to 3rd Stg FWH 0.138 0.193 0.170 39.4% 22.6% 

LPT to 2nd Stg FWH 0.156 0.211 0.188 35.4% 20.4% 

LPT to 1st Stg FWH 0.149 0.187 0.169 25.3% 13.1% 
 

Liner thickness requirements increase for the TPE case. Existing expansion joints will need to be 
evaluated on a plant-specific basis and may need to be replaced to ensure they meet required thicknesses. 

6.2.6.4 Extraction Steam Assessment Summary 
Analysis of the ES system for the 50% TPE scenarios shows that XSL pressure drops increase in 

general due to higher flow velocities, with lines to the 3rd, 4th, 5th, and 6th (for the partial LP FWH bypass 
scenario only) stage feedwater heaters seeing significant increases. Expansion joint liner thickness 
requirements also increase in both cases, although these increases are less significant for the partial LP 
FWH bypass scenario. Existing expansion joints will need to be evaluated on a plant-specific basis and 
may need to be replaced to ensure they meet these new requirements. 
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Pressures and temperatures decrease during operation with TPE, with the exception of a small 
temperature increase (~10°F) in the 4th Stage FWH extraction line. This slight increase is expected to be 
within the design margin of a typical plant, with the other margins improving. 

Refer to Appendix N for a detailed evaluation of the ES system. 

6.2.7 Heater Drain System 
The FWH drain system design for 50% TPE is the same as the design for 30% TPE. This system is 

comprised of seven stages of feedwater heating for normal operations. System impacts under the two (2) 
50% TPE cases are assessed below. 

6.2.7.1 Valve Flow Capacity 
Valve volumetric flow is computed based on the mass flow rate and fluid temperature. Table 6.2-23 

compares volumetric flow for the baseline and 50% TPE scenarios. 

Table 6.2-23. Drain volumetric flow comparison. 

Description 

Volumetric Flow Rate (gpm) 

Δ (50%) 
Δ (50% w/ 

Bypass) 0% 50% 
50% w/ 
Bypass 

Flash Tank Normal 1,683 1,367 1,062 -18.8% -36.9% 

FWH 2 Normal 1,234 1,096 833 -11.2% -32.5% 

FWH 3 Normal 836 781 582 -6.6% -30.4% 

FWH 4 Normal 434 399 297 -8.1% -31.7% 

FWH 6 Normal 2,416 1,814 1,876 -24.9% -22.3% 

FWH 7 Normal 1,557 1,144 1,117 -26.5% -28.3% 

MSDT Normal 756 257 248 -66.0% -67.1% 

RHDT1 Normal 331 148 147 -55.2% -55.4% 

RHDT2 Normal 527 455 429 -13.8% -18.7% 

Flash Tank Emergency 1,683 1,367 1,062 -18.8% -36.9% 

FWH 2 Emergency 1,234 1,096 833 -11.2% -32.5% 

FWH 3 Emergency 836 781 291 -6.6% -65.2% 

FWH 4 Emergency 434 399 297 -8.1% -31.7% 

FWH 5 Emergency 3,890 2,910 3,333 -25.2% -14.3% 

FWH 6 Emergency 2,416 1,814 1,876 -24.9% -22.3% 

FWH 7 Emergency 1,557 1,144 1,117 -26.5% -28.3% 

MSDT Emergency 756 257 248 -66.0% -67.1% 

RHDT1 Emergency 331 148 147 -55.2% -55.4% 

RHDT2 Emergency 527 455 429 -13.8% -18.7% 
 

As shown above, all drains experience a decrease in flow. 
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6.2.7.2 Valve Pressure Drop 
The pressure drop across the valve is the minimum allowable pressure drop due to choked flow and 

the available pressure drop from valve inlet to outlet based on flow conditions and frictional losses. 
Pressure loss is computed in Table 6.2-24.  
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Table 6.2-24. Drain valve pressure loss for 50% thermal power extraction. 

Description 

Pressure Drop (psid) Δ (50%) Δ (50% w/ Bypass) 
0% 50% 50% w/ Bypass   

Choked Avail. Choked Avail Choked Avail Choked Avail Choked Avail 
Flash Tank Normal 2.7 7.3 3.1 5.6 3.5 6.2 16.0% -23.4% 31.2% -14.8% 
FWH 2 Normal 2.3 3.2 -0.6 -1.1 1.0 1.2 -126.3% -134.0% -57.5% -62.3% 
FWH 3 Normal 9.1 14.6 1.7 2.9 3.8 5.5 -81.2% -79.8% -58.6% -62.1% 
FWH 4 Normal 32.1 44.5 17.4 23.4 17.7 23.9 -45.6% -47.4% -44.9% -46.1% 
FWH 6 Normal 85.0 95.9 48.8 54.5 52.1 57.4 -42.6% -43.1% -38.7% -40.2% 
FWH 7 Normal 90.9 108.1 47.8 54.7 47.9 53.9 -47.4% -49.4% -47.3% -50.1% 
MSDT Normal 19.6 5.9 12.2 7.0 11.7 7.0 -37.8% 18.4% -40.5% 19.8% 
RHDT1 Normal 42.7 249.3 19.0 145.3 18.9 151.2 -55.5% -41.7% -55.7% -39.4% 
RHDT2 Normal 115.6 454.6 117.0 641.0 117.5 647.9 1.3% 41.0% 1.7% 42.5% 
Flash Tank 
Emergency 4.1 9.2 4.0 6.9 4.1 7.0 -1.0% -25.3% -0.4% -24.2% 

FWH 2 Emergency 5.5 11.7 2.6 5.0 4.3 7.3 -52.7% -57.2% -22.5% -37.3% 
FWH 3 Emergency 15.0 37.1 7.8 17.6 9.9 20.3 -48.3% -52.6% -34.0% -45.2% 
FWH 4 Emergency 38.4 92.0 24.0 50.8 24.3 51.2 -37.6% -44.8% -36.7% -44.4% 
FWH 5 Emergency 23.0 196.4 15.7 113.7 15.2 106.9 -31.7% -42.1% -34.0% -45.6% 
FWH 6 Emergency 86.9 283.3 50.8 158.7 54.1 154.7 -41.6% -44.0% -37.8% -45.4% 
FWH 7 Emergency 97.5 405.9 54.6 227.5 54.8 222.8 -44.0% -44.0% -43.8% -45.1% 
MSDT Emergency 16.4 186.0 8.8 103.5 8.2 96.8 -46.4% -44.3% -49.7% -47.9% 
RHDT1 
Emergency 47.6 444.7 23.7 256.2 23.6 255.3 -50.2% -42.4% -50.4% -42.6% 

RHDT2 
Emergency 116.8 862.6 118.5 870.8 119.1 873.3 1.5% 1.0% 2.0% 1.2% 
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All DCV experience choked flow conditions except for the MSDT and FWH 2 under normal 
operating conditions. The FWH 2 normal drain control valve exhibits excessive inlet and outlet pressure 
drop resulting in a negative pressure loss, which is not possible. Adjustments to the plant operation 
(opening of the emergency dump valve or opening of the LP FWH bypass) would be required in order to 
maintain normal operation under 50% TPE.  

To address the negative pressure loss issue faced by FWH 2 normal DCV, the partial LP FWH bypass 
scenario is developed, using 20% condensate flow bypass. Under this scenario, it is observed that the 
drain control valve experiences choked flow with a pressure drop of 1 psi. Similar to the no LP FWH 
bypass scenario, a majority of the valves experience a non-conservative reduction in allowable pressure 
loss.  

6.2.7.3 Required Valve Cv 
Required valve CV values are shown in Table 6.2-25. 

Table 6.2-25. Drain valve required Cv capacity. 

Description 

Cv 

Δ (50%) 
Δ (50% w/ 

Bypass) 0% 50% 
50% w/ 
Bypass 

Flash Tank Normal 1019 772 565 -24.2% -44.6% 
FWH 2 Normal 796 N/A 829 N/A 4.2% 
FWH 3 Normal 271 588 295 117.2% 9.1% 
FWH 4 Normal 74 93 69 26.0% -7.0% 
FWH 6 Normal 245 247 248 0.7% 1.0% 
FWH 7 Normal 150 155 151 3.4% 0.9% 
MSDT Normal 292 93 89 -68.3% -69.4% 
RHDT1 Normal 46 31 31 -31.3% -31.5% 
RHDT2 Normal 43 37 34 -14.4% -19.5% 
Flash Tank Emergency 823 675 523 -18.0% -36.4% 
FWH 2 Emergency 520 675 401 29.8% -22.9% 
FWH 3 Emergency 211 276 182 31.0% -13.6% 
FWH 4 Emergency 68 79 59 17.6% -13.2% 
FWH 5 Emergency 759 715 856 -5.9% 12.8% 
FWH 6 Emergency 243 242 243 -0.2% 0.3% 
FWH 7 Emergency 145 145 142 0.1% -2.3% 
MSDT Emergency 175 82 82 -52.8% -52.8% 
RHDT1 Emergency 43 28 28 -35.1% -35.2% 
RHDT2 Emergency 43 36 34 -14.5% -19.6% 
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The required Cv capacity for the low-pressure FWHs increases significantly with 50% TPEand no LP 
FWH bypass. FWHs 6 and 7 exhibit required increases of less than 5%, which is typically within the 
operating margin of a well sized drain control valve. Therefore, no equipment changes would be expected 
for these FWH DCVs, but a station specific review is required. FWH 4 DCVs require an increased Cv 
capacity of 18% to 26% and would require station specific review for valve acceptability. FWH 3 normal 
and emergency DCVs shows significantly increased flow capacity requirements, and would likely both 
need to be replaced, along with the FWH 2 emergency DCV. For the reference plant, the FWH 2 normal 
DCV cannot meet the flow capacity requirements of 50% TPE and would require operational and/or 
design changes in order to satisfy system requirements. This would need to be determined based on the 
plant-specific evaluation. Flash tank and the various MSR drain tanks all see reduced capacity 
requirements and remain acceptable. 

To address the flow capacity issue on the FWH 2 normal DCV, the 20% condensate flow bypass 
scenario is developed. With this operational change nearly all FWH DCVs experience a reduction or 
insignificant increase in required Cv, with the FWH 2 and 3 normal DCVs and FWH 5 emergency DCV 
being the only exceptions. Station specific review would be required to determine if valve/trim 
replacements are needed. 

6.2.7.4 Drain Tank Parameters 
The operating parameters for the MSDT, RH1DT, RH2DT, and Flash Tank are reviewed in 

Table 6.2-26. 

Table 6.2-26. Drain tank conditions. 

Parameter Units 0% 50% 50% w/ 
Bypass Δ (50%) Δ (50% w/ 

Bypass) 
MSDT Drain Flow lbm/hr 331,167 116,108 112,625 -64.9% -66.0% 

RH1DT Drain Flow lbm/hr 135,811 63,649 63,355 -53.1% -53.4% 

RH2DT Drain Flow lbm/hr 200,488 172,593 162,685 -13.9% -18.9% 

Flash Tank Drain Flow lbm/hr 821,877 674,238 523,929 -18.0% -36.3% 

MSDT Drain Pressure psia 184.6 101.4 94.7 -45.0% -48.7% 

RH1DT Drain Pressure psia 444.2 254.6 253.7 -42.7% -42.9% 

RH2DT Drain Pressure psia 864.2 870.5 872.5 0.7% 1.0% 

Flash Tank Drain Pressure psia 5.42 2.43 2.47 -55.1% -54.5% 

MSDT Drain Temperature °F 375.1 328.8 323.9 -46.3°F -51.2°F 

RH1DT Drain Temperature °F 455.0 402.6 402.3 -52.4°F -52.7°F 

RH2DT Drain Temperature °F 527.2 528.0 528.3 0.8°F 1.1°F 

Flash Tank Drain Temperature °F 165.2 132.6 133.4 -32.6°F -31.8°F 
 

Mass flow rates decrease for all drain tanks. Pressure and temperatures also decrease for all tanks 
except the 2nd stage reheater drain tank, which marginally increases. As a result, the heater drain system 
drain tanks are expected to operate normally during TPE operation.  
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6.2.7.5 Heater Drain Assessment Summary 
The required Cv capacity for all the flash tank and the various MSR drain tanks DCVs show reduced 

capacity requirements when operating with 50% thermal power extraction. With no LP FWH bypass, the 
DCVs for a majority of the feedwater heaters would require greater flow passing capability. FWHs 6 and 
7 exhibit required increases of less than 5%, therefore no equipment changes are expected. FWH 4 
requirements increased by 26% and will require station specific review to determine if valve replacement 
is necessary. FWHs 2 and 3 show significant increases in required flow capacity, with the FWH 2 normal 
DCV not being able to support 50% TPE without use of the emergency DCV or partial LP FWH bypass. 
The partial LP FWH bypass scenario was run to assess this alternate case. Station specific review may 
determine that replacement of the FWH 2 and 3 DCVs is sufficient to address this issue without any plant 
operating changes. 

By modifying plant operation by allowing for 20% condensate flow bypass around the LP feedwater 
heaters, the increase in required flow capacity for the feedwater heaters is significantly reduced. Through 
this change, the FWH 2 and 3 normal DCVs experience increases in required Cv of less than 10% and 
should be evaluated to determine if replacement would be needed on a site-specific basis. All other DCVs 
should experience a decrease in Cv or negligible (<1%) increase and are not expected to require 
replacement. However, this may require modification to the LP FWH bypass valve to allow for specified 
flow control. 

Operating parameters for all heater drain system drain tanks either decrease or show minimal change 
and are expected to operate normally during TPEoperation. 

A detailed evaluation of the Heater Drain system is provided in Appendix O. 

7. THERMAL EXTRACTION MODEL RESULTS – 70% 
7.1 Thermal Analysis 

7.1.1 PEPSE 
Modifying the generic PEPSE model, plant impacts were assessed for 70% TPE. Table 7.1-1 provides 

key information pertaining to plant impacts at this degree of extraction. The PEPSE diagrams provided in 
Appendix A (pages A29, A36, and A37) show the results considering the baseline (0% TPE) and 70% 
TPE cases.  

Table 7.1-1. General impacts for 70% thermal power extraction. 

Description Units 0% 70% Δ (70%) 
Generator Electric Power MWe 1,228.0 327.3 -73.3% 

Thermal Power Extracted MWt 0 2,557 – 

% of Flow - MS % 0 55.0 – 

MS Flow from SGs lbm/hr 16,037,390 14,316,180 -10.7% 

HP Turbine Inlet Flow lbm/hr 15,218,400 5,893,152 -61.3% 

HP Turbine First Stage Pressure psia 651.5 260.4 -60.0% 

MSR Inlet Pressure psia 190.3 65.5 -65.6% 

LP Turbine Inlet Flow lbm/hr 3,673,069 1,230,440 -66.5% 

LP Turbine Inlet Pressure psia 175.5 60.4 -65.6% 

Condenser Duty BTU/hr 8.21E+09 2.57E+09 -68.7% 
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Description Units 0% 70% Δ (70%) 
Condensate Pump Flow lbm/hr 11,334,490 11,900,900 5.0% 

Heater Drain Pump Flow lbm/hr 4,732,792 2,445,181 -48.3% 

Feedwater Pump Flow lbm/hr 16,067,280 14,346,080 -10.7% 

Final Feedwater Temperature °F 440.9 354.0 -86.9°F 
Cascading drain Flow to 
Condenser lbm/hr 817,619 542,768 -33.6% 

Reboiler Inlet Mass Flow lbm/hr – 7,878,196 – 

Reboiler Inlet Pressure psia – 817.3 – 

Reboiler Inlet Temperature °F – 520.7 – 

Reboiler Inlet Enthalpy BTU/lbm – 1,197.3 – 

Reboiler Outlet Temperature °F – 120.0 – 

Reboiler Outlet Enthalpy BTU/lbm – 90.1 – 
 

7.1.2 Plant Impacts and Considerations 
7.1.2.1 Mechanical Transients  

Plant operational transients must be assessed for 70% TPE. Transient events will primarily occur 
during startup and shutdown of the extraction system. Under ~2,550 MWt extraction, approximately 
7,880,000 lbm/hr of steam will be sent to the reboilers from Main Steam, corresponding to approximately 
55% of Main Steam flow. This TPE will reduce total Main Steam flow by ~1,720,000 lbm/hr, or 10.7%. 

7.1.2.2 Plant Hazards 
Similar to the 30% and 50% scenarios, plant’s HELB programs will be impacted by this modification 

and new piping will need to be routed in such a way as to be separated from any equipment that may be 
important to safety or station operation.  

During the detailed design of the TPE system, the potential for water hammer or steam hammer must 
be addressed. These phenomena could occur if steam or water flow rapidly stops; this condition is 
typically addressed by selecting appropriate valve closing times. 

7.1.2.3 Core Reactivity and Plant Response 
Section 5.1.2.4 provides a discussion of the core reactivity effects and plant controls response for the 

30% TPE configuration. For 70% TPE, the description will reflect the same effects, responses, and 
behaviors, but the effects will be more pronounced than the 30% and 50% cases. Specifically, the greater 
reduction in feedwater temperature is noteworthy (refer to Table 7.1-1).  

From the plant controls response perspective, a sudden loss of heat removal from the 70% TPE 
configuration is expected to result in a reactor trip, as a typical Westinghouse 4-loop PWR design has a 
maximum step load decrease of around 50% of the plant rated load (40% steam dump capacity + 10% 
Reactor Control System compensation). Evaluation of plant response to a load rejection event, among 
other transient scenarios, would be required on a site-specific basis. 
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7.2 Equipment Assessment 
Evaluation of the HP/LP turbines and MSRs for 30% and 50% extraction showed performance to be 

similar to the 75% and 50% power cases, respectively. While not explicitly performed here, it is expected 
that this equipment will perform similarly to a 25% power case. However, OEM review will be needed to 
verify whether equipment is designed to perform long-term operation at or near 25% power. 

Detailed assessment of the condenser and power train pumps is also not a focus for 70% TPE, since 
the impacts observed under 30% and 50% TPE were relatively minor compared to the other equipment 
evaluated. Major replacement of these components is not expected for 70%, but site-specific evaluation 
will be necessary since individual plants may have different conditions from the generic plant. 

The following subsections assess the feedwater heaters, ES lines, and heater drain system – the 
systems with the most significant impacts under 30% and 50% – for 70% TPE. 

7.2.1 Feedwater Heaters 
The CD and FW systems deliver feedwater (condensed steam) to the SG. The CD system first directs 

flow through three parallel strings of LP feedwater heaters (1st point external drain cooler and 1st through 
4th point heaters). Flow then passes through two parallel strings of LP feedwater heaters (5th point external 
drain cooler, 5th and 6th point heaters) to the TDFPs. FW flow then continues through two parallel HP 
feedwater heaters (7th point heaters) to the SG. The feedwater heaters receive ES flow and MSRs drain 
flow from the turbine system.  

The feedwater heaters are evaluated for the 70% TPE scenario below. 

7.2.1.1 Nozzle and Tube Velocities 
Table 7.2-1 provides feedwater heater channel end nozzle velocities for the 70% TPE cases. 

Table 7.2-1. Condensate/feedwater heater nozzle eelocities. 

FW Heater 

Velocity (ft/s) 

Δ (70%) HEI Limit 0% 70% 
1st EDC 10 11.9 12.5 5.0% 

1st Point 10 11.9 12.5 5.0% 

2nd Point 10 11.9 12.5 5.0% 

3rd Point 10 11.9 12.5 5.0% 

4th Point 10 11.9 12.5 5.0% 

5th EDC 10 10.0 10.5 5.0% 

5th Point 10 9.6 8.6 -10.7% 

6th Point 10 9.6 8.6 -10.7% 

7th Point Inlet 10 10.2 9.1 -10.7% 

7th Point Outlet 10 15.8 14.1 -10.7% 
 

Tube side nozzle velocities exceed the HEI guidelines for several of the FWHs and drain coolers; 
however, changes from the baseline case are small or decrease. As a result, feedwater nozzle wear is not 
expected to be an issue. 

Table 7.2-2 provides the FWH tube velocities based on the density at average tube temperature. 
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Table 7.2-2. FWH tube velocities. 

FW Heater 

Velocity (ft/s) 

Δ (70%) HEI Limit 0% 70% 
1st EDC 10 10.7 11.2 4.3% 

1st Point 10 8.9 9.3 3.8% 

2nd Point 10 9.1 9.4 2.9% 

3rd Point 10 9.6 9.8 2.0% 

4th Point 10 8.1 8.2 1.2% 

5th EDC 10 7.0 7.0 0.6% 

5th Point 10 9.1 7.8 -14.8% 

6th Point 10 8.5 7.2 -15.3% 

7th Point 10 8.8 7.4 -16.0% 
 

Tube velocities remain below or slightly exceed the HEI guidelines for the 70% TPE case. Because 
changes are small, it is not expected that this will impact FWH and drain cooler tube degradation. 
Table 7.2-3 and Table 7.2-4 provide the FWH steam inlet and drain outlet nozzle velocities, respectively. 

Table 7.2-3. Steam inlet nozzle velocity. 

FW Heater 

Velocity (ft/s) 

Δ (70%) HEI Limit 0% 70% 
1st Point 215 137 197 43.9% 

2nd Point 195 148 387 161.5% 

3rd Point 179 179 614 243.1% 

4th Point 167 156 466 199.4% 

5th Point 156 101 283 179.8% 

6th Point 150 103 210 103.8% 

7th Point 146 80 111 38.5% 
 
Table 7.2-4. Drain outlet nozzle velocity. 

FW Heater 

Velocity (ft/s) 

Δ (70%) HEI Limit 0% 70% 
1st EDC 4.0 2.3 1.5 -33.8% 

1st Point 4.0 1.8 0.5 -71.1% 

2nd Point 4.0 2.9 2.3 -21.1% 

3rd Point 4.0 2.4 2.1 -11.6% 

4th Point 4.0 2.8 2.4 -13.9% 

5th EDC 4.0 1.8 1.1 -37.6% 
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FW Heater 

Velocity (ft/s) 

Δ (70%) HEI Limit 0% 70% 
5th Point 4.0 2.5 1.5 -38.0% 

6th Point 4.0 2.7 1.6 -39.5% 

7th Point 4.0 2.2 1.2 -44.9% 
 

For the 70% TPE scenario, steam inlet nozzle velocities for the TPE case increase for all FWHs and 
exceed the HEI guideline for the 2nd, 3rd, 4th, 5th, and 6th point heaters, increasing by more than 100%. This 
will increase stress on the impingement plates for these heaters, and the structural integrity of these plates 
will need to be evaluated to determine if they can withstand these conditions. Shell wear rates will also 
likely increase, and it should be noted that changes to steam inlet velocity can affect the wear pattern of 
the shell. Shear stresses will also likely increase proportional to the velocities. Future inspections should 
be mindful of these changes. For FWHs inspected less than every outage, there is a high likelihood that 
inspection frequency will increase. However, a frequency greater than once per outage cycle is not 
expected. FAC evaluations should be performed to determine the operating impacts of these increased 
velocities. 

Drain outlet velocities decrease for both TPE cases, so HEI guidelines are not challenged, and wear 
rates may decrease.  

7.2.1.2 Tube Side Pressure Drop 
The tube side pressure drop principally affects two design issues, (i) the differential pressure across 

the PPP, and (ii) the total pressure drop in the feedwater train.  

To review the impact on PPP pressure loss, the change in mass flow rate squared is shown in 
Table 7.2-5. 

Table 7.2-5. Pass partition plate pressure loss. 

FW Heater 

Mass Flow Rate 
(lbm/hr) 

Ratio of Flow Rates, R 
(70% / 0%) 

PPP dP 0% 70% R R² 
1st EDC 3,778,163 3,966,967 105% 110% 10% 

1st Point 3,778,163 3,966,967 105% 110% 10% 

2nd Point 3,778,163 3,966,967 105% 110% 10% 

3rd Point 3,778,163 3,966,967 105% 110% 10% 

4th Point 3,778,163 3,966,967 105% 110% 10% 

5th EDC 5,667,245 5,950,450 105% 110% 10% 

5th Point 8,033,640 7,173,040 89% 80% -20% 

6th Point 8,033,640 7,173,040 89% 80% -20% 

7th Point 8,033,640 7,173,040 89% 80% -20% 
 

The pressure loss across the PPP is expected to increase in FWHs 1 through 4 and both external drain 
coolers. However, the expected increase in tube side pressure drop for the TPE case is not expected to 
appreciably impact reliable operation of the heaters.  
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7.2.1.3 Drain Inlet Nozzle Mass Flux 
The mass flux and mass flux parameter of flashing condensate flows entering the shell side of the 

FWHs are provided in Table 7.2-6for the 70% TPE scenario. 

Table 7.2-6. Heater drain inlet nozzle mass flux and mass flux parameter for 70% thermal power 
extraction. 

FW Heater 

Mass Flux (lbm/s/ft2) Mass Flux Parameter (lbm/ft/s2) 
HEI 

Limit 0% 70% Δ (70%) 
HEI 

Limit 0% 70% Δ (70%) 
1st EDC 250 141 94 -33.5% 4,000 4,755 4,947 4.0% 
2nd Point 250 148 135 -9.1% 4,000 6,491 6,780 4.5% 
3rd Point 250 179 160 -10.8% 4,000 4,141 6,333 52.9% 
5th EDC 250 102 66 -34.9% 4,000 199 77 -59.6% 
5th Point 
(cascading) 

250 188 120 -36.3% 4,000 647 249 -61.5% 

5th Point (MSR) 250 119 34 -71.2% 4,000 4409 828 -81.2% 
6th Point 250 118 69 -41.3% 4,000 515 149 -71.1% 
7th Point 250 112 74 -34.2% 4,000 2,177 4,005 84.0% 
 

For the 70% TPE case, drain inlet mass fluxes all decrease and remain below HEI guidelines. 
Conversely, the 1st point EDC, and 2nd, 3rd, and 7th point heaters exceed the guidelines. The increases on 
the 3rd and 7th point heaters are particularly pronounced (more than 50% increase each) due to the change 
in density from the lower shell pressure. If the subject station does not show sufficient margin to allow for 
this increase, additional flashing steam could increase drain inlet wear rates. Future inspections should be 
mindful for changes. 

7.2.1.4 Operating Pressure and Temperature 
Shell side operating pressure and temperature is provided in Table 7.2-7. Tube side operating 

temperature is provided in Table 7.2-8.  

Table 7.2-7. Shell side operating pressures and temperatures. 

FW Heater 

Pressure (psia) Temperature (°F) 

0% 70% Δ (70%) 0% 70% Δ (70%) 
1st EDC 5.4 1.2 -77.0% 165.6 109.2 -56.4°F 
1st Point 5.4 1.2 -77.0% 165.6 109.2 -56.4°F 
2nd Point 15.9 3.7 -76.6% 215.9 150.0 -65.9°F 
3rd Point 40.6 10.5 -74.0% 268.1 195.7 -72.4°F 
4th Point 89.5 27.4 -69.4% 319.9 245.2 -74.7°F 
5th EDC 186.1 64.0 -65.6% 375.8 297.0 -78.8°F 
5th Point 186.1 64.0 -65.6% 375.8 297.0 -78.8°F 
6th Point 287.1 105.3 -63.3% 413.3 331.6 -81.8°F 
7th Point 408.7 148.7 -63.6% 446.7 357.7 -89.0°F 
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Table 7.2-8. Tube side operating temperatures. 

FW Heater 

Temperature (°F) 

Δ (70%) 0% 70% 
1st EDC 126.6 94.5 -31.8°F 
1st Point 161.7 107.1 -54.0°F 
2nd Point 212.8 139.4 -70.7°F 
3rd Point 265.0 189.0 -74.1°F 
4th Point 316.4 237.1 -77.2°F 
5th EDC 332.2 248.4 -83.0°F 
5th Point 370.2 291.0 -78.9°F 
6th Point 409.7 328.2 -81.3°F 
7th Point 441.5 353.5 -86.7°F 

 
Operating temperatures and pressures decrease for all FWHs, therefore margins with design values 

will improve for the TPE case. 

7.2.1.5 Drain Cooler Tube Vibration 
Tube vibration in the 1st through 7th point heater drain coolers is evaluated by comparing the drain 

cooler volumetric flow rates. Results are provided in Table 7.2-9 below. 

Table 7.2-9. Drain cooler vibration. 

FW Heater 

Drain Volumetric Flow 
Rate (gpm) 

Δ (70%) 0% 70% 
1st EDC 1,671 1,105 -33.8% 
2nd Point 1,240 978 -21.1% 
3rd Point 842 744 -11.6% 
4th Point 439 378 -13.9% 
5th EDC 3,767 2,349 -37.6% 
6th Point 2,434 1,472 -39.5% 
7th Point 1,578 870 -44.9% 

 
The volumetric flow through all drain coolers is expected to decrease during operation, resulting in 

increased margin for tube vibration parameters. 

7.2.1.6 Feedwater Heater Assessment Summary 
Tube and tube side nozzle velocities exceed the HEI guidelines for several of the FWHs and drain 

coolers, but changes from the baseline case are small or decrease, therefore it is not expected that 
flashing, tube degradation, or nozzle wear will be an issue. Steam inlet nozzle velocities exceed HEI 
guidelines for the 2nd, 3rd, 4th, 5th, and 6th point heaters. This may cause over-stressing of the impingement 
plates, and shell wear rates will likely increase. FAC evaluations should be performed to determine the 
operating impacts of these increased velocities. Drain outlet velocities decrease for the 70% thermal 
extraction case, so HEI guidelines are not challenged, and wear rates may decrease. 
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Tube side pressure drop for the TPE case is not expected to appreciably impact heater reliability. 
Drain inlet mass fluxes remain below HEI guidelines, but the mass flux parameters for various heaters 
exceed the guidelines. This is an additional indicator that the impingement plates are at risk for structural 
damage under 70% TPE conditions. 

Operating temperatures and pressures decrease for all FWHs, therefore design margins will improve 
for the TPE case. Volumetric flow through all drain coolers is also expected to decrease during TPE 
operation, resulting in increased margin for tube vibration parameters.  

Detailed, site-specific evaluation would be required in order to assess the severity these velocity-
induced issues and the potential for full or partial heater replacement. 

A detailed evaluation of the feedwater heaters is provided in Appendix P. 

7.2.2 Extraction Steam 
The ES system diverts steam taken from the turbine to the feedwater heaters. There are three stages of 

extraction from the HPT and four stages of extraction from each LPT. The extraction steam is used to 
heat the feedwater in seven separate feedwater heater stages. 

There are three trains for the 1st through 4th point LP feedwater heaters, two trains for the 5th and 6th 
point LP feedwater heaters, and two trains for the 7th point HP feedwater heater. 

Heat balance data for the 70% TPE scenario is discussed below. 

7.2.2.1 Pressure Drop 
Table 7.2-10 shows the pressure drop in the ES lines. 

Table 7.2-10. Extraction steam line pressure drops. 

Description 

Upstream Pressure (psia) Pressure Drop (psid) 

0% 70% Δ (70%) 0% 70% Δ (70%) 
HPT to 7th Stg FWH 451.0 176.0 -61.0% 6.50 4.33 -33.4% 

HPT to 6th Stg FWH 296.5 108.8 -63.3% 8.46 12.42 46.8% 

HPT to 5th Stg FWH 190.3 65.5 -65.6% 4.97 13.32 168.1% 

LPT to 4th Stg FWH 92.39 28.39 -69.3% 4.33 11.53 166.3% 

LPT to 3rd Stg FWH 41.9 10.93 -73.9% 3.24 10.21 214.6% 

LPT to 2nd Stg FWH 16.43 3.88 -76.4% 0.78 1.19 52.5% 

LPT to 1st Stg FWH 5.428 1.259 -76.8% 0.13 0.06 -58.0% 
 

The pressure drop in the lines from the HPT to 7th stage FWHs and LPTs to 1st stage FWHs 
decreases, but all other XSLs see an increase in pressure drop for the 70% TPE case due to higher flow 
velocities. The most significant changes are in lines to the 3rd, 4th, and 5th stage FWHs, which have an 
increase in pressure drop of greater than 150%. 
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7.2.2.2 Operating Conditions 
ES line pressures and temperatures are compared below in Table 7.2-11. 

Table 7.2-11. Extraction steam line operating conditions. 

Description 

Line Pressure (psia) Line Temperature (°F) 

0% 70% Δ (70%) 0% 70% Δ (70%) 
HPT to 1st Stg Rhtr 448.7 256.2 -42.9% 456.5 371.2 -85.3°F 

HPT to 7th Stg FWH 408.7 224.5 -45.1% 456.5 371.2 -85.3°F 

HPT to 6th Stg FWH 287.1 157.5 -45.1% 416.3 334.0 -82.3°F 

HPT to 5th Stg FWH 186.1 95.5 -48.7% 377.6 298.5 -79.2°F 

LPT to 4th Stg FWH 89.6 44.8 -50.0% 382.5 383.2 0.6°F 

LPT to 3rd Stg FWH 40.6 19.4 -52.3% 270.1 223.4 -46.7°F 

LPT to 2nd Stg FWH 15.9 7.3 -54.0% 217.7 151.7 -66.0°F 

LPT to 1st Stg FWH 5.4 2.5 -54.5% 165.7 109.6 -56.2°F 
 

Pressures and temperatures decrease or marginally increase for all ES lines under the 70% TPE case, 
therefore design margins will largely improve. 

7.2.2.3 Expansion Joint Liner Thickness 
Required liner thicknesses are compared in Table 7.2-12. 

Table 7.2-12. Expansion joint liner thickness. 

Description 

Required Liner Thickness (in) 

Δ (70%) 0% 70% 
LPT to 4th Stg FWH 0.137 0.236 72.8% 
LPT to 3rd Stg FWH 0.138 0.256 84.9% 
LPT to 2nd Stg FWH 0.156 0.251 61.1% 
LPT to 1st Stg FWH 0.149 0.178 19.6% 

 
Liner thickness requirements increase for the 70% TPE case. Existing expansion joints will need to be 

evaluated on a plant-specific basis and may need to be replaced to ensure they meet required thicknesses. 

7.2.2.4 Extraction Steam Assessment Summary 
Analysis of the ES system for the 70% TPE scenario shows that XSL pressure drops increase in 

general due to higher flow velocities, with lines to the 3rd, 4th, and 5th stage feedwater heaters seeing 
significant increases of over 150%. Expansion joint liner thickness requirements also increase and will 
need to be evaluated on a plant-specific basis and may need to be replaced to ensure they meet these new 
requirements. Pressures and temperatures largely decrease during 70% TPE operation, which would 
improve operating margins. 

Refer to Appendix Q for a detailed evaluation of the extraction steam system. 
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7.2.3 Heater Drain System 
The FWH drain system design for 70% TPE is the same as the design for 30% TPE. This system is 

comprised of seven stages of feedwater heating for normal operations. System impacts under 70% TPE 
are assessed below. 

7.2.3.1 Valve Flow Capacity 
Valve volumetric flow is computed based on the mass flow rate and fluid temperature.  

Table 7.2-13 compares volumetric flow for the baseline and 70% TPE scenarios. 

Table 7.2-13. Drain volumetric flow comparison. 

Description 

Volumetric Flow Rate (gpm) 

Δ (70%) 0% 70% 
Flash Tank Normal 1,683 1,101 -34.6% 
FWH 2 Normal 1,234 972 -21.3% 
FWH 3 Normal 836 739 -11.5% 
FWH 4 Normal 434 374 -13.9% 
FWH 6 Normal 2,416 1,465 -39.4% 
FWH 7 Normal 1,557 861 -44.7% 
MSDT Normal 756 120 -84.1% 
RHDT1 Normal 331 89 -73.1% 
RHDT2 Normal 527 348 -34.1% 
Flash Tank Emergency 1,683 1,101 -34.6% 
FWH 2 Emergency 1,234 972 -21.3% 
FWH 3 Emergency 836 739 -11.5% 
FWH 4 Emergency 434 374 -13.9% 
FWH 5 Emergency 3,890 2,415 -37.9% 
FWH 6 Emergency 2,416 1,465 -39.4% 
FWH 7 Emergency 1,557 861 -44.7% 
MSDT Emergency 756 120 -84.1% 
RHDT1 Emergency 331 89 -73.1% 
RHDT2 Emergency 527 348 -34.1% 

 
As shown above, all drains experience a decrease in flow. 

7.2.3.2 Valve Pressure Drop 
The pressure drop across the valve is the minimum allowable pressure drop due to choked flow and 

the available pressure drop from valve inlet to outlet based on flow conditions and frictional losses. 
Pressure loss is computed in Table 7.2-14.  
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Table 7.2-14. Drain valve pressure loss for 70% thermal power extraction. 

Description 

Pressure Drop (psid) 
Δ (70%) 0% 70% 

Choked Available Choked Available Choked Available 
Flash Tank Normal 2.7 7.3 3.4 5.1 28.1% -30.3% 
FWH 2 Normal 2.3 3.2 -1.6 -2.4 -167.2% -174.2% 
FWH 3 Normal 9.1 14.6 -1.5 -2.1 -116.9% -114.3% 
FWH 4 Normal 32.1 44.5 10.7 13.7 -66.8% -69.1% 
FWH 6 Normal 85.0 95.9 33.1 37.0 -61.1% -61.4% 
FWH 7 Normal 90.9 108.1 28.8 30.4 -68.3% -71.9% 
MSDT Normal 19.6 5.9 9.4 7.4 -52.2% 26.7% 
RHDT1 Normal 42.7 249.3 10.4 102.5 -75.7% -58.9% 
RHDT2 Normal 115.6 454.6 118.8 729.7 2.8% 60.5% 
Flash Tank Emergency 4.1 9.2 4.0 5.9 -1.2% -35.7% 
FWH 2 Emergency 5.5 11.7 1.7 2.7 -69.3% -76.8% 
FWH 3 Emergency 15.0 37.1 4.6 9.2 -69.4% -75.1% 
FWH 4 Emergency 38.4 92.0 17.3 32.3 -54.9% -64.9% 
FWH 5 Emergency 23.0 196.4 13.0 76.0 -43.4% -61.3% 
FWH 6 Emergency 86.9 283.3 35.1 103.1 -59.6% -63.6% 
FWH 7 Emergency 97.5 405.9 35.8 147.4 -63.3% -63.7% 
MSDT Emergency 16.4 186.0 5.9 65.8 -64.0% -64.6% 
RHDT1 Emergency 47.6 444.7 15.2 175.3 -68.2% -60.6% 
RHDT2 Emergency 116.8 862.6 120.6 880.1 3.3% 2.0% 

 
All drain control valves experience choked flow conditions except for the MSDT, and FWH 2 and 3 

normal DCVs. The FWH 2 and 3 normal drain control valve exhibits excessive inlet and outlet pressure 
drop resulting in a negative pressure loss, which is not possible. Adjustments to plant operations would be 
required in order to maintain normal operation under 70% TPE. This could include opening of the 
emergency dump valves or opening of the LP FWH bypass, as is shown in Appendix O for the 50% TPE 
cases. 

7.2.3.3 Required Valve Cv 
Required valve CV values are shown in Table 7.2-15. 

Table 7.2-15. Drain valve required Cv capacity. 

Description 

Cv 

Δ (70%) 0% 70% 
Flash Tank Normal 1019 594 -41.7% 
FWH 2 Normal 796 N/A N/A 
FWH 3 Normal 271 N/A N/A 
FWH 4 Normal 74 112 51.9% 
FWH 6 Normal 245 245 -0.3% 
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Description 

Cv 

Δ (70%) 0% 70% 
FWH 7 Normal 150 152 1.3% 
MSDT Normal 292 42 -85.5% 
RHDT1 Normal 46 26 -43.6% 
RHDT2 Normal 43 28 -35.0% 
Flash Tank Emergency 823 546 -33.6% 
FWH 2 Emergency 520 744 43.3% 
FWH 3 Emergency 211 341 62.0% 
FWH 4 Emergency 68 88 30.5% 
FWH 5 Emergency 759 642 -15.4% 
FWH 6 Emergency 243 237 -2.1% 
FWH 7 Emergency 145 136 -5.9% 
MSDT Emergency 175 48 -72.8% 
RHDT1 Emergency 43 21 -50.7% 
RHDT2 Emergency 43 28 -35.2% 

 
For the 70% TPE case, the required Cv capacity for FWHs 2, 3, and 4 emergency DCVs and the FWH 

4 normal DCV increase significantly, and would require station specific review for valve acceptability. 
The FWH 2 and 3 normal DCV cannot meet the flow capacity requirements of 70% TPE and would 
require operational and/or design changes in order to satisfy system requirements (see Appendix O for 
potential workarounds under 50% TPE). This would need to be determined based on the plant-specific 
evaluation. Flash tank and the various MSR drain tanks all see reduced capacity requirements and remain 
acceptable. 

7.2.3.4 Drain Tank Parameters 
The operating parameters for the MSDT, RH1DT, RH2DT, and Flash Tank are reviewed in 

Table 7.2-16. 

Table 7.2-16. Drain tank conditions. 

Parameter Units 0% 70% Δ (70%) 
MSDT Drain Flow lbm/hr 331,167 55,451 -83.3% 

RH1DT Drain Flow lbm/hr 135,811 39,071 -71.2% 

RH2DT Drain Flow lbm/hr 200,488 131,857 -34.2% 

Flash Tank Drain Flow lbm/hr 821,877 546,517 -33.5% 

MSDT Drain Pressure psia 184.6 63.5 -65.6% 

RH1DT Drain Pressure psia 444.2 173.4 -61.0% 

RH2DT Drain Pressure psia 864.2 877.9 1.6% 

Flash Tank Drain Pressure psia 5.42 1.25 -76.9% 
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Parameter Units 0% 70% Δ (70%) 
MSDT Drain Temperature °F 375.1 296.4 -78.7°F 

RH1DT Drain Temperature °F 455.0 370.0 -85.0°F 

RH2DT Drain Temperature °F 527.2 529.0 1.9°F 

Flash Tank Drain Temperature °F 165.2 108.8 -56.4°F 
 

Mass flow rates decrease for all drain tanks. Pressure and temperatures also decrease for all tanks 
except the 2nd stage reheater drain tank, which marginally increases. As a result, the heater drain system 
drain tanks are expected to operate normally during TPEoperation.  

7.2.3.5 Heater Drain Assessment Summary 
The required Cv capacity for all the flash tank and the various MSR drain tanks DCVs show reduced 

capacity requirements when operating with 70% TPE. FWH 2, 3, and 4 emergency DCVs and the FWH 4 
normal DCV requirements increase significantly (>30%), and it is expected that a station specific review 
of these FWHs would require valve/trim replacement prior to operation with thermal power extracted. 
The normal DCVs for FWHs 2 and 3 cannot meet the flow capacity requirements of 70% thermal 
extraction and would require operational and/or design changes in order to satisfy system requirements. 
This would need to be determined based on the plant-specific evaluation. 

Operating parameters for all heater drain system drain tanks either decrease or show minimal change 
and are expected to operate normally during TPEoperation. 

A detailed evaluation of the Heater Drain system is provided in Appendix R. 

8. DIGITAL CONTROLS SYSTEM DESIGN MODIFICATION 
ASSESSMENT 

8.1 Design Basis 
Integration of a thermal extraction system at large-scale will also require modifications to the plant 

control systems to ensure that the plant remains within the design and licensing bases. An initial 
assessment of the control system design basis and requirements associated with 30% to 70% TPEfrom a 
PWR power plant has been developed to inform future design activities. As previously described, the 
TPEis assumed to be 30% to 70% of rated thermal power of the plant and is from the HP steam extracted 
from the plant’s main steam header prior to the HP turbine. Due to the steam being extracted prior to the 
HP turbine, a modification to the plant control system reactor coolant system (RCS) average reference 
temperature program is necessary. The background and design basis of the RCS average reference 
temperature is discussed in a later section of this report.  

To isolate the nuclear plant from the thermal energy consuming process, the HP steam extracted from 
the nuclear plant’s main steam header will be used to convert de-ionized water to steam in a reboiler. A 
discussion of the reboiler controls provided in Reference 16 will also apply to the 30-70% TPD. The 
reboiler design would need to be scaled to account for the increased thermal extraction and the use of HP 
steam. This document does not cover the reboiler portion of the design. The use of HP steam requires 
significant modifications to the existing NSSS and BOP control systems of the nuclear plant. Such 
modifications to an analog control system would require significant calibrations and operator manual 
actions thereby increasing operator burden, which is a significant design consideration. Additionally, 
coordination of controls with reactor power are required to ensure that reactor overpower conditions are 
minimized/eliminated. The coordination will consist of operator alarms and automatic control actions. As 
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such, reuse of an existing analog control system is not feasible, and a digital control system 
implementation will be required. 

The purpose of the below design basis is the following: 

1. Identify the control system considerations to be implemented in a digital implementation in the plant. 

2. Identify the devices/components to be controlled and the impacts to existing control systems that need 
to be considered by end users that pursue implementation. 

3. Identify operational considerations for how operators shall enable the dispatch of steam. 

8.1.1 Background – RCS Average Reference Temperature 
The automatic rod control system is designed to maintain a programmed average temperature in the 

reactor coolant by regulating the reactivity within the core. The system can restore the average 
temperature to within ± 3.5°F of the programmed temperature, including ± 2°F instrument error and a 
±1.5°F deadband, following design load changes. 

Various reactor coolant temperature programs have advantages and disadvantages. The following 
discussion indicates the consideration behind the choice of the temperature program used for the reference 
plant associated with the TPD design identified in the sections below. 

Maintenance of a constant average reactor coolant temperature at all power levels requires a 
minimum size pressurizer since the reactor coolant water mass remains essentially constant. This type of 
program also reduces the need for reactivity control because, in this case, the MTC of reactivity does not 
contribute to the total reactivity balance. However, large steam pressure variations would occur over the 
zero to 100% power range with steam pressure being a minimum at full power and a maximum at zero 
power. An opposite approach could have the average reactor coolant temperature program providing 
constant steam pressure. A constant steam pressure program permits optimum design of the secondary 
system but would involve large excursions of the average coolant temperature. This, in turn, would result 
in large control reactivity demand to compensate for the MTC of reactivity. This scheme would also 
introduce a pressurizer sizing problem because the associated reactor coolant expansions and contraction 
must be absorbed. A compromise between the two design approaches (constant average RCS temperature 
and constant steam pressure) is therefore based on the plant control system design basis transients and the 
(Updated Safety Analysis Report) USAR plant transient accident analysis conditions.  

Figure 8.1-1 illustrates a typical average coolant temperature program and associated secondary steam 
pressure as a function of power level, respectively. 
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Figure 8.1-1. Typical RCS average temperature program and steam pressure. 

8.1.2 Design Basis 
8.1.2.1 Operator Controls and Monitoring 
• The nuclear plant operator shall manually initiate the activation of the steam extraction to the reboiler 

(warmup and normal operation). 

• The nuclear plant operator shall have the capability to monitor and control the steam extraction and 
the associated reboiler field equipment (i.e., pumps and valves). 

• The nuclear plant operator shall be alerted to abnormal operating conditions within the steam 
extraction.  

• The nuclear plant operator controls shall be easily accessible to the operator and provide for 
automatic and manual operation. 

• The nuclear plant operator shall have the capability of initiating a rapid stop/closure of the steam 
extraction. 

8.1.2.2 Permissive Interlocks 
• A permissive interlock shall be part of the controls to permit the opening of the steam admission 

valve for the steam extraction reboiler. 

• The interlock shall be a function of nuclear power such as nuclear instrumentation system power or 
the reactor coolant system delta temperature power. 
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• The permissive interlock shall be maintained and if the plant conditions are no longer met the steam 
extraction valve shall rapidly close and isolate the TPD system. 

• A separate permissive interlock may exist for system warmup and standby operations. 

8.1.2.3 Design Basis Transients 
• The controls associated with the TPD shall not negatively impact the NSSS design basis transients 

identified in the plant USAR: 

• ± 10% step change in load 

• 5%/min ramp loading and unloading 

• 50% step load decrease 

8.1.2.4 Chapter 15 USAR Impacts 
• The USAR accident analysis and description shall remain valid regarding the inadvertent opening of a 

steam dump/bypass valve. 

• The USAR accident analysis description and analysis shall account for the addition of the TPD. 

8.1.2.5 Existing Plant Control Logic Modifications 
a. The nuclear plant’s existing control systems shall require functional changes to accommodate TPD. 
b. The reactor temperature control system temperature reference shall account for the turbine power and 

TPD power demands.  
c. The steam dump control system temperature reference shall account for the turbine power and the 

TPD power demands. 
d. The steam dump pneumatic arming signal (i.e., loss of load interlock) shall account for significant 

load variations due to a change in turbine power, TPD power, or a combination of power changes of 
the two steam loads. 

e. The nuclear plant’s existing control systems shall require interface and indication changes to the 
operator graphics to accommodate TPD. 

f. The nuclear plant’s control logic for alarms and alarm setpoints shall require functional changes to 
accommodate TPD. 

8.2 Control System Considerations 
8.2.1 Considerations for Control System Implementation 

Careful consideration shall be given to the control system when implementing the TPD. Due to the 
complex modifications and the necessity to account for flexible operations covering the operating 
conditions for 1) only turbine steam load operation, 2) only the TPD steam load operation, or 3) a 
combination of the two steam loads on to the nuclear power plant, a digital control system 
implementation will be required. The control systems will need to coordinate the new TPD system with 
the other existing, upgraded NSSS and BOP controls:  

• Steam Dump / Bypass Control 

• Turbine Control 

The following control systems will require functional and/or control system tuning changes:  

• Steam Dump / Bypass Control 

• Reactor Temperature Control 
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• Turbine Control 

• Feedwater Control 

• Feedwater Heater Control 

• Pressurizer Level Control 

A simplified diagram for the thermal power dispatch controls are presented in Appendix S. 

8.2.2 Steam Dump / Bypass Control 
• Controls shall be designed such that one or multiple valves (defined sequencing to open valves – 

similar to the existing steam dump controls) can be employed to extract the TPD steam. 

• TPD shall have two isolation valves and associated logic (i.e., to ensure personal protection and 
ensure the TPD does not actuate/open due to a single failure). 

• To provide finer control, multiple control valves can be used in the design such that the USAR 
accident analysis and description will remain valid regarding the inadvertent opening of a steam 
dump/bypass valve (possible to update analysis to account for larger valve(s) if necessary). 

• Steam dump/bypass valve control shall be integrated and controlled with the TPD operation (i.e., 
coordinated with TPD startup, operation, and shutdown). 

• Update Tref/Power program based upon TPD. (Tref = TPD Steam Load + Turbine Load + Steam 
Dump/Bypass Load.) 

• To balance the load redistribution between the turbine and TPD, the system will transfer into steam 
pressure control mode during startup and shutdown to control steam pressure while TPD is 
opening/closing, and turbine control valves are closing/opening. 

• Additional input to the steam dump control system shall become a permissive to allow TPD to 
actuate/continue (example; RCS ΔT for reactor power and possibly a simple secondary calorimetric 
which will not be used for absolute power but to monitor small power changes). 

8.2.3 Reactor Temperature Control 
Updated Tref/Power program based upon TPD. (Tref = TPD Steam Load + Turbine Load + Steam 

Dump/Bypass Load.) 

Update/modify the rod insertion/withdrawal deadband for brief period when TPD is in startup or 
shutdown mode. 

8.2.4 Turbine Control 
• Turbine control valve control/movement shall be integrated with the TPD operation (i.e., coordinated 

with TPD startup, operation, and shutdown). 

• Turbine control valve control shall be updated/modified to accept power changes and rate of change 
from TPD operation. 

• Turbine impulse and MW control loops shall remain as is and operational guidance shall be provided 
to operations if these loops are used. 

8.2.5 Feedwater Control 
Feedwater controls shall be tuned to account for the reduction in feedwater temperature as TPD is 

increased and turbine power is decreased. The reduction in feedwater temperature will increase the 
observed shrink/swell within the steam generator and the controls shall be tuned to account for this with 
no increase in operator burden associated with the SG water level control. 
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8.2.6 Feedwater Heater Control 
Feedwater heater controls shall automatically account for the change in turbine power/ES due to the 

mode of the TPD system. This upgrade of the control logic shall allow for automatic control system 
tuning over the normal turbine power range (i.e., 15 – 100% power). 

8.2.7 Pressurizer Level Control 
Possible pressurizer level control setpoint adjustments may be needed if reduced Tavg program is 

implemented. 

9. CONCLUSIONS 
9.1 Thermal Dispatch Assessment 

This report develops a detailed PEPSE heat balance model for a generic nuclear power plant and 
evaluates the impacts of 30%, 50%, and 70% TPE on the nuclear plant. Plant transients, hazards, and core 
reactivity impacts are assessed. New steam extraction lines would be included under station HELB 
programs. Reactor response to load rejection or other transient events would need to be assessed for 
acceptability through further core and plant response analysis. Following development of the PEPSE 
model, major equipment was analyzed to assess margin, maintenance, and replacement impacts under 
these TPE scenarios.  

Table 9.1-1 summarizes the PEPSE results for the four (4) extraction scenarios evaluated: (1) 30% 
TPE, (2) 50% TPE, (3) 50% TPE with 20% condensate bypass of the LP feedwater heaters (FWHs), and 
(4) 70% TPE. 

Table 9.1-1. General impacts for thermal power extraction scenarios. 

Description Units 
Baseline 

0% 
Case 1 
30% 

Case 2 
50% 

Case 3 
50% w/ 
Bypass 

Case 4 
70% 

Generator Electric 
Power MWe 1,228.0 844.6 585.3 573.1 327.3 

Thermal Power 
Extracted MWt 0 1,095 1,827 1,826 2,557 

% of Flow - MS % 0 21.9 37.6 37.7 55.0 

MS Flow from SGs lbm/hr 16,037,390 15,436,290 14,952,560 14,916,170 14,316,180 

HP Turbine Inlet Flow lbm/hr 15,218,400 11,272,260 8,615,524 8,619,505 5,893,152 
HP Turbine First 
Stage Pressure psia 651.5 487.5 374.8 375.2 260.4 

MSR Inlet Pressure psia 190.3 140.2 104.6 97.6 65.5 

LP Turbine Inlet Flow lbm/hr 3,673,069 2,677,248 1,980,267 1,845,837 1,230,440 
LP Turbine Inlet 
Pressure psia 175.5 129.3 96.43 90.04 60.4 

Condenser Duty BTU/hr 8.21E+09 5.78E+09 4.18E+09 4.22E+09 2.57E+09 
Condensate Pump 
Flow lbm/hr 11,334,490 11,723,820 11,889,450 11,475,500 11,900,900 

Heater Drain Pump 
Flow lbm/hr 4,732,792 3,742,365 3,093,006 3,470,571 2,445,181 
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Description Units 
Baseline 

0% 
Case 1 
30% 

Case 2 
50% 

Case 3 
50% w/ 
Bypass 

Case 4 
70% 

Feedwater Pump Flow lbm/hr 16,067,280 15,466,190 14,982,480 14,946,080 14,346,080 
Final Feedwater 
Temperature °F 440.9 413.3 389.0 387.1 354.0 

Cascading drain Flow 
to Condenser lbm/hr 817,619 745,815 670,424 522,171 542,768 

Reboiler Inlet Mass 
Flow lbm/hr – 3,376,114 5,629,289 5,628,542 7,878,196 

 
Figure 9.1-1 illustrates the different locations thermal power is sent under baseline (0% TPD) and 
extraction scenarios. With increasing extraction, less thermal power is discharged to the condenser. This 
will result in reduced CW demand, while more power is delivered to off-site users for thermal 
applications.  

 
Figure 9.1-1. Thermal power destinations for thermal power extraction scenarios. 

9.1.1 30% Extraction 
Under the 30% TPE scenario, HP/LP turbine and MSR performance is very similar to the 

performance under a 75% power case; this operating profile is expected to be maintainable for long 
durations.  

Condenser operating conditions are expected to continue to meet operation requirements while 
evacuation capacity will not be impacted.  

There are minimal impacts on the power train pumps and replacement is not anticipated.  

It is not expected that feedwater heater tube degradation or nozzle wear will be an issue, although 
heater shell wear patterns could be affected, resulting in increased degradation. Tube side pressure drop 
for the TPE case is not expected to appreciably impact reliable operation of the heaters. Drain inlet mass 
fluxes remain bounded by industry guidance. However, mass flux parameters for specific heaters were 
shown to exceed guidelines and could result in increased wear rates. Operating temperatures and 
pressures decreased for all feedwater heaters, increasing design margin. Volumetric flow through all drain 
coolers is also expected to decrease, resulting in increased margin for tube vibration parameters.  
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Analysis of the ESsystem shows that overall, ES line pressure drops increase due to higher flow 
velocities. The increased flow velocities should be included in the individual station FAC program to 
ensure that any potential degradation is properly monitored and addressed. Expansion joint liner thickness 
requirements also increased. Replacement of expansion joints may be needed to ensure requirements are 
met with TPE conditions. As a result of pressure and temperature decreases with 30% TPE operating 
condition margins largely improved in the ESsystem.  

Heater drain tanks are expected to operate normally. Feedwater heater (FWH) DCVs will require 
greater flow passing capability. Therefore, station specific review is required. It is expected that station 
specific review will find replacement of the FWH 2 and 3 DCVs necessary due to significant increase in 
required valve CV when operating with 30% TPE. 

Impact on material degradation, material properties, and fatigue under the 30% TPE scenario is 
expected to be limited to specific locations and conditions as reflected in this report. Most components are 
exposed to reduced temperatures, pressures, and flows and those components would not be negatively 
affected by increasing TPE to 30%. No temperature or pressure related impacts on materials were noted 
in the evaluation data which would be expected to impact material properties or increase the risk fatigue 
related issues. Equipment that receives the feedwater (i.e., steam generator) from the feedwater heaters 
will receive water at a lower temperature, however this temperature reduction (27.6°F lower) does not 
result in a significant impact on the material properties of this equipment. Impact of thermal cycling due 
to changes in plant operations and level of TPE would be expected to be minimal due to the small 
temperature delta from normal operations. 

9.1.2 50% Extraction 
Under the 50% TPE scenario HP/LP turbine and MSR performance is similar to the performance 

under a 50% power case and is expected to be a maintainable operating profile. Nevertheless, OEM 
review should be performed to verify acceptability. There are minimal impacts to condenser operating 
conditions and power train pumps, therefore no changes are expected to this equipment. 

FWH replacement is not expected, but careful inspection is necessary. FWH and drain cooler tube 
and nozzle velocity increases are small, but may impact shell wear patterns which could lead to increased 
degradation. FWH nozzle inlet velocity increases are more pronounced, therefore FAC program impacts 
should be evaluated for potential increases in wear rate and inspection frequency. Tube side pressure drop 
and drain inlet mass fluxes face minor impacts, while the mass flux parameters for various heaters exceed 
guidance with no LP FWH bypass; partial LP FWH bypass resolves this issue. Operating condition 
(temperature, pressure, and tube vibration) margins also improved for all FWHs.  

Analysis of the ESsystem shows ES line pressure drops increase due to velocity increases. Expansion 
joint liner thickness requirements also increased, while operating conditions improved. Existing 
expansion joints would need to be evaluated on a plant-specific basis and may require replacement.  

Heater drain tanks are expected to operate normally under 50% TPE. However, with no LP FWH 
bypass, normal FWH 2 drains are incapable of passing the required flow and multiple FWH DCVs may 
require greater flow passing capability through either replacement or emergency dump to the condenser. 
Station specific review of the FWH 2 and 3 DCVs, and potentially the FWH 4 DCVs, is expected to 
require replacement for these valves if operating without bypass. Conversely, with the implementation of 
partial LP FWH bypass, the increase in required flow capacity is significantly reduced and valve 
replacement is not expected to be required. The tradeoff is a small (~12 MWe) decrease in electric power 
generation. These scenarios should be evaluated in more detail on a site-specific basis in order to assess 
which is the preferred option. Additionally, other options may be explored to decrease pressure drop such 
as drain line resizing. 
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The impacts for 50% TPE are amplified compared to those for 30% TPE. The impact on material 
degradation, material properties, and fatigue was found to be greater on the FWHs, extraction steam, and 
FWH DCV. Equipment that receives the feedwater (i.e., steam generator) from the feedwater heaters 
under the 50% extraction scenarios will receive water at a lower temperature; however, this temperature 
reduction (51.9°F to 53.8°F lower) would not be expected to result in a large negative impact on the 
material properties of this equipment. As with the 30% evaluation, the impact of thermal cycling due to 
changes in plant operations and level of TPE would be expected to be minor due to the temperature delta 
from normal operations. The areas which could exhibit increases in flow related wear at 50% extraction 
should also be subject to increased inspections and inclusion of the site-specific FAC programs. 

9.1.3 70% Extraction 
Evaluation of the HP/LP turbines and MSRs for 30% and 50% extraction showed performance to be 

similar to the 75% and 50% power cases, respectively. While not explicitly performed here, it is expected 
that this equipment will perform similarly to a 25% power case. Nevertheless, OEM review would be 
necessary.  

Detailed assessment of the condenser and power train pumps is also not a focus for 70% TPE, since 
the impacts under 30% and 50% TPE were relatively minor compared to the other equipment evaluated. 
Major replacement of these components is not expected, but evaluation will be required on a site-specific 
basis. 

FWH and drain cooler tube and nozzle velocity increases are relatively minor but may impact shell 
wear patterns. Steam inlet nozzle velocities exceed HEI guidelines for the 2nd, 3rd, 4th, 5th, and 6th point 
heaters, and drain inlet mass flux parameters for various heaters exceed the guidelines. Both of these 
impacts indicate potential over-stressing of the impingement plates. FAC evaluation would additionally 
be required to determine the extent of impacts to shell wear rates. This is an additional indicator that the 
impingement plates are at risk for structural damage under 70% TPE conditions. Operating condition 
(temperature, pressure, and tube vibration) margins improve for all FWHs. Nevertheless, formal site-
specific evaluation would be required to assess whether FWH replacement is needed due to increased 
flow velocities. 

Analysis of the ESsystem shows XSL pressure drops increase due to greater velocities, with lines to 
the 3rd, 4th, and 5th stage feedwater heaters seeing increases of over 150%. Expansion joint liner thickness 
requirements also increase, while operating conditions largely improved. Existing expansion joints would 
need to be evaluated on a plant-specific basis and may require replacement.  

The Heater Drain system experience” a r’duced flow under the 70% extraction scenario and is 
expected to operate normally under 70% TPE. However, normal FWH 2 and 3 drains are incapable of 
passing the required flow and multiple FWH DCVs may require greater flow passing capability through 
either replacement or emergency dump to the condenser. Station specific review of the FWH 2, 3, and 4 
emergency DCVs and the FWH 4 normal DCV would be needed, along with operational changes to 
address the Cv limitations of the FWH 2 and 3 normal DCVs. 

At 70% extraction, some impacts noted under the 30% and 50% extraction scenarios are increased 
and some decreased. The impact on material degradation, material properties, and fatigue were found to 
be greater in most cases. The equipment receiving feedwater (i.e., steam generator) from the FWHs under 
the 70% TPE scenario will receive water at a temperature well below (86.9°F lower) the baseline (0% 
TPE) scenario. This temperature delta is not expected to result in a large impact on the equipment 
material properties but should be evaluated for station specific conditions. The impact of thermal cycling 
due to changes in plant operations and level of thermal extraction would be expected to be acceptable 
based on temperature and pressure deltas from normal operations.  
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9.1.4 Summary of Secondary System Impacts 
The conclusions above establish that 30% TPE can be performed safely without major equipment 

replacement. Minor upgrades and increased maintenance may be required for specific components (e.g., 
expansion joints and DCVs). These same conclusions generally hold true for the equipment evaluated at 
50% TPE, although additional evaluations, equipment upgrades, and/or replacements may be required, 
specifically for the FWHs, XSLs, and FWH DCVs which experience larger impacts. Operator action 
through partial LP FWH bypass or emergency drains dump can reduce some of these impacts and should 
be assessed on a site-specific basis to ensure these components can continuously perform these functions 
without impacting the safe operation of plants. Plants should also consider the potential for power uprates 
to account for the change in equipment operating conditions if permanently operating under a TPE 
profile. 

Investigation of the items of concern for 70% shows that going above 50% TPE will prove 
challenging on plant systems – both on the balance of plant side as well as potential NSSS impacts – and 
is not expected to be cost-effective option for the existing US nuclear fleet. Nevertheless, the extraction of 
up to 50% thermal power remains a feasible option for these plants. 

The results described herein are based on a generic reference plant and PEPSE model, therefore the 
conclusions of site-specific evaluation may differ from this generic PEPSE model analysis and equipment 
assessment based on plant/equipment design, operation, and age. Detailed evaluation of the NSSS 
impacts was also not performed. Plant-specific evaluation of core/plant response and equipment would be 
required for any station considering a modification of this type described in this study.  

9.2 Digital Control Systems Requirements 
An initial evaluation of the required control systems modifications, including changes to the RCS 

Average Reference Temperature program, has been completed. The design bases have been reviewed and 
control system modifications identified by system and detailed to inform future design modification 
development. This review applies specifically to digital control systems and more specifically, 
Westinghouse 4-Loop PWRs. The assessment approach is generally applicable to other NSSS designs. 
All PWR plants will require a detailed plant-specific assessment and modification plan. 

10. SUMMARY OF TECHNICAL RESULTS 
The LWRS Program conducts research to develop technologies and other solutions to improve the 

economics and reliability, sustain the safety, and extend the operation of the US domestic fleet of nuclear 
power plants. The program is comprised of several research and development sub-programs, or 
“pathways,” including the FPOG pathway. The FPOG pathway provides research and development to 
evaluate economic opportunities, technical methods, and licensing needs for light water reactors to 
directly supply thermal and electrical energy to co-located or adjacent industrial processes. This pathway 
adapts and uses analytical tools developed by the US DOE to complete technical and economic 
assessments of large, realistic market opportunities for producing nonelectrical energy products. Carbon 
emissions from large-scale non-electric energy applications, such as hydrogen production, chemical 
synthesis, and petroleum refining can be substantially reduced by using heat and electricity sourced from 
clean nuclear power. 



 

78 

The LWRS-FPOG pathway specifically provides engineering design, testing, and demonstration of 
the integration of nuclear power plants with industrial processes. Design activities include feasibility 
assessments for nuclear plant modifications to divert thermal power (steam) from the plant secondary 
system. Sponsored by the FPOG pathway, the engineering consulting firm S&L has completed an initial 
plant system performance predicated on TPD of 30%, 50% and 70% of the reactor thermal power from 
the main steam line from a generic Westinghouse 4-loop PWR. The Westinghouse design is considered 
representative of most domestic PWRs for the purposes of assessing the potential impacts of TPE on 
major PWR systems, structures, and components. 

S&L has estimated the impacts on secondary system performance using the PEPSE thermal 
performance modeling software. The model results are presented in report SL-017758 Rev 02 and are 
appended to this Executive Summary. Table 10-1 summarizes the PEPSE results for four (4) extraction 
scenarios: (1) 30% TPD, (2) 50% TPD, (3) 50% TPD with 20% condensate bypass of the LP feedwater 
heaters (FWHs), and (4) 70% TPD. 

The S&L report includes an engineering assessment of the impacts to the PWR secondary system 
based on the PEPSE results for the respective TPD scenarios. Of particular interest are the impacts on the 
plant equipment due to thermal and mechanical stresses associated with thermal power extraction. The 
assessment concludes that the plant would be expected to reasonably accommodate up to 50% thermal 
power extraction without significant impact to major components, including the high- and LP turbines, 
main condenser, power train pumps, MSRs, drain systems, feedwater heaters, and extraction steam. 

However, the 70% TPD assessment has identified potential challenges for both the secondary plant 
and the NSSS. Plant-specific analysis would be expected to demonstrate that the necessary redesign and 
modifications for 70% TPD would be significant and thermal power dispatch at this capacity would likely 
not be a cost-effective option for PWRS within the existing U.S. nuclear fleet. A summary of the 
evaluation assessments as a function of TPD follows. 

Table 10-1. General impacts for thermal power dispatch scenarios. 

Description Units 
Baseline 

0% 
Case #1 

30% TPD 
Case #2 

50% TPD 

Case #3 
50% TPD 

with bypass 
Case #4 

70% TPD 
Generator electric 
power Mwe 1,228.00 844.6 585.3 573.1 327.3 
Thermal power 
extracted MWt 0 1,095 1,827 1,826 2,557 
% of MS flow 
directed to TPD % 0 21.9 37.6 37.7 55 
MS flow from SGs lbm/hr 16,037,390 15,436,290 14,952,560 14,916,170 14,316,180 
HP turbine inlet 
flow lbm/hr 15,218,400 11,272,260 8,615,524 8,619,505 5,893,152 
HP turbine 1st stage 
pressure psia 651.5 487.5 374.8 375.2 260.4 
MSR inlet pressure psia 190.3 140.2 104.6 97.6 65.5 
LP turbine inlet 
flow lbm/hr 3,673,069 2,677,248 1,980,267 1,845,837 1,230,440 
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Description Units 
Baseline 

0% 
Case #1 

30% TPD 
Case #2 

50% TPD 

Case #3 
50% TPD 

with bypass 
Case #4 

70% TPD 
LP turbine inlet 
pressure psia 175.5 129.3 96.43 90.04 60.4 
Condenser duty BTU/hr 8.21E+09 5.78E+09 4.18E+09 4.22E+09 2.57E+09 
Condensate pump 
flow lbm/hr 11,334,490 11,723,820 11,889,450 11,475,500 11,900,900 
Abbreviations:  

HP = high pressure; LP = low pressure; MS = mains steam; MSR = moisture separator reheater; SG = steam generator 
 
30% Thermal Power Dispatch 

An assessment of the impacts on the plant secondary system at 30% TPD concludes that most major 
component performance would remain within the design limits and for specific localized impacts, 
component upgrades and inspection could reasonably accommodate any adverse operating condition. 

Engineering evaluations suggest that high-pressure/(HP/LP) turbine and MSR performance is very 
similar to that expected when the plant is operated at 75% of rated power. The plant would be expected to 
be able to sustain operation at 30% TPD for long durations. Similarly, condenser operating conditions are 
expected to continue to meet operation requirements and without impact to evacuation capacity. There are 
minimal impacts on the power train pumps and replacement would not be anticipated. 

For 30% TPD, assessment of the feedwater heaters concludes that tube degradation and or nozzle 
wear is not expected to limit dispatch operation, although heater shell wear patterns could be affected 
resulting in increased degradation. Tube-side pressure drop for the 30% TPD case is not expected to 
appreciably impact reliable operation of the heaters. Drain inlet mass fluxes remain bounded by industry 
guidance. However, mass flux parameters for specific heaters were shown to exceed guidelines and could 
result in increased wear rates. Operating temperatures and pressures decreased for all feedwater heaters, 
increasing design margin. Volumetric flow through all drain coolers is also expected to decrease, resulting 
in increased margin for tube vibration parameters. 

Analysis of the Essystem shows that overall, XSL pressure drops increase due to higher flow 
velocities. The increased flow velocities should be included in the individual station FAC program to 
ensure that any potential degradation is properly monitored and addressed. Expansion joint liner thickness 
requirements also increased. Replacement of expansion joints may be needed to ensure requirements are 
met during TPD operations. As a result of pressure and temperature decreases with 30% TPD operating 
condition margins largely improved in the Essystem. 

Heater drain tanks are expected to operate normally at 30% TPD. Feedwater heater (FWH) DCVs 
will require greater flow passing capability and is expected that a plant-specific review may find that 
replacement of the FWH 2 and 3 DCVs is necessary due to significant increase in required valve flow 
coefficient (CV) when operating with 30% TPD. 

The overall impact on material degradation, material properties, and fatigue under the 30% TPD 
scenario is expected to be limited to specific locations and conditions. Based on the PEPSE model results, 
most components would be subject to reduced temperatures, pressures, and flows. Consequently, the 
secondary system components would not be negatively affected by TPD up to 30%. No temperature or 
pressure related impacts on materials were noted in the evaluation data which would be expected to 
impact material properties or result in an unacceptable increase in the risk of fatigue related issues. 
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Equipment that receives the feedwater (i.e., steam generator) from the feedwater heaters will receive 
water at a lower temperature, however this temperature reduction (27.6°F lower) does not result in a 
significant impact on the material properties of this equipment. Impact of thermal cycling due to changes 
in plant operations and level of TPD would be expected to be minimal due to the small temperature delta 
from normal operations. 

50% Thermal Power Dispatch 
The assessment of the HP/LP turbine and MSR performance at 50% TPD concludes similar results to 

the performance evaluation at 30% TPD. Steam turbine and MSR operation would remain within the 
design operating profile. Nevertheless, OEM review should be performed to verify acceptability. There 
are minimal impacts to condenser operating conditions and power train pumps, therefore no changes are 
expected to this equipment. 

The thermal-hydraulic assessment demonstrates that the operating condition (temperature, pressure, 
and tube vibration) result in increased margins for all feed water heaters (FWHs). However, operation at 
50% TPD (with and without partial LP FWH bypass) will result in an increase in tube and tube-side 
nozzle velocities, albeit the increase in wear would be marginal and not expected to result in unacceptable 
increases in degradation. Similarly, increases in steam inlet nozzle velocities could affect wear patterns on 
the heater shells but are likewise considered manageable. FAC program impacts should be evaluated for 
potential increases in wear rate and inspection frequency. 

Tube side pressure drop and drain inlet mass fluxes face minor impacts, while the mass flux 
parameters for various heaters exceed guidance with no LP FWH bypass; partial LP FWH bypass 
resolves this issue. Collectively, the impacts on the FWHs at 50% TPD are not expected to significantly 
challenge the heater operational life resulting in premature replacement. However, enhanced inspections 
will be necessary. 

Analysis of the Essystem shows XSL pressure drops increase due to velocity increases. Expansion 
joint liner thickness requirements may also increase, while operating conditions would improve. Existing 
expansion joints would need to be evaluated on a plant-specific basis and may require replacement. 

Heater drain tanks are expected to operate normally under 50% TPD. However, with no LP FWH 
bypass, normal FWH 2 drains are incapable of passing the required flow and multiple FWH DCVs may 
require greater flow passing capability through either replacement or emergency dump to the condenser. 
Station specific review of the FWH 2 and 3 DCVs, and potentially the FWH 4 DCVs, would be expected 
to require replacement for these valves if operating without bypass. Conversely, with the implementation 
of partial LP FWH bypass, the increase in required flow capacity is significantly reduced and valve 
replacement is not expected to be required. The bypass modification would cause a small decrease in 
electric power generation (approximately 12 Mwe). These scenarios are required to be evaluated in more 
detail on a site-specific basis in order to assess which is the preferred option. Additionally, other options 
may be explored to decrease pressure drop such as drain line resizing. 

The secondary system impacts for 50% TPD are amplified compared to those for 30% TPD. The 
impact on material degradation, material properties, and fatigue is estimated to be greater on the FWHs, 
extraction steam, and FWH DCVs. Equipment that receives the feedwater (i.e., steam generator) from the 
feedwater heaters under the 50% extraction scenarios will receive water at a lower temperature; however, 
this temperature reduction (51.9°F to 53.8°F lower) would not be expected to result in a large negative 
impact on the material properties of this equipment. As with the 30% TPD evaluation, the impact of 
thermal cycling due to changes in plant operations and level of TPD would be expected to be minor due 
to the temperature delta from normal operations. The areas which could exhibit increases in flow related 
wear at 50% extraction should also be subject to increased inspections and inclusion of the site-specific 
FAC programs. 
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70% Thermal Power Dispatch 
Evaluation of the HP/LP turbines and MSRs for 30% and 50% extraction showed performance to be 

similar to the 75% and 50% power cases, respectively. While not explicitly performed here, it is expected 
that this equipment will perform similarly to a 25% power case. Nevertheless, OEM review would be 
necessary. 

Detailed assessment of the condenser and power train pumps is also not a focus for 70% TPD, since 
the impacts under 30% and 50% TPD were relatively minor compared to the other equipment evaluated. 
Major replacement of these components is not expected, but evaluation will be required on a site-specific 
basis. FWH and drain cooler tube and nozzle velocity increases are relatively minor but may impact shell 
wear patterns. Steam inlet nozzle velocities exceed HEI guidelines for the 2nd, 3rd, 4th, 5th, and 6th point 
heaters, and drain inlet mass flux parameters for various heaters exceed the guidelines. Both of these 
impacts indicate potential over-stressing of the impingement plates. FAC evaluation would additionally 
be required to determine the extent of impacts to shell wear rates. This is an additional indicator that the 
impingement plates are at risk for structural damage under 70% TPD conditions. Operating condition 
(temperature, pressure, and tube vibration) margins improve for all FWHs. Nevertheless, formal site-
specific evaluation would be required to assess whether FWH replacement is needed due to increased 
flow velocities.  

Analysis of the Essystem shows XSL pressure drops increase due to greater velocities, with lines to 
the 3rd, 4th, and 5th stage feedwater heaters seeing increases of over 150%. Expansion joint liner thickness 
requirements also increase, while operating conditions largely 6 improved. Existing expansion joints 
would need to be evaluated on a plant-specific basis and may require replacement. 

The Heater Drain system Ies a reduced flow under the 70% extraction scenario and Is expected to 
operate normally under 70% TPD. However, normal FWH 2 and 3 drains are incapable of passing the 
required flow and multiple FWH DCVs may require greater flow passing capability through either 
replacement or emergency dump to the condenser. Station specific review of the FWH 2, 3, and 4 
emergency DCVs and the FWH 4 normal DCV would be needed, along with operational changes to 
address the CV limitations of the FWH 2 and 3 normal DCVs. 

At 70% extraction, some impacts noted under the 30% and 50% extraction scenarios are increased 
and some decreased. The impact on material degradation, material properties, and fatigue were found to 
be greater in most cases. The equipment receiving feedwater (i.e., steam generator) from the FWHs under 
the 70% TPD scenario will receive water at a temperature well below (86.9°F lower) the baseline (0% 
TPD) scenario. This temperature delta is not expected to result in a large impact on the equipment 
material properties but should be evaluated for station specific conditions. The impact of thermal cycling 
due to changes in plant operations and level of thermal extraction would be expected to be acceptable 
based on temperature and pressure deltas from normal operations.  

Investigation of the items of concern for 70% shows that going above 50% TPD will prove 
challenging on plant systems – both on the balance of plant side as well as potential NSSS impacts – and 
is not expected to be cost-effective option for the existing U.S. nuclear fleet. Nevertheless, the extraction 
of up to 50% thermal power remains a feasible option for these plants. 

The results described herein are based on a generic reference plant and PEPSE model, therefore the 
conclusions of site-specific evaluation may differ from this generic PEPSE model analysis and equipment 
assessment based on plant/equipment design, operation, and age. Detailed evaluation of the NSSS 
impacts was also not performed. Plant-specific evaluation of core/plant response and equipment would be 
required for any station considering a modification of the type described in this study. 

A review of the preceding report and results by electric utility personnel has been performed and 
comments presented in Appendix T. 
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