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4. Thermal–Hydraulic Design 

4.1 Design Basis 

4.1.1 Safety Design Bases 
Thermal–hydraulic design of the core shall establish the thermal–hydraulic safety limits for 
use in evaluating the safety margin relating the consequences of fuel cladding failure to public 
safety. 

4.1.2 Requirements for Steady–State Conditions 
For purposes of maintaining adequate fuel performance margin during normal steady–state 
operation, the MCPR must not be less than the required MCPR operating limit, the APLHGR 
must be maintained below the required APLHGR limit (MAPLHGR) and the LHGR must be 
maintained below the required LHGR limit.  The steady–state MCPR, MAPLHGR and 
LHGR limits are determined by analysis of the most severe moderate frequency anticipated 
operational occurrences (AOOs) to accommodate uncertainties and provide reasonable 
assurance that no fuel damage results during moderate frequency AOOs at any time in life. 

4.1.3 Requirements for Anticipated Operational Occurrences (AOOs) 
The MCPR, MAPLHGR and LHGR limits are established such that no safety limit is 
expected to be exceeded during the most severe moderate frequency AOO event as defined in 
the country–specific supplement to this document. 

4.1.4 Summary of Design Bases 
In summary, the steady–state operating limits have been established to assure that the design 
bases are satisfied for the most severe moderate frequency AOO.  Demonstration that the 
steady–state MCPR, MAPLHGR and LHGR limits are not exceeded is sufficient to conclude 
that the design bases are satisfied. 

4.2 Description of Thermal–Hydraulic Design of the Reactor Core 

4.2.1 Critical Power Ratio 
A description of the critical power ratio is provided in Subsection 4.3.1. Criteria used to 
calculate the critical power ratio safety limit are given in Subsection 1.1.5. 

4.2.2 Average Planar Linear Heat Generation Rate (APLHGR) 
Models used to calculate the APLHGR limit are given in Section 2 as pertaining to the fuel 
mechanical design limits and in the country–specific supplement to this document as 
pertaining to 10CFR50 Appendix K limits. 



 Non-Proprietary Information 
GESTAR II Class I NEDO–24011–A–16 Draft 
 
 

 4–2 

4.2.3 Core Coolant Flow Distribution and Orificing Pattern 
The flow distribution to the fuel assemblies and bypass flow paths is calculated on the 
assumption that the pressure drop across all fuel assemblies and bypass flow paths is the 
same.  This assumption has been confirmed by measuring the flow distribution in boiling 
water reactors (References 4–1, 4–2, 4–3).  The components of bundle pressure drop 
considered are friction, local, elevation, and acceleration (Subsections 4.2.4.1 through 4.2.4.4, 
respectively).  Pressure drop measurements made in operating reactors confirm that the total 
measured core pressure drop and calculated core pressure drop are in good agreement.  There 
is reasonable assurance, therefore, that the calculated flow distribution throughout the core is 
in close agreement with the actual flow distribution of an operating reactor. 

An iteration is performed on flow through each flow path (fuel assemblies and bypass flow 
paths), which equates the total differential pressure (plenum to plenum) across each path and 
matches the sum of the flows through each path to the total core flow.  The total core flow 
less the control rod cooling flow enters the lower plenum.  A fraction of this passes through 
various bypass flow paths.  The remainder passes through the orifice in the fuel support plate 
(experiencing a pressure loss) where some of the flow exits through the fit–up between the 
fuel support and the lower tieplate and through the lower tieplate holes into the bypass flow 
region.  All initial and reload core fuel bundles have lower tieplate holes.  The majority of the 
flow continues through the lower tieplate (experiencing a pressure loss) where some flow 
exits through the flow path defined by the fuel channel and lower tieplate into the bypass 
region.  This bypass flow is lower for those fuel assemblies with finger springs.  The bypass 
flow paths considered in the analysis and typical values of the fraction of bypass flow through 
each flow path are given in Reference 4–4. 

Within the fuel assembly, heat balances on the active coolant are performed nodally.  Fluid 
properties are expressed as the bundle average at the particular node of interest and are based 
on 1967 or later International Standard Steam–Water Properties.  In evaluating fluid 
properties a constant pressure model is used. 

The relative radial and axial power distributions documented in the country–specific 
supplement are used with the bundle flow to determine the axial coolant property distribution, 
which gives sufficient information to calculate the pressure drop components within each fuel 
assembly type.  When the equal pressure drop criterion described above is satisfied, the flow 
distributions are established. 

4.2.4 Core Pressure Drop and Hydraulic Loads 
The components of bundle pressure drop considered are friction, local, elevation and 
acceleration pressure drops.  Pressure drop measurements made in operating reactors confirm 
that the total measured core pressure drop and calculated core pressure drop are in good 
agreement. 

4.2.4.1 Friction Pressure Drop 
Friction pressure drop is calculated with a basic model as follows: 
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where 

 ΔPf = friction pressure drop 

 w = mass flow rate 

 gc = gravitational conversion factor 

 ρ = average nodal liquid density 

 DH = channel hydraulic diameter 

 Ach = channel flow area 

 L = incremental length 

 f = friction factor 

 φTPF = two–phase friction multiplier 

The formulation for the two–phase multiplier is similar to that presented in References 4–5 
and 4–6, and is based on data that is taken from prototypical BWR fuel bundles. 

4.2.4.2 Local Pressure Drop 
The local pressure drop is defined as the irreversible pressure loss associated with an area 
change, such as the orifice, lower tieplate, and spacers of a fuel assembly. 

The general local pressure drop model is similar to the friction pressure drop and is 
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where 

 ΔPL = local pressure drop 

 K = local pressure drop loss coefficient 

 A = reference area for local loss coefficient 
 φTPL = two–phase local multiplier 

and w, gc, and ρ are defined above.  The formulation for the two–phase multiplier is similar to 
that reported in Reference 4–6.  For advanced spacer designs a quality modifier has been 
incorporated in the two–phase multiplier to better fit the data. Empirical constants were added 
to fit the results to data taken for the specific designs of the BWR fuel assembly.  These data 
were obtained from tests performed in single–phase water to calibrate the orifice, the lower 
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tieplate, and the holes in the lower tieplate, and in both single– and two–phase flow, to derive 
the best fit design values for spacer and upper tieplate pressure drop.  The range of test 
variables was specified to include the range of interest for boiling water reactors.  New test 
data are obtained whenever there is a significant design change to ensure the most applicable 
methods are used. 

4.2.4.3 Elevation Pressure Drop 
The elevation pressure drop is based on the relation: 
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where 

 ΔPE = elevation pressure drop 

 ΔL = incremental length 

 ρ  = average mixture density 

 g = acceleration of gravity 

 gc = gravitational conversion factor 

 α = nodal average void fraction 

 ρf, ρg = liquid and saturated vapor density, respectively 

The void fraction model used is an extension of the Zuber–Findlay model (Reference 4–7), 
and uses an empirically fit constant to predict a large block of steam void fraction data.  
Checks against new data are made on a continuing basis to ensure the best models are used 
over the full range of interest of boiling water reactors. 

4.2.4.4 Acceleration Pressure Drop 
A reversible pressure change occurs when an area change is encountered, and an irreversible 
loss occurs when the fluid is accelerated through the boiling process.  The basic formulation 
for the reversible pressure change resulting from a flow area change in the case of single–phase 
flow is given by: 
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where 

 ΔPACC = acceleration pressure drop 

 ρf = liquid density 

 gc = gravitational conversion factor 

 A2 = final flow area 

 A1 = initial flow area 

 w = mass flow rate 

In the case of two–phase flow, the liquid density is replaced by a density ratio so that the 
reversible pressure change is given by: 
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 α = void fraction at A2 

 x = steam quality at A2 

and other terms are as previously defined.  The basic formulation for the acceleration pressure 
change due to density change is: 
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and is evaluated at the inlet and outlet of each axial node.  Other terms are as previously 
defined.  The total acceleration pressure drop in boiling water reactors is on the order of a few 
percent of the total pressure drop. 
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4.2.5 Correlation and Physical Data 
General Electric Company has obtained substantial amounts of physical data in support of the 
pressure drop and thermal–hydraulic loads discussed in Subsection 4.2.4.  Correlations have 
been developed to fit these data to the formulations discussed. 

4.2.5.1 Pressure Drop Correlations 
General Electric Company has taken significant amounts of friction pressure drop data in 
multi–rod geometries representative of BWR plant fuel bundles and correlated both the 
friction factor and two–phase multipliers on a best fit basis using the pressure drop 
formulations reported in Subsections 4.2.4.1 and 4.2.4.3.  Tests are performed in single–phase 
water to calibrate the orifice and the lower tie–plate, and in both single– and two–phase flow 
to arrive at best fit design values for spacer and upper tie–plate pressure drop.  The range of 
test variables is specified to include the range of interest to boiling water reactors.  New data 
are taken whenever there is a significant design change to ensure the most applicable methods 
are in use at all times. 

Applicability of the single–phase and two–phase hydraulic models discussed in 
Subsections 4.2.4.1 and 4.2.4.2 for fuel designs as described in Reference 4–13, was 
confirmed by full scale prototype flow tests. 

4.2.5.2 Void Fraction Correlation 
The void fraction correlation includes effects of pressure, flow direction, mass velocity, 
quality, and subcooled boiling. 

4.2.5.3 Heat Transfer Correlation 
The Jens–Lottes (Reference 4–8) heat transfer correlation is used in fuel design to determine 
the cladding–to–coolant heat transfer coefficients for nucleate boiling. 

4.2.6 Thermal Effects of Anticipated Operational Occurrences 
The evaluation of the core’s capability to withstand the thermal effects resulting from 
anticipated operational occurrences is covered in Chapter 15 (Accident Analysis) of the 
plant FSAR. 

4.2.7 Uncertainties in Estimates 
Uncertainties in thermal–hydraulic parameters are considered in the statistical analysis that is 
performed to establish the fuel cladding integrity safety limit documented in 
Subsection 4.3.1.1. 

4.2.8 Flux Tilt Considerations 
For flux tilt considerations, refer to Subsection 3.2.2. 
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4.3 Evaluation 
The thermal–hydraulic design of the reactor core and reactor coolant system is based upon an 
objective of no fuel damage during normal operation or during anticipated operational 
occurrences. This design objective is demonstrated by analysis as described in the following 
sections. 

4.3.1 Critical Power 
The objective for normal operation and AOOs is to maintain nucleate boiling and thus avoid a 
transition to film boiling.  Operating limits are specified to maintain adequate margin to the 
onset of the boiling transition.  The figure of merit utilized for plant operation is the critical 
power ratio. This is defined as the ratio of the critical power (bundle power at which some 
point within the assembly experiences onset of boiling transition) to the operating bundle 
power.  The critical power is determined at the same mass flux, inlet temperature, and 
pressure that exist at the specified reactor condition.  Thermal margin is stated in terms of the 
minimum value of the critical power ratio, MCPR, which corresponds to the most limiting 
fuel assembly in the core.  To ensure that adequate margin is maintained, a design 
requirement based on a statistical analysis was selected as follows. 

Moderate frequency AOOs caused by a single operator error or equipment malfunction shall 
be limited such that, considering uncertainties in manufacturing and monitoring the core 
operating state, at least 99.9% of the fuel rods would be expected to avoid boiling transition 
(Reference 4–9). 

Both the transient (safety) and normal operating thermal limits in terms of MCPR are derived 
from this basis.  A discussion of these limits follows. 

4.3.1.1 Fuel Cladding Integrity Safety Limit 
The generation of the Minimum Critical Power Ratio (MCPR) limit requires a statistical 
analysis of each reload core near the limiting MCPR condition.  The statistical analysis is 
used to determine the MCPR corresponding to the transient design requirement given in the 
United States supplement.  The MCPR Fuel Cladding Integrity Safety Limit applies not only 
for core wide AOOs, but is also applied to the localized rod withdrawal error AOO. The 
cycle–specific Safety Limit MCPR is derived based on the criteria of Subsection 1.1.5. 

4.3.1.1.1 Statistical Model 
The statistical analysis utilizes a model of the BWR core that simulates the process computer 
function.  This code produces a critical power ratio (CPR) map of the core based on inputs of 
power distribution, flow and heat balance information.  Details of the procedure are 
documented in Appendix IV of Reference 4–9 and Section 4 of Reference 4–36.  Random 
Monte Carlo selections of all operating parameters based on the uncertainty ranges of 
manufacturing tolerances, uncertainties in measurement of core operating parameters, 
calculational uncertainties, and statistical uncertainty associated with the critical power 
correlations are imposed upon the analytical representation of the core and the resulting 
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bundle critical power ratios are calculated.  Uncertainties used in the cycle–specific statistical 
analysis is presented in References 4–13, 4–36 and 4–37. Although some of the plant–unique 
uncertainties may be greater for some plants, other uncertainties for these plants are smaller 
and the analysis is applicable.  

The minimum allowable critical power ratio is set to correspond to the criterion that 99.9% of 
the rods are expected to avoid boiling transition by interpolation among the means of the 
distributions formed by all the trials. 

4.3.1.1.2 BWR Statistical Analysis 
Statistical analyses are performed for each operating cycle that provides the fuel cladding 
integrity safety limit MCPR.  This Safety Limit MCPR is derived based on the criteria in 
Subsection 1.1.5.  

4.3.1.2 MCPR Operating Limit Calculational Procedure 
A plant–unique MCPR operating limit is established to provide adequate assurance that the 
cycle–specific fuel cladding integrity safety limit for that plant is not exceeded for any 
moderate frequency AOO. This operating requirement is obtained by addition of the 
maximum ΔCPR value for the most limiting AOO (including any imposed adjustment factors) 
from conditions postulated to occur at the plant to the cycle–specific fuel cladding integrity 
safety limit. 

4.3.1.2.1 Calculational Procedure for AOO Pressurization Events 
Core–wide rapid pressurization events (turbine trip w/o bypass, load rejection w/o bypass, 
feedwater controller failure) are analyzed using the system model (ODYN) documented in 
References 4–16 and 4–17.  Improvements made in ODYN using the physics methods of 
Reference 4–18 are documented in References 4–19 and 4–20. An updated version of ODYN 
using the advanced physics methods of Reference 4–21 is described in Reference 4–22.  As 
described in Reference 4–22, this creates two integrated, self–consistent sets of methods, 
referred to as GENESIS and GEMINI, for analyzing core–wide rapid pressurization events. 
For GE11 and later fuel products, the time varying axial power shape is calculated by ODYN 
(Reference 4–34).  TRACG has been approved for application to AOO transients.  TRACG 
uses a multi–dimensional two–fluid model and a three–dimensional kinetics model consistent 
with the GEMINI method.  The application of TRACG is described in Reference 4–40.  The 
set of methods used (GENESIS, GEMINI or TRACG) will be identified in the supplemental 
reload licensing report; however, application of a different approved method set may be used 
subsequently for the same cycle. 

4.3.1.2.2 Calculational Procedure for AOO Slow Events 
The slower core–wide anticipated operational occurrence, loss of feedwater heating, is 
analyzed using either the steady–state 3–D BWR Simulator Code (Reference 4–18 for 
GENESIS methods or Reference 4–21 for GEMINI methods), the REDY transient model 
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(References 4–23, 4–24 and 4–25) as described in Reference 4–26, the ODYN system model 
documented in Reference 4–39, or the TRACG model as described in Reference 4–40.  
Inadvertent HPCI startup may be bounded by that of the loss of feedwater heating event 
(Reference 4–35).  When necessary, it is analyzed using the REDY transient model, the 
ODYN system model or the TRACG system model.  The scram reactivity used for slow 
events is shown in Figure 4–1. 

4.3.1.2.3 Rod Withdrawal Error Calculational Procedure 
The reactor core behavior during the rod withdrawal error transient is calculated by doing a 
series of steady–state three–dimensional coupled nuclear–thermal–hydraulic calculations 
using the 3–D BWR Simulator (Reference 4–18 for GENESIS methods or Reference 4–21 for 
GEMINI methods). 

4.3.1.2.4 Event Descriptions 
Descriptions of the limiting AOO events are given in the country–specific supplement to this 
document. The AOO descriptions given in the country–specific supplement to this document 
are used as a basis for the typical analyses performed. Some plant–unique analyses will differ 
in certain aspects from the typical calculational procedure. These differences arise because of 
utility–selected margin improvement options. 

4.3.1.2.5 MCPR Operating Limit Calculation 
The operating limit MCPR for rapid AOOs is calculated by using the TASC computer 
program (References 4–28 and 4–41) or TRACG (Reference 4–40).  The country–specific 
supplement to this document lists the plant initial conditions for the MCPR operating limit 
analysis.  Values used in reload analyses may be different from those given in the country–
specific supplement to this document. In these cases, the values used appear in the 
supplemental reload licensing report.  Cycle–dependent plant initial conditions for the MCPR 
operating limit analysis and the resulting parameters are given in the FSAR or in the 
supplemental reload licensing report. 

4.3.1.2.6 MCPR Uncertainty Considerations 
The deterministic ΔCPR value that results from ODYN/TASC evaluations (for all rapid 
pressurization AOOs) must be adjusted such that a 95/95 ΔCPR/ICPR licensing basis is 
calculated (i.e., 95% probability with 95% confidence that the safety limit will not be 
violated).  The SER, which describes these requirements and procedures, is given in 
Reference 4–29. 

Each utility has the choice of operating under either Option A or Option B. 

Option A — For plants operating under Option A with the GENESIS set of methods, an 
NRC–imposed factor of 1.044 is applied to the MCPR for each event to account for code 
uncertainties. 
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With the GEMINI set of methods, the MCPR for each event is determined using statistically 
evaluated scram times.  Plants that do not demonstrate compliance with the statistically 
evaluated scram times must operate using a higher limit that does not take credit for these 
scram times.  The higher limit will also be referred to as Option A.  Details are provided in 
Reference 4–29. 

Option B — Under Option B, the ΔCPR/ICPR ratio for the pressurization events is evaluated 
on either a plant–unique or generic statistical basis per the methodology and procedures of 
References 4–29 and 4–30 for GENESIS, and Reference 4–31 for GEMINI.  The generic 
basis utilizes adjustment factors that are dependent on plant and event type.  Reference 4–29 
summarizes these factors for the GENESIS set of methods.  For the GEMINI set of methods, 
the adjustment factors and their application are described in References 4–31 and 4–38. Since 
both the GENESIS and GEMINI adjustment factors take credit for conservatism in the scram 
speed assumed for the transient analyses, each plant operating under Option B must 
demonstrate that their actual scram speeds are within the distribution assumed in the 
derivation of the adjustment factors.  This conformance procedure is described in 
Reference 4–29. 

The adjusted MCPR values for all rapid pressurization events are given in the FSAR or in the 
supplemental reload licensing report. 

If the ΔCPR is calculated by TRACG (Reference 4–40), the ΔCPR and the OLMCPR are 
calculated such that less than 0.1% of the fuel rods will be subject to boiling transition during 
the transient. 

4.3.1.2.7 Low Flow and Low Power Effects on MCPR 
The operating limit MCPR must be increased at low flow conditions, and the operating limit 
MCPR must be increased for BWR/6 plants and plants with ARTS at low flow and low power 
conditions.  For low flow conditions this is because, in the BWR, power increases as core 
flow increases, which results in a corresponding lower MCPR.  If the MCPR at a reduced 
flow condition were at the 100% power and flow MCPR operating limit, a sufficiently large 
inadvertent flow increase could cause the MCPR to decrease below the Fuel Cladding 
Integrity Safety Limit MCPR.  Therefore, the required operating limit MCPR for the BWR/2–
5 plants is increased at reduced core flow rates by a flow factor, Kf, such that: 

Required MCPR Operating Limit = Kf × MCPR Operating Limit at 100% core flow 

The flow factor, Kf, is given in Reference 4–13 as a function of the core flow rate for 
BWR/2–5 reactors. 

For BWR/6 the required flow–dependent operating limit MCPR is defined as MCPRf and is a 
function of the core flow rate.  This limit is the MCPR transient limit that has been modified 
to take the flow factor, Kf, into account.  An example of this flow–dependent operating limit 
MCPR is given in Reference 4–13. 
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Plants licensed for the Average Power Range Monitor, Rod Block Monitor and Technical 
Specification (ARTS) Improvement Program have both power– and flow–dependent limits 
imposed on the operating limit MCPR (OLMCPR).  The flow–dependent required OLMCPR, 
MCPRf, is defined as a function of the core flow rate and positioning of the scoop tube on the 
recirculation pump motor or the maximum core flow runout for plants with the recirculation 
flow control valves.  A typical example MCPRf versus flow curve is shown in 
Reference 4–13.  For powers between 100% of rated and the bypass point for the turbine stop 
valve/turbine control valve fast closure scram signal (about 30% of rated), the power–
dependent OLMCPR, MCPRp, is determined from the product of the OLMCPR at 100% of 
rated and a power–dependent multiplier, Kp.  For powers between threshold for thermal limits 
monitoring (e.g., 25% of rated) and the bypass point, the MCPRp limits are absolute values 
and are defined separately for high core flows (e.g., >50% of rated flow) and for low core 
flows (e.g., ≤50% of rated flow) conditions.  Thermal limits monitoring is not required below 
approximately 25% of rated power. The OLMCPR to be used at powers less than 100% 
becomes the most limiting value of either MCPRf or MCPRp. 

Plants with a Rod Withdrawal Limiter (RWL) system also require power distribution limits.  
The RWL system restricts control rod motions as a function of power rather than the local 
neutron flux used by the Rod Block Monitor (RBM) system.  An example of the power 
distribution limits for BWR/6 plants is given in Reference 4–13. 

4.3.1.2.8 End–of–Cycle Coastdown Considerations 
AOO analyses are performed at the full power, EOC, all–rods–out condition.  Once an 
individual plant reaches this condition, it may shutdown for refueling or it may be placed in a 
coastdown mode of operation.  In the end–of–cycle coastdown type of operation the control 
rods are held in the all–rods–out position and the plant is allowed to coastdown to a lower 
percent of rated power while maintaining rated core flow.  The power profile during this 
period is assumed to be a linear function with respect to exposure.  It is expected that the 
actual profile will be a slow, exponential curve.  An analysis to the linear approximation, 
however, will be conservative, since it over predicts the power level for any given exposure. 

In Reference 4–32, evaluations were made at 90%, 80%, and 70% power level points on the 
linear curve.  The results show that the pressure and MCPR from the limiting pressurization 
AOO exhibit a larger margin for each of these points than the EOC full power, full–flow case.  
LHGR limits for the full power, rated flow case are conservative for the coastdown period, 
since the power will be decreasing and rated core flow will be maintained.  Therefore, it can 
be concluded that the coastdown operation beyond full power operation is conservatively 
bounded by the analysis at the EOC conditions.  In Reference 4–33, this conclusion is 
confirmed for coastdown operation down to 40% power and is shown to hold for analyses 
performed with ODYN. 

4.3.2 Core Hydraulics 
Core hydraulics models and correlations are discussed in Section 4.2. 
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4.3.3 Influence of Power Distributions 
The influence of power distributions on the thermal–hydraulic design is discussed in 
Reference 4–9. 

4.3.4 Core Thermal Response 
The thermal response of the core for accidents and expected AOO conditions is given in 
Chapter 15 (Accident Analysis) of the plant FSAR or in the supplemental reload licensing 
report. 

4.3.5 Analytical Methods 
The analytical methods, thermodynamic data, and hydrodynamic data used in determining the 
thermal and hydraulic characteristics of the core are documented in Subsection 4.3.1.2 of this 
document and the country–specific supplement to this document. 
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Figure 4–1.  Transient Analysis Input–Scram Reactivity (REDY Events) 
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