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ABSTRACT 

A new development and practical application of a mathematical dynamic 

modeling for simulating thermal-hydraulic transient analysis and nuclear core re

sponse of the boiling water reactor system is presented in this dissertation. The 

mathematical dynamic modeling represents a new technology based on a multinode 

moving boundary formulation. 

The mathematical model developed for fluid flows is based on a set of the 

one-dimensional, single channel, and four equation mixture model. The four con

servation equations used in the mathematical model formulation include the vapor 

phase mass equation, the liquid phase mass equation, the mixture energy equation, 

and the one-dimensional mixture momentum equation for the boiling channel. A 

drift flux model is included in the two-phase flow regime to enable description of two

phase slip. The fonnulation of the core thermal-hydraulic model utilizes a transient 

moving boundary technique which tracks the movements of the phase change and 

boiling transition boundaries. Such a moving boundary model has been developed 

to allow a smooth representation of the boiling boundary movement based on various 

empirical heat transfer correlations for single- and two-phase flow regimes and the 

local thermal-hydraulic conditions of the coolant flow along fuel pin channels. The 

mathematical models have been implemented to accommodate three-dimensional re

actor kinetics, with detailed thermal conduction in fuel elements. Also, an accurate 

minimum departure from nucleate boiling ratio (MDNBR) boundary is predicted 

during transients. 
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Several test calculations were performed to assess the accuracy and appli

cability of the moving boundary model. Comparison between the calculated results 

and the experimental data are favorable. Overall system studies show that some 

thermal margin is gained using the transient MDNBR approach vs the traditional 

quasi-static methodology. The model predicts accurate void fraction profiles for 

kinetic feedback and boiling stability analysis for the BWR. The moving boundary 

formulation and improved numerical solution scheme are an efficient and suitable 

tool which can be useful for realistic simulation of degraded nuclear power plant 

transients. 
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CHAPTER 1 

INTRODUCTION 

In recent years, there has been an increasing interest in the development 

of efficient and accurate dynamic models for simulating the thermal-hydraulic tran

sient analysis and the dynamic behavior of transient conditions of nuclear power 

plant components. The need for an efficient, practical and high fidelity simulation 

model technique for assessment of the dynamic behavior of nuclear power reactors 

and safety studies is clearly growing with the growth of the nuclear power industry. 

The newly developed simulation model would be responsive to these needs. 

A new technology has been developed for simulating nuclear power plant 

dynamics under normal and transient conditions. The technology constitutes an 

integrated optimization of mathematical modeling and computing methods, in the 

sense that the model formulations and selection of numerical methods for integrating 

the governing differential equations of mass, momentum, and energy conservation 

were optimized to fully utilize the special features of the computer. 

1.1 General Considerations 

The mathematical dynamic modeling is a means of studying system dy

namic and control. Such dynamic studies are quite necessary for providing infor

mation for designing and improving control systems in the nuclear reactor system. 
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A nuclear power plant demands a detailed knowledge of the thermal

hydraulic processes affecting its performance, not only at steady state, but also 

during transients. Recently, much emphasis has been placed on the development of 

improved analytical tools to study and predict nuclear power plant behavior under 

transient conditions as a result of the March 1979 Three Mile Island (TMI) unit 2 

accident and similar incidents. The recent USSR Chernobyl accident dramatically 

reemphasized the need for more realistic simulation to avoid severe accidents and 

to better respond to emergencies. 

Nuclear power plant simulations for the purpose of nuclear safety analyses 

are currently being carried out with aid of large systems codes. Such simulations 

are costly and time consuming. There appears to be a great incentive to develop a 

thermal-hydraulic analysis capable of transient simulation for nuclear power plants 

in conjunction with advanced modeling techniques. Simulation methods are be

coming increasingly more complex due to increased emphasis on reactor safety and 

nuclear power plant performance. A new approach to boiling water reactor transient 

simulation is needed to produce swift and inexpensive safety analysis directly. 

Dynamic simulation and testing have become important techniques for sys

tem design studies and performance analyses. A nuclear power plant consists of 

many complex subsystems. Each major subsystem is further composed uf several 

subsystems. Applications of dynamic simulation and testing to these systems and 

subsystems can improve understanding of their functions and characteristics so that 

better design, performance and reliability can be achieved. The important step in 

developing an adequate nuclear reactor transient analysis model is to properly ex

amine the physical processes which talw place in nuclear power plant components. 

Current simulation procurement specifications insist on the ability to ad

dress the two-phase flow and heat transfer process and give examples of transients 
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and accidents that need to be simulated. Efficient simulations require an integrated 

concept which optimizes the formation of mathematical models, the application of 

numerical methods, and the selection of computer architecture. The new modeling 

represents a new technology based on such an integrated concept to achieve boiling 

water reactor power plants simulations in the shortest time possible. 

Nuclear power plant simulations utilizing recently developed thermal

hydraulics code require access to large computing facilities for the validation of 

the mathematical model. The validation of the model is checked against available 

test data. 

1.2 Statement of the Problem 

The development of improved analytical tools to study and predict nuclear 

power plant behavior has been assigned a high priority in recent years by the nuclear 

industry. Regulatory requirements for nuclear plant safety following postulated 

accidents often imply the simulation of severe transients, which is another reason 

for developing improved plant models. 

In the past, the thermal-hydraulics models were found to be lacking for 

simulation of more severe transients and accidents that results in vapor formulation 

within the primary coolant system. Many simulations still employ very simplistic 

and fixed models which cannot do the job. Recently, after the TMI accident, even 

greater emphasis has been placed on the capability of modeling system transients 

with greater accuracy. 

There are many processes which occur under transients that are not directly 

measured. We do not directly know: (i) how much vapor is being produced at any 

given location; (ii) velocity and direction of fluid components flow; (iii) whether 

the liquid is boiling or vapor is superheating; (iv) where condensation occurs and 
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j (v) whether the fuel is poorly cooled over some portion of reactor core. However, 

all of these processes will indeed play a major role in the overall reactor coolant 

system behavior. These processes will affect the measured system pressure and the 

measured temperature. 

In order to better predict the nuclear power reactor performance during 

transient conditions, including normal operational transients and accident condi

tions, an accurate and efficient model to describe the dynamic behavior of the 

reactor core is necessary. Thus, advanced technology for accurate nuclear power 

plant dynamic simulations is very much needed. 

The development of mathematical models for the thermal-hydraulic anal

ysis of nuclear reactor systems is an ongoing process which responds to new re

quirements for nuclear power plant performance analysis and to general advances 

in the state-of-the-art for numerical modeling and computer simulation. The mov

ing boundary model approach is an advanced technique used to predict the position 

between two or more thermal-hydraulic flow regimes. It gives good internal and 

overall information about the system with reasonable accuracy at a moderate com

puting expense. Thermal transient analysis using a moving boundary model will 

be proved to be fairly accurate. 

A model for use in boiling water reactor applications with moving bound

aries and variable node sizes will be developed for this work. It is based on a moving 

boundary concept and a variable number of subregions. The boundaries of interest 

are the subcooled boiling boundary, the saturated liquid boundary, the critical heat 

flux boundary, and the saturated vapor boundary. 
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1.3 Objective of the Dissertation 

Some of the physical processes that need to be simulated, such as the tran

sient two-phase flow, are so complex that the fidelity of simulation must be tested 

against a wide variety of measurements obtained in operating nuclear power plants. 

The work in this dissertation is expected to be capable of predicting the most im

portant parameters of pressure, flow rate, coolant enthalpy and temperature as a 

function of time. 

A mathematical model wi th moving boundaries would be more suitable for 

boiling water reactor transients. This model is to provide good estimates of the 

heat transfer process and temperature distribution during a transient. In general, 

the fixed node method is simpler to implement except at regions near phase change 

boundaries. The moving boundary method is harder to formulate, but it offers 

better accuracy for fuel channel analyses, especially at low flow conditions, when 

the boiling and superheated boundaries are both near one end of the channel. This 

dissertation is concerned wi th the development of such a moving boundary model to 

simulate and analyze various transients encountered in boiling water reactor plants. 

The prime goal of this work is to obtain safety analyses and examine calcu

lations through realistic simulations of operational and accidental transients. The 

more specific work is the development and verification of numerical models using 

the state variable, moving boundary model technique for simulating the dynamic 

behavior of nuclear power plants. The detailed and accurate simulations are neces

sary to predict the dynamic response of large complex nuclear power plant systems. 

Another importance of this work is to demonstrate the feasibility of a multinode 

moving boundary formulation for thermal transient analysis of nuclear power plants. 

The major thermal-hydraulic codes currently available use a fixed mesh formula

tion for the nuclear reactor models. In view of the growing interest in fast running 
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models for similar applications, the moving boundary formulation appears to be a 

viable alternative because of its coarse mesh structure and proper tracking of phase 

boundary movement during transients. 

The dynamic model was simulated using the LASAN code which was de

veloped by the Los Alamos Scientific Laboratory for modeling and evaluating the 

performance of large continuous systems. 

In conclusion, the nuclear power plant model developed in this work can be 

a useful tool for parametric studies in the area of thermal transient analysis, with 

its fast running capability and its proper representation of the interaction between 

the fuel channels, through its moving boundary formulation. It has shown a great 

potential for nuclear power plant simulation. The result of several test calculations 

provides some verification of the capabilities of the newly developed models. 

1.4 Scope and Organization of the Dissertation 

The scope of this work will be to develop a nuclear reactor core thermal

hydraulic computer code with moving boundary formulation that simulates the 

overall behavior of the boiling water reactor system transient. 

This section provides a brief overview for each chapter of this dissertation. 

The development of the subject matter in this dissertation is as follows: 

Chapter 1 contains an introduction providing the general considerations, 

statement and background of the problem, and organization of this dissertation. 

Chapter 2 presents some of the background information useful for boiling 

water reactor (BWR) analysis, including the physical configuration and design and 

more detailed operating data, effects of thermal non-equilibrium and unequal phase 

velocities for two-phase flow models, and a review of the previous work on moving 

boundary analysis. 
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Chapter 3 describes a derivation of the moving boundary mathematical 

formulation and the models developed for the primary loop, coupling of neutron 

kinetics and fuel pin models. In this same chapter, a four equation drift flux model 

is introduced with the non-homogeneous and non-equilibrium state including the 

general conservation equations and the assumptions used in their application. The 

physical data used in modeling are included steam tables, state equation, empirical 

correlations used for heat transfer, pressure drop calculations and the two-phase 

friction multiplier. Also, an accurate minimum departure from nucleate boiling 

ratio (MDNBR) boundary is predicted during transients. 

Chapter 4 describes the capabilities of LASAN code and demonstrates the 

numerical integration methods. Numerical solution methods are summarized for 

solving the model equations as parts of the steady-state and transient solutions. 

Chapter 5 deals with the results of the moving boundary test runs and 

results are compared with test data in terms of accuracy. Results from transient 

calculations are examined for the purpose of testing the validity of the models. 

Chapter 6 summarizes the results of this work and gives the conclusion. 
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CHAPTER 2 

PRELIMINARY MODELING CONSIDERATIONS 

This chapter gives a concise overview of boiling water reactors (BWRs), 

with emphasis placed on a physical understanding of relevant thermal-hydraulic 

phenomena that are of current practical interest in BWR technology. 

Before a discussion of the mathematical dynamic modeling presented in the 

following chapter, it is necessary to describe some knowledge of nuclear power plant 

layout, reactor configuration, flow paths and the thermal-hydraulic characteristics 

of the boiling water reactor. After a brief description of the configuration and 

flow paths, a state-of-the-art survey of two-phase flow and heat transfer relevant 

to BWR application will be presented. Also previous work on moving boundary 

models is included in this chapter to enable a typical boiling water reactor core 

thermal-hydraulic modeling for transient analysis. 

2.1 Description of Boiling Water Reactor Systems 

Boiling water reactors account for a significant portion of the power gen

erated by nuclear power plants today. The BWR is characterized by bulk boiling 

and stearn production within the reactor core. Major evolution of the commercial 

boiling water reactor design has been centered with the General Electric (GE) com

pany. The current generation of plants marketed by GE is the BWR-6, the sixth 

evolutionary step in BWR design, with electric power output ranging from 900 
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MWe to 1,300 MWe gross (Fuller et al., 1973 and Shiralkar, 1985). In this section, 

the BWR-6 system will be briefly described as representative for the purpose of the 

discussion. 

Some of the early BWRs incorporated the dual cycle type, wherein steam 

is generated in a secondary steam generator as well as in the core. The dual cycle 

generates secondary steam at a lower pressure outside the core using heat tal{en 

from high pressure water returning from the steam drum to the core. The dual 

cycle plants have given way to the direct cycle BWRs which can more fully realize 

the inherent advantages of the boiling system. The modern boiling water reactor is 

of the direct cycle type requiring no separate steam generators. Steam is produced 

within the core and fed directly to the turbine-generator. Consequently, this system 

uses a direct cycle. The basic features of the steam system for the direct cycle 

BWR are shown in Fig. 2.1. With boiling water reactors not only is advantage 

taken of higher heat transfer rates, but by producing steam within these reactors. 

An advantage of BWRs is that the direct cycle eliminates the need for a steam 

generator, making for a compact system. An additional feature is that most of the 

energy transfer in the core is by latent heat as opposed to sensible heat in other 

nuclear power plants. This allows smaller flow rates. However these advantages 

are offset by radioactive contamination of the steam, which requires additional 

shielding for the piping, turbine, and feedwater heaters. The level of radioactivity 

in the steam system is very low when the reactor is not in operation. 

The reactor core consists of fuel assemblies inside individual channel boxes 

and control rods contained within the reactor vessel and cooled by the recirculation 

water system. A typical 1220 MWe BWR-6 core consists of 748 fuel assemblies and 

177 bottom entry control rods, forming a core array about 16 ft in diameter and 

14 ft high. The power level is maintained or adjusted by positioning control rods 
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up and down within the core. The BWR core power level is further adjustable by 

changing the recirculation flow rate without changing control rod position. This 

feature helps achieve excellent load-following capability. 

The BWR employs bottom-entry control rods, which allow refueling with

out removal of the rods and drives. The hydraulic control rod drive system incor

porates mechanical locking of the rod at the selected position. 

Like most boilers, the BWR can deliver at least 10 % power in a natu-

ral recirculation mode without operation of the recirculation pumps. This feature 

provides the potential capability to start up the plant without external power. 

The BWR operates at constant pressure, typically 1,000 psia. The inte

gration of the turbine pressure regulator and control system with the reactor water 

recirculation flow control system permits automated changes in steam flow to ac-

commodate varying load demands on the turbine. Power changes of up 25 % of 

rated power can be accomplished automatically by recirculation flow control alone. 
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Fig. 2.1 Direct Cycle Boiling Water Reactor System (BWR-6, 1975) 
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Generally, BWR plants have a strong negative void-reactivity coefficient; 

i.e., when the average void fraction increases, the effectiveness of the coolant to 

thermalized neutrons decreases, fewer neutrons undergo fission and thus less heat 

is produced by the governing fission process. This phenomenon overwhelmingly 

determines the transient behavior of the reactor vessel. If the core mass flow is 

increased, it will soon cause a decrease of the core void fraction, which increases the 

neutron density. Manipulation of the power input to the recirculation pumps is the 

principal way of changing the generated power in the nuclear system, particularly 

during load following. Manipulating the control rods can also change the core 

power output, but these maneuvers are kept to a minimum. If the vessel pressure is 

changed, e.g., decreased by opening the turbine valve, it will cause an increase in the 

void fraction, which then decreases the core power output. Similarly, if the pressure 

increases, it will contribute to an increase in core power output. This behavior is 

opposite to what could be desired and constitutes a potential for instability. For 

this reason a BWR is essentially operated at constant vessel pressure; i.e., one 

important objective of the control system is to keep the pressure constant, while 

utilizing small changes of the pressure to improve load-following response. If the 

load demand increases, a temporary lowering of vessel pressure will result in an 

extra amount of steam being generated by flashing of the liquid in the vessel. If the 

load decreases, an intentional increase in vessel pressure will condense some of the 

superfluous steam and thus store the energy temporarily in the vessel rather than 

dump it all through the bypass valve into the condenser. 

The more detailed following description is the principal components of the 

nuclear reactor assembly, with emphasis on the features that affect the reactor 

thermal-hydraulic performance. 
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Reactor Vessel and Internals 

The reactor assembly, shown in Fig. 2.2, consists of the reactor vessel, its 

internal components of the core, shroud, top guide assembly, core plate assembly, 

steam separator and dryer assemblies, and jet pumps. Also included in the reactor 

assembly are the control rods, control rod drive housings and the control rod drives. 

Each fuel assembly that mal<:es up the core rests on an orificed fuel support mounted 

on top of the control rod guide tubes. Some peripheral bundles are supported on 

individual fuel supports. The core support plate and the top guide provide lateral 

support for the fuel assemblies. 

Control rods occupy alternate spaces between fuel assemblies and may be 

withdrawn into the guide tubes below the core during plant operation. The rods 

are coupled to control rod drives mounted within housings which are welded to the 

bottom head of the reactor vessel. 

The reactor vessel is a pressure vessel with a single full-diameter remov

able head. The shroud is a cylindrical, stainless steel structure that surrounds the 

core and provides a barrier to separate the upward flow through the core from the 

downward flow in the annulus. 

The steam separator assembly consists of a domed based on top of which 

is welded an array of standpipes with a three-stage steam separator located at top 

of each standpipe. The steam separator assembly rests on the top flange of the 

core shroud and forms the cover of the core discharge plenum region. The steam 

separators in BWRs depend on unequal velocity effects for their operation. In each 

separator, the steanl-water mixture rising through the standpipe impinges on vanes 

that give the mixture a vortex motion resulting in centrifugal separation of the 

water from the steam. Steam leaves the separator at the top and passes into the 

wet steam plenum below the dryer. The separated water exits from the lower end 
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Fig. 2.2 Fluid Flow Paths and Operating Conditions of the BWR (BWR-6, 1975) 
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of each stage of the separator and enters the pool that surrounds the standpipes 

to join the downcomer annulus flow. Steam from the separators flows upward and 

outward through the drying vanes of a dryer assembly. 

Reactor Water Recirculation System 

The function of the reactor water recirculation system is to circulate the 

required coolant through the reactor core. The system consists of two loops external 

to the reactor vessel. The recirculation flow is augmented by means of 20 jet pumps 

located within the reactor vessel downcomer annulus. The jet pumps, which have 

no moving parts, provide a continuous internal circulation path for a major portion 

of the core coolant flow. 

~ain Steam Lines 

Steam exits from the vessel several feet below the reactor vessel head flange 

through four nozzles. Carbon steel steam lines are welded to the vessel nozzles 

and downward to the elevation where they emerge from the containment. Two 

air-operated isolation valves are installed on each steam lines, one inboard and 

one outboard of the primary containment penetration. Safety-relief valves flange

connected to the main steam line. A flow restriction nozzle is included in each steam 

line as an additional engineered safeguard to restrict out-flow in case of a break of 

a main steam line. 

Fuel Assembly 

Each fuel bundle contains 64 rods spaced and supported in a square (8 x 8) 

array by lower and upper tie plate. The lower tie plate has a nosepiece that fits into 

the fuel support piece and distributes coolant flow to the fuel rods. The upper tie 

plate has a handle for transferring the fuel bundle. The rods are spaced at regular 

intervals with grid spacers. 
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Each bundle is enclosed in a fuel channel fabricated from Zircaloy-4. A 

cluster of 4 fuel bundles around a cruciform control blade constitutes a typical cell. 

FUel rods consists of U02 pellets in a Zircaloy-2 cladding tube. The tubes 

are typically 0.483 in. outer diameter, and 160 in. long. The pellets are stacked 

to an active height of 150 in., with the top part of the tube available as a fission 

gas plenum. A bundle will contain rods with different U-235 enrichment to adjust 

the local power peaking. A fuel bundle ~so contains one or more unfueled "water 

rods" to further control the local power pealdng. 

Water-Steam Flow Paths 

Fig. 2.3. is shown the water and steam flow paths for a typical BWR-

6. The recirculation pumps take suction from the downward flow in the annulus 

between the core shroud and the vessel wall. Approximately one-third of the core 

How is taken from the vessel through the two recirculation nozzles. It is pumped to 

a higher pressure, distributed through a manifold to which a number of riser pipes 

are connected, and returned to the vessel inlet nozzles. As shown schematically in 

Fig. 2.3, this flow is discharged from the jet pump nozzles into the initial stage 

of the jet pwnp throat where, due to a momentum exchange process, it induces 

surrounding water in the downcomer region to be drawn into the jet pump throat. 

Here these two flows mix and then decelerate in the diffuser, to be finally discharged 

into the lower plenum. 

The slightly subcooled feedwater turns in the lower plenum and flows be

tween the control rod drive guide tubes. Flow enters each bundle through individual 

passages in the fuel support casting. Orifices in each fuel support piece provide the 

desired flow distribution among the fuel assemblies. Approximately 10 % of the 

flow bypasses the active fuel region and flows through "bypass" region around the 
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fuel assemblies. This predominately liquid flow serves to moderate the neutron 

flux. The inventory in this region is also beneficial for transients involving loss of 

flow or coolant. Coolant water passes along the individual fuel rods inside the fuel 

channel where it is heated and becomes a two-phase, steam-water mixture. On the 

average, the water-steam mixture leaving the core contains about 14 % by weight 

of steam with the remainder being liquid which is recirculated through the core. 

The steam-water mixture enters a plenum located directly above the core, which is 

bounded by the separator dome and opens to the array of st,eam separators. The 

steam is separated from the water and passes through a dryer where any remaining 

water is removed. The saturated steam leaves the vessel through steam line nozzles 

located near the top of the vessel body and is piped to the turbine. The steam 

dryers remove more moisture so that steam with a quality of at least 99.6 % leaves 

the reactor vessel. The high pressure turbine stage receives steam at about 550 OF 

and 1,000 psi. By use of successive low pressure stages and a condenser loop in 

a standard regenerative cycle, a maximum thermal efficiency of the about 34 % is 

obtained. Water collected in the support tray of the dryer is routed through drain 

lines, joins the water leaving the separators, and flows downward in the annulus 

between the core shroud and the vessel wall. Returning feedwater is added to the 

system through spargers located above the annulus and joins the downward flow of 

water. A portion of this downward flow enters the jet pumps and the remainder 

exits from the vessel as recirculation flow. 

The system being studied in this work is a GE boiling water reactor. For 

a more qualitative description, reference BWR-6 (1975) is a good source. For an 

extensive analytical description of BWR dynamics for current plant designs, the 

interested reader is urged to consult the sow'ce reference (Linford, 1973). 
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2.2 Review of Heat Transfer in Flow Boiling 

The process of convective heat transfer is a very important mechanism 

for the transport of energy from nuclear reactor fuel rods. The regimes of heat 

transfer in nuclear reactor systems depend on the local flow conditions as well as 

the thermodynamic state of the fluids (Rohsenow and Choi, 1961). In a water cooled 

reactor, the surface of heat from the cladding to the coolant is a very efficient process 

relative to transfer within the fuel, and from the fuel to the cladding. The detailed 

heat transfer mechanism depends on the temperature of the cladding surface relative 

to the saturation temperature of the coolant and the velocity and pattern of coolant 

flow in the flow channel, as well as the magnitude of the heat flux. The heat transfer 

model identifies several distinct heat transfer regimes which can be used in modeling 

general light water reactor systems (Tong, 1965 and 1967). 

The water in the fuel channel is forced to circulation through the contin

uous piping system, which experiences various flow patterns. Each flow pattern is 

associated with a hydrodynamic or heat transfer theory. When the heat transfer 

surface is at a temperature lower than saturation, the heat transfer takes place 

by forced convection. As sub cooled feedwater is heated by fission energy, its tem

perature and enthalpy will increase to the point of saturation. Once the surface 

temperature passes saturation, the process is boiling. If the fluid temperature is 

below saturation, subcooled (or surface) boiling takes place and the vapor bubbles 

collapse once they leave the surface. If the temperature of the bulk fluid is at satu

ration temperature, the bubbles do not collapse and the process is called saturated 

(or bulk) boiling. 

This section deals primarily with flow boiling inside a fuel channel, empha

sizing the development of various heat transfer regimes. Fig. 2.4 gives an example 

of some flow and heat transfer regimes (Collier, 1980). The example is for a tube 
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with vertical upflow forced convection subjected to axially uniform heat addition. 

Despite difficulties in designating the flow pattern for a specified local flow condition, 

the following regions are considered for the mathematical modeling in this work : 

subcooled convective region; subcooled boiling region; nucleate boiling region; film 

boiling region; and superheated region. Each region is characterized by a heat 

transfer and hydrodynamic correlations. 

Subcooled Convective 

The first mode of convective heat transfer that we consider is single-phase 

convection, and this regime is nothing more than a liquid forced convection flow. 

The fluid enters the channel in a subcooled state (Tin < T sat ), and rises in tempera

ture due to heat addition. Since bubble formation requires some superheat, boiling 

cannot talce place tmless there is a location at which the fluid temperature exceeds 

the saturation temperature, T sat . Then, at a certain height, the fluid near the wall 

becomes superheated and can nucleate a vapor bubble while the bulle liquid temper

ature may still be sub cooled (the flow thermodynamic quality is still negative ). The 

heat flux increases slowly as the rod temperature is increased at low values. Where 

heat is being transferred from a fuel element, the hottest liquid will be adjacent to 

the fuel element surface. Hence, the fuel element surface temperature, Tw , must be 

greater than T sat . Although the fluid adjacent to the wall will be above saturation, 

the bulk fluid temperature, n, will be at or below the saturation temperature. In 

this temperature range, heat is transferred to the coolant by ordinary convection 

with no change in phase. In the single-phase regions of fuel channel, fluid properties 

such as specific heat, thermal conductivity, and viscosity do not vary appreciably. 
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Subcooled Boiling 

The next mode of convective heat transfer considered is that associated with 

the sub cooled boiling regime. The bulk liquid temperature continues to rise until 

it reaches Tsat , thus starting a region of saturated nucleate boiling. The sub cooled 

boiling region begins with the onset of nucleate boiling while the bulk temperature 

is below the saturated temperature. However, for nucleation to occur, the fluid 

temperature near the wall must be somewhat higher than Tsat . Therefore vapor 

bubbles begin to nucleate at the wall. Because most of the liquid is still subcooled, 

the bubbles do not detach but grow and collapse while attached to t.he wall, giving 

a small nonzero void fraction that may be neglected. As the bulk of the coolant 

heats up, the bubbles can grow larger, and the possibility that they will detach from 

the wall surface into the flow stream increases. The bubbles detach regularly and 

condense slowly as they move through the fluid, and the vapor voidage penetrates 

to the fluid bulk, and the void fraction increases significantly. When the bulk liquid 

becomes saturated, the void fraction continues to increase, approaching the thermal 

equilibrium condition. 

Nucleate Boiling 

The nucleate boiling process occurs in both sub cooled and saturated liquids 

when the heated surface temperature exceeds the saturation temperature of the 

fluid. The nucleate boiling regime exists at low quality flow conditions. As boiling 

continues, the bubbles may merge totally into a vapor core in the tube while the 

liquid remains partially in a film on the walls and partially as entrained droplets in 

the vapor core. This annular flow pattern leads to a forced convection heat transfer 

mechanism through the liquid film. The film may become too thin to maintain 

sufficient wall superheat to form bubbles. As the surface temperature of the fuel 
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is increased further, a point is eventually reached where bubbles of vapor begin to 

form at various imperfections on the surface of the fuel rods. This is a form of 

boiling called nucleate boiling. 

In nucleate boiling many small bubbles are formed around small nucleation 

points on the clad surface, and the temperature rise per unit of heat flux is very low. 

The liquid film is constantly being thinned due to evaporation or entrainment. On 

the other hand, the flow is being accelerated so that heat removal from the liquid 

film to the core is improved. Eventually, the heat transfer across the liquid film due 

to conduction and evaporation is so efficient that the nucleate boiling is suppressed. 

Evaporation may continue only at the liquid-vapor intelface. This is an extremely 

efficient mode of heat transfer. As the heat flux increases, the clad surface temper

ature increases until it passes saturation. The wall temperature rises a few degrees 

above the saturation temperature, the heat transfer mechanism changes to nucleate 

boiling, with much improved heat transfer. Unlike forced convection, the nucleate 

boiling heat transfer coefficient does not depend on coolant velocity. Nucleate boil

ing heat transfer continues until the density of bubbles becomes sufficiently great 

that vapor blanlceting of the heated surface occurs. 

Boiling Crisis 

The next point of interest on the forced convection boiling is the boiling 

crisis. A boiling crisis occurs when the heating surface dramatically rises in temper

ature because of a cooling failure. This phenomenon is sometimes called burnout. 

When the liquid film becomes sufficiently thin, a dry patch may form at the heating 

surface and result in a sudden wall temperature rise. This point is referred to as 

the critical point. 
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If the temperature of the surface of the fuel is increased in the nucleate 

boiling region, the density of bubbles at or near the surface of the fuel rods also 

increases. Eventually, however, a point is reached where the bubble density becomes 

so great that adjacent bubbles coalesce and begin to form a vapor film across the 

surface of the rods. At this point, the liquid film on the wall becomes depleted 

owing to vapor entrainment and evaporation, and a dryout condition occurs. The 

system is said to be in a boiling crisis or in a condition leading to a departure from 

nucleate boiling (DNB). The heat flux at or just before the boiling crisis is called 

the critical heat flux (CHF) and denoted as q~rit. 

The boiling crisis has been given a variety of names. The DNB and dryout 

are two types of boiling crises suggested by Tong (1968). The DNB phenomenon 

occurs in a high heat flux low quality, subcooled or bubble flow where the bubble 

layer flows parallel to the wall while a liquid core flows between channels. When 

the bubble layer separates from the channel wall, stagnant fluid forms at the sur

face, where it is evaporated due to the high heat flux, resulting in a vapor blanket 

and sudden decrease in the local boiling heat transfer rate. At low void fractions 

typical of PWR operating conditions, the heated surface, which is normally cooled 

by nucleate boiling, becomes vapor-blanketed, resulting in a clad surface temper

ature excursion by departure from nucleate boiling. The dryout occurs in a high 

quality annular flow where the liquid film flows near the channel wall and a va

por core flows between channels. At high void fractions typical of BWR operating 

conditions, the heated surface, which is normally cooled by a liquid film, overheats 

owing to film dryout. The dryout phenomenon depends significantly on channel 

thermal-hydraulic conditions upstream of the dryout location rather than on the 

local conditions at the dryout location. Thus dryout is a mechanism for the occur

rence of a critical heat flux condition. The correlation and graphical representations 
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for DNB are in terms of heat flux ratios, whereas for dryout they are in terms of 

power ratios. 

Transition from Nucleate to Film Boiling 

The transition boiling regime is highly unstable and is characterized by 

the intermittent physical rewetting of the heated surface by the liquid in the flow 

stream. 

Film Boiling 

At very high heat flux, the bubbles become sufficiently close together so 

as to form a film of vapor that blankets the heat surface. If the heat flux remains 

constant after the critical point is reached, the temperature of the heated surface 

increases until the temperature rise corresponds to a stable film boiling condition. 

Above that point, the flow is mostly vapor, with dispersed liquid droplets. This 

liquid deficient heat transfer causes the wall temperature to rise abruptly, as vapor 

heat transfer is less efficient than liquid heat transfer. Knowledge of the heat transfer 

rate in the liquid deficient flow regime beyond the critical heat flux is important in 

many applications. The impingement of droplets on the wall may reduce the wall 

temperature right after the dryout position. This process is known as film boiling, 

and it is a much less efficient form of heat transfer. Both nucleate and film boiling 

can take place with the bulk fluid temperature either below or. at the saturation 

temperature. 

With the onset of the boiling crisis, the heat flux into the coolant begins 

to drop. The CHF is exceeded in forced convective heating of liquid or two-phase 

fluids the liquid layer in contact with the heated surface is broken down by rapid 

vapor formulation. This is due to the fact that over the regions of the rods covered 

by vapor film, the heat is forced to pass through the vapor into the coolant by 
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conduction and radiation, both of which are comparatively inefficient mechanisms 

for heat transfer. The heat flux continues to drop, more or less erratically, with 

increasing fuel temperatures as the total area of the film covering the fuel increases. 

This results in transition or partial film boiling which is characterized by sharply 

diminished and sporadic heat transfer. 

Eventually, when the rod surface temperature is high enough, the vapor 

film covers the entire rod and the heat flux to the coolant falls to a minimum value. 

Beyond this point any increase in temperature leads to an increase in the heat 

flux, simply because heat transfer through the film, though a poor and inefficient 

process, nevertheless, increases with the temperature difference across the film. As 

the liquid layer is replaced by a vapor film, a stable film boiling regime occurs 

which is characterized by gradually increasing rate of heat transfer compared to the 

transition regimes. This regime is called full film boiling. 

Superheat 

Finally, as the thermodynamic quality reaches unity, superheated vapor 

exists along with liquid droplets. With convective heat transfer mainly to vapor, 

the wall temperature increases again. 

2.3 Effect of Thermal Non-Equilibrium 

Thermal non-equilibrium allows one or both of the two phases to have 

temperatures other than the saturation temperature despite the existence of the 

other phase. The non-equilibrium processes of importance to light water reactor 

systems include subcooled boiling. The sub cooled boiling is the most important 

non-equilibrium phenomenon in steady-state as well as transient conditions. In this 

section, we discuss the subcooled boiling phenomenon which is used to specify how 
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energy is partitioned between vapor nucleation and liquid heating in the subcooled 

boiling region. 

As mentioned earlier in section 2.2, nucleation and boiling will be initiated 

when the wall temperature reaches a certain superheat. However, because of rapid 

conservation in the sub cooled liquid, the void fraction remains negligible until the 

net vapor generation point is reached. Beyond this point, bubbles will begin to 

migrate into the bulk subcooled liquid, and the void fraction increases rapidly. Thus, 

this is the important initiation point for evaluation of interfacial heat transfer. 

Non-equilibrium two-phase flow models were originally developed for ap

plication to loss of coolant accident (LOeA) analyses and other severe transient 

conditions. However, non-equilibrium two-phase flow conditions are present in all 

two-phase flows, and the effects of the non-equilibrium states can be important at 

steady-state and transient conditions encountered in operational transients. In boil

ing water reactors, for example, vapor voids are formed in the core when the bulk 

liquid is below the saturation state. These voids have a very strong effect relative 

to the power distribution in the core both at quasi-steady conditions and during 

operational transients. 

In fact, this subcooled boiling is very difficult to handle in a model. This 

mode of convective heat transfer is a complicated mixture of single-phase convection 

and nucleate boiling modes of heat transfer. In many cases of practical concern, it 

can be ignored. For transient conditions, it must be considered as an approximate 

treatment (Lahey, 1974). The currently accepted approach for modeling this region 

is the profile-fit approach is assumed a profile where between the void departure 

point, Zd, and the point at which thermodynamic equilibrium is achieved, Zeq' The 
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best available correlation for determining the net vapor generation point is suggested 

by Levy (1967) 

(2.1) 

where the thermodynamic equilibrium quality at the channel position, Xe and (xe}d 

is the equilibrium quality at the position of bubble departure Zd. Assuming that 

equation (2.1) is valid, the net vapor generation term, ow', is uniquely defined as 

r = (OW') = G d(xe) [1 _ exp (J.:.d. -1)] 
Ax dz (xe}d 

(2.2) 

The Jens-Lottes correlation (Jens and Lottes, 1951) is used for water in the 

sub cooled boiling region. This correlation is given by 

.!L. = exp (4 P /900) (7'. _ T )4 
106 (60)4 w sat 

(2.3) 

Griffith et al. (1958) correlated the bulk enthalpy at the net vapor generation point, 

(hl)d' The correlation is given as 

(2.4) 

where HIt/> is the heat transfer coefficient of single-phase liquid. 

2.4 Effect of Unequal Phase Velocities 

Unequal velocities allows for not only potentially higher vapor velocity but 

the possibility of counter current flows. Effects of the relative motion the vapor and 

liquid phases in two-phase flow were implicitly accounted for in the void-quality 

relations. The main difference between the slip flow model and the drift-flux model 

is the choice of a constitutive equation for relative motion between the phases. In 
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the slip flow model, an empirical correlation is obtained for the slip factor, which is 

proportional to the ratio of vapor velocity to liquid velocity, whereas in the drift-flux 

model an empirical correlation is used for the drift velocity, which is proportional 

to relative phase velocities. For two-phase flow in vertical boiling channel, drift 

velocity correlations seem to provide a simpler and more realistic representation 

than slip correlations. In particular, the drift velocity correlations can properly 

predict counter current flows in low flow conditions. This is not possible with 

the slip flow model because the slip factor is defined to be a positive quantity in 

empirical correlations. 

In the slip flow model, it is possible to relate the area averaged void fraction 

at any axial position to the flow quality, (x). It is accomplished by defining a relation 

between the vapor velocity and liquid velocity in the form of relative velocity or slip 

ratio, which can be solved for void fraction to yield the fundamental void-quality 

relation 

(a) = (x) 

[(x) + s (~) (1- (x»] 
(2.5) 

The slip ratio is itself affected by the pressure (or density ratio) as well as by the 

profile of the void fraction within the cross-sectional area. 

In the drift-flux model the relative motion between the two phases is given 

attention rather than the motion of the two phases individually. This model is 

particularly remarkable in that it can include the effect of velocity and concentration 

profiles (Ishii, 1977). However, since several empirical relationships are an essential 

part of the drift-flux model, it may not have a general applicability for a wide range 

of problems. 
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The one-dimensional drift flux model, which accepted generalized void qual

ity model, is widely used in the thermal-hydraulic simulation of nuclear power sys

tems, particularly in simulator and control system modeling where faster than real 

time solutions are necessary. Conceptually, with the drift flux model the task is 

reduced to specifying the two drift flux parameters, Co and V gj, instead of the in

terfacial shear and perimeter terms. An advantage of this method is that it allows 

for a quick estimation of the void fraction. 

Zuber and Findlay (1965) first presented this model and suggested that Co 

and V gj be calculated from assumed velocity and void profiles for different flow 

regimes. They introduced the parameter, Co which accounts for the radial flow and 

void fraction profiles. They also proposed a method to determine the drift velocity, 

V gj and Co experimentally. In practice, void fraction data are correlated against 

the volumetric fluxes to obtain these parameters. 

The vapor velocity can be related to the mixture volumetric flux by the 

identity 

Ug = j + Vgj (2.6) 

when Vgj is local vapor drift velocity. Multiplying equation (2.6) by a and averaging 

across the cross section 

(aUg) = (aj) + (aVgj) 

or 

where the concentration parameter Co is defined by 

(aj) 
Co = (a)(j) 

(2.7) 

(2.8) 

(2.9) 



and the effective drift velocity is 

v . _ (oVgj) 
gJ - (0) 
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(2.10) 

Though the drift flux relationship, equations (2.7) through (2.10), is an identity, its 

application is limited to steady-state calculations and to transients where the local 

relaxation times are smaller than global transient times, as general forms for Co, 

V gj during transients are not available. Most BWR transients meet this criterion, 

and thus the drift flux methodology is a valuable tool for BWR analysis. 

Expressing the drift flux relationship in the form 

(jg) rt (.) V 
(0) = 1..10 J + gj (2.11) 

the slope of the curve represents Co and the intercept of the tangent to the curve 

on the V;? axis is V gj. 

In general, equation (2.11) represents not a straight line but a curve that is 

a function of the flow regimes. Conventionally, reasonable formulations are chosen 

for Co and V gj and empirical coefficients are fitted against data. In general, V gj 

which is also a function of flow regime, is proportional to the rise velocity of a 

bubble and, thus, the appropriate drift velocity is taken as 

V gj = 2.9 [(PI - :~ )(Jggc ] 0.25 (2.12) 

where (J is the fluid surface tension, lb 1/ ft. 

A functional form for the relation of Co with pressure and flow quality has 

been deduced by Dix (1971). Dix suggested a general expression for Co for all flow 

regimes 

(2.13) 
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where 

((3) = (x) 

[(x) + (~) (1- (x))] 
(2.14) 

and 

(
p ) 0.1 b= .J!.. 
PI 

(2.15) 

2.5 Two-Phase Flow Models 

Two-phase flow modeling begins with the derivation of the basic conserva

tions, and a wide variety of possibilities exist for choosing the two-phase flow model. 

In a two-phase flow system, the most widely used analytical two-phase models dis

cussed are the homogeneous model, the mixture model, and the separated flow 

model by Wallis (1969). 

The homogeneous model assumes that the two phases move with the same 

velocity, thermodynamic equilibrium between the two phases and a suitably defined 

single-phase friction factor for the two-phase flow. This model is particularly useful 

for high pressure and high flow rate conditions. 

The homogeneous model considers the two phases to flow as a single-phase 

possessing average fluid properties. Homogeneous flow theory provides the sim-

plest techniques for analyzing two-phase flows. The average properties which are 

required are velocity, thermodynamic properties (e.g., temperature and density). 

The method of determining suitable properties is often to start with more com

plex equations and to rearrange them until they resemble equivalent equations of 

single-phase flow. 
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The mixture model is different from the homogeneous model only in allow

ing the two phases to have different velocities that are related via a predetermined 

relation. A widely used such model is the drift flux model. This model is useful 

for low pressure and low flow rate flows under steady-state or near steady-state 

conditions. 

Mixture models other than homogeneous model add some complexity to 

the two-phase flow description. By allowing the vapor and liquid phases to have 

different velocities but constraining them to thermal equilibrium, these models allow 

for more accurate velocity predictions. By obtaining constitutive equations for the 

relative motion between the vapor and liquid phases in the mixture models, only one 

momentum equation need be solved, which substantially reduces the mathematical 

complications associated with two-phase representation. 

The homogeneous equilibrium model (HEM) is the simplest of the mixture 

models. In this case the mass, momentum, and energy balance equations of the mix

ture are sufficient to describe the flow. The HEM assumptions are clearly limiting 

but may be adequate for certain flow conditions. Extensions of this model to in

clude relative velocity, or slip, between the two phases and thermal non-equilibrium 

(e.g., sub cooled boiling) effects are possible using externally supplied, usually em

pirical, constitutive relations. A well known example for such mixture models is the 

thermal equilibrium drift flux model, which allows the vapor velocity to be different 

from that of the liquid by providing an algebraic relation for the velocity differential 

between the two phases (i.e., a three-equation drift flux model). By considering two 

mass equations but using only mixture momentum and energy equations, one of the 

phases may depart from thermal equilibrium (i.e., a four-equation drift flux model). 

FUrthermore, in many situations full or partial thermal equilibrium can 

be assumed, reducing the number of fluid conservation equations that need to be 
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solved. Thus, in the mixture models, a five-equation formulation can account for 

non-equilibrium two-phase flow, and a four-equation model may be used for par

tially non-equilibrium two-phase flow, while a three-equation model assumes ther

mal equilibrium for the two-phase flow. The three-, four-and five-equation models 

utilize three, four, and five independent conservation equations, respectively. 

The separated flow model allows the two phases to have thermal non

equilibrium as well as unequal velocities. In this model, three conservation equations 

are written for both the vapor and the liquid phases. Hence the model is often called 

the six-equation model. The separated flow model is needed for very fast transients 

when non-equilibrium conditions can be expected to be significant. 

This model allows a more general description of the two-phase flow. How

ever, it also requires a large number of constitutive equations. In the most sophis

ticated version, separate equations of continuity, momentum, and energy are writ

ten for each phase and these six equations are solved simultaneously. Additional 

equations describing the interaction between the phases are also needed, severely 

complicating the problem. In the simplest version, only one parameter, such as 

velocity, is allowed to differ for the two phases while conservation equations are 

only written for the combined flow. Often a simplified version of a separated flow 

model is used in which one or more of the conservation equations are written for 

the mixture rather than for individual phases. In this type of formulation only the 

velocity difference between the phases is included. 

The choice among the alternative models discussed above depends on the 

nature of the problem to be solved. In LWR applications, the homogeneous model 

may be adequate for predicting the pressure drop in a flow channel under high pres

sure steady-state conditions. In some cases the use of homogeneous model is obvi

ously inappropriate. For example, counter current vertical flows, which are driven 
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by gravity acting on the different densities of the phases, cannot be described by a 

suitable average velocity. In some transient and steady flows, inertial and gravita

tional effects can play an important enough role that the relative velocity between 

vapor and liquid can be considerable. Hence, apart from the simplicity involved, 

a homogeneous model may not be appropriate in many cases. The homogeneous 

model has the advantage of being useful in analytical studies. Calculating the void 

distribution requires a specified relative velocity or a four-equation mixture model 

because of the tendency of the vapor to move faster than liquid. The advantage of 

using separated flow model is that the two phases are not restricted to prescribed 

temperature or velocity conditions. Fast transients with sudden pressure changes 

are best handled by the six-equation, two-phase model because of the expected large 

departure from equilibrium conditions. 

2.6 Comparison of Fixed and Moving Boundary Models 

Two models are generally used for transient analysis, the fixed boundary 

model and the moving boundary model. In general, the fixed boundary is simpler to 

implement except at regions near phase change boundaries. The moving boundary 

method is harder to formulate, but it offers better accuracy for nuclear reactor 

dynamic models, especially at low flow conditions when the boiling and superheating 

boundaries are both near one end of the channel (Taylor, 1973). 

In the fixed boundary model, the coordinate along the channel length is 

divided to produce a selected number of fixed length sections. Each section may 

contain one, or more than one, flow regime. The length of a section in the the

oretical equations used is therefore a parameter and not a variable. The fixed 

boundary model (with dynamic equations relatively simple in the spatial coordi

nate) is suitable for representing a complicated geometry system such as the steam 
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generator containing nonuniform tube cross sections. However, the number of sec

tions required for describing the dynamics may be large. In the standard fixed 

mesh Eulerian calculations, the locations of these phase boundaries are not explic

itly represented and the fuel channel is divided in to small meshes over which the 

conservation equations are finite differenced and solved. Such calculations usually 

required the use of very fine meshes and small time steps. 

With fixed boundaries, the temperatures, pressures, enthalpies, etc. are 

calculated at points which are fixed with respect to the channel and the finite 

difference approximations to the spatial derivatives are based on the values of the 

variables at these points. The fixed boundary approach gives a better treatment of: 

1. Discontinuities in the channel properties, such as a sudden change in flow 

area, or a change from finned to plain tubing. 

2. Flood through operations. 

3. Some startup conditions when the channel may not contain a superheat or 

two-phase regions. 

In the moving boundary model, the theoretical equations are applied to 

describe the dynamics for each region, which is represented by a single flow regime. 

Moving boundary approaches have mainly been used in linearized transient analysis. 

Since the boundary between two regimes is a function of load and thermodynamic 

properties, the length of a region is treated as a variable in the dynamic equations. 

Because of the single characteristic in a region, the dynamic modeling is simplified. 

Although the moving boundary formulation has been used primarily for the simpli

fied models, it is applicable for the more detailed models as well. For faster than real 

time transient nuclear power plant analysis, the moving boundary approach appears 

to be most promising. The moving boundary formulation is a significant feature 
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of the model and is used to minimize the number of time dependent equations re

quired to adequately represent the transient behavior. In addition, the transition 

from one regime to another, such as the appearance or disappearance of a regime 

can be expressed more easily and accurately (Lee, 1978). Advantages of the moving 

boundary method are: 

1. Because moving boundaries are defined as points having a constant value of 

some fluid property, the moving boundary method simplifies the expressions 

for the required relationships between these properties. 

2. The transitions from single-phase to two-phase heat transfer, which occurs 

at the boiling and superheat boundaries, can be represented more easily 

with moving boundaries. 

3. At low flows, when the boiling and superheat boundaries are both near 

one end of the channel, the moving boundary method represents the heat 

exchange more accurately. 

The moving boundary model can track the movements of the phase change 

boundaries in boiling channels and is capable of representing the transient behav

ior in the time domain. The moving boundary model approach is a compromise 

between the heat transfer function analysis and the finite difference method. It 

gives internal and overall information of the system with reasonable accuracy at a 

moderate computing expense and time. 

2.7 Previous Works on Moving Boundary Model 

Many once-through stearn generator (OTSG) models are reported in the 

literature. Moving boundary models have gained wider acceptance than those with 
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fixed boundaries. In this section, we present a review of the tools which are used 

for system modeling, as well as the existing moving boundary formulations. 

Akcasu (1960) developed a model for the area of stability analysis of boiling 

channels, including linearized moving boundary perturbations in other properties 

such as temperature or density and their gradients. 

Adams et al. (1965) implemented a moving boundary model in the sec

ondary side for an OTSG in order to model the changes of boundaries between 

phases during transients. 

Taylor (1973) developed two models to analyze the transient behavior of 

once-through boilers which use, respectively, moving mesh points and fixed nodes. 

The moving mesh method solves explicitly for the positions of mesh points which 

are defined as having fixed enthalpy or quality. 

Bein and Yahalom (1975) developed a model for a liquid-metal fast breeder 

reactor (LMFBR) steam generator analysis, which also uses a moving boundary 

formulation. In this work, the momentum equation was decoupled from the energy 

equation, and slip and compressibility effects were ignored on the water-steam side. 

The water-steam flow rate was obtained by combining the continuity and energy 

equations, together with an empirical correlation which relates density, pressure, 

enthalpy and the phase properties. Their efforts to model the boundary at critical 

heat flux were generally crude and involved specific correlations. The once-through 

steam generator was modeled by lumping all the tubes into a single equivalent

tube secondary side was divided into subcooled, nucleate boiling, film boiling, and 

superheated regions. Because these regions are not of fixed length, the boundaries 

between them are variables. The boundaries between these regions moved with 

power changes and these variable length control volumes permitted heat transfer 

correlations to be employed for each model region. In addition to following the 
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boundaries between different phases in the fuel channel, their model attempts to 

trace the boundary corresponding to critical heat flux and additionally subdivides 

large control volumes to obtain greater accuracy. 

The use of moving boundary formulations in steam generator modeling has 

largely been restricted to "simplified models", i.e., those utilizing as few time depen

dent equations as possible to represent only the most significant physical processes 

in steam transient behavior. The moving boundary formulation was used to develop 

simplified models for high-temperature gas-cooled reactor steam generators (Seckel' 

and Gilbert, 1976 and Kerlin, 1976). In these models, moving boundaries were 

placed only at the beginning and end of the two-phase flow zone, where boundary 

constraints can be easily obtained from thermodynamic relationships. The loca

tion of the departure from nucleate boiling was also represented by using a crude 

relationship for the time derivative of the DNB void fraction. 

Early application of the modular processing, by Seeker and Gilbert (1976 

and 1977), was for a high temperature gas cooled reactor (HTGR) systems model 

designated as the CHAP code. The CHAP model uses a moving boundary for

mulation to distinguish amongst the subcooled liquid, two-phase, and superheated 

vapor regions on secondary side of the steam generator. Additionally, a set of heat 

transfer correlations is combined analytically for the two phase region. 

The HTGR steam generator modeling effort by Kerlin (1976) included both 

moving boundary control volumes and explicit linearization of the system of equa

tions. In particular, his use of a crude algebraic form of the momentum equation 

could be a limiting factor in the application of these models to some types of tran

sients. 

Ray and Brown (1976) developed a nonlinear, lumped parameter, moving 

boundary model for a once-through steam generator used in a gas-cooled power 
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plant. Six differential equations derived from the conservation equations were em

ployed to describe time derivatives of moving boundaries, internal energy and den

sity in the secondary fluid. 

Ali (1976) used a moving boundary formulation for dynamic analysis of 

U-tube steam generator (UTSG) of the type used in most pressurized water reactor 

nuclear steam supply systems. He developed a number of lumped parameter dy

namic models and a moving boundary between the sub cooled and boiling sections 

of the heat exchange region. 

The bypass flow in the OTSG design was modeled by Chen (1976) in a 

lumped parameter approach, with moving boundary used. He developed a nonlinear 

once-through steam generator for use in the pressurized water reactor system. It was 

a lumped parameter model with moving boundaries, which consisted of sub cooled, 

saturated and superheated regions. 

The once-through steam generator model developed by Kwatny and 

Konopacki (1977) was a nonlinear moving boundary model. The pressure drop 

across the heated section was assumed negligible so that pressure, temperature and 

density of liquid and vapor were independent of length and dependent on time only. 

Therefore, their mass balance and energy balance equations appeared similar in 

form to those in the fixed boundary model. 

Bein and Yaholom (1977) developed another model for power plant thermal

hydraulic transients, an accurate treatment. In modeling steam generator transient 

behavior, the node boundaries are movable with time; therefore, the position on the 

DNB boundary can be computed for each time step. When they chose, in addition, 

to represent the location of the DNB on the secondary side, they did so using a 

crude relationship for DNB, which enabled them to generate a boundary constraint 

with relative ease. 
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One example of the use of the moving boundary formulation in a more 

general systems formulation is THOR code (Wulff, 1976 and Levine, 1977), under 

development at Brookhaven National Laboratory. It appears to call for inclusion of 

moving boundary formulation in the pressurizer and steam generator models. 

Taldtani (1978) developed a model for the area of stability analysis of boil

ing channels with moving boundary perturbations in other properties such as density 

and temperature gradients. 

Lee (1978) presented a more generalized modeling technique for a many

lump, moving boundary model. It is a nonlinear model which consists of the sub

cooled convection region, sub cooled nucleate boiling region, saturated nucleate boil

ing region, film boiling region, and superheated region. 

Van Tuyle (1978) developed a mathematical model, using a linearized mov

ing boundary formulation, which describes the space-time dependence of fluid flow 

and heat transfer processes in the integral economizer once-through steam genera

tor (IEOTSG) units. He chose to utilize a moving boundary formulation because, 

per time-dependent equation, it provided the most accurate representation of the 

various processes that determine dynamic behavior of the reactor core. He dis

cussed the treatment of the boundary constraints, which are required in the use 

of a moving boundary formulation. Also he discussed existing thermal-hydraulic 

models applicable for simulating reactor core behavior, placing emphasis on either 

simplified models, or those utilizing moving boundary formulations. The model 

may be represented by the conservation equations in a linearized moving boundary 

form. 

Crump (1978) developed the mathematical models to simulate the dynamic 

thermal-hydraulic behavior of steam generators in the moving boundary model, 
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which is based on one-dimensional, nonlinear, single-phase flow conservation equa

tions for mass, momentum and energy. 

Bratianu and Rust (1978) formulated new aspects concerning moving 

boundaries for the two-phase turbulent flow systems behavior. 

Van Tuyle and Lee (1980) used a similar approach for analysis of integral 

economizer once-through steam generator transients. The moving boundary for

mulation was used to develop a linear model for once-through steam generators. 

They presented a linearized formulation of the basic fluid conservation equation for 

describing the dynamic behavior of nuclear steam generators. The model utilizes 

a moving boundary spatial discretization technique in one-dimensional geometry 

and is capable of representing the transient behavior of integral economizer steam 

generator units in the time and frequency domains. Due to the linearization of the 

system equation, this model is applicable only to mild operational transients. 

In the area of nonlinear transient analysis of steam generators, Brereton 

(1980) used a moving boundary scheme to analyze transients of once-through boilers 

for the British advanced gas cooled reactors (AGR). In this work, slip and transient 

momentum effects were not taken into consideration. Instead, a simplified steady 

state momentum equation is used, which accounts only for friction. Also, the ex

pression for boiling boundary speed depends on a local enthalpy gradient, which 

requires the subcooled region to have several subdivisions in order to adequately 

represent this gradient. 

Feng (1981) and Kornfilt (1981) used a moving boundary formulation in

troduced to improve the stability of the equilibrium model slip flow model. They 

developed a moving boundary formulation to allow a smooth representation of the 

boiling boundary movement for the three equation slip flow model. 
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Recently, Graf et al. (1983) extended their asymmetric weighted residual 

(ASWR) method to track spat.ial discontinuities. The particular test functions, 

which form the basis over which the solution is expanded, are chosen to be more 

general, so as to admit for a discontinuity of derivatives. 

Sharon and Saphier (1983) developed a method for a steam generator in a 

high temperature gas cooled reactor. They represented a general linearized moving 

boundary formulation of the one-dimensional continuity, momentum and energy 

equations, and its application to the steam generator modeling. 

Methnani (1983) presented an alternative solution procedure, based on a 

moving boundary formulation of the steam generator model. Also a simplified 

primary loop model has been developed which can be coupled to the steam generator 

moving boundary model. 

An OTSG model was developed by Berry (1983) and has been included as 

a lumped-components, moving boundary model in a large system of models, the 

dynamic simulator for nuclear power plants (DSNP). 

A model for steady state steam generator analysis whose computation time 

is significantly shorter than the time validation interval was presented by Tzanos 

(1988). Tzanos developed a method for the analysis of a once-through steam gen

erator that is based on a multinode moving boundary formulation and an accurate 

description of the departure from nucleate boiling boundary. He demonstrated the 

feasibility of a multinode moving boundary formulation for the analysis of an OTSG 

with an accurate description of the DNB boundary. Also, in his work, the water side 

pressure is allowed to vary with time, but it does not vary with space. Therefore, 

this model is applicable for transients where the pressure drop along the steam gen

erator is a small fraction of the feedwater pressure. This restriction can be removed 

by solving the momentum equation. 
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More recently, Gal et al., (1991) developed a U-tube steam generator model 

for the DSNP. This model is to be used in the simulation of PWR transients and 

parametric studies, and it is based on a moving boundary model in which the 

volumes of the various control volumes are dynamic variables. 
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CHAPTER 3 

DEVELOPMENT OF THE MATHEMATICAL MODEL 

An extensive research effort has been undertaken in the past many years 

in support of the boiling water reactor program. The requirements of a mathemat

ical model for the BWR nuclear power plant system simulation can be studied by 

examining the key parameters of interest and the important physical phenomena 

to be modeled. The point reactor kinetics for the core, fuel pin for the heat gener

ation, the one-dimensional core thermal-hydraulics, and drift flux model allow the 

analyses of most BWR transients. 

This chapter describes the mathematical models used in the BWR sim

ulation. We present the physical model for the reactor coolant system thermal

hydraulics. The mathematical reactor coolant system models with moving bound

aries are presented here in terms of algebraic and ordinary differential equations. 

A mathematical model exact solution to transients in non-homogeneous, non

equilibriwn two-phase flow systems is obtained. Also, the prediction of an accurate 

DNB boundary is described in this chapter. 

3.1 Dynamic Model for Boiling Water Reactor 

In general, there has been greater interest in the nuclear industry in the 

development of detailed models with the capability of handling the transient condi

tions. One of the important modeling considerations in modern water cooled nuclear 
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reactors is their thermal performance during hypothetical accident situations. The 

simulations encompass point reactor kinetics with feedback mechanisms, transient 

thermal conduction in fuel elements, non-equilibrium and non-homogeneous two

phase flow of the reactor coolant dynamics. 

The development of a mathematical model and its solution are major factors 

in a system simulation. Usually, the mathematical model consists of a set algebraic 

or differential equations describing individual or combined process of a system. In 

a boiling water reactor nuclear power system, the neutron kinetics, fuel pin, and 

thermal-hydraulic processes must be modeled. The neutron kinetics affect the power 

distribution and power maneuvering. The thermal-hydraulic process between the 

fuel assemblies and the reactor coolant also affect the power generation. 

The neutronic and thermal-hydraulic processes are very complex. However, 

various simplified mathematical models have been developed and widely used with 

acceptable accuracy for some types of analysis. The point reactor neutron kinetics 

model is one such simplified model and has been used in this work. The main 

interest of this work is on the thermal-hydraulic processes in the boiling water 

reactor system. 

This section deals with several of the fundamental pieces of knowledge of 

the fission neutron mechanism, heat generation in fuel pin, and conductive and 

convective heat transfer modes in BWR technology. Brief description of all models 

including those for simulation of point reactor kinetics with fission product decay 

heat model, fuel pin model, reactor coolant thermal-hydraulics model etc. will be 

given in this work. The fluid flow, heat transfer in the fuel pin and point reactor 

kinetics are the decisive factor in modeling of the basic physical processes. More 

detailed description of neutronic kinetics and fuel pin models will be described in 

Appendix A and B. 
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Fig. 3.1 shows the flow chart of a BWR primary loop and Fig. 3.2 shows 

the primary loop models for simulating the BWR nuclear power plant systems. 

3.2 Moving Boundary Formulation for Boiling Water Reactor 

The central issue of nuclear power plant simulation is undoubtedly the 

modeling of two-phase coolant dynamics in the nuclear steam supply system. The 

most difficult part of reactor simulation is inherently the modeling of two-phase 

flow for the prediction of coolant dynamics. There is two-phase flow under normal 

conditions in the core, upper plenum, riser, and separator of BWR reactor vessels. 

The objective of the moving boundary model development for the reactor 

coolant is to provide a versatile and reliable thermal-hydraulic code which could 

be used for best estimate analysis of boiling water reactor systems. This section 

presents the moving boundary models for predicting the dynamics behavior of the 

coolant in the reactor vessel. 

3.2.1 Description of the Moving Boundary Method 

The moving boundary model is used in this study. Each region represent.s 

a well defined physical regimes, within which physical properties and transport 

characteristics are smooth and slowly varying. This moving boundary model results 

in more complex differential equations, however, the results are, comparable to more 

detailed models and the running time is shorter than using models with many axial 

nodes. 

In the moving boundary model, the conservation equations are applied to 

describe the dynamics for each region, which is represented by a single flow regime. 

Each region is treated as a control volume. A central feature of moving boundary 

model is the use of moving boundary control volumes as a means of efficiently 
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characterizing the major flow regimes. The node boundaries are movable with time, 

therefore the position of the boundary can be computed for each time step using 

the Leibnitz rule. 

The Leibnitz rule can be used to yield a general relation between the time 

differential of a volume integral and the surface velocity of the volume. The general 

Leibnitz rule for differentiation of an integral of a function, f(z, t) , is given by 

(Hildebrand, 1976) 

d l Li+1 (t) l Li+1 (t) 8f(z, t) dLi+l 
dt 

f(z,t)dz= 8t dz+f(Li+1,t)-d-
Li(t) Li(t) t 

- f(Lj, t) d!i (3.1) 

where z is the Cartesian coordinate within a plate of a surface area Ax and extending 

from z = Li(t) to z = Li+l(t). 

It should be noted that for this rule to be applicable the function f, Lj, 

and LiH must be continuously differentiable with respect to t. Also the function f 

and ¥t should be continuous with respect to z between Li(t) and Li+l(t). 

The derivation of the moving boundary model from the set of two-phase 

conservation equations. A core thermal-hydraulic model is formulated for conser

vation equations of mass, energy, and momentum. Five lumped regions have been 

modeled corresponding to the subcooled, subcooled boiling, nucleate boiling, film 

boiling, and superheated regions. The control volumes in each region have moving 

boundaries because the boiling and sub cooled lengths along a heated channel vary 

during a transient or at different operating conditions. For this reason the definition 

of the derivative of a fundamental is used extensively throughout the derivation of 

the model. 
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The primary criterion for the selection of a two-phase flow model was dic

tated by the objective to simulate non-homogeneous, non-equilibrium flow on the 

most advanced level commensurate. That level is represented by the four equation 

mixture model, consisting of the vapor mass balance and the three mixture balance 

equations of mass, momentum and energy. 

3.2.2 Model Asswnptions 

Analytical simplification have been used wherever possible to reduce the 

number of necessary arithmetic operations. A nwnber of judicious assumptions 

and approximations are made to simplify the mathematical modeling of the reactor, 

while retaining sufficient detail for our linearized model. The more detailed models 

can be expensive to solve because of the requirement for a large computing facility. 

The less detailed models introduce certain simplifying assumptions that are not 

always correct but can be solved more readily. Among these asswnptions are: 

A one-dimensional single-channel flow model 

No cross flow 

The heat transfer along the axial direction is neglected 

The system pressure is constant in both space and time 

Negligible kinetic energy and potential energy effects in the energy equation 

Thermodynamic properties of saturated water and steam are assumed to 

be linear functions of pressure 

Assuming spatially uniform pressure changes in the loop 

Constant heat transfer coefficients during transient 

The use of a one-dimensional single-channel fluid flow model is considerable 

for modeling reactor core dynamic behavior in view of the large ratio of channel 
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flow length to channel width. The effects of the spatial pressure gradients on fluid 

properties are ignore. The phasic properties of liquid and vapor are functions of 

the regional pressure and of the local enthalpy. The phase densities are function of 

pressure. 

3.2.3 Conservation Equations for Channel Flow 

The basic conservation equations are the building blocks in the development 

of dynamic models for thermal-hydraulic systems. They express the storage and 

transport of mass, energy, and momentum which are the major factors governing 

the dynamic behavior of the system. 

The basic conservation of two-phase flow can be derived in many different 

ways. One method is start with the differential equations of each phase and to 

integrate them across the section to obtain the working equations (Delhaye, 1981 

and Ishii, 1975). 

Two-phase flow modeling begins with the derivation of the basic conser

vation equations, and various forms of the conservation equations have been pro

posed in this regard. The most sophisticated model is represented by the two-phase 

formulation in which the vapor and liquid mass, momentum and energy conserva

tion equations are obtained separately with the interfacial interactions explicitly 

accounted for. 

This is a one-dimensional form of the conservation equation and the model

ing is limited to the description of one-dimensional flows, in all coolant flow passages. 

These equations are subsequently discretized in standard fashion over the flow path 

lengths, leading to a set of interconnected control volumes. This set is comprised of 

two mass conservation equations (liquid and vapor)j one energy equation (liquid

vapor mixture), one mixture momentum equation based on the drift flux model for 
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a total of four conservation equations. This sophistication is comparable to that of 

the advanced systems and safety codes. The resulting set of ordinary differential 

equations are then solved by semi-implicit finite difference method. 

In this section, the general statement of the basic conservation equations 

is given and applied to derive the mathematical expression for the conservation 

equations in a one-dimensional two-phase flow system. 

(1) Mass Equation: 

In the following development all flow properties are cross sectional averages. 

As derived by Yadigaroglu and Lahey (1976), the basic conservation principle of 

mass for each phase can be written as 

{
Outflow Rate} _ {InflOW Rate} + {Storage Rate} == 0 (3.2) 

of Mass of Mass of Mass 

For the liquid phase, when the volume, V, is considered equal to a small volume 

Ax~z, we get 

or 

(3.4) 

where ow' is the amount of liquid phase evaporated per unit axial length in the 

differential control volume. A single heat balance yields the following approximation 

for Ow' 

"p 
Ow' = L..l!.. 

hfg 
(3.5) 
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For constant cross-sectional flow of the channel, we can divide both sides 

of equation (3.4) by Ax to get 

8 [ ] 8 [ ] -ow' at (1 - a)pl + 8z (1 - a)pIU, = A:-

or 

where the volumetric flux of liquid phase 

j, = (1 - a)U, = ...!!!..!..... 
AxPI 

Similarly, for the vapor phase, equation (3.2) implies 

where the volumetric flux of vapor phase 

. U Wg Jg =a 9 =-
Axpg 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

A separated flow model is required to assess the effect of vapor or gas pro-

duct ion by use of a constitutive relation for r. Equations (3.7) and (3.10) represent 

the mass equation for the liquid and vapor phases, respectively. The separated mass 

equation can be summarized as follows : 

Liquid Mass : 

A 8[(1 - a)PI] 8W l - -A r 
x at + 8z - x v (3.12) 



Vapor Mass: 

A a(apg) aWg - A r 
x at + az - x v 

(2) Energy Equation: 

The principle of conservation of energy can be written as 

{
Outflow Rate} _ { Inflow Rate} + { Storage Rate} = 0 

of Energy of Energy of Energy 

Applying the equation (3.14) to control volume and mixture gives 

Ax! [(1- a)Plul+ap9ug] 6.z + ! (w,h, + wghg)6.z 

= q'''Ax6.z + q"PH6.z 

For a constant area channel 

where 

a [() ] 1 a (h h ) 11/ q" PH at 1 - a PIUI + apgUg + Ax az WI 1+ Wg 9 = q +--;r:-

P 
Ui = hi - PVi = hi - -

Pi 

Wi = jiPiAx = aiUiPiAx 

By regrouping equation (3.16), this equation can be expressed as 
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(3.13) 

(3.14) 

(3.15) 

(3.16) 



We obtain the mixture energy equation 

(3) Momentum Equation: 

The basic conservation principle for momentum can be stated as 

{
Outflow Rate } _ { Inflow Rate } + { Storage Rate } = 0 
of Momentum of Momentum of Momentum 

This is represented 

.!.(8
8 

GjAxD.z + 88 GAxD.z) = - 88
P 

AxD.z -1..psinBAxD.z 
gc z t z gc 

- TwPfD.z 

By rearranging, equation (3.20) becomes 

1 (8G 8 .) 8P g. TwPf 
- -+-G) =----psmB---
gc at 8z 8z gc Ax 

Momentum equation of the two-phase mixture flow gives 

where 

Gm = (1 - a)PIUI + apgUg = ~: = UmPm 

Pm = (1 - a )PI + apg 

1 [Wg WI] Ur = Ug - UI = - - - -:----:--
Ax apg (1 - a)PI 
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(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 
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The mixture momentum equation, based on drift flux concept, can be sum

marized as follows : 

(3.23) 

It should be pointed out that computation of all thermodynamic properties is based 

on the region-averaged pressure. 

The momentum equation is integrated over the entire recirculation loop. 

The pressure drop terms due to friction losses; elevation losses due to gravity; 

acceleration losses in two-phase flow region; and form losses due to contraction and 

expansion are included. That is 

(3.24) 

All of the above listed conservation equations, except the momentum equa

tion, are solved for each cell. The momentum equation is integrated over each loop 

and subloop to determine local mixture flow rates and the drift flux relations are 

used to determine local phasic flow rates. The region pressure is found by iteration 

so that all mass and energy conservation laws are satisfied in each cell in that re-

gion. A simplified form of the momentum equation is then used to determine local 

pressure distribution within the region. 

Finally, we are usually concerned with the hydrodynamic flow conditions 

of the coolant, such as the pressure drop other characteristics of the coolant. 



73 

3.2.4 Core Thermal-Hydraulics Model 

The reactor core thermal-hydraulics model is designed to developed the 

techniques for simulations of nuclear power plant transients. The technology devel

opment is based on the advanced modeling techniques. 

It was recognized that the most important aspects of coolant dynamics mod

eling for a BWR are the phase separation, coolant level tracking, non-equilibrium 

boiling, flashing and condensing, and the tight coupling between fission power and 

vapor void fraction in the reactor core. 

The mathematical model has a four equation drift flux model (Zuber and 

Findley, 1965) which employs the concepts of relative velocities and is capable of 

predicting phase separation, counter current flow, flow stagnation and flow rever

sal. The two-phases can be expected to move at the different velocity. The relative 

velocity of one phase to the other is a complex function of the flow conditions 

and geometry under consideration. The four equation drift flux model is capable 

to predict phase separation, subcooled, saturated or superheated liquid and non

equilibrium evaporation. The four equation model simulates non-homogeneous, 

non-equilibrium two-phase flow. Thermal non-equilibrium is generally more im

portant under transient conditions than under steady-state conditions. Even in 

steady-state conditions, however, the effects of non-equilibrium often must be in

cluded, as for subcooled boiling of liquids. It predicts phase separation and the 

level motion in the steam dome. It also simulates subcooled and superheated liquid 

temperatures. 

The four equations of the two-phase flow model are the vapor mass equa

tion and the three equations of mixture mass, momentum, and energy conservation. 

Storage and inertia are fully accounted for in all four equations. The four field 

equations for non-homogeneous, non-equilibrium two-phase flow simulations in the 
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mathematical model are derived from standard formulations (Delhaye et al., 1981 

and Boure, 1978) of local, time-averaged phasic and of one-dimensional, instanta

neous area-averaged mixture equations. In fact, there is relatively little information 

regarding the multidimensional effects on the flow hydraulics, and most of the ex

isting information is related to one-dimensional channel flow. 

The simulation is effectively achieved with familar mathematical models. 

The most demanding part of BWR plant simulations is the mathematical modeling 

of the two-phase flow thermodynamics in the reactor vessel. The focus of the plant 

similar is on the coolant thermal-hydraulics. Thermal-hydraulic considerations are 

important when selecting overall plant characteristics. Primary system temperature 

and pressure are key characteristics related to both the coolant selection and plant 

thermal performance. This thermal performance is dictated by the bounds of the 

maximum allowable primary coolant outlet temperature and minimum achievable 

consider coolant inlet temperature. 

The high fidelity simulation of thermal-hydraulics of the reactor coolant 

system addresses the following physical processes: 

1. Single-phase flow and heat transfer : 

Forced circulation 

Heat transfer from reactor core fuel elements to the coolant 

2. Two-phase flow and heat transfer : 

Forced circulation 

The fluid can be comprised of a liquid and vapor 

The vapor is allowed to flow with different velocity from that of the liquid 

Temperature of the liquid and of the saturation temperature. 



75 

The rate of phase change (condensation and evaporation) is a function of 

the thermal non-equilibrium of the phases 

Heat transfer between the two-phase mixture and fuel elements, in all 

regimes of interest. 

The goal of the advanced thermal-hydraulics model development is to pro

vide a coherent numerical model of BWR primary steam cycle systems. Description 

of thermal-hydraulics of the reactor coolant system should be designed with generic 

application. Thermal-hydraulics routines of an BWR simulation should be able 

to analyze transients in any BWR plant. The careful selection of modeling and 

programming techniques produced a new thermal-hydraulics core for realistic sim

ulations of normal and severe abnormal transients in nuclear power plants. The 

most outstanding feature of the thermal-hydraulic transient analysis model is its 

high simulation speed. Table 3.1 lists the main design data. 

The thermohydraulic model provides a coherent numerical simulation of 

primary steam cycle systems, including the primary coolant system. A four equa

tion mixture model has been chosen to describe non-equilibrium, non-homogeneous 

two-phase flow. The thermal-hydraulics model is based on four conservation equa

tions for fluid mass, energy and momentum that are integrated numerically, in 

space and time. The basic thermohydraulic model is based on solving a set of 

four conservation equations. These conservation equations are complemented by 

a set of constitutive equations for heat and mass transfer across liquid-vapor mix

ture interfaces, interfacial area, heat transfer coefficients, drift flux relations, pump 

performance and critical flow algorithms, etc. 



Table 3.1 Assumed Design Data for BWR Plant 

Vessel pressure 

Core average void fraction 

Core exit quality 

Core inlet enthalpy 

Core inlet subcooling 

Core mass flow 

Mass flow through each recirculation loop 

Steam flow 

Active core height 

Boiling length in core 

A verage fuel temperature 

Doppler coefficient, [:~] 

Void-reactivity coefficient, [*] 

Total power generated in core 

Pressure in front of turbine value 

Pressure at inlet to HP-turbine 

1032.25 psia 

38 % 

13.5 % 

527.1 Btu/Ibm 

21.5 Btu/ibm 

1.708 X 104 Ibm/sec 

2.9305 X 103 Ibm/sec 

2.3064 x 103 Ibm/sec 

12.5 jt 

8.4 jt 

1075 OF 

-9.8 x 10-4 $;oF 

-26.6 $ 

1931 MW(t) 

973.8 psia 

948.27 psia 
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A typical BWR-6 plant is considered for BWR simulation. For BWRs, 

the reactor vessel, two representative recirculation loops, up to four steam lines 

are modeled. The hydraulic part of the code addresses a wide range of physical 

processes. These include: 

Both single-phase and two-phase circulation 

Unequal velocities of the liquid and vapor phase accounted for by the drift 

flux model 

Phasic thermal non-equilibrium 

Phase change due to thermal non-equilibrium 

The thermal-hydraulic models form the basis of the computer code which 

addresses thermal-hydraulics of the reactor coolant system (BWRs), in non-real 

time on VAX minicomputer. The mathematical modeling considers the overall sys

tem as control volumes (computational cells), with the same conservation equations 

set applied throughout. 

Its thermohydraulics model is based on solving, for each control volume, 

a set of four conservation equations : mass of liquid, mass of vapor, energy of the 

liquid-vapor mixture, momentum (based on drift flux concept) of the total mixture 

(Fabic and Andersen, 1983). 

Spatial integration of the momentum equation is performed over each closed 

loop while the mass and energy conservation equations are integrated over each 

computational cell. To reduce computational stiff, the momentum balance was 

not integrated numerically for every computational cell, but instead analytically 

integrated around each closed contour, namely through an average channel, hot 

channel, and bypass channel and through the recirculation loop. The vapor mass 

and the mixture energy equations are integrated for every computational cell. They 
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are converted first to ordinary differential equations by volume averaging. This 

discrete integration affords the tracing of void disturbances. Temporal integration of 

all conservation equations is semi-implicit. The collapsed liquid levels are computed 

from the local pressure differentials obtained by solving the momentum equation. 

The basic conservation equations that are integrated nwnerically are for 

mass of vapor, and liquid; energy of two-phase mixture; and momentum of the 

two-phase two-component mixture. 

Let us consider the boiling channel for use in a BWR transient model. 

The boiling channel is a one-dimensional model of two-phase flow in a constant 

cross-sectional area, based on the drift-flux model. 

The four equation model for non-homogeneous, non-equilibrium two-phase 

flow simulations is derived from standard formulations (Delhaye et al., 1981) oflocal, 

time-averaged, phasic and of one-dimensional, instantaneous area-averaged mixture 

equations. The four equation model is a meaningful mixture model, using two mass 

equations for each phase and assuming thermal equilibrium on the saturation line 

between coexisting phases. The four equation model uses integral formulations for 

mass and energy equations and overall flow loop momentum equation in order to 

reduce the computing time (Wulff, 1984). This model requires the interfacial mass 

exchange rate, r , to fully define the momentum exchange between phases. The 

non-equilibrium phase change r v is computed from a proprietary correlation. 

In this section, the governing equations representing conservation of mass, 

energy, and momentum for a non-equilibrium flow of steam and liquid water can be 

derived employing the concept of an infinitesimal interface, where all phase changes 

take place. The mass and energy equations are applied in each region, and the 

overall momentwn equation is applied for a flow loop in the pressure vessel. 
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All conservation relations for the steam-water side of the core channel and 

the fuel cladding wall temperature relationships have been treated dynamically. 

The reactor core is visualized as a straight channel with water-steam flowing 

upward inside the channel as shown in Fig. 3.3. 

Conservation of Mass Equations. The two mass conservation equations are com-

bined to form a mixture volumetric conservation equation. This equation, together 

with the drift-flux relationships and the mixture momentum equation, is used to 

compute the flow distribution. All field equations are effectively converted into 

ordinary differential equations. 

The conservation equation of mass for each phase in the flow field can be 

expressed as follows : 

Mass Vapor Phase: 

A 8(apg) 8wg - A r 
x 8t + 8z - x v (3.25) 

and 

Mass Liquid Phase: 

A 8[(1 - a)PI] 8W l - -A r 
x at + 8z - x v (3.26) 

Notice that the vapor phase is restricted to saturation conditions, while the liquid 

is permitted to be sub cooled, saturated or superheated. The volumetric flow rate 

of the mixture mass equation, Q, can be written as 

(3.27) 

Then, equations (3.25) and (3.26) become 
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Fig. 3.3 Moving Boundary Model for FUel Channel 



8wg = Axrv _ Ax 8(expg) 
8z 8t 
8wI _ -A r _ A 8[(1- ex)PI] 
8z - x v x at 

Taking the derivative for equation (3.27) 

8Q 1 8wg Wg 8pg 1 8wI wI8pI 
- = --- ----+-- ----
8z Po 8z P~ 8z PI 8z p~ 8z 

Substituting equations (3.28), (3.29) into (3.30) 

Finally, we can get 

The relative velocity is given by 

1 [Wg WI] Ur = Ug - U, = - -- - ----:.-
Ax exPg (1 - ex)PI 

Equation (3.33) becomes 

Wg = Axexpg [Ax(1 ~ ex)PI + Ur] 

= Pg [(1: ex) (;;) + AxexUr] 
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(3.28) 

(3.29) 

(3.30) 

(3.31) 

(3.32) 

(3.33) 

(3.34) 

(3.35) 



The volumetric flow rate, Q, can be as 

and 

Q 
Wg WI =-+
Pg PI 

WI = Q _ Wg 
PI Pg 

Substituting equation (3.36) into (3.35) 

Wg = pg [aQ + a(1 - a)UrAz:] 

Similarly, the liquid flow rate, WI, is given by 
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(3.27) 

(3.36) 

(3.37) 

(3.38) 

Assuming that Co and Vgj are functions of a and W only and the relative velocity 

can be expressed in terms of drift velocity, Vgj, and concentration parameter, Co. 

That is 

Vgj 
Ur = (1 - a) 

AxaVgj = (Co -1)aQ + AxaVgj 

Equation (3.39) yields the mixture mass equation 

Wg = pg[aQCo +AxaVgj] 

and 

(1). Sub cooled Region: (Lac - Lin = zac) 

(3.39) 

(3.40) 

(3.41) 
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For the sub cooled region, the terms of r, Pg, a should be zero (r = pg = 

a = 0) from equation (3.32). Integrating the volumetric flow rate from z = Lin to 

z = L sc , we get 

(3.42) 

The integral that involves time derivatives are evaluated using Leibnitz rule to 

obtain 

l L,e 8PI (z)d _[!!.-lLle ()d _ dLsc ] 
8 z - d Psc Z Z Pd d 

Lin t t Lin t 
(3.43) 

where 

(3.44) 

Q ( ) = Q. ( ) _ Ax [dLsc (Pin - Pd) + d(Pin + Pd) Lsc] 
sc Z an Z psc dt 2 dt 2 

_ (Pd - Pin) (Qin + Qd) 
2 Pin Pd 

(3.45) 

(2). Subcooled Boiling Region: (L f - Lsc = Zsb) 

iLl ( 1 1 ) A iLl 8( ap ) 
Qsb(Z) = Qsc(Z) + Axr - - - dz - 2 at 9 dz L,e Pg PI pg L,e 

_ Ax [LI 8[(1 - a)pI] dz _ [LI (aCoQ + aAx Vgj) 8pg dz 
PI JL,e 8t JL ,e Pg 8z 

_ [LI ((1 - aCo)Q - aAx Vgj) 8pI dz (3.46) 
JL ,e PI 8z 
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where in all regions 

(3.47) 

By using the Leibnitz rule 

(3.48) 

(3.49) 

and 

_ If' OI(z)dz 
01= ~,::....e_~ 

(Lf - Lac) 
(3.50) 

The vapor generation term in subcooled boiling region can be written 

Finally, 

(3). Nucleate Boiling Region: (Ldnb - Lf = Znb) 
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The vapor generation term in nucleate boiling region can be given by 

rLdnb 

Axr nb ( 1 ) dz = ( 1 ) PHq~b(Ldnb - L f) (3.54) 
iLl Pg -PI Pg -PI h fg 

(4). Film Boiling Region: (Lg - Ldnb = Zfb) 

The vapor generation term in film boiling region can be given by 

(5). Superheat Region: (Lout - Lg = Zsh) 

Q"h(Z) = QJb(Z) _ ;; [d!g (pg ~ PSh) + d(PS1~: Pg) (Lout2- Lg)] 

+(PBh-P9)(Q9+Qsh) (3.57) 
2 pg psh 
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Conservation of Vapor Mass. Differentiation of vapor mass with respect to time 

gives 

dm lL2 -d 9 = Wgl - Wg2 + ow'dz 
t Ll 

(3.58) 

and the vapor mass of equation (3.58) is defined by 

(3.59) 

Substitution of equation (3.59) into equation (3.58) and equation (3.58) gives 

l
L2 

= Wgl - W g2 + OW'2 dz 
Ll 

(3.60) 

and 

(3.61) 

(1). Sub cooled Boiling Region (Zab) : 

(3.62) 

where 

1:: ow' Ilb dz = hfg(l + €)~Taat _ Td) [(hf - hac)PH(Lf - Lac) [~Td(Tcl - Td) 

+ ~o (To - Tco + Td) + ~(TCI To + TcOTd)] - qSbTd] 

- hoAxCl!f (3T8at - Td - 2To) (3.63) 
6Vfg 
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Note that the rate of void fraction 

(3.64) 

and 

(3.65) 

(2). Nucleate Boiling Region (Znb) : 

(3.66) 

where 

(3.67) 

and 

(3.68) 

(3). Film Boiling Region (Z/b) : 

. . 1 [ . . 8pg . 
ajb = Axpg(Lg _ Ldnb) -Ax(Lg - Ldnb)a/bPg - Ax(Lg - Ldnb)Oijb 8P P 

+ 2( Wg,g - Wg,dnb) + 2 [LSI 8w' jb dZ] (3.69) 
JLdnb 



88 

where 

(3.70) 

and 

(3.71) 

and 

(3.72) 

Conservation of Energy. To solve energy equation, the channel is divided into a 

number of regions and these equations are integrated over the regions. Since the 

region boundaries change with time, the integrals that involve time derivatives are 

evaluated using the Leibnitz rule to obtain 

(3.73) 

We have assumed a donor-cell technique (upwind approximation) for the coolant 

density where by p ~ P2. Therefore 

(3.74) 

and 

(3.75) 



aIld from cOIlservation of mass 

Equation (3.73) yields 

where 

A:c(L2 - LI) [P2(h - h2) - p] + A:c(L2 - L1) [P2(h - h2)P] 

= w1(h1 - h2) + q1,2 

(1). Subcooled Boiling Point (Lac) : 

(2). Thermodynamic Two-Phase Equilibrium Point (Lf) : 

(3). DNB Boundary (Ldnb ) : 

Ldnb = A (- ~ P) [(WI,! + wg,f ) (Xdnb(hf - hg)) + qnb 
:c Pdnb dnb-
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(3.76) 

(3.77) 

(3.78) 

(3.79) 

(3.80) 

- A:c(Ldnb - Lf)(Pdnbhdnb - P)] + Lf (3.81) 



90 

(4). Superheat Boundary (Lg) : 

Lg = Ax(pg~g _ P) [(Wl,dnb + Wg,dnb) (1 - Xdnb)(h/ - hg)) + q/b 

- Ax(Lg - Ldnb)(pghg - P)] + Ldnb (3.82) 

(5). Exit Enthalpy (Lout) : 

Since the exit boundary is stationary the exit enthalpy is evaluated from 

the conservation of energy in the normal way. 

(3.83) 

Equation of the quality at DNB, Xdnb used in equation (3.81) is obtained from the 

condition 

(3.84) 

A numerical quasi-steady solution for Xdnb is obtained which is a function of the 

critical heat flux correlation used. For example, the Westinghouse Bettis correlation 

(Tong, 1972) has been used. This correlation and the quasi-steady solution are 

discussed in section 3.4. The quasi-steady relationship for q" (x) is 

" () W 8h(z) 
q'oca' z = PH a;- (3.85) 

or 

(3.86) 
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where 

The temperature at the departure point used in equation (3.79) is obtained 

from the Griffith (1958) heat transfer model 

(3.87) 

or 

Td = 1.25 Taat - 0.25 Te,J (3.88) 

The departure enthalpy is obtained from the thermodynamic approximation 

(3.89) 

or 

hd = hI + 0.25 CP1 [Taat - Te,l] (3.90) 

3.2.5 Momentum Equation 

Parallel flow paths are considered within the reactor core. The momentum 

equation (3.23) is integrated over one entire channel segment to avoid computational 

stiffness. 

The assumptions made in the momentum equation are: 

1. the channel pressure is constant, and 

2. both phases are incompressible; i.e., c')nstant thermodynamic properties. 

Due to the above assumptions, we have been able to leave out the momen-

tum equation for the channel in the moving boundary formulation, since the system 
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of equations for the channel is decoupled. This implies that acoustic waves can not 

propagate through the fuel channel. Therefore, flow rate is a channel inlet boundary 

condition for this model. 

3.3 Constitutive Equations 

The best available empirical relationships for phasic relative motion, inter-

facial heat transfer and two-phase wall friction are used. Conservation equations are 

complemented by a set of constitutive equations for heat and mass transfer across 

liquid-vapor mixture interfaces, interfacial area, heat transfer coefficients, and drift 

flux relations etc. 

The thennal-hydraulic constitutive relations employed in the mathematical 

modeling are described here. Standard constitutive relations are used for friction, 

heat transfer, vapor generation and phase change. Once a model is selected, consti

tutive relations are needed to describe the rate of exchange of mass, momentum, and 

energy among the wall and the two-phases. The relations depend on the flow con

figuration, or flow regimes. The state equations and boundary and initial conditions 

are also needed to close the problem. 

Very extensive use of interpolation from precomputed equations of state, 

constitute equations, and heat transfer correlations. 

3.3.1 Equation of State for Water 

The modeling of core thermal-hydraulic requires information on the ther-

modynamic properties of water over a wide range of pressures and temperatures. 

All properties of the coolant in the reactor vessel are computed from the system 

pressure. A number of anticipated nuclear power plant transient conditions may 

include a substantial variation of state conditions of water. Large combinations of 
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thermo-physical properties and heat transfer correlations have been pre-tabulated 

as functions of state variables. All implicit relationships have been solved iteratively 

in advance and the results were tabulated. 

One of the prerequisites for the solution of the dynamic analysis models for 

nuclear reactor systems is the expressions for the equation of state for saturated 

water and steam. The most direct and accurate method for satisfying the above 

requirement is to input the thermodynamic properties of saturated water and steam 

in tabular form into the digital computer and use standard table lookup algorithms 

to obtain the value of a certain property at a given thermodynamic state. This 

method is suitable for numerical solution of dynamic analysis models. 

The thermodynamic properties of water are obtained using tables of water 

properties based on 1967 ASME data. For the simulations performed in this work, 

the RETRAN (McFadden, J. H. et al., 1984) equation-of-state FORTRAN com

puter subroutines were used. Numerical thermodynamic derivatives of density and 

temperature with respect to enthalpy and pressure also provided. 

The equation of state conditions are contained in a range of water properties 

from STP (T = 32 0 F, P = 14.7 psia) to the critical point (T = 705.47 0 F, P = 

3208.2psia). In this pressure range the saturation temperatures vary from 212 of 

to 705.47 of. 

An equation of state is required to complete the description of the fluid 

system. The equation of state for water is obtained using tabulated steam tables 

or correlations, and is represented symbolically for 

p = p(h,P) (3.91) 

and 

(3.92) 
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where Tb is the bulk fluid temperature. 

For non-equilibrium two-phase flow, phase densities are functions of pres

sure and the corresponding phase enthalpy or, in function form 

(3.93) 

for saturated vapor, and 

PI = PI (hI' P) (3.94) 

for saturated liquid. 

3.3.2 Heat Transfer Correlations and their Boundaries 

The process of convective heat transfer is a very important mechanism for 

the transport of energy from nuclear reactor fuel rods. The process of heat trans

fer in nuclear reactor systems depends on the local flow conditions as well as the 

thermodynamic state of the fluids. In a water cooled reactor, the surface of heat 

from the cladding to the coolant is a very efficient process relative to transfer within 

the fuel, and from the fuel to the cladding. The detailed heat transfer mechanism 

depends on the temperature of the cladding surface relative to the saturation tem

perature of the coolant and the velocity and pattern of coolant flow in the flow 

channel, as well as the magnitude of the heat flux. 

When the heat transfer surface is at a temperature lower than saturation, 

the heat transfer takes place by forced convection. Once the surface temperature 

passes saturation, the process is boiling. If the fluid temperature is below saturation, 

sub cooled or surface boiling takes place and the vapor bubbles collapse once they 

leave the surface. 
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As subcooled feedwater is heated by fission energy, its temperature and 

enthalpy will increase to the point of saturation. At this point, bulk boiling begins 

to take place as heat transferred from the fuel channel side goes into the formulation 

of bubbles. The process is called saturated boiling or bulk boiling. Boiling is 

further characterized by the nature of the boiling process. The two-phase region 

is characterized by a constant temperature, at saturation, and its lower boundary 

is termed the boiling boundary. If enough heat continues to be supplied from the 

fuel assembly, the channel liquid phase will eventually be depleted and transformed 

into an all vapor phase. Any additional heat transfer will then go into steam 

superheat. The boundary for the onset of this superheat is properly called the 

superheat boundary. 

Based on experimental observations of single-and two-phase convective heat 

transfer, various regimes have been identified and their heat transfer properties mod

eled using empirical correlations. The heat transfer model identifies several distinct 

heat transfer regimes which can be used in modeling general light water reactor 

(LWR) systems. To adequately represent the heat transfer processes between the 

two-phase mixture and fuel elements, all heat transfer regimes of interest are con

sidered, including convection to liquid, subcooled and saturated boiling, post-CHF 

(transition and film boiling), convection to vapor, and vapor condensation. 

The regimes are listed below along wi th the names by author of heat transfer 

correlations which may be applicable in the core modeling. 

1. Subcooled convective region: Dittus and Boelter correlation 

2. Subcooled boiling region: Chen correlation 

3. Nucleate boiling (Pre-CHF) region: Chen correlation 

4. Fihn boiling (Post-CHF) region : Bishop correlation 
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5. Superheated region : Colburn correlation 

Each region is characterized by a heat transfer and hydrodynamic correlations. 

A variety of correlations where a wider selection and range of parameters 

could be considered. Correlations which are based in form upon physical models 

are often superior in their range of validity. 

The correlations for single-phase liquid and vapor convective heat transfer 

are usually based upon the dimensionless Nussselt number. For moderate tempera

ture differences, the single-phase heat transfer coefficient, H1.p, for heating a liquid 

is given by the classical Dittus and Boelter (1930) correlation 

(
H1.pDH) (GDH)O.8 (CPJ-L)O.4 =0.023 -- --

kbulk J-Lbulk k bulk 
(3.95) 

in which the bulk temperature, nulk = (T), of the fluid is used to determine the 

thermodynamic properties. The Dittus-Boelter correlation can be used to evaluate 

the single-phase heat transfer coefficient, H1.p. For single phase forced convection, 

this correlation is the most applicable to flow conditions in nuclear reactor core. 

In the boiling region, the heat transfer coefficient depends on the type of 

flow. The nucleate boiling process occurs in both sub cooled and saturated liquids 

when the heated surface temperature exceeds the saturation temperature of the 

fluid. In subcooled nucleate boiling many small bubbles are formed around small 

nucleation points on the clad surface, and the temperature rise per unit of heat flux 

is very low. This is an extremely efficient mode of heat transfer. The correlation 

reflects the experimental observation that heat flux in nucleate boiling is practically 

independent of the mass velocity and degree of sub cooling of the fluid. The Dittus 

and Boelter correlation is also used correlation for this sub cooled boiling form for 

water. 
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The Chen (1963) correlation is used to predict heat flux in both subcooled 

and saturated nucleate boiling. Chen has formulated a rather good correlation for 

both the fully developed nucleate boiling and forced convection vaporization regions. 

where 

and 

The Chen correlation is in the form of a superposition, 

H = 0023 [G(l- (X))DH]0.8 (Cp,IIlI) (~) F 
lcp(LP) • k D 

III I H 

9c'" = 32.17 (3600)2 Jt2 
hr 

(3.96) 

(3.97) 

(3.98) 

(3.99) 

The single-phase heat transfer coefficient, H1cP(LP), is the standard Dittus-Boelter 

correlation evaluated for saturated liquid conditions at the mass flux of the liquid 

phase, LP, and multiplied by a correlation, F , given by 

F - 2cP 
[ 

Re ] 0.8 

- Re(LP) 
(3.100) 

where 

R 
G(l- (x))DH 

e(LP) = 
III 

(3.101) 
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The parameter, F , can be recognized as the ratio of an effective two-phase Reynolds 

number to the Reynolds number used to evaluate H1¢(LP)' This parameter is 

plotted versus the turbulent Martinelli parameter, X tt , is normally given by 

_1 = ( (x) )0.9 (PI)0.5 (J-Lg)O.l 
Xtt l-(x) pg J-LI (3.102) 

The two-phase nucleate boiling heat transfer coefficient, H2¢(NB) , is a form 

of the Forster-Zuber correlation times a nucleation suppression factor, S, which is 

defined as 

b.T. 0.99 
S _ [ avg ] 

- (Tw - Tsad 
(3.103) 

where b.Tavg is the effective radial average superheat in the liquid film. The sup

pression factor, S, is a function of the effective two-phase Reynolds number, Re2¢' 

When the liquid film becomes sufficiently thin, a dry patch may form at 

the heating surface and result in a sudden wall temperature rise. This point is 

referred to as the critical point or departure from nucleate boiling (DNB) point. 

The phenomenon that takes place is referred to as boiling crisis, and the value of 

heat flux is referred to as the critical heat flux, which serves to distinguish between 

pre-and post-CHF regimes. 

The heat flux corresponding to the critical point has been the subject of 

a great deal of study. Although some progress has been made in developing basic 

theory, predictions are still based on correlations of experimental data. Some cor

relations are confined to a rather narrow range of design and operating variables 

so that only a few parameters are required to obtain a good correlation. Other 

correlations cover a much broader range of variables, so that more parameters are 

required to correlate the experimental data. The best known of the more general 

correlations is the W-3 critical heat flux correlation. 
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At very high heat flux the bubbles become sufficiently close together so as 

to form a film of vapor that blankets the heat surface. This process is known as 

film boiling, and it is a much less efficient form of heat transfer. Film boiling is also 

called dry out. This occurs in a high quality annular flow where the liquid film flows 

near the channel wall and a vapor core flows between channels. When the critical 

heat flux (CHF) is exceeded in forced convective heating of liquid or two-phase fluids 

the liquid layer in contact with the heated surface is broken down by rapid vapor 

formulation. This results in transition or partial film boiling which is characterized 

by sharply diminished and sporadic heat transfer. As the liquid layer is replaced by 

a vapor film, a stable film boiling regime occurs which is characterized by gradually 

increasing rate of heat transfer compared to the transition regimes. Depending on 

the mass velocity of the fluid flow, the film boiling regime is described as pool film 

boiling for near stagnant conditions or stable film boiling for more rapid flows. 

For the higher system pressures, more typical of PWR operation, the Bishop 

(Bishop et al., 1965) correlation, which is the most applicable values for the film 

boiling, has proposed the following fully developed post dryout (PDO) correlation 

(3.104) 

The fully developed PD~ heat transfer coefficient, HpDO, can be deter-

mined from an appropriate superheated vapor heat transfer correlation, such as the 

Colburn correlation (Colburn, 1933), written as 

(
HPDODH) =0.023 [G{Xe)c DH ]O.8 (Cp,VJl.v)i 

kv film (a(z)} Jl.v film kg film 

( Cp,v,bulk ) 

Cp,v,film 
(3.105) 
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where the axial dependence of the void fraction is due to the effect of vapor superheat 

on PV' Thus, the fully developed PD~ heat flux is given by 

(3.106) 

The boundaries of these regions are defined in terms of the bulk water-steam 

specific enthalpy h and steam quality x as follows: 

1. Subcooled liquid : h < hd 

2. Subcooled boiling: hd :5 h < hI 

3. Nucleate boiling: h > hI and Xe :5 XCHF 

4. Film boiling: XCHF < Xe < 1 

5. Superheat: Xe ~ 1 and h ~ hg • 

where 

hI = specific enthalpy of saturated water 

The conditions for separating the sub cooled boiling region from the sub

cooled liquid region is 

(3.107) 

where 

Tc = clad temperature 

TlJat(P) = saturation temperature at pressure P. 

This condition (that the clad temperature is equal to the saturation tem

perature determined by the local pressure) is used to separate the pure convective 

region and the nucleate boiling in the sub cooled region. 
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Xe = 0 (3.108) 

where 

x = thermodynamic quality 

The zero thermodynamic quality condition (evaluated from the averaged 

enthalpy) determines the boundary between the sub cooled and the boiling regions. 

The departure of the nucleate boiling is departure from the empirical equa-

tion 

q~rit(Xdnb) = 1 
q~~cal(Xdnb) 

(3.109) 

The 100 % steam quality point determines the boundary between the saturated 

region and the superheated region. 

Xe = 1.0 (3.110) 

3.3.3 Correlations for Pressure Drop 

The Fanning friction factor correlation (Bird et al., 1960 and Collier, 1972) 

is used for single-phase frictional pressure drop calculations. 

For laminar flow (Re < 2100), the Moody formula is used, where 

flO = 16/Re (3.111) 

and for turbulent flow (Re > 2100), the Blasius formula is used, where 

flO = 0.791Re-o.25 (3.112) 
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For two-phase flow, the frictional force for two-phase flow is a function 

of the fluid pressure and steam quality. The Martinelli and Nelson (1948) have 

proposed a now well-known correlation named after them. The Martinelli-Nelson 

correlation was presented in several curves in their original paper. Those curves 

show the relationship between the two-phase pressure drop and the single-phase 

liquid pressure as a function of pressure and quality for a turbulent forced circulation 

two-phase flow. By definition, Martinelli-Nelson two-phase friction multiplier 

where 

(~~ )2tP = frictional pressure drop of a two-phase flow 

( ~~) 10 = frictional pressure drop of a single-phase flow 

<Pro = two-phase friction multiplier 

(3.113) 

These curves were integrated with an assumption that a linear relationship exists 

between x and z. Also note that the Martinelli-Nelson multiplier is the highest in 

the quality range of interest to BWR technology. 

3.4 Prediction of the DNB Boundary 

Boiling crisis is characterized by a sudden drop in the boiling heat transfer 

coefficient due to the change of heat transfer mechanisms as indicated by a tem

perature excursion of the heating surface. The maximum heat flux just before the 

boiling crisis occurs is called the departure from nucleate boiling (DNB). The DNB 

is important for the prediction of the overall rate of heat transfer in a heat transfer 

model since the location where DNB is exceeded marks a sharp decrease in the heat 
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transfer rate. A review of various empirical correlations and models used to predict 

DNB for different flow conditions and fluid states are described by Tong (1972). 

The minimum ratio of the critical heat flux to the heat flux achieved in the 

core is defined as the departure from nucleate boiling ratio (DNBR) factor D 

/I 
D = DNBR = qcrit 

" q'oca' 

and D is given as a function of the flow quality in a tabulated form. 

(3.114) 

We predict the quasi-steady DNB as a function of thermodynamic quality 

along the entire flow path. The quasi-steady local heat flux is determined by differ

entiating the axial power profile. Along the flow path the power added to the water 

is given by 

(3.115) 

Differentiating equation (3.115) with respect to z, we obtain 

8Q(z) P " () 
8z = H q'oca' Z (3.116) 

or 

" () 1 
8Q(z) 

(3.117) q'oca' Z = PH 8z 

The power is stored in a table of heat flux shape vs distance along the flow path. 

Using equal increments of length the heat flux can be obtained at each axial node 

Zi by the relationship 

i = 1, 21 (3.118) 
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These values are stored in a table of q~~cal(z) vs z. When i = 1; Qi-l = Qo == Q}, 

and for i = 21; Qi+l = Q22 == Q21' Fig. 3.4 is a plot of Q(z) vs z for the axial heat 

flux given Fig. 3.5. 

The critical heat flux is determined by use of Westinghouse-Bettis correla

tions (DeBortori et al., 1958). This correlation is given by 

q~rit = 0 37 ( H ) -2.5 (1 + .£) 2 e -0.0024 -It; 
106 • 103 106 

G 
for 1.6:5 106 :5 5.0 

or 

/I H -25 
qcrit = 0.50 (-) . e -0.0024 i'; 
106 103 

G 
for 106 :5 1.6 

The ranges of parameters in the data used to develop this correlation are 

p = 1850 '" 2150 psia 

1~6 = 0.2 '" 5.0 Ib/ hr- ft 2 

Xexit = negative to positive 

...L.. = 21 '" 468. D. 

(3.119) 

(3.120) 

The calculational technique for prediction of the DNB boundary is not well 

established. The calculational technique can be used to predict DNB boundary for 

the analysis of a reactor coolant system. The main objective of this method is to 

predict an accurate DNB boundary during transients. 

The method was developed for an accurate description ofthe departure from 

nucleate boiling boundary that is based on a linear interpolation in the DNB region. 

Techniques that assume the validity of the local conditions hypothesis attempt to 

correlate in terms of local values of q~' and XC' 
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IT a table of values of a function D( x) is given, it is often necessary to obtain 

values of D( x) for values of x between the x-values appearing in the table. By this 

linear interpolation method for D 

(3.121) 

where x is a quality at any point, each DNBR at any point, Di and Di+l are 

corresponding to Xi and Xi+l, respectively. 

Solving for Xdnb where D(Xdnb) = 1.0 

(3.122) 

Substituting Xi+l = Xi + !:lx into equation (3.120), we can get 

(
1.0 - Di+l) 

X = Xi+l +!:lx D D 
i+l- i 

(3.123) 

The flow quality x can be expressed in terms of DNBR factor, D. The D values are 

tabulated by pre-computation. 

We evaluate DNBR vs thermodynamic quality x for 20 values of !:lx which 

is divided through the entire flow channel. The increment quality, !:lx, can be 

expressed as 

1\ _ Xout - Xin 
uX - 20 (3.124) 

The DNB flux decreases as the quality increases and reaches a minimum at the 

coolant channel exit. We predict a decreasing value of DNBR with increasing ther

modynamic quality. The departure from nucleate boiling ratio, DNBR, can be unity 

when the cntical heat flux reaches the local heat flux. Therefore, DNBR can be 

predicted by the steam quality. A linear interpolation between the pre-DNB and 

post-DNB allows a smooth transition. 
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We predict heat flux, critical heat flux, and MDNBR by changing various 

parameters which are flow rate, pressure, reactor power, and inlet enthalpy. The 

following figures show good examples for the prediction of MDNBR under both 

normal and transient operating conditions. The following examples illustrate how 

the CHF prediction and actual heat flux compare along the channel under a wide 

variety of parametric conditions. 

The dry patch region in Fig. 3.6 means that boiling transition bound

aries exist at 2 points along the channel. A film boiling regime exists between the 

two boundaries. On either side, the nucleate boiling regime exists where the heat 

transfer coefficients are large. Therefore, the fuel pin cladding and fuel material 

temperatures increase sharply in the dry patch region. 

The dry patch region is thermodynamically unstable. The second boundary 

moves rapidly to the end of the channel and superheat steam conditions occur very 

soon after film boiling (CHF) is reached. 

3.5 The Minimum DNBR (MDNBR) Boundary 

The model also predicts the position of MDNBR and the value of MDNBR 

in the fuel channel. The value of MDNBR is compared to the Specified Acceptable 

FUel Design Limit (SAFDL) of critical heat flux on the cladding for a given CHF 

correlation. This is a licensing criteria for LWR fuel pin. 

Along the channel the MDNBR condition is given by 

8DNBR(z) _ 0 0 
8z -. (3.125) 

or 

MDNBR = MIN [DNBR(z)] = MIN [q~HF(Z)] 
q'oca'(z) 

(3.126) 
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The MDNBR is evaluated numerically from a DNBR profile. 

MDNBR is a valuable figure-of-merit in transient safety analysis for LWR's 

in evaluating clad failure probability. There is evidence from this research that a 

dynamic prediction for MDNBR provides more thermal margin to fuel failure than 

the traditional quasi-static thermal hydraulic analyses used in LWR safety analysis. 

This is a very good area for future research. 

Fig. 3.6 through Fig. 3.14 show the relationships between heat flux and 

critical heat flux (CHF) response to change in the flow rate, reactor power, and 

core inlet enthalpy. Also these parametric studies predict the MDNBR value and 

MDNBR position from results. 
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CHAPTER 4 

APPLICATION OF NUMERICAL SOLUTION METHODS 

We have described the mathematical non-equilibrium two-phase flow mov-

ing boundary models in terms of conservation equations for the simulation of the 

BWR coolant system thermal-hydraulic behavior in the previous chapter. 

Nuclear power plant simulations are largely carried out on general pur

pose computers with standard FORTRAN programs. Thermal-hydraulic computer 

codes written in standard FORTRAN can readily be made to execute on any large 

computer. The simulation speed can be achieved by matching modeling and pro

gramming techniques with computer capacities. 

The system is first subdivided into several regions and each region is further 

subdivided into several control volumes or nodes for simulations of nuclear power 

plant transients. For boiling water reactors, the reactor vessel is a region. Each 

region is further subdivided into one or more hydraulic loops which may have parallel 

paths (subloops). A hydraulic path that goes through the reactor vessel downcomer, 

lower plenum, reactor core, upper plenum, and back to the vessel downcomer is 

an example of a loop. Each loop and subloop is subdivided into two or more 

computational cells (control volumes). 

In this chapter, we review the numerical schemes for the moving bound

ary solution and the numerical solution methods used to solve these equations for 
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steady-state and transient calculations in a stable and efficient manner using a 

digital computer. 

4.1 Description of LASAN Code 

The Los Alamos Scientific Laboratory developed a standardized code that 

maintains a modular structure, using FORTRAN subroutines and data format, 

rather than the block form input of simulation language programs. The Los Alamos 

Systems Analysis (LASAN) code (Stroh et al., 1979) is uniquely designed to handle 

large-scale simulation models using a subsystem (or modular) approach to mathe

matical modeling. This section describes the capabilities of LASAN code. 

The LASAN code was developed as part of the Reactor Safety Program 

at Los Alamos for the development of a High Temperature Gas Cooled Reactor 

(H'rGR) accident simulation computer code. LASAN is a general code designed 

for modeling and evaluating the performance of large continuous systems described 

by a complete set of first order, usually nonlinear, ordinary differential equations 

(ODEs). LASAN is similar to in concept to a digital simulation code such as DARE 

(Korn and Wait, 1978). 

The LASAN code is a model-independent systems analysis program. The 

model-independent computational main frame of LASAN, together with the user

coded modules, provides complete solution capabilities for the modeled system. 

Use of the LASAN code involves formulating sets of nonlinear differential equa

tions describing the desired components and feeding these equations to the code. 

LASAN places minimum restrictions on the user in formatting and ordering in

put data. Flexible free-formatting input data file specification subprograms are 

provided. LASAN also provides a problem restart capability and plot files and 
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post-processing list files produced for transients, steady state, and frequency re

sponses. 

LASAN handles models developed using a subsystem or modular approach. 

Each module represents one or more components of the modeled system, and has 

a standardized structure. Each module evaluates a set of time dependent ordinary 

differential equations that represent a logical subcomponents, phenomenon, or fea

ture of the larger overall system model. The physical problem can be divided into 

logical components. These components are then incorporated in the overall coded 

model by creating components suhroutines or modules. The equations contain de

scriptions of dynamic phenomena and control processes of each component, and 

attempt to represent accurately both its static and dynamic characteristics. 

LASAN is an executive code which has steady state, transient, and fre

quency response solution capabilities. Section 4.2 and 4.3 describe the mathe

matical development of the steady state and transient techniques used for state 

variable models. The LASAN code is primarily oriented toward systems modeling, 

the linearization and subsequent analysis could be done in principle for any system 

of nonlinear equations. The code is capable of solving for steady-state conditions, 

linearizing the system of equations, and providing time-and frequency-domain anal

yses. 

LASAN uses advanced implicit numerical algorithms for the simulations of 

steady state evaluations, transient evaluations, and frequency responses. Steady 

state solutions to the entire systems of model equations are obtained using a modi

fied Newton-Raphson iteration procedure or a modified transient procedure. These 

procedures modifying all system state variables (dependent variables of integration) 

in such a way that the time derivatives of these variables approach zero. Transient 

solutions are obtained using an implicit predictor-corrector approach based on an 
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optimum integrating factor method (Secker, 1969). The method is asymptotically 

stable, and includes automatic integration step size adjustment to control local 

error. Frequency response calculations are based on Laplace transforms of the lin

earized model, providing magnitude and phase values for a specified set of input 

frequencies. 

4.2 Numerical Inteuation Methods 

The numerical integration technique is tailored to handle large systems of 

ODEs and based on an integrating factor solution. It has a self-delineating time step 

selection for accuracy, and is asymptotically stable. LASAN is method-independent. 

Alternate numerical integration methods or other state variable manipulation tech

niques can be easily incorporated in the LASAN structure. 

Analytical solutions of the entire system of equations are not possible due 

to the many nonlinear features of the equations such as 

Flow regime discontinuities 

Phase change discontinuities 

Complex spatial features 

Non-ideal fluid properties 

Temperature dependent material properties. 

The partial differential equations (PDEs) are reduced to ordinary differen

tial equations where time is the independent variable of integration so that time 

dependent numerical integration techniques can be applied to obtain the global 

solution. Numerical integration methods fall into several categories for simulations 

Explicit techniques 

Implicit techniques 
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. Analytical techniques 

. Combined techniques for systems of equations. 

We first can consider the ordinary differential equation of the form as 

dY(t) = F(Y. t) 
dt ' 

(4.1) 

where, in general, F is a nonlinear fWlction of Y(t). Equation (4.1) can be rewritten 

as follows: 

d~~t) = F(Y, t) + a yet) - a yet) (4.2) 

where a is an arbitrary constant. An analytic solution to equation (4.2) is 

(4.3) 

where yO is the initial condition. We chose a to minimize the kernel of the integral 

in equation (4.3) over the time interval from 0 to .6.t. Thus 

:t [F(y,t) + aY(t)] =0 (4.4) 

Solving for a, the best choice, which also will allow maximum .6.t, is 

-(!Jft) 
a= 

(~y) 
= -(u) (¥t) = _(8F) 

(~y) 8Y 
(4.5) 

When a is chosen using equation (4.5), the solution to equation (4.3) is approxi

mately 

(4.6) 
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and 

F O ~ _aYo 

FI ~ _ayl (4.7) 

A general implicit numerical algorithm for solving non-linear ODEs is given by 

(4.8) 

where the weighting factor (3 is arbitrary. Equation (4.8) has the following properties 

depending on the magnitude of (3 

1. The solution is explicit for (3 = 0 

2. The solution is partially implicit for 0 < (3 < 1 

3. The solution is fully implicit for (3 = 1. 

4. The solution is asymptotically stable for ~ ~ (3 ~ 1 

The solutions of each method have the following characteristics as 

1. Properties of explicit solution methods: 

· Unstable for large 6t 

· Very simple to implement computationally 

· can obtain solution at t n+1 with all information provided at t n 

2. Properties of implicit solution methods: 

· can obtain solution at t n with all information provided at tn+l 

3. Properties of fully-implicit solution methods: 

· Asymptotically stable. Thus for 6t = 00, yn+l = Y( 00) at steady 

state and F( 00) = 0 

· Computationally complex for large systems of equations 

· Eliminates oscillations 
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. Matrix methods required for large systems of equations. 

In LASAN, (3 is chosen to obtain the approximate analytic solution given 

by equation (4.6) and (4.7). Substituting these equations into equation (4.8), we 

obtain 

Cancelling yO from all terms and solving for {3, we obtain 

a 6.t - 1 + e-a At 

(3 = a6.t(l- e-aAt) (4.10) 

Fig. 4.1 is a plot of a 6.t vs {3 values given in Table 4.1. LASAN constrains 

{3 to be ~ ~ to insure asymptotic stability. Also, the function of Fig. 4.1 is tabulated 

in data to minimize the computational effort in evaluating {3 at each time step. 

Table 4.1 Comparison of {3 vs a 6.t 

a~t {3 a~t {3 a~t {3 

-00 '" 0.000 0 0.50000 50 0.98000 
-45 0.02222 5 0.80678 55 0.98182 
-40 0.02500 10 0.90005 60 0.98333 
-35 0.02857 15 0.93333 65 0.98462 
-30 0.03333 20 0.95000 70 0.98571 
-25 0.04000 25 0.96000 75 0.98667 
-20 0.05000 30 0.96667 80 0.98750 
-15 0.06667 35 0.97143 85 0.98824 
-10 0.09996 40 0.97500 90 0.98889 
-5 0.19322 45 0.97778 00 '" 1.000 
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A predictor-corrector solution is used by LASAN to evaluate yn+I. To do 

this Fn+l is obtained from the Taylor series expansion. This numerical technique 

has been programmed for solution of a general system of equations. It has been 

extended to matrix solutions where 

Fr'+I = F~ + ~ BFj In (Yr'+l _ Y!1) 
I I LJ BY. ) )' 

j=l ) 
i = 1,N (4.11) 

and 

i = 1,N (4.12) 

where N is the total nwnber of model state variables. Resulting in an implicit 

equation set for solution of Y 

e-a ? L::.t - 1 + OI.~ 6t 
Pi = OI.r 6t (1 _ e-ar L::.t) , 

i= 1,N (4.13) 
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The numerical integration method is termed the "Method of Optimum 

Integrating Factors" (Seeker, 1969). Properties of the method can be described as 

Asymptotically stable with t $ f3i $ 1 

Solution is analytic for first order linear systems 

A consistent Predictor-Corrector technique evolves 

. A combined Explicit-Implicit or Semi-Implicit technique can be developed 

straight forwardly 

Extends easily to large systems 

. Discontinuities are treated easily 

Requires only information at tn and is therefore self starting. 

Systems of ordinary differential equations are called stiff if eigenvalues of 

the linearized system have drastically different magnitudes. Mathematically, it can 

be expressed by 

MAX rXI ~ MIN 1:\1 

where :\ is the vector of eigenvalues. 

For diagonally dominant systems, the following equation applies 

I 8F~ I ~ t [ I 8F~ I F~ ] , 8Va j=l 8lj F. 
i = 1,N ( 4.14) 

In this case LASAN sets ai = -~ for each state variable whose diagonal Jacobian 

element is dominant. This greatly simplifies the computational effort. 

4.3 Numerical Solution Methods 

The state variable approach to modeling is expected in LASAN. Each phe

nomenon, component, or subsystem modeled is considered as a mathematical set 
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of rate equations with specified inputs and outputs. The dynamic physical vari

ables are, in general, described by a set of non-linear first order ordinary differential 

equations'. The rate equations can be defined in the simplest case by the vector 

equation 

d~?) = F [Y(t),t] (4.15) 

where Y(t) is the state variable vector of length N, for which the user supplies the 

initial conditions, Y(O), and the FORTRAN coding for the time rate of change of Y 

given by the rate vector F [ Y(t), t]. Usually the expressions contained in equation 

(4.15) are based on physical laws or abstract relationships, and attempt to represent 

accurately both the static and dynamic characteristics of the modeled system. 

4.3.1 Steady-State Solution Method 

Before proceeding with the description of the transient solution for the 

nuclear reactor core, we will discuss the features of the steady-state solution. As 

described in Chapter 3, the steady-state moving boundary model was adapted from 

the fixed mesh formulation by adding a boundary search algorithm. 

The steady-state solution method is useful for evaluating particular mod

els (e.g., heat transfer) used in the dynamic modeling of nuclear reactor coolant 

systems. Another important application of the steady-state solution method is for 

generating initial conditions used in transient simulations. The self-initializing fea

ture, which is available in LASAN, is useful in the implementation of the transient 

solution method. 

The steady-state distribution provides the following information in dynamic 

modeling: 
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1. initial conditions for transient calculations 

2. information to verify the adequacy of the correlations employed in the model 

if it is compared with experimental data or design data 

3. information determining the number of lumps to be used in a few dynamic 

model 

4. information about the stability of the modeled system of equation. 

The steady-state analysis is to divide the reactor core into a finite number of 

sections of equal length along the fuel channel. In each section, the fluid properties 

are assumed constant. The LASAN computer code reads design data, material 

properties and options to perform selected simulations. 

When the moving boundary approach is used in the development of dy

namic models for a BWR, the conditions at steady-state are prerequisites for the 

dynamic calculation algorithm. The purpose of the steady-state calculation is to 

determine the temperature profiles along the flow paths and also the mass quality 

profile along the boiling flow channels. 

LASAN has two options for seeking a steady state solution, each with one 

or more variable parameters. 

1. Newton-Raphson Method. The vector equation F(Y) = 0 is linearized using 

the approximate Jacobian, J. We take as an initial guess, yo, the state vector as 

it exists when the steady state solution is called for. We then iterate 

(4.16) 

until convergence is obtained, or until k = NPASS, except that: 



124 

. Constraints are handled as they are for the transient. If an element yl 
is pressed against its Yimin or Yimax, it will be held there for one step: 

y:,k+l = ~k. 
I • 

2. Dynamic Approach to Steady State. The Newton-Raphson method does not 

always coverage, even when one or more solutions exist to F = O. Accordingly, the 

second steady state option attempts to follow a dynamic path to steady state with 

ever increasing (virtual) time steps. It employs the transient solution technique 

of "Optimum Integrating Factors" described above. For each step, it chooses a 

direction from the equations (for dynamic variables) 

yk+l = yk + b.t [F (yk) + J (yk+l _ yk ) ] (4.17) 

but it restricts the magnitude of the step, by limiting the change in a norm of the 

state variable derivatives Fi over the unconstrained Yi. The norm, YPNRM, is 

given by 

N 

YPNRM = L IFil for Yi f:. Yi
min 

i=l 

4.3.2 Transient Solution Method 

and Y; -I- ~max 
" . (4.18) 

In transient calculations, initial conditions are obtained from the steady-

state solution, or from previous transient calculations in case of a transient restart 

calculation. The initial conditions include space-distributed values for all parame-

ters in the flow channels. 

A set of digital simulations of the BWR was performed with LASAN, based 

on the mathematical models derived in Chapter 3. The developed new thermal

hydraulic computer code runs in non-real time on the VAX minicomputer for various 

transient conditions. 
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All of the state variable rate equations in LASAN are integrated with the 

single-step, implicit numerical integration algorithm. The equation used to advance 

the solution from time t n to time t n+1 = t n + 6.t is 

(4.19) 

for the dynamic state variables Yi, and 

(4.20) 

for the algebraic (quasi-static) variables lj. The Pi are integrating factors as de

scribed above. 

The method of approximate solution for these implicit equations is an iter

ative (predictor-corrector) one in which the unknown F (yn+l, tn+1) is replaced by 

its first order Taylor series expansion about the best currently available estimate 
-n+l -k 

for Y , say Y ,such that 

(4.21) 

where J is the approximate Jacobian matrix whose typical elements Jij are given 

by 

8Fi 
J, .. --' 

I) - 8Y;" 
) 

i = 1, N, j = 1, N (4.22) 

and N is the number of state variables in the model. In LASAN the Jij elements 

are evaluated by finite differencing using numerical perturbation. The approximate 

value of the J aeobian elements is obtained from the relation 

(4.23) 
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where OJ is a preselected fraction of Yj. 

This expansion gives a linear system 

(4.24) 

where RHS (yk, t) is a known right hand side vector and is solved iteratively. Start

ing with yo = Y(tO) the first step can be thought of as a predictor step, yielding 

an estimate, yl, which is at the new time, t n+1, but is not yet the correct Y( tn+1). 

Subsequent steps (k > 0) can be thought of as corrector steps at time tn+1 which 

approach the desired solution of equations (4.19) and (4.20). 

Control of the time step, b.t, is accomplished by noting (a) the relative 

smallness of the first corrector step with respect to the predictor step, and (b) the 

rapidity of convergence of subsequent corrector steps. 

At the beginning of a step, constraints are enforced, with comment if any 

element Yi is found less than Yimin, or greater than Yimax. Constraints are also en

forced during a time step, but any elements found to be pressed against constraints 

(Yi = Yimin and Fi < 0, or Yi > Yimax and Fi > 0 ) at the beginning of a time 

step are held fixed for that time step. This is perfectly reasonable for dynamic state 

variables, since Fi is %. For quasi-static variables that satisfy equation (4.20), 

however, note that both the sign of Fi and the pairing of the F s and Y 8 among the 

set of quasi-static variables is otherwise arbitrary. 

For an uncoupled linear ordinary differential equation, Fi = aYi + constant, 

the integrating factor 

e-Ctj6t 
- (1 - aib.t) 

Pi = aib.t(l _ e-Ctj6t ) 
( 4.25) 
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is exact; it would lead to identically zero corrector steps. LASAN uses an empirically 

justified generalization for, namely 

i =1, N (4.26) 

where the Jij R:j ~~: are the approximate (finite difference) Jacobian elements (OJ = 
J 

o is used if Fi happens to be zero at the moment). Equation (4.25) for f3i is used 

in equation (4.19) when OJ is positive (exponential decay). When 0i is negative, 

however, LASAN uses the limiting value f3i = ! in order (a) to ensure the numerical 

stability of equation (4.19), and (b) to hold down the time step during periods of 

exponential growth. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

The performance of the mathematical model with the moving boundary ap

proach has been evaluated. We present the first application of the moving boundary 

model to transients in the boiling water reactor. In this chapter, we present typical 

results from the analysis of the most significant BWR transients. For purposes of 

illustration, transients are described here representing : 

1. vessel depressurization - small break loss of coolant accident 

2. flow decay - loss of 1 recirculation pump 

3. inlet enthalpy increase - loss of feedwater pump, and 

4. reactor trip. 

5.1 Vessel Depressurization 

In order to examine the simulation fidelity of the developed model, the 

model was applied to simulate the dynamic behavior of the reactor vessel under 

the conditions that the BWR had a small break loss of coolant accident at fV 100% 

normal rated power and same flow rate. The system pressure response for the 

model is shown in Fig. 5.1. The system pressure quickly decreased after 20 seconds 

when the break is initiated. The minimum pressure is reaches after about 100 sec. 

Fig. 5.2 shows a decrease in the MDNBR under the vessel depressurization during 
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this transient. The quality at the DNB boundary increased slowly under the vessel 

depressurization transient, as shown Fig. 5.3. 

In a moving boundary formulation, the manner in which the boundaries 

move is the more interest result. The node boundaries are moveable with time, 

therefore the position of the DNB boundary can be computed for each time step. 

The boundary locations in the fuel channel are shown in Fig. 5.4 for the vessel 

depressurization, Fig. 5.9 for the flow decay transient, Fig. 5.12 for the core inlet 

enthalpy increase, and Fig. 5.13 for the reactor trip, respectively. In these figures 

we have followed the sub cooled boiling boundary, the saturated liquid boundary, 

the MDNBR boundary, and the CHF boundaries. 

5.2 Flow Decay 

The flow decay transient is simulated by tripping one of recirculation 

pumps. The flow decay represents exponential loss of flow from 100 % to 25 % 

flow for a 100 sec pump coast down transient. The response to a flow decay tran

sient is shown Fig. 5.5 to 5.8. Most of the transient conditions have a characteristics 

response time of the order of 15 sec. Fig. 5.5 shows a exponential decrease in the 

flow rate. As anticipated theoretically, Fig. 5.6 shows a decrease in the MDNBR 

value during the transient. The MDNBR location is increased, in Fig. 5.7, according 

to increase the outlet enthalpy as shown Fig. 5.8. 

The transient involves a reduction in the reactor core flow rate. Thus, 

the general trend in all of the boundary positions is easily understood, because 

reduced core flow would result in more rapid heating of fluid accompanied by phase 

transition at earlier positions in the core. Fig. 5.9 shows the boundary movement 

response to the flow decay transient. It also shows the boiling transition between 

nucleate boiling and film boiling after 80 seconds. At this time the "dry patch" 
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phenomena occurs where the critical heat flux criterion is seen at two positions 

along the channel. The dry patch grows larger as the flow continues to decay. 

5.3 Inlet Enthalpy Increase 

As a result of the failure of feedwater pump, the reactor core enthalpy 

increases. Fig. 5.10 illustrates a increase in the inlet enthalpy as well as in the 

outlet enthalpy during this transient. Fig. 5.11 shows the MDNBR with core inlet 

enthalpy change and Fig. 5.12 demonstrates the moving boundary tracking for 

the core inlet enthalpy change. As expected the MDNBR is lowered, however, the 

position of MDNBR remains relatively constant at approximately 7 feet into the 

core. The sub cooled boiling boundary and the saturated liquid boundary move very 

near to the core entrance. 'The core inlet enthalpy is nearly equal to the saturated 

liquid enthalpy when feedwater is lost as the reactor vessel moves toward thermal 

equilibrium at saturation temperature. 

5.4 Reactor Trip 

The moving boundary model is used to simulate the reactor trip. Fig. 5.13 

represents the movement of boundary for the reactor trip. The boundaries of the 

subcooled and saturated liquid moved rapidly up to the top of the fuel channel after 

about 9 seconds. Fig. 5.14 demonstrates the decay heat power after reactor trip. 

Decay heat power shows about 5 % of full power. The 9 second time span represents 

thermal time constant for cooling the reactor channel. Note that the power decays 

to fV 5% within 2 seconds of the reactor trip. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

A high fidelity advanced simulation model has been developed for a boiling 

water reactor nuclear power plant. The models represent the correct BWR transient 

behavior for non-linear control systems and non-equilibrium, two-phase thermal 

hydraulic modeling. 

This moving boundary model provides a new technique for future develop-

ment of thermal-hydraulic simulation. The moving boundary model: 

1. is suitable and accurate for thermal-hydraulic transient simulation 

2. is a new tool that can be incorporated into existing thermal-hydraulic codes 

3. is applicable for modeling reactor core thermal-hydraulics in all LWR types. 

4. is suitable for real-time simulation in training simulator thermal-hydraulic 

models 

5. provides an improved description of heat transfer and neutronic void frac

tion feedback for safety analysis calculations 

6. is relatively simple to implement 

The following future research based on moving boundary analyses is rec

ommended. 

1. Develop a coupled time and space dependent core neutronics model to use 

with the thermal-hydraulic model 
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2. Incorporate the moving boundary model into advanced thermal-hydraulic 

codes such as COBRA (Wheeler et al., 1976) or VIPRE 

3. Revise the model to accommodate open channel PWR thermal-hydraulic 

behavior by addressing channel cross flow conditions 

4. Develop a multi-channel, multinode, momentum equation formulation to 

predict rapid large break loss of coolant acoustic effects 

5. Incorporate a counter-current flow limitation boundary for evaluating 

rewetting during accident safety injection studies. 
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APPENDIX A 

POINT REACTOR KINETICS MODEL WITH DECAY HEAT 
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Point Reactor Kinetics Equation 

The primary energy source in nuclear reactors is from fissions in the fuel. 

Fission energy is calculated from the solution of the reactor kinetics coupled with 

the fission product decay. The reactor kinetics model is presented for predicting the 

heat generation rates in fuel and coolant. 

The simulation of neutron kinetics may require special attention with the 

fundamental pieces of knowledge of the fission neutron mechanism. Time-dependent 

behavior of neutron chain-reacting systems is the purview of reactor kinetics or re

actor dynamics. Important features include characteristic system response times, 

automatic feedback mechanisms, and reactor control strategies. The modeling de

scribed herein employs point reactor kinetics, requiring a relatively small simulation 

effort. Brief description of the physical model for the point reactor kinetics with 

fission product decay heat is given in this work. 

The point reactor kinetics model is widely used in many established system 

codes for light water reactors. The conventional point kinetics model uses six pre

cursor groups and multiple reactivity feedback mechanisms to predict fission power. 

Most of the neutrons produced in nuclear fissions are of high energies and are emit

ted instantaneously (prompt neutrons). However, a fraction of the fission neutrons 

is emitted, as a result of the formulation and decays of radionuclei, after a time de

lay which ranges from a fraction of a second up to minutes. These delayed neutrons 

are represented by six groups. The behavior of the core power is not affected by 

the time delay during steady power operation. In transients, the power is affected 

by the delayed neutrons. 

The neutron distribution (flux) in a reactor core is space, energy and time 

dependent. The energy dependence of the neutron flux is eliminated by dividing 

neutrons into energy groups and expressing the neutron flux of each energy group by 
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a differential equation, called the neutron diffusion equations (Henry, 1975), yield

ing a set of equations which is very difficult to solve. For simplicity, the neutron flux 

is expressed by the one energy group diffusion equation to which further approxi

mations are applied by assuming that the flux is separable in space and time. This 

leads to the derivation of a simple model, called the point kinetics model, describing 

the time dependence of the neutron power (Duderstadt and Hamilton, 1976). 

The neutron balance equation can be expressed by the point reactor kinetic 

model (Hetrick, 1971). The point kinetics formulation is a very powerful tool for de

scribing the time-dependent behavior of neutron chain-reacting systems. However, 

the presence of the seven coupled differential equations results in rather complicated 

solutions. Only some general features of the solutions are considered here. 

The basic assumptions for the point reactor kinetics model which will be 

used in this work, therefore, are: 

1. The entire neutron population responds as a single energy group. 

2. The neutron flux spatial and temporal variations are separable for all con

sidered transients with system response due to only the fundamental flux 

mode. 

3. For the transient of interest, the reactivity feedbacks can be calculated for 

an average channel to represent total core response. 

The point reactor kinetics model is derived from the space-time model. The 

time-dependent balance equations for neutrons and delayed neutron precursors can 

be shown as 

6 
dn p(t) - f3 ~ 
dt = I n(t) + L..J Ai Ci(t) 

i=l 

(A.l) 



and 

dC· p. 
_I = ..! net) - ,\. C.(t) . dt 1 1 1 , 

i = 1,2, ... ,6 

where 

net) = neutron density 

Ci(t) = effective precursor concentration for group i 

t = time 

p = reactivity (k - 1)/k 

k = multiplication factor 
6 

P = total effective delayed neutron fraction (P = E Pi) 
i=l 

Pi = effective delayed neutron fraction of precursor group i 

= neutron generation time 

.Ai = effective decay constant for precursor decay of group i 
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(A.2) 

The delayed neutron data, Pi and .Ai, are assumed to be independent of 

time. While the individual Pi will influence the delayed neutron concentrations, 

Ci (i = 1,2, ... ,6), it is the total P which is of primary importance to the transient 

behavior of the neutron flux. Table A.l lists six-precursor-group data for thermal 

fission of U235 • 

Feedback Reactivity Mechanisms 

The core neutronic model used in the BWR simulation is based on point 

reactor kinetics. The computed fluid temperatures, fuel temperatures, moderator 

density conditions, and other properties effect neutronics feedback. 

The effect of thermodynamic feedback, reactor scram, and any control rod 

movement comes into play in the point reactor kinetics equations via the total 
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reactivity, p, as a function of time. Void reactivity feedback is a ftulction of several 

core parameters which include core exit quality, core inlet sub cooling, core inlet 

flow, and core pressure. Both the void reactivity feedback and Doppler feedback 

are functions of the fuel burnup. In a boiling water reactor, the power distribution 

in the core can be strongly affected by the movement of control rods, and to a much 

lesser degree by feedback mechanisms. 

Table A.l Reference Delayed Neutron Data 

Group, Delayed Neutron Fraction, Decay Constant, 
i (3i ).i(sec-1 ) 

1 0.0002470 0.0127 
2 0.0013845 0.0317 
3 0.0012222 0.1150 
4 0.0026455 0.3110 
5 0.0008320 1.4000 
6 0.0001690 3.8700 

Total 0.0065000 -

The key to the success of the point reactor kinetics model is then the 

feedback model used to predict the various feedback reactivities. We represent the 

total reactivity (p) as the sum of six components in the point reactor kinetics model; 

namely, the void reactivity (pv), Doppler reactivity (PD), moderator temperature 

reactivity (PM), scram reactivity (ps), regulating rod reactivity (PR), and the rod 

insertion reactivity (PIN) 

pet) = pv(t) + PD(t) + PM(t) + ps(t) + PR(t) + PIN(t) (A.3) 
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Fission Product. Decay Heat 

The decay power in a shutdown reactor is a result of the decay of radioactive 

nuclides whose presence can be traced to either fission reactions or neutron-induced 

transmutations in the fuel, moderator, and structure material of the reactor. The 

major source is the decay of fission products, which depends on the reactor fuel, 

neutron flux history, and neutron energy spectrum. 

Power generation continues in a reactor core after the fission source ceases 

because of fission product decay. Decay heat is the amount of energy released by 

the decay of fission products as a function of time following shutdown for a reactor 

fueled with uranium (ANSI - N 18.6, 1973 and Schrock, 1979). The rate at which 

this heat source decays varies depending on the operating history of the core. The 

decay rate becomes slower with increasing exposure due to the buildup of the longer

lived fission products. The model for the fission product decay heat is similar in 

concept to the delayed neutron model. The decay heat source represents the beta 

and gamma decay of radioactive material either as fission products or from captive 

reactions following reactor shutdown. Attempting to account for most decay chains 

exactly would be impractical if not impossible because of a lack of precise data. 

It has been found empirically that, within measurement precision, the decay heat 

source can be fitted to a polynomial of eleven exponentials. The energy release data 

for infinite operating time have been used in the data fitting. Table A.2 contains 

the constants used in the curve fitting procedure. The result is a decay heat model 

similar to the proposal ANS standard model. 

The data in the table are normalized to unit power level and represent a 

polynomial of eleven exponentials of the form 

11 

r d = L Ej e-'\; t (A.4) 
;=1 



where 

I'd = normalized fission product decay energy 

Ej = amplitude of j-th term 

Aj = decay constant of j-th term 

t = elapsed time since shutdown 

Table A.2 Fission Product Decay Constants 

Group, Yield Fraction, Decay Constant, 
j Ej Aj(sec-1 ) 

1 0.00299 1.772 x 10+0 
2 0.00825 5.774 x 10-1 

3 0.01550 6.743 x 10-2 

4 0.01935 6.214 x 10-3 

5 0.01165 4.739 x 10-4 

6 0.00645 4.810 x 10-5 

7 0.00231 5.344 x 10-6 

8 0.00164 5.726 x 10-7 

9 0.00085 1.036 x 10-7 

10 0.00043 2.959 x 10-8 

11 0.00057 7.585 x 10-10 
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Although the fission product decay chains are scattered over many nuclides, 

including the decay heat of the actinides U239 and Np289 along with decay of U235 

fission products, the equation (AA) is the same as assuming eleven decay heat 

groups which behave as the delayed neutron groups. By defining a concentration 

for each decay heat group and interpreting the E/s in equation (AA) as yield 

fractions, the decay heat precursor concentrations can be represented by 

d,·(t) 7t + Aj ,j(t) = Ej n(t) (A.5) 



where 

'Yj(t) = concentration of j-th decay heat group 

Ej = yield fraction for j-th group 

n( t) = normalized reactor power 

The total power in the core is then given by 

P(t) 11 

R = [n(t)Ef + L Aj'Yi] 
o ;=1 

where Ef = 0.93 
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(A.6) 
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APPENDIX B 

DYNAMIC FUEL PIN MODEL 
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The majority of nuclear reactors used in power production employ rod bun

dle fuel elements. The energy source of a power reactor originates from the fission 

process within the fuel elements. The energy released by the nuclear fission reac

tions appears primarily as kinetic energy of the various fission reaction products. 

The bulk of this fission product energy is rapidly deposited as heat in the fuel mate

rial very close to the location of the fission event. This heat is then transported via 

thermal conduction across the fuel element, across the gap separating the fuel from 

the clad, and then across the clad to the clad surface. It is then transferred from 

the clad surface to the coolant by forced convection. We determine the temperature 

profile across the clad, gap and fuel element to the fuel centerline using the equa

tions of thermal conduction (Fourier's law) and forced convection (Newton's law of 

cooling). The more detailed dynamic equations of the heat generation in fuel pin, 

and conductive and convective heat modes are presented in this work. 

The temperatures within a fuel pin depend on the fission source distribu

tion, the heat transport properties of the pin, and the ability of the coolant to act 

as a heat sink. In the fuel and clad region of a fuel pin, heat transport occurs by 

conduction. The fundamental balance equation describing heat transfer within the 

fuel pin is the Fourier equation which describes the temperature profile. Tempera

ture distribution in the cylindrical fuel rods depends on the hea,t balance in discrete 

cylindrical elements, as indicated in Fig. B.1. 

The following assumptions have been made in the fuel pin model, yielding 

a one-dimensional heat conduction equation: 

1. The fuel temperature distribution in the fuel element is independent of 

angular space variables. 

2. Fuel thermal conductivity is a function of nodal temperature. 
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3. Fuel density is constant across the fuel element. 

4. Storage of heat in the fuel-cladding air gap is negligible. 

The fuel pin model is developed to accommodate the moving boundary 

thermal-hydraulic model. The model is suitable for both PWR and BWR fuel rods 

consisting of U02 pellets of tv 95% theoretical density enclosed in hollow Zircaloy-2 

tubes. The model addresses the thermal and physical properties of the fuel and the 

so called gap conductance between the fuel and the Zircaloy-2 cladding. 

Physical properties of the fuel and cladding are treated as functions of tem

perature. Table B.1 summarized selected thermal properties of U02 and Zircaloy-2 

(Graves, 1979 and Lahey et al., 1977). 

The transient and steady-state temperature distribution in the fuel pin are 

obtained by solving the classical Fourier heat conduction equation 

aph~ z, t) = V'. k(T) V'T(r, z, t) + q'll(r, z, t) 

where 

p = material density 

her, z, t) = material specific enthalpy at r, z and time t 

k(T) = material conductivity at temperature T 

T(r, r, t) = material temperature at r, z and time t 

qlll(r, z, t) = volumetric heat generation at r, z and time t 

r = radial position within the cylindrical geometry 

z = axial position along the fuel pin 

t = independent variable time 

(B.1) 



Table B.l Some Selected Thermal Properties for Fuel Pin Model 

1. Thermal Conductivity, Btulhr- ft-O F 

kf(T) = 3978.1/(692.61 + T) + (6.02366 X 10-12) (T + 460)3 

kc(T) = 7.151 + (2.472 X 10-3) T + (1.674 X 10-6) T2 
-(3.334 X 10-1°) T3 

2. Density. Ibm I ft 3 

Pf(T) = 650.52 (95 % Theoretical Density) 

Pc(T) = 410.17 

3. Heat Capacity. Btu/lbm-o F 

Cpf(T) = 0.07622 + 1.16 X 10-6 (5/9 T + 255.22) + X/(1 + X)2 
(6.76 X 106 /[R (5/9 T + 255.22)2]) 

where, X = exp(6.25 - 42659/[R(5/9T + 255.22)]), R = 1.987 

cpc(T) = 0.06805 + 2.3872 X 10-5 [(T - 32)/1.8] , 
for 32°F < T < 1175°F 

cpc(T) = 0.085 , 
for 11750 F < T < 19220 F 

4. Gap Conductance. Btu Ihr- ft 2- 0 F 

Hg = 0.2778 
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In cylindrical geometry equation (B.t) can be written 

! [ph(r,z,t)] =;: [! k(T)r 8T(~~z,t)] 

+ ! [k(T) 8T(~~z, t)] + q"'(r, z, t) (B.2) 

In some fuel pin solutions where fixed axial nodes are used the axial z dependent 

effects are neglected. However, in the moving boundary model including the axial 

effects provides a measure of numerical stability when the axial boundaries are near 

each other. 

To solve the transient temperature distribution equation (B.2) is integrated 

in both the r and z directions over the fuel pin geometry. For each segment the 

radial geometry has been divided into several radial zones in the fuel U02 pellet 

and one radial zone in the Zircaloy-2 cladding. 

By integrating equation (B.2) over each volume node in the fuel pin we get 

271" r ~ dr dz = 271" !:l k r !l dr dz 1L2 iri 8( h) 1L2 iri 
8 [ 8TI] 

L1 ri-1 UL L1 ri-1 ur ur z 

1L2 in 8 [ 8T] + 271". r 8z k 8z dr dz 
L1 r._1 

f L
2 in + iLl 271" ri-1 q"'(r, z, t) dr dz (B.3) 

Performing the integration in the radial r-direction we obtain 

(BA) 
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Equation (BA) can be integrated in the z-direction , however, when L1 and L2 are 

functions of time we must apply the Leibnitz rule of integration to evaluate the 

left-hand side. Integration of the right-hand side is straight forward. Recognizing 

that the cross-sectional area in the cylindrical geometry is given by 

(B.5) 

Equation (BA) becomes 

(B.6) 

To solve for the transient temperature distribution equation (B.6) is finite differ

enced in the radial direction and evaluated numerically, subject to the following 

boundary conditions 

(B.7) 

-kc ~~ Ir=rcld. = q"(z, rcldn t) = Hg [TIN (z, t) - Tcldi(Z, t)] 
I 

(B.8) 

aT I "( t) r cldi "( t) -kiT =q z,rIN, =--q z,rcldj) 
r r=rl

N 
rlN 

(B.9) 

k aT I "( t) r li±i "( t) - I -a = q z,r/n = r q z,rf;±i' 
r r=r/ i Ii 

(B.10) 

aTI -0 
ar r=O -

(B.ll) 
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where 

H 00 = convective heat transfer coefficient 

Tcldo = clad temperature at r = reldo and z 

T m = average moderator temperature at z 

TIN = fuel temperature at r = rlN and z 

Teldi = clad temperature at r = reldi and z 

Hg = gap conductance 

TIl = fuel temperature at r = r Ii and z 

q'!t = heat flux due to thermal radiation 
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In order to perform the numerical finite differencing the radial temperature 

distribution in the fuel is expressed as a Lagrange second order polynomial which 

is a function of temperatures at the radial node positions. 

(B.12) 

The gradient of T(z, r, t) with respect to r is 

(B.13) 
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By applying boundary condition equation (B.ll) we obtain the fuel centerline tem

perature at r = rIo = 0 using equation (B.13) for i = 1 

0= 

(B.14) 

Thus, the centerline temperature is 

(B.15) 

In our model the radii in the fuel pin at each node are chosen to achieve equal area 

annuli. Therefore 

or 

or 

or 

2 (i) 2 
r /i = i-I r /i-l (B.16) 

Therefore the centerline temperature is given by 

(B.17) 

In this formulation we have chosen the variable Aiph(r, z, t) to be the state 

variable as described in equation (B.6). This parameter is evaluated in the fuel 

regions and clad. The Temperatures in these materials are obtained from a table 
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lookup of T(r, z, t) vs Aph(r, z, t). The slope of the curve represents the specific 

heat of the material. The slope of T vs Aph is zero, which occurs when the fuel 

centerline achieves the melting condition of T = 5080° F. 

Convective Heat Transfer 

The fuel surface temperature gives rise to a convective heat transfer rate 

to the coolant. This states that the clad temperature increases as the coolant 

temperature increases. Heat transfer from the clad to the coolant is usually carried 

out by convection. Convective heat transfer from the clad surface to the coolant is 

described by Newton's law of cooling 

where 

q" 
Tclad - Tmod = Hw 

H w = convective surface heat transfer coefficient 

Tclad = clad surface temperature 

T mod = coolant temperature 

(B.18) 

The coefficient Hw depends on geometry, surface conditions, and fluid properties 

(e.g., temperature, flow velocity, and pressure). 

Equation (B.18) is the excess wall temperature above the bulk coolant 

temperature n. The calculation of these equations requires an iterative procedure, 

involving the selection of the appropriate heat transfer regimes and the evaluation 

of the corresponding heat transfer correlations. For detailed calculation of the 

temperature difference between the clad surface and the coolant bulk temperature 

in the single phase flow and the two-phase flow region, appropriate correlation 

should be used to predict the boiling heat transfer coefficient. Heat transfer at the 

outer segment of the cladding is characterized by the heat transfer coefficient. 
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