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1. INTRODUCTION

The general field of thermal-hydraulics of

boiling water reactors (BWR) is very vast and

includes not only treatment of the core and

flows inside the reactor vessel, but also, flows

through the turbine, reheaters, condensors,

preheaters, auxiliary systems and, particularly,

the very important aspects of transients inside

all these systems as well as in the pressure-

suppression and containment system. However, for

practical reasons, the present discussion will

be limited only to the thermal-hydraulic aspects

inside the core and main vessel of BWRs. A

thorough trea*jnent of the various aspects of BWR

thermo-hydraulics is given by Lahey and Moody

(1).

2. BWR FUNCTION

The basic function of the BWR core and vessel

internals is to convert the incoming feed water

to nearly dry steam which is fed directly to

steam turbines. This function is shown sche-

matically in Figure 1.

The subcooled feed water at ca 220°C is first

mixed with the retrurning circulation water at

the upper part of the downcomer. This gives a

slightly subcooled water (8 - 10°C) which is

pumped through the lower part of the pressure

vessel where the flow changes direction and

moves upward, first through the space between

the control rod guide tubes and then into the

core. Boiling and steam generation begins at a

short distance above the core inlet and the

average steam quality increases to about 11 - 15 %

at the core exit. The twophase mixture passes
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Figure 1

Schematic vertical cross-section of a boiling
water reactor.
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through the upper plenum and redistributes

itself between the inlets to the standpipes of

the primary steam separators. The package of

steam-water separators extracts the vapor content

of the mixture and discharges it vertically to

the upper part of the reactor vessel, which is

normally known as the steam dome.

The steam which leaves primary separators contains

normally some liquid droplets and «s such is not

suitable for direct use in the turbines. The

path of steam out of the steam dome goes through

a bank of secondary separators, or so called

dryers, where most of the water droplets in the

steam are removed. Nearly dry steam leaves the

secondary separators and is then let out of the

vessel and into the steam turbines. The separated

liquid flows out of the primary separator in a

downward direction and re-enters the circulation

path again.

All versions of the boiling water reactor have

the common feature of steam generation directly

in the core, however, many aspects of the design

of these reactors have been changed since the

introduction of the first BWRs (BWR/1) by General

Electric in 1955. It is interesting to note the

considerable improvements which have been made

during these years, both in the hardware con-

figuration and in the analyric methods for the

design and prediction of the performance of

these reactors.

In this presentation, an attempt is made to

cover both of these aspects briefly.
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3. EARLY DESIGNS

In order to appreciate the present state of

development, one should take a glance at the

starting situation.

The early standard designs of BWRs (by General

Electric) featured core assemblies composed of

fuel bundles each containing 49 fuel rods in

a 7 x7 array, housed in a square box of zircaloy.

The rods contained UO_ pellets of 12.8 mm diameter

with a total length of 3.66 m (12 ft). The power

density, expressed in kW per liter of the core

volume, was about 40.8 (kW/l). The maximum

linear power of the fuel rod was 48.5 kW/m. The

coolant flow through the core was maintained by

a number of external pumps which circulated the

total mass flow through the reactor.

4. REVIEW OF SOME OF THE LATEST BWR DESIGNS

IN DIFFERENT COUNTRIES

By the second half of the 1970's, there existed

a few different designs of modern BWRs that were

offered by reactor vendors in different countries.

These are:

a. BWR/6 marketed by General Electric,
USA, and their licensee, AMN in Italy

b. BWR/75 marketed by ASEA-ATOM, Sweden

c. BWR/KWU (KRB II plants) marketed by
Kraftwerk Union, FRG

Some of the main thermo-hydraulic features of

these designs will be descr ed here and a

number of their essential data are compared in

Tables 1, 2 and 3.
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The basic features of this design (2) are:

Use of jet pumps in a pheripheral zone
around the core for flow circulation.
About one-third of the main flow is
circulated through two external pumps
to provide driving source for the jet
pumps.

The core is composed of 8 x 8 rod
bundles.

Specially designed steam-water separa-
tors with several liquid outlets, 25 cm
cylinder diameter, on a 30 cm pitch,
each one handling about 51 kg/s of
mixture with 14.8 % steam quality,
producing 47.6 kPa drop (including also
the pressure loss along the stand pipe)
(3).

Emergency core cooling spray systems
acting through two separate sparger
rings inside the upper plenum and
separate inlets for flooding.

The basic features of this design (4) are:

Use of internal (mechanical) circulation
pumps, acting at the lower end of the
downcomer, totally 8 pumps in parallel,
each developing 0.223 MPa pressure
head.

The core is composed of 8 x 8 rod
bundles, including slightly thinner
rods at the corners.

Specially designed steam-water separators
featuring conical turning vanes at the
inlet with single-stage liquid outlet,
30 cm cylinder diameter on a 37.5 cm
pitch, each one handling about 69 kg/s
mixture with 14.5 % steam quality,
producing about 24.7 kPa pressure drop,
including 10.9 kPa pressure less in the
stand-pipe.
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Emergency core cooling spray system
acting through two independent grids of
evenly spaced spray nozzles above the
core, inside the upper plenum and also
a number of additional emergency coolant
injection systems.

The basic features of this design (5) are:

Use of internal (mechanical) circulation
pumps, acting at the lower end of the
downcomer, totally 8 pumps in parallel,
each developing 0.363 MPa pressure
head.

The first core is composed of 752 bundles
of 8 x 8 rods and 32 bundles of 9 x 9 rods.
(The proportion of the latter type of
bundles will be increased in subsequent
cores.)

302 steam separators of GE type (as in
BWR/6) are employed.

Emergency core cooling is provided
through bottom flooding of the core.

Following are summary tables of main thermo-

hydraulic data of these three modern designs:
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Table 1

Coaparison of main

Operating pressure,
HPa

Gross thermal power.

Net electric output,
nWe

Reactor vessel
inside diameter, m

Reactor vessel inner
height, m

Circulation type

K2-80/402
1980-10-131

reactor data

GE (2)
BWR/6*

7.17

3 833

1 250

6.38

22.265

20 int
je t pumps
driven
by ext
centrif
pumps

A-A (4)
BWR-3000

7

3 000

1 000

6.4

20.80

8 internal
mechanical
pumps

8

KWU (5)
KRB-II

7

3 840

1 249

6.620

22.350

8 internal
mechanical
pumps

BWR/6 is marketed in different sizes,
ranging from 680 MWe to 1 430 MWe. The
data given in these tables correspond
to Grand-Gulf-1 which is one of the
larger units.
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Table 2

Comparison o f core

Core power density,
kW/liter

Number of fuel
bundles

Fuel bundle
arrangement

K2-80/402
1980-10-13

and fuel

GE ( 2 )
BWR/6

56

784

8 x 8

data

A-A (4)
BWR-3000

48.6

700

8 x 8

9

KWU (5)
KRB-II

56.8

786

8 x 8 in
754 bdls

9 x 9 in
32* bdls

Active fuel length, m 3.66

12.27

3.68

Fuel rod outside
diameter, ran

3.710

12.25/11.75 12.27/10.75

Fuel rod pitch
(c-c), ran 16.3

Maximum linear
power load, kW/m 43.9

Total power peaking
factor, f x f x f , 2.22

16.3

41.5

2.35

16.3/14.3

43.3/35.0

2.21

The number of 9 x 9 bundles will be
increased in future reloads.
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Table 3

Comparison of core

Total core flow,
kg/s

Core flow area, m

Inlet subcooling, C

Exit steam quality, %

Vapor volume frac-
tion, %

K2-80/402
1980-10-13

hydraulics

GE (2)
BWR/6*

13.213

8.1934

11.35

14.88

76
(max)

data

Ä-A (4)
BWR-3000

11.400

7.3155

8.3

14.5

45
(core avg)

10

KWU (5)
KRB-II

14.306

8.1983

8.6

14.7

60
(core ex i t )

BWR/6 is marketed in different sizes,
ranging from 680 MWe to 1 430 MWe. The
data given in these tables correspond
to Grand Gulf-1 which is one of the
larger units.

4.1 Comments on the trends

In comparing the features of the newer BWR

designs with the older types, one may easily

discern a few distinct trends. Among these are:

Reduced fuel pin diameter (from 14.3 mm
in 7 x 7 bundles to 10.75 mm in 9 x 9
bundles).

Improved separator designs for reduced
pressure drop (from about 58.18 kPa to
24.7 kPa).

Replacement of external circulation
pumps with internal ones.

Increased redundancy in emergency core
cooling.

There are, of course, many other improvements in

the new BWRs involving both thermo-hydraulic and

neutronic aspects of these reactors.
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Reduced fuel rod diameters offer several improve-

ments such as:

a. Increased heat transfer are for the
same amount of fuel. This leads to
increased power capacity for the same
size of core and pressure vessel, while
at the same time it increases the
safety margin against dry-out, further
increasing the durability of cladding
at plausible post-dryout conditions.

b. The fuel centerline temperature as well
as the stored heat in the fuel mass are
reduced, even with increased power
density. This aspect combined with
increased heat transfer area contribute
significantly to the ease of emergency
core cooling.

Example: Approximative calculations of
stored heat per average rod, Hs, and
the ratio of rod cooling area, Ac to
stored heat shows that;

in a 7 x 7 bundle (d = 14.3 nun) H =
= 22.23 MJ, c

A /H = 7.4 x 10"3 m2/MJ.
C S

in an 8 x 8 bundle (d = 12.25 mm) H =
= 13.69 MJ,

A /H = 10.34 x 10"3 m2/MJ (140 % of
7cx 1).

in a 9 x 9 bundle (d = 10.75 nun) H =
= 10.07 MJ,

A /H = 12.34 x 10"3 m2/MJ (166 % of
7cx 9).

c. The relative amount of fission gas per
fuel rod for any given burnup of uranium
will be reduced. At the same time, the
relative strength of cladding to with-
stand such pressures is increased due
to an increase in thickness to diameter
ratio. Hence, there will be practically
no risk of cladding deformation and
ballooning in the case of a core heat-up.
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Reduced pressure drop over stew separators

contributes to savings in the power needed for

flow circulation but, sore importantly, it

contributes to an increased limit of stability

against hydro-dynamic oscillations, to which

every boiling system say be subjected under

unfavorable conditions.

Elimination of external circulation loops and

increased redundancy in ECC systems are clearly

improvements for increased safety against occur-

rence and the consequences of a loss-of-coolant

accident (LOCA).

It may be interesting to note that in 1978 an

international technical cooperation was estab-

lished between several BWR vendors and utility

companies to develop a more advanced design for

a BWR to be marketed in the future. The partici-

pating countries are: I*^Iy, J*pan, Sweden and

the USA. As of January 1980, it was known that

the new design would use internal circulation

pumps, and a combination of the other improved

features of the existing designs.

5. ANALYTICAL THERMO-HYDRAULIC PROBLEMS

The problems encountered in predicting the

thermal-hydraulic performance ox a BWR core may

be grouped under the following headings:

Axial and radial void (vapor volume
fraction) distribution.

boiling heat transfer.

Burn-out (BO) or Boiling Transition
(BT) or dry-out and safety margin
against its occurrence. (The latter was
considered a safety problem in the
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early stages of BWR development. It is
now clear that post CHF heat transfer
is mostly enough to keep adequately low
cladding temperatures.)

Pressure drop with particular effects
of two-phase flow.

Flow stability and hydro-dynamic oscilla-
tions .

Processes involved in emergency core
cooling (ECC).

5.1 The different lines of development

Considering the state-of-the-art in this field,

it would be fair to make a distinction between

two different fronts, namely:

Design oriented activities of BWR manu-
facturers .

Scientific oriented activities of
research institutions.

Like in most other industries, the manufacturers

of BWRs take a practical approach to solving

many complex problems. In many cases, they

experimentally assess and establish the limita-

tions of various processes which may not even be

amenaule to any analytical treatment. While, on

the other hand, research and academic institutions

strive to penetrate various aspects of each

process in more detail and even pursue repeated

attempts to establish more refined formulations

for describing the same observations. It so

happens that two-phase flow, in general, is very

complicated; it behaves differently in different

systems and its various aspects are not always

easy to predict. This is reflected in the impress-

ively large number of reports and publications

with relevance to the thermo-hydraulics of BWRs.
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There is, of course, a mutual interaction between

the industrial and the research fronts which is

of mutual benefit to both parts.

In viewing a detailed definition of the problems

and the methods of analysis in the past and

present, one observes a considerable escalation

of ambitions regarding the detailedness, and

also a vast improvement in the means for perform-

ing such analysis.

Here again, a mention of the first approaches in

such analysis would help in grasping the extent

of development in the recent years.

The early calculational practices regarding

boiling and two-phase flow in rod bundles were

limited to steady-state conditions because it

would be impractical to treat detailed transients

with hand calculations or the use of siid3

rules. I'low behaviour in a bundle could be

described by one-dimensional equations of mass,

momentum and energy balance in the axial direc-

tion, assuming that two-phase flow behaved as a

homogeneous mixture in which vapor and liquid

were in thermal equilibrium. An essential part

of calculations were based on the use of empirical

correlations for various aspects of two-phase

flow, such as void as a function of steam quality

and pressure, critical heat flux as a function

of mass velocity, steam quality, channel dimen-

sions and pressure and two-phase frictional

pressure drop as a function of pressure and

steam quality.

The transient behaviour of BWRs was considered

as a complex problem involving both neutronics

and thermo-hydraulic phenomena (but with no



STUDSVIK ENERGITEKNIK AB X2-80/402 15

1980-10-13

detailed formulation). Many attempts were made

to interpret the initial experimental data, from

reactivity and power transients, in terms of

feedback control theory by defining transter

functions between pressure, flow or inlet sub-

cooling and the reactor power.

The actual needs of the BWR designers for adequate

information were met by performing different

experiments. Most of those were phenomenological

studies in small scale facilities, leading to

the development of various correlations. However,

for a firm basis in the design work, the small

experiments were followed by some full-scale

tests on electrically heated rod bundles. Many

of the correlations developed from these tests

are still the most reliable tools for the design-

ers. Unfortunately, most of the data and design

correlations obtained from such full-scale

experiments are company proprietary and cannot

be accessed by outsiders. However, some informa-

tion on such tests are available as in (6, 7).

5.2 Improvements in analytical methods

The improvements in the field of two-phase

thermo-hydraulics has been along the following

lines:

Firstly, the effect of vapor velocity with

respect to liquid was given some careful consider-

ations and formulations involving the effect of

phase concentration in different velocity zones,

in addition to the effects of buoyancy on vapor,

were included in void propagation calculation.

Various formulations based on this concept are

used to relate the area-average vapor volume

fraction to the vapor weight fraction x.
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Next, the concept of thermal nonequilibrium

between vapor and liquid was gradually taken

into consideration. At first, this was in connec-

tion with boiling in subcooled liquid, but later

it was generalized to include both subcooled and

superheated liquid or steam. This was the beginning

of a development towards the use of totally

separate phase equations, and it required the

use of additional equations describing the rate

of exchange of energy between the two phases.

Also, studies of two-phase flow with high vapor

fraction, which is commonly known as annular

two-phase flow, gave some hints regarding the

necessity of formulating the rates of mass and

momentum exchange between vapor and liquid at

their interface.

Many of these improvements are characterized by

introducing physical models for two-phase flow

which replaces purely empirical correlations. Of

great practical importance is the prediction of

burn-out (BO) or boiling transition (BT). However,

with the exception of pool boiling process and

flow boiling in simple tubes, for which some

successful physical models have been developed,

the field of dryout calculation in complex

geometries is dominated by empirical correlations

and the only improvements have been in the

accuracy and extended range of validity of such

correlations.

The rapid development in computer technology and

use of numerical solution techniques in the past

two decades contributed significantly to the

improvements in two-phase flow calculations and

BWR thermo-hydraulics analysis. Without access
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to large and fast computers, there would be no

means of using the more detailed formulations

that are presently available for such calcula-

tions .

The present day computional capabilities provide

useful tools for assessing BWR performance under

following conditions:

Steady state operation

Normal operational transients

Transient following postulated accidents

analysis

A typical example of computaticnal tools in the

first category is the so called subchannel

analysis.

These are a category of computer codes designed

to calculate the distributions of mass flow,

enthalpy and void (vapor volume fraction) in

different parts of a rod bundle. They perform a

sort of approximative three-dimensional calcula-

tion with the use of a matrix of one-dimensional

equations. The equation system includes separate

sets of mass, momentum and energy balance, for

single or two-phase flow, applied to each fraction

of the bundle flow area that is surrounded by

several rods or by some rods and a part of the

bundle walls. These partial flow areas are

called subchannels. Additional equations are

used to describe the rates of exchange of mass,

momentum and energy across the gaps around each

subchannel. These include both the effects of

mass flow from one subchannel to the next and

also what is called turbulent mixing.
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Subchannel codes are useful tools for predicting

radial and axial void distribution in fuel

bundles and, if equipped with proper correlations,

they allow a more accurate prediction of dry-out

conditions in the high powered rods in the

bundle.

Examples of such computer codes are COBRA (I,

II, III) (by Rowe, USA), HANBO (by Bowring, UK),

FLIKA (France), SDS and TINA (Scandinavia),

COLIBRI (ASEA-ATOM, Sweden). COBRA-III and TINA

can also handle transient flow calculations.

With the available computational tools, it is

now possible to predict the steady-state thermal-

hydraulic performance of a rod bundle with some

accuracies (in comparison with experimental

data) that vary depending on the process. Some

examples are:

+ 3 - 4 % in critical power limit
(against dry-out)

+ 5 % in bundle area-averaged void
fraction

+ 2 % in total pressure drop

It should be realized that these are almost the

same as the limits of accuracy of the measuring

techniques for these variables.

Analysis of BWR transients has been tried with a

variety of equation systems describing the

time-dependent behaviors. One of the more success-

ful approaches is the use of time-dependent,

one-dimensional equations (mass, momentum and
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energy balance) for single- and two-phase flow,

combined with heat conduction and neutron kinetic

equations, either in one-dimensional difference

form or in three-dimensional nodal form. The

main characteristic of this category of transient

codes is the use of complete, nonlinear flow

equations in difference form with some numerical

solution techniques which use a guessed value of

circulation flow rate and solves the equations

to check the momentum balance around a closed

loop. If this does not yield zero (complete

balance), then a correction is made in the

guessed mass flow and the procedure is repeated.

A shortcoming of this solution method is that it

cannot track a flow reversal, and hence such

codes are not suitable for most LOCA analysis.

Two-phase transient calculation codes of this

kind appeared in several countries already in

late 1960fs or early 1970's. The degree of

sophistication regarding two-phase flow descrip-

tion varies in these codes. While most of formula-

tions are based on thermal-equilibrium, they

generally employ a so called slip correlation

for the velocity ratio between vapor and liquid

for consideration in momentum balance. Several

of the BWR transient computation codes, particu-

larly in Scandinavia, included even the effect

of thermal nonequilibrium at an early stage of

development (late 1960's). This was done by

using separate mass or energy equations in

combination with a correlation for vapour conden-

sation or liquid flashing.

These codes are capable of predicting the effect

of many variables on the thermal-hydraulic

performance of a boiler system or a BWR, including
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the feedback effects of void and fuel temperature

on reactivity and power. Among the studies of

interest are hydro-dynamic oscillations and the

effect of inlet subcooling, heating power and

hydraulic resistances, in different parts of a

loop, on such oscillations.

Comparison of the calculations with this type of

codes with test data from electrically heated

rod bundles has given mostly satisfactory results.

At the present, there is a large variety of

one-dimensional, two-phase transient calculation

codes available in most industrial countries.

Reactor manufacturers are also in the possession

of their specific codes of this nature which are

equipped with some particular, proprietary

correlations based on their own full-scale

experiments.

A parallel development in treating the transient

BWR analysis has been based on the use of feedback

control theory. This approach that was started

first (before any two-phase flow transient

equations were formulated) has been gradually

refined and improved. Several computer codes

have also been written to employ linearized

forms of the equation systems describing two-

phase flow, heat conduction, and reactor kinetics.

An example of such codes is NUFREQ, developed at

GE, which is useful in calculating the effect of

small disturbances in various parameters on a

boiling loop performance, and in etablishing

limit of stability. However, these codes are not

suitable for general transient behavior of

boiling systems.
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There is yet another approach in treating thermo-

hydraulic reactor transients, and it is not

limited to BWRs. This is the so called nodal

method and is mostly employed in analyzing rapid

transients in connection with a hypothetical

loss-of-coolant accident (LOCA). The computer

codes which are used for this purpose are mostly

based on very simple formulations of the conserva-

tion equations for mass and energy in a volume

and an approximate form of momentum balance for

flow between each pair of connected volumes. The

codes use also a variety of additional correlation

and physical property tables.

Several of these codes are known internationally

such as BRUCH from FRG, FLASH and RELAP4 (in

different versions) from the USA.

The computational results from the first genera-

tion of these codes are often very rough in

comparison with data, and they demand a relatively

long computation (CPU) time. However, among the

merits of RELAP, one should mention the versatil-

ity of its applicationa and the inclusion of a

comprehensive set of correlations for heat

transfer calculation in different flow regimes.

It must be added that quite recently a new code

of this kind, viz, based on nodal method, has

become available which has markedly improved

capabilities in relatively fast and accurate

transient calculations. This code, which is

called RELAP5, is based on more realistic equa-

tions of two-phase flow including thermal non-

equilibrium and separate momentum equations for
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vapor and liquid, with improved solution methods

which make it run fast.

An important part of the LOCA anlysis for BWRs

is also the calculation of fuel and cladding

temperature transients during and after a blow-

down. Such calculations are usually performed by

separate codes and may even involve metal-water

reaction and cladding deformation considerations.

Interestingly enough, the blowdown analysis of

modern BWRs with internal pumps indicate that

the core will not be uncovered (by water) and

the maximum cladding temperatures would not be

higher than about 400°C. This is far below any

dangerous limit regarding deformation or metal-

water reaction.

The interest in more detailed analysis of two-

phase flow transient and fuel behavior was

greatly spurred due to the general concern over

the safety of nuclear reactors which was raised

at the beginning of 1970's. In this respect,

there is no distinction between the two-phase

flow formulation for BWRs and PWRs, although the

course of transients after a hypothetic loss-of-

coolant accident (LOCA) would be stronly influ-

enced by reactor type and configuration.

5.3 Separate effects

The general interest in LOCA analysis drew

attention also to the calculational methods for

a number of specific thermal-hydraulic effects

among which were the following:

Critical flow rate of subcooled water
and two-phase mixtures

Pressure and flow transients in a
reactor system during blowdown
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Rate of heat transfer along the various
segments of the so called boiling curve
W* (t t ) ]

Occurrence of boiling transition (BT)
or dry-out during a flow transient

Mechanisms involved in mixing of cold
water with steam

Counter-current flows of vapor and
liquid and its limitations

Factors affecting quenching of over-heated
rods by spray cooling or flooding (so
called rewetting process)

Performance of various reactor compo-
nents, such as pumps or steam separators,
etc, in two-phase flow transient.

A large number of new experiments were started

to study these phenomena both separately (in

separate effect tests) and interactively in

specified reactor geometries (in system effect

tests).

The industrial approach was mostly concentrated

on full-scale experiments concerning blowdown

and spray cooling, or flooding, in electrically

heated rod bundles. An example of reports from

such tests concerning BWRs is given in (8).

Parallel with many small scale experiments for a

better understanding of two-phase flow behaviour,

there has been some efforts to improve the

formulations and computational capabilities for

more detailed analysis of such transients.

5.4 Advanced computational models and present

limitations

The recent trend is mostly based on the use of

separate phase equations for vapor and liquid.
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This is also known as two fluid approach. This

is now employed in both one-dimensional and

multidimensional computations. One important

feature of this kind of formulation is the use

of so called constitutive equations which describe

the rate of exchange of mass, momentum and

energy between vapor and liquid.

A good example of the results of such activities

is the TRAC (Transient Reactor Analysis Code)

development. Although the first versions of this

code were specifically designed for PWR system

analysis, there is, at present, a good deal of

activity on producing specific versions of this

code for BWR calculations (so called TRAC-B

series).

TRAC-BWR features transient flow calculation in

a number of separate rod bundles in the core

combined with three-dimensional flow calculation

in other regions inside the reactor vessel.

It must be pointed out that there are still some

unresolved problems regarding a proper formula-

tion of the conrtitutive equations to describe

the rate of exchange of various properties in

all circumstances. Part of the difficulty is

inherent in the problem of specifying the inter-

face area (between vapor and liquid) which

varies drastically with flow regime. Also, a

related problem, at present, is limitations of

the existing measuring techniques for obtaining

accurate data which would be helpful in formulat-

ing better constitutuve equations or in assessing

the validity of the assumptions implied in them.
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Finally, it cannot be ignored that two-phase

flow is, by nature, an intensively transient

process when considered in a small element of

volume anywhere in a channel. There are consider-

able fluctuations in density and velocity at

every point in the flow, and this applies to

steady-state as well as to the transient flow

conditions. These fluctuations make it specially

hard to define a proper relationship between the

average momentum carried by each phase in terms

of the average phase velocity.

Although there exist very detailed mathematical

(symbolic) preocedures for obtaining the average

phase velocities, average momentum and energy

carried by each phase over an area yet, these

cannot be employed in practice as long as one

cannot specify the actual distributions of

density and velocity over flow area in all

circumstances.

So far, in all practical applications, one has

constantly assumed a 1/1 relationship between

the square of average phase velocities and the

momentum carried by each phase, regardless of

the size or shape of the flow area. It is also

to be admitted that two-phase transient calcula-

tion, even in one dimensional case, is still

complicated and time consuming in spite of such

simplifications. However, it is interesting to

note that during the recent years there has been

some publications indicating efforts in establish-

ing the effects of wall friction on density

distribution over flow area. Developments of

this kind, viz along the line of phenomenological

description of phase and velocity distribution,

may finally provide the practical models that

are needed to link the macroscopical behaviour

of two-phase flow to its microstructure.
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5. CONCLUSION AND FINAL REMARK

Based on the brief history of development presented

here, one nay conclude that:

We have come a long way in BWR technology,
both in hardware design for improved
safety and efficiency, and in analytical
approaches for design evaluation.

This trend of improvement may well
continue even in the future.

The remaining issues are well defined
and the technical and scientific curi-
osities are bound to improve our know-
ledge of the detailed processes that
are important in BWR performance.

There seems to be much better inter-
national cooperation and communication
in this field now, even between the
reactor designers and manufacturers.

The final remark is that if the great safety

features that are now made inherent in the

modern BWR designs and their potential for large

scale power production could be recognized by

the public, and also, legal licensing and regula-

tory authorities would give credit for what has

been achieved by the design improvements, we

coul-i expect a prominent position for BWRs in

providing a good deal of our energy needs in the

future.
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