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hAbstract .

This thesis déscribes research work to'compleéé the development,
testing, modelling and validation of a numerical techniqué for simulating:
three dimensional two—fluid flow. Numerical methods for simulating two-
. fluid flow were developed. The cénstitutive relationships required to model
-tintefphase friction and effective viscosity and their interaction ate
developed. . The model is used to simulate phase redistribution caﬁsed by
obstructions and bends, and computed results are cémpared.to available

-

experimental measurements.
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SUMMARY

In many kinds of industrial equipment such as boilers, reacto}s and chemical
plants; two fluid mixtures flow through piping systems which include bends or
obstructions. Under some conditions these can promote separation of the two
fluids, while underlotheré a bend may promoﬁe homogenization. Knowledge of
their effect on phase distribution is therefore often reéuired for detailed
analysis of flow and heat transfer characteristics which govern equipment
performance. Correlations are not available for predicting phase
distribution in such configurations, nor are standard computational
techniqués; as a two-fluid model in at least two dimensions is required. The
objectives of this research were to develop numerical algorithms to solve
such a two fluxd model, install these in a three dimensional computer
program, to investigate and develop the required constitutive models, and to
test and validate the resulting computer program, by applying it to simulate
phase redistribution in various configurations, and by comparing computed
results to reported experimental data.

iMultidimenéional computer programs for single-phase flow have been available
for some time; however, two-phase flow has usually been treated as a
homogeneous mixture, which forces the phases to have identical wvelocities. A
full two-fluid formulation permits'the phases to have unequal velocities and
thus, separation tendencies induced by gravitationql or centrifugal forces

can be modelled.
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2

Two-fluid modeiling in one dimension is now becoming qulte common, but very
few cbmputer programs have been developed for multidimensional two-fluid
modelling. In this research, those that have been reported were reviewed and
their numerical methods were found wanting, so an entirély-new numerical
approach for two fluids was devised. This was implehented by converting an
existing single—fiﬁid-two-dimensional computer program to model two fluids
and testing it for proof of concept on a nﬁmber of different applicafions.
These include comparison with exéeriments on two-phase flow in elbows, in

which centrifugal|force separates the phaées, and on two-phase flows with

obstructions which tend to mix the phases. This work lead to several

refinements of the algorithm including the development of a method for
computing volume fraction img}icfély, and an additional algorithm to ensure
that computed volume fractions remained within acceptablg';imits.

The successful application of the algorithms in two dimensions led to the
extension of the-two-fluid method to three dimensions. Again, the skeleton
of an existing single-fluid program was uspd as a base, and the two-fluid
algorithms were superimposed. The resulting program may thereépré be used in
either single-fluid or two-fluid mode. The_tbree dimensional célculations
showed that the two-fluid numerical algorithm developed for 2D éituations

performed consistently adequately when applied to 3D, so no major changes to

- the philosophy of the algorithm were necessary.

A
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Because of the considerable expense of three-dimensional compqhation, the '

speed of convergence becomes of paramount importance; so methods of‘enhancing

convergence in single ‘phase flow computations were reviewed and e;tended to

the two-fluid case. : ) .
n .
Attention was then turned to the physical modelling of the two—£luid motion.
Not surprisingly, the 1nteract10n of the two-fluids and the resulting phase
distribution was found to be a strong function of the model used for
ieterphase momentum exchange, and also was affected significantly by the
presence of turbulent stress and its interaction with interphase drag.
* Definitive models of these interactions have yet to be established.
Appropr;ate methods of modelling these phenomena were developed, in this

study and shown to be satisfactory under flow condltlons in the bubbly and

distributed flow (slug/bubble)} regimes. 4 ‘ ’

A number of configurations have been simulated with both single-flﬁid and

two-fluid options. For two-fluid flow, computations of phase distribution in
bubbly flow in vertical'pipes led to an extension of the turbulence model to :
two-fluid flow. This was then used to model horizontal two-fluid flow being
redistributed by blockages, and also of phase distribution changes during flow
around various types of elbows. Computed variations of phase distributions

and veloc1ty profiles were compared to reported experimental measurements.

In cases where cross—sectional distributions were not reported, the measured
variation of é oss-sectional averaged values for void and slip'were used

for comparison, as these quantify the overall relative motion of the phases.

\

pE



i 4
The study has produced a robust numerical algorithm for three—-dimensional
simulation of two-fluid flow which converges well over a wide range of
parameters, and has , together with the physical modelling introduced, been

shown to well reproduce empirical measursments of phase redistribution.



ORGANISATION OF THE THESIS

14
Chapter one is an introduction, with a review of the literature in two-phase
flow simulation , models of two-phase flow, and flow regimes.
Chapter two reviews previous numerical ‘techniques , identifies the need
for 1mprovement, and describes the development of the new technique devised.

=P

Chapter three describes a number of detailed two-dimensional computations
to establish proof of concept for the new method before proceeding to 3-D.

Computed results are shown to exh1b1t experimentally observed trends.

Chapter four describes the extension of the new algorithm to 3-D, and some

associated concerns, particularly convergence enhancement.

. Chapter five -addresses the detailed modelling that is now possible, having
estaolished a 3-D computational tool. The basic equations are reviewed in
detail, with particular emphasis on the interphase relationships required
to simulate vertical bubbly flows, and on the sultable modelling of
effective viscosity due to turbulence in such two-fluid flows. Computed

velocity and void profiles are compared to measured values.
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6
Chapter six uses the techniques developed in all the previous chapters
to simulate three-dimensional two-fluid flow around obstructions, and

computed results are compared to experimental measurements.

Chapter seven uses the techniques to simulate three-dimensional two—fluid
flow around various elbows, and results are included showing comparisons of
void redistibution in the bend for nine different experiments. Some results

A
of sensitivity studies are also included.

Chapter eight has the concluding remarks.

?
Following the references, Appendix A contains details of the: computer

implementation, and Appendix B outlines some related computational

considerations.
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_ CHAPTER 1. INTRODUCTION -

This chapter .reviews numerical solution of two-fluid flow, and the pivotal
role of the_treatment of pressure. The various models of two-fluid flow are

introduced and flow regimes are discussed.

1.1 Overview of Two-Phase Flow Simulation

The homogeneous hodel traditionally used for two-phase flow calculakions is
based on an assumption of thermal and mechanical equilibrium between phages,
and is not capable of predicting flow distribution under conditions which
cause departure from these eguilibria. The study of models which permit
certain departures from equilibrium has progréssed considerabl;,in recent
yearé, and rigorous models of one_dimensional two fluid flow have been
developed. Particular'attenﬁion has been paid to the well-posedness of these
models and a number of benchmark problems have been established, Hancox and
Banerjee (1977), Lyczkowski and sha(1981). Computations, although intricate,
are not prohibitive in scale and permit simultaneous solution of all the

relevant equations. In contrast, multidimensional thermalhydraulic analyses

generate numerical 9ystems‘which are usually too large for simultaneous

_solution. The state of multidimensional two -fluid modelling is therefore .

less well advanced. Defini%§§E'studies of well-posedness have yet to appear

and benchmark problems are rarely used.

-
1

Computer codes have been developed for the solution of multidimensional

two-phase flow problems but there is little agreement concerning either the
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form of the equations to be solved, or the selection of a suitable numerical
scheme. Among the most important numerical concerns are the manner in which

the pressure field is &omputéd, and the effect this has upon the maintenance

of continuity.

Even for single-phase, pressure %ppears in the conservation equationg as a
secondary variable. The dénsity, energy and velocity components appear as
primary variable; in the differentiél equations expressing conservation of
mass, energy and momenta respectively, but although pressure is linked to
velocity in the momentum equations, it is linked only indirectly to density a
through the equation of state and has a minor role in the energy equation.

An explicit differential equatlon deflnlng pressure cannot therefore be
" derived, aithough, by 1ntrodUC1ng approprlate derlvatlves from the equatlon
of state, 1mp1101t sets of quatlons containing pressure ‘as a primary
uuriablé‘can be developed /Ransom and Hicks(1984), Carver(1980). Roache
(1976} discusses the role of the pressu;; in numerical‘sch;mes in some
detail, and also discusses the hyperbolic nature of the consefvation
equations. Whether the various forms of the one dimensional two-fluid models
successfully maintain hyperboiicity remains a'céntrdversy, Ransom and
Hick:ié??d), and will not be discussed in thié repbrt, as the primary intent

is terdevelop multidimensional two-£fluid computation schemes.

T
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it is computationally efficient to reformulate the Eonéé;bation equations to

ressyre from the primary variable éolution, by forming an equation

equation, an liptic in form, the solution now has a primary hyperbolic
phasé'ﬁhich uses an assumed pressure field followed by a sécondary glliptic
phase which adjusté the pressure field. Although the pressure equation :°
normally materializes as a linearized matrix equation} the exact forms of |

) pressure eguations used are diverse, as a number of simplifying assumptions
can be madé in different solution schemes. In single-fluid analysis, these
simplifying assumptions do not appear to greatly degrade solution accuracy;
although they may considerably affect convergence speed. Multidimensional
analyses of single—fiuid flow and homogeneous two-phase flow appear to
originate from one of two major generic bodrces, the ICE procedures developed
at LASL, Harlow and Amsden{1971), and the SfMPLE procedures from Imperial
College, Patgnkar and’ Spalding(1972). These basic procedures are also in

~ fact quite similér in concept. Both formulate the equatiané using the
staggered grld concept; the velocities being assigned at control volume
boundaries thus act between pressures. Both also use the pressure equation
concept. They differ principally in the exact form of the-pressure equation,
the manner in which the equafions are formulated over the control volume, the
degree of implicitness used in time advancement, and the solution seguence.
variations on these schemes, aimed primarily at improving convergerice through
gquantifying the linkage bet;een pressure and velocitiés,,have been proposed
by Patankar,(1980), Raithby and Schneider(1979) and others, and similar
concepts have been applied to boundary fitted coordinate systems, Chen et

al(1980), and finite element techniques, Baliga et al(1983).
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The most appropriate formulation of a problem is often dictated by the
geometry to-be considered, as a model of the geometry is required as a
framework for the analysis. Alternative computational frameworks are
reviewed by Sha(1980) and Carver{1984a). A framework which ié intermediate to
the simple one dimensional and truly multidimensidﬁal formulation is the
subchannel method frequently used to analyse flow in qéd arrays. In this
forﬁulation subchannels are defined as parallel flow channels bounded by red
surfaces and fictitious lines between rod centers. The channels are linked—--
laterally through the fictitious parts of the boundary; however, the lateral

momentum equations are reduced by replacing all the viscous stress terms by a

L)

simple model approximating turbulent interchange between neighbouring pairs
of channels. Particular subchannel codes are discessed by Rowe(1973) and

Carvgr et al(l984).

while the subch;nnel approach is accurate and cost effective for analysing
flow in rod bundles it is restricted to such geometries and cannot be applied
to other geometries. The approach will not be discussed further here except
to mention particular subchannel codes in the context of the models of two

phase flow which they'dtilize.

Multidimensional two—-fluid analyses have also evolved from the same ancestors
as single-phase analyses, as it is a straightforward matter in principle,
althougﬁ arduous in practice,'to extend the techniques to two fluids. In
single-fluid analysis, although the pressure equation may take a number of
diffe;ent forms, the rational basis for its derivation is similar. In two-
fluid analyses,'however, even mbre care must be taken with the pressure

equation, as legitimate alternatives can be founded on fundamentally
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interphase friction and its interaction with turbulent stresses were not

u oo,
different bases. The current sFudy has qxamiﬁed the pressure continuity
relationships of a number of reported.two—fluid schemes listed below. Flaws
exisi, in this area. These may be diminished under conditions in which heat
input causes'significant phase change, but become serious for adiabatic
situations. An alternaté formulation has been developed in the current study
and has been shown to bé superior. Once a consisféntly satisfactory'scheme

was developed, it became apparent that reported schemes for modelling

adequate either. As results were very sensitive to these features, effort
was concentrated on developing and testing appropriate constitutive models,
rather than improving the accuracy of the numerical technique along the lines
explored for single fluids by, for example, Raithby and Schneider(1979), as -~
such refinement is not prbductive until it can be shown that the models are
sufficiently developed to permit the numerical scheme tq coﬁpute obggrved

phenomena with reasonable felicity. '

In order to establish context, two-fluid models are discussed first, followed
by concepts of multidimensional analysis for single-phase flow, and finally

the new two—fluid scheme developed is presented.
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1.2 - MODELS OF TWO PHASE FLOW

The férmulation 6f various models of two-phase fiow‘has been discussed by a
number of authors over the last two decades. Perhaps the most comprehensive
studies have been by Ishii (1975) and Kocamistafaogulari (1971). Recently,
models have been labelled EVET, EVUT, etc. to repreéent equal velocity equal
temperature, equal velocity unequal temperature,gth.;WHahcox and Banerjee
(1977). The following is a brief summary of the.éﬁqel;.

The assumption of eqﬁiliﬁrium produces the simplest model, in which-the
phases are taken té‘be homogeneously mixed, and to have equal velocity and
equal temperature,.heﬁce the terminology EVET modei: The two-phase mixture
is treated as a giﬁgle fictitious fluid having properties determined solely
by the relative proportion by weight (quality) of vapor in the mixtgre.

Thus, the partial differential eQﬁations to be solved are the same as the
single-phase flow: conservation ok.mass, momentum and energy of the mixture;
algebraic relationships cater for the two-phase properties and the equation
of state for the mixture. The homogeneous model is su;table for conditions
in which\?epag;ufes from @echanical and thermal equiigbfium ar;;;;own to be
minimal. One dimensional, subchannel, and three dimens%onal EVET computer
codes are described by Moore and Rettig(1975), Rowe(1973) and Carver(1981),

fespectively.

The classical mixture model was not adequate for modelling details of phase
distribution, as any redistribution of phases in a conduit requires a priori

that the phases have different velocities. Non—equilibiijm models permit the

simulation of the motion of each fluid, using the concept of interpenetrating
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continua. Thus, for cases -in which gravitaticnal or centrifugal forces are
known to produce a tendency for phases to travel at different speeds, a
two—velocify model is required, and an additional relationship is required
for relative velocity. Early separated flow models used void correlation
instead of the equation of state, and a simple numeric slip factor to impose
the higher velocity of the vapor phase in vertical flow. This was later -
quantified by relating relative velocity to the rise velocity of vapour
bubbles in liquid, and radial.distribution of vapor under various conditions.
This simple drift flux equal temperature model (Q%ET), uses algebraic
relationships for relative velocity, and hence reéuires the solution of the

same three partial differential equations of conservation, but an additional

_equation, usually based on gaseous phase continuity, is required for void

distribution. One dimefisional and three dimensional subchannel DFET computer
codes‘are described by Chang and Skears(1977) and Carver et al(1984) , |
respectively.

None of the above models permits.the temperature of either phase tovag rt
from satﬁrétion. In order to.simulate non-equilibrium phenomena such ag
subcooled boiiing, superheated liquid and flashing, etc., & mechanism which
permits these effects must be added. Again, early studies used algebraic
relationships, but more rigoroﬁs models now use a separate energy equation,
‘and equation of state for each phase and model heat transfer to and between
phases. The EVUT model is, therefore, also a four eguation model using a
mixture momentum equation, and individual energy egquations for eaﬁp'fluid. h

one dimensional EVUT model is discussed in Ferch(1979).
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.The advanced drift flux DFUT model is a combination of both of the above, and
therefore, requires the solution of five conservatlon equations, a’ mixture
momentum equation, two energy equations, and two CODtlﬂUlty equations. A

multidimensional subchannel DFUT model is discussed by Judd et al(1984).

Finally, the full two-fluid models abandon the algebraic definition of
relative velocity and instead compute phase Qelbcities.using two momentum
equations containing models of wall to fluid and fluid to fluid stresses.
one dimensional two-fluid models have also been developed in five-equation
UVET, Ransom et al(1982) aﬁd six-equation UVUT'férm, Ransom et al{1985) and

Mahaffy et al(198l1).

It is apparent that with each level of complexity of the two-phase model,

additional partial differential equations are added, and: hence more involved

-
numerical schemes are required. G S

One-dimensional simulation permits the modéiliﬁg of phenomena in which' the

relationship of the axial velocities of the fluids is of paramount

importance, however, phase distribution is considered to be uniform in the'
" cross-sectional or lateral plane. Attempts have been made Eo incorporate -
non-uniformity of phase distribution into one dimensional analyses by using
appropriate techniqués to arrive at a set of conservation equations in which
the variables represent cross-sectional averaged quantities. Such rethods
have been discussed at length by Ishii (;975), Delhaye (1973).and others, and
lead to quite complicateq expressions. A subset of these models which has

found quite common uée}fpecause of its simplicity, is the distribution

parameter concept introduced by Zuber and Findlay (1965) in their formulation

/
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of the one-dimensional drift-flux model.

However, glthough the distribution parameter approach did permit.inclusion of
an approximation of distribution efégcts into one dimensional drift-flux
calculations, no generally applicable method of quantifying these parameters
hés begg deveioped. The most comprehensive protocol developed to date,
Chexal (1985) is restricted to vertical flow.

The abave metgods merely approximate the effects of lateral phase
distributidﬁ on the axial flow, and in no way medel or even convey
information about the nature of phase. distribution in the lateral plane. In
order to model this distribu?ion, at least two dimensions, and frequently

three, must be incorporated in the analysis.

-

— . .

'\
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1.3 Flbw Regimes ‘ .
As already mentioned, the phases in two-fluid flow are very rarely uniformly

mixed, and usually tend to establish some kind of preferred disttiﬁutiop.

The fact that, for vertical flow in pipes, this can be compenséted for in the
one-dimensional equations has been mentioned, and the type of distributions
encountered will be discussed in a later chapter. It is relevant to noté*
here that the distribution of the phases and the manner in which the phaseé
interpeneérate is a function of the geometry and orientation of the flow, the
density, and viscosity of the phases,surface teﬁ;ion, and the mass flow of
each phase. The structure of two phase’'flow has been studied extensively,
and partiéularly characteristic flow patterns have been identified and termed
flow regfﬁes. Boiling flow usually generates a sequence of flow regimes as
boiling increases the void fraction progrgssively, see for example

Delhaye(1981). However, in adiabatic conditions, the overall ratio of

volumetric flows remains fairly constant throughout the flow passage, and
preferred flow regimes are ﬁsually established. . The accﬁmulated experimental
information has been condensed and presented inlthé form of flow regime maps.
Clearly this cannot be done precisely and reéuires a certain amount of
sdbjective interpretation and judgement. Clearly also these maps will be
somewhat different depeﬁaing on thé,orientatiqn of the flow. In popular use
are the maps presented‘by Hewitt and;gbberts (1969) and Mundhane{1974) for
vertipal and horizontal two phase flows respectively. These' are given in
Figure 1.1. The plots are giveﬁ in terms of superficial'veloqity; ;This is
used frequently in two phase flow studies and denotes the velocity which the \-
phase would have if it fully occupied the ﬁfgé;at the same total yolumetric

flow; the superficial velocity of phase k is lower than the actual velocity.
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Pictorial representat{on of the flow regimes also involves some subﬁective
interpretation. Pictorial interpretations are givéﬂ'in Figure 1.2. As
mentioned, the flow regimes depicted by the maps are the preferred.
distribution eventually established given the conditions shown, however any
change in the geometry wiil redistribute the flow, and it yill take some
time, typically 10-20 equivalenﬁ diameters for the preferred pattern to

:estab}ish.

The techqlques developed in this research are applicable only to the
dlstrlbuted flow regimes, as to model the separated flow regimes it would be

necessary to track the interface between the fluids and that requires quite

different techniques.
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1.4 Conditions Causing Phase Redistribution

Two common causes of flow redistribution in adiabatic two phase flow are'
bende and obstructions. The effect on pressure.drop of bends and various
types of obstructions has been documented in great detail 52: single phase
flows, but although\considerable information is also available for two phase

flow, it is less p;ecisely established, see for example Chisholm {1969).

The common feature causing flow redistribution in bends and obstructions is
the creaﬁi;ﬁ Bé differential forces which tend to separate the phases. In a
horizont;l\bend,’for example, a centr;fugal force tends to drive the fluids
towards the outside of the bend ,thué the heavier fluid displaces—the lighter
fluid towards the inside. In aﬁ obstruction, the heavier fluid is driven
'around the obstruction while the lighter fluid is displaced into the
_recirculation area behind the obstruction, Gardner and Neller (1970) discuss
both bends and opstructions, an& also were the first to give detailed
measurements of phase redistribution due to bends. The current research
focussed on the computer 51mulat10n of flow and phase distribution. This
_requxres multi-dimensional two-fluid an§1y51s The two necessary ingredients
for successful completion of such a simulation are the developgent of

a) a robust numerical technique for solution Of the equations and

-

b) the development of appropriate constitutive models for use therein.
. N
These will be discussed in the ensuing chapters.
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CHAPTER 2. DEVELOPMENT OF THE NUMERICAL SOLUTION TECHNI(UE
In thiSTEHgbter, the equatlons governing three—dzmen51ona1 two-fluid flow are
stated, standard techniques for solving the single fluid equations are

' reviewed ,some techniqﬁes proposed in the literature for solving the two-

fluid flow.equations are examined and found unsatisfactory, and a new
technique is developed and shown to be robust and general. Following
description ef the Testing, and extension of the technique, in Chapters 3 and
'4 , the equations are revisited'and discussed in detail in Cﬁapter‘s;

0

FS

2.1 THE GOVERNING EQUATIONS 57'“‘“ .

Ishii (1975) presents a full formulation of the various models, however, in
this study, only the two fluid model of two—phase flow is used, and the

studies were restricted to steady adiabatic flow of two 1ncompress%61e

To assemble the equations for adiabatic_two‘component flow, one requires for

components.

each fluid an equation of conservation of mass, three equations of
conservatlon of momentum, ‘one for each coordinate direction, plus
constltutlve relationships for momentum transfer between fluids and between
each fluid and the wall. These latter are dlscussed in chapter 5.

Finally, of course, the sum of the volume ‘fractions must be unity.

s




rollowlng Ish11(1975), the equatlons are stated here for each f£luid i,

discussion of Lhe constltutlve relations 1n Chapter 5.

1

V.(apl) = 0 _ (2.1)

v.(upUU)l = —alﬂp + (ap)lg + Hll' + l"1 (2.2)

1

M order to addiess a range of geometries, including radial bends in pipes,
the conservation equations have Been written in toroiaal cyiindrical
cnordinates. Toroidal COOLdlnatus havé been used for 51ngle phase
lnmputatlon hy AUbtln(197l), soh and Bcrger(1984) and Pratap(1976), and can
br devived from the Cartesian form by straightforwa%d coordinate
transformation following procedures outlined in tegté:om vector algebra such

as Choirlton(1967), and using a toroidal coordinate system with parameters

assiqiind as described in Figure 2.1,

Flg. 2.1 Toroidal Cocrdinate “System

']

-
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This results in the set of governing equations given in Tables 2.1 and 2.2.
The equations are written in terms of o the vo;ume féaction of fluid 1, thus
the nass flow in the x direction is (upu)lhx. Note thaﬁ the reduction to
cylindrical polar.and thence to cartesian is much more ‘easily accomplished
than the transformation, so for general application, it.is u?gful to assenmble
tﬁé equations in-toroidal form and introduce simplifications to generate:the
other coordinate systems where nec?ssary: For example, ana1¥sis of a bend.
between straight lengths of pipe requires three coordinate sets: cylindrical
polar, toroidéi and cylindrical polar in sequence. The same equations
reduced to Cartesian in the cross-section c¢an Eé used to model flow of a

rectangular duct around a bend as noted in Table 2.1. Two dimensional subsets

may be readily derived from this latter set.

v
L}

The equations reduce to the single-fluid case by wfiting a‘-l and bypassing
the interphase drag terms. Note also that, as they should, the equations
reduce to the singie—fluid equations by additiop-if the two fluids are

9
& ,
used to solve for single-phase flow in a porous medium; where o is assigned

identicql, as oy + o = 1. Finally, the equation% as written can also be

as the local pordsity,_i.e., that volume fraction which {s available for fluid

as opposed to hardware.

R

~
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Conservation of Mass

3 3 .
R-}-r{ %? (R'ropv) + 38 (R'apu) + % (rapw) } = O (2.3)
Congervation of Momentum
1 ) = ] 2 3
RTr{ ET3 (R’rapuv)1 + 6 (R apu )l + T (rapuwll}
+ (apuv)l/r + (t:q:ﬂ»'z)‘l sing/R'
* P Lo )
- - 35 + ?(ul, - ul) + (upl)g sin¢ sing + r‘e1 (2.4)
z _
1, 3 3 o8, |
.R7r[ T (R’rapvz)1 + 5 (R’ apuv) “+ 3¢(rapvw)1}
- (apuz)l/r - (apwz)1 cos8/R'
- ® LYy, ~v.) - (ap.) g sing cose + T (2.5)
- % Br - v 1 op,) g Sine C £ .
1 3 [ l __a ' E_ 2
RTr{ 5t (R rapvw)l + T {R upuwll + 3% { ropww )1}
N - (apw) (u cos® - vsin®) /R’
R ‘4ér
= - 7 3 + Y(wl, - wl) (ap)l g cos¢ + I‘¢l {2.6)
) o
Notes v
(i) The equations are written for fluid 1, 1’ is the second fluid
(ii) R’ = R+rcosf :
(iii) rel, rrl, r , are the viscous stress terms {see Table 2.2).
(iv) ¥(u, - u ) is the interphase friction function

(v} Transform to cylindrical polar along z-axis writing ¢=z, R’=]l, omit
algebraic terms involving R, and denote orientation by sin¢, cosé.

(vi) Transform to cartesian polar (bend in rect. duct) by writing &=x,r=1,
omit algebraic terms involving r, and denote orientation by sing,cos8.

(vii} Reduce to single phase form by writing e=l, or for flow through a
porous medium by cmvolume fraction available to the fluid {porosity).
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Table 2.2
VISCOUS STRESS TERMS

1 av
3@)]

r]

3 (omrap(t 28 4 Y] 4 2 oW 1 2w
+ 55 [2R7aul(z 35+ 7)1 + 53 [roel T35 * & 380
\ 2 . i .
+ "%(r a—f_—% + % %!) + 9—%, (%:—t + vcose—usme)%?e (2.7)
‘ 1 9 ' v 3w 3y 13v
I = R’ U (2R r“”'a‘f] * 36 (Rrowlc 57 T+ T3 3
9 1 v 3w
+-"a—¢ [ra,u(-—-, _33 + RS E'Eﬁ,)]]
_ 204 Ll B3u_ vy I e ose '
- [(r 5 I__) ( LA vcose—usme) {2.8)

1 3 1 v , 3w 3 "R AW 1 3u
T, =w bgr Rrlg g ¥ 7 or ") o+ (Rl Tap R YR 36
2 1w

r

v W

R
a¢ —a— R') COSB—( ?

Ju . '
, ?&;) sing (2.9) -

==

7w
7 BV
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2.2 SOLUTI(H OF THE SINGLE-PHASE, FLOW BQUATIONS
In one-dimensional analyges, solutions are frequently obtained simultaneously
for all flow variables throughout the field. However, equation sfstems
resulting from multidimensional analyses are too large to permit simultanecus
.solution and some form of segmentation of the_prbblem is required, with -.
iteration to merge the segments. '

2.2.1  Reduction to Discretized Fomm

In order to solve the equations, it is nécessary to write them in discrgte'
form with reference to finite control volumes. To maintain continuous
definition of all variables, it is important that all variables are évaluated
correctly where averages across grid points are required. The concept of
staggered grid facilitates this, and avoids the problematic decoupling of
neighbouring pressures which can occur in calculations with collocatéd grids,
Patankar(1980). Scalar variables such as pressure, density and'enthélpy are
stored at primary node points, whereas velocities are considered to act
between pressures as shown in figure 2.2. The momentum equations are thus
written for control volumes centered on velocities, whereas, the continuity
and energy equations are centered on the primary nédes. .A control volume for
a general variable ¢ is shown in :;gure 2.2, and a full description of the
assignment of control volumes is éiven in Appendix A. The detailed

integration of the momentum -equations is also given in full in Appendix A.

é
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1t would be counterproductivé to attempt here to describe the integration and
solution of equations 2.2 to 2.9 in complete detail because of the amount of
algebra involved. Instead, to illustrate the methodology, the equationsewill
be stated and discussed in cartesian vector notation for brevity. Once the
solution sequénce is understoqd, it is a methodical although arduous

procedure to apply the same techniques to solve the full toroiddl set.

In cartesian vector form for fluid 1 the equations become

'7
2 (opuy)}, =0 | (2.10)
X pUSTTY | .
J .
. du, au.
3 ). 3 i, 3
ij [(apujui)]l Ml axi sil * ,axj { o (axj *+ Bxi)}l (2.11)

The veldcity component along coordinate x; is denoted by u, and

au Ju oV ow

3y "ty ez

5. contains the remaining. source terms from the appropriate equation. For
single-phase, the index 1 is redundant, but is retained for future

. reference in the subsequent discussion and application to two-fluids.
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2.2.2 Standard Form of Solution

Equations (2.10) and (2.11) can be written in a standard form which combines
nthe‘pre55ure, non-cartesian terms and part of the viscous terms in the source

term and identifies convection and diffusion fluxes of alparameter ¢ which is

unity for equation (2.10), and u,v,w for equation {2.11). e
D LI I
3;; (upuj¢) - axj (& axj) 5 (2.12)

-

This equation can be converted to a form amenable to solution by integrating
over the control volume. This is-facilitated by converting the left-hand
side from a volume integral to an area integral involving the normal flux

. R .
using the theorem attributed alternately to Green and to Gauss.

iI(9 - Fyav = J[(F - n)da ’ (2.13)

Applying this to equation 2.12, and using the directional terminology

e,w,n,s,u,d shown in Fiqure 2.1lb gives

[(apd) u, = & (bm8p)/8xIRG = [(apd) v — & (b8,)/8x 1A,

+ [opd) v — E (8-0)/87 IRy = [(apd) v, = E(45m65)/87]Ag

+ [lapd) gig — Eqlotph/821Ay — [lopd) i = & (4m6,) 8218,
- 1 s'av | '

(2.14)
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This is further simplified by denoting the convection and diffusion fluxes as

¢ and D respectively. .

C = apu , D= E/8X

Hence, equation 2.14 becomes

(€8, = Dolbgdp) By = (Cub, = D (0p) By

+ (C b = Do{#p) 1By = (Cgbg = D léptg))Ag

+ (CU¢U. - DU( ¢U-¢P))AU - (cdq’d —. Dd( ¢P—¢D))AD ‘

(2.15)

¢ " *

a J[[sdv=s
Providing appropriate expressions for interpolating convection and diffusion
coefficients at the control volume faces can be found, équation 2.15 can now

be rearranged in the form

o~

Rptp + L Bgby =
| (2.16)
n = E,W,N,5,U,D

For a particular point, this is a simple algebraic equation linking the
points to its neighbors. However, the set of equations 2.16 for all points

becomes a matrix equation defining the ¢ field.
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RP $P+ ::l $n - s ' (2.17)
Equation (2.17) is a matrix equation. The value of ¢ obtained from linear
equation solution of (2.17) alone is exact when ¢ is a scalar, but when ¢ is
a velocity, the nonlinear components are included in the A coefficients, so
iteration is required . Furthermore as each of the conservation equatipé;.is
s?lved in turn, the coefficients also contain other variables, and further

iteration around the full sequence is required.

~
As noted, the standard solution can be implemen?ed for each equation,

provided the correct control volume is used for each ¢ and provided suitable
expressions can be obtained for interpolated values at control volume faces.
These matters are of considerable importance and have been discussed in
detail particularly by Patankar(1980). As detailed discussion would
interrupt the flow of the main argument here, these topics are discussed in

Appendix A.
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2.2.3 oOverview of the SIMPLE Scheme for Single-Phase

It is.clear that equations (2.10) and (2.11) are coupled matrix equations and
that an appropriate solution scheme is.required to solve them in concert.
For the purpose of illustrating this only, the viscous terms will

temporarily be incorporated in-the source term. X ..

The solution scheme used in FAITH is a novél extension of the SIMPLE scheme
of the single-fluid equations Patankar and Spaldin§(1972) . The equations

(2.10) and (2.11) are first discretized by triple intégration over the control

Se———
volumes for each fluid 1, using the usual staggered grid concept.
f [(apuA)i+-(apuA)i_]1 =0 i (2.18) .
§ [(apuiujA)j+ - (oq::uiu:.'ﬁ)j_]‘l
+ Ao, (Pi+_Pi—) =5V (2.19)

" A and V denote cross-sectional area and volume of the appropriate control

volume, and i- or i+ denote upstream and downstream values.

If an initial pressure field is assumed, (2.19) can now be reduced to a form
which gives a first estimate of mass flux at point p in terms of the mass

fluxes from neighbors n, and the relevant pressure‘gradient:

\

(atapu) , + & (bapu)  + e(P;, - B, )] =5 V | (2.20)
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The coefficients a, b and e contain the appropriate'expfessions reduced from
(2.19), but (2.20) is now linearized, and can be solved in point or matrix
form for a‘new matrix of mass fluxes. However, as the pressure field was not
necessarily guessed ;;rrectly, the new mass fluxes will not satisfy the

continuity equation (2.18) but yield a mass imbalance D:

B [(opuh)y, - (apuR); 1, = D, | (2.21)
A pressure eguation can then be derived in the.classical 'SIMPLE’ manner.

| It is necessary to find a new pressure f{gld that will drive D to zero.

This can be done by using the fact that ﬁhe mass fluxes in (2.21) will vary

with pressure through (2.20), and is accomplished efficiently by the

Néﬁton—naphson technique, which yields

dPu—Dl/(dbl/dP). S ' . ‘ (2.22)

Thus, the required equation for the change in the pressure field, dp, is

obtained from rearranging (2.22):

o8

} 4 = -D o a (2.23)

An expression for dD is readily obtained by differentiating (2.21):

le - iE..[Ad(apu_)i_'_ - Ad(otpu)i_‘]l = -D.. {2.24)
" and from (2.20) :

-1 L -
d{opu), = —a-al- { o bpdlaou), + e(dp; - clpi_)]1 o (2.25)
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Equation (2.25) is handled more readily by neglectifg the variations in
neighboring mass fluxes, thus, relating changes in each mass flux component
‘at each point to the changes in pressure upstream and downstream, as ln
SIMPﬂE. This simplification does not affect the final solution, but as it
simplifieé the cqupling between pressure and velocity, it does affect the-
convergence rate. A modification which improves on this simplification is
‘digéussed in Appendix B, and was in fact used in the later studies.

Substituting the simplifiéd equation (2.25)into (2.23) yields a matrix

equation defining the changes in. the pressur required to drive D,

towards zero, in the form

B dP=-D - (2.26)

This is a Poisson equation and relates the pressure correction réquired at

each node to reduce the mass flux imbalances existing between nodes. Once
this is solved for the pressure matrix, equation 2.25 is used to correct all

L]

velocities.

’

-

In summary, Ehe procedure 'is to obtain first estimates of each velocity
component EromJequations 2.19, assemble the divergence vector D from 2.24,
and obtain a pressure field from equation 2.26, then correct all velocities

from equation 2.25.
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2.2.4° The Viscous Stress Terms

To' this point only the solution of the conservation equations have been

-

discussed. The viscous stressftgrms have been presented in Table 2.2 in
variable viscosity formﬁt to allow for the possibility of incorporating thé
. 3
modelling of turbulen; flows using the Boussinesq(1877) or effective i

viscosity concept. Note that the laminar form of the stress Eerms is usualiy

quoted in fluid dynamics texts in a shortened form which takes advantage of

the constant viscosity and density. s
2 . .
du, du, ' 3y, L
__a 1 _1 1 1%
— 4 )| = op——— . . (2%27)
e [" (3 3 = i] ER
as
. du
2=y = (=) -
e o) T ) O (2.28)
] 1 1 ]

The use of the simplified stress terms in 12.27) is slightly more economical

than using the unsimplified form for laminar flow, so during the extension of

1
FAITH to cy{i}drical and toroidal coordinates, the strictly laminar and

additional turbulent terms were identified separately as

au . »
3 - (1 5~) and a (u __1, respectively.
j j

However, (2.28) is true only fbr constant density flow, so to maintain

generality these terms are always evaluated.
o




-t _ ‘ 36 © ‘ ‘
Finally it is convenient to introduce the stress vector:

) duy du, |
- . Tij - p(ﬁj +‘ aXi)' P . (2-29)

-

1

thus, equation 2.11 become's for o = 1:

T d

Mg g g () +8  — . (2.30)
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1]

2:2.5 Effective Turbulent Viscosity -

s

-~
et

Turbulent mixing is responsible for the large resistance encount;red by flow
at'Rejﬂolds numbers above a critical valuie. In one dimension, theﬁéffect of ®
turbulent flow is incorﬁoraﬁed by using a larger friction factor detérmined
" Classically from the Moody(1944) diagran . In multidinensional analysis, it is

clear that an overall friction factor is ungetisfactory and that an approach
which both models tufg;1ent mixing and local resistance close to the wails |
is reguired. _

(

This is commonly done py~recogqizing thét flow variables in turbulent fléw
are not constant but can be regarded as having a fiuctuating component and a

time averaged component

A | ' (2.31)

- Full development may be found in classic texts such ds Schlichting {1979).
Equation 2.31 can-be used to generate the fluctuating-components of both
~

scaiarﬁgggg tensors which are then substituted in the conservation equations.

For th? continuity equation -
' ’ ".:;‘;:r' *
L] ' C\\' . “
- >
2 (6B + = (pus) = 0 | (2.32) -
axj 3 axj j .

and as the first term is zero, the second must be.
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Nd%ing ?r- 0 by definition, inserting (2.30) and (2.31) into equation

2.11, time averaging all résulting terms, and simplifying yields

au -
i, % _ 2
T ot o
j i ]

(Tij + Tij ) +Si' 0 (2.33)

The only additional term which now appears represents the time averaged :@ -

fluctuating stress. The derivation shows that the components of this term are

—- ¥ , .
Tij =-p Uy uj ‘ {2.34)

L . ~—

and are usually called the Reynolds stress terms.

A number of different ways of modelling the‘Reynolds,stresses'have been
. 4
proposed, see for example Lumley (1983), however, the most common is the use

of the Boussinesq concept , in which these stresses are modelled'by analogy

to laminar stresses\such that

Tis = —PUV = fg o= (2.35)

Tij T ML, (2367
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'henceAequafion 2.33 becomes

&

'

au - : U
- ) P ] i A
pu, + - o ==— + S {2.37)
i axj ox { ax 4 E 3xj i

where Hg = Hp + pL.. As the average notation applies to all the variables,

it's use is now discontinued for simplicity, but it is to be understood to be

in effect.

2.2.6 Mixing Length Models

-

Ong of the simplest concepts of accounting for turbulence is the mixing
length concept introduced by Praﬁdtl (1925). This is discussed at some
length in Schlichting{1979), and reduces to an expression for the turbulent

: s;iesses which relates turbulent viscosity in (2.35) to the geometry by means

" of a léngth.écale 1.

du

fep = or? l = (2.38)

'

Various enhancements to the theory are discussed by Schlichting(1979), as are
methods of deriving expressions‘for thé length scale which agree with
accepted velocity profiles for limiping cases, Howeveé, no universal
formulae have been agreed upon, and differential methods have a'mé;e general
applicability. Among tﬁese the k-¢ model of turbulence is now believed
fairly generally applicable.

+ r2d
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2.2.7  The k~¢ Turbulence Model

The k-¢€ turbulence Todel was suggested by Harlow and Nakayama (1967), and ig
in widespread use following a detailed account of the model published by

-

Launder and Spalding (1974).

/

In the el, the turbulent viscosity is assumed isotropic, and is related to
the turbulent kinetic energy k and its rate.of dissipation E, through the
equation

pp = o€ kZ/e | T (2.39)
- ” D

The partial differential equations governing the transport of k and ¢ can be
derived from the general transport equation in the “form of equation (2.12) by
using (2.30) and the same approach used to derive (2.32) and (2.33), except
-that ratder.more approximations are involved ,in that simplified models of
several terms are introduced, Launder. and Spalding{1974). For a derivation

in tensor notation see for example Bradshaw, et al (1981}.

-

The resulting equations are

AL 3 r, &) 46 - pe

' ka
9%, j *5 \\
. 2

. 3 ae £ £ ' :
[ GDUj] - -a—xgreﬁ“:)] + Cl 'E G - Czp _E ‘ (2.41)

(2.40)

d

X,
]
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where : _

Fk - yT/c K’ r o uT/o e (2.42)

-

and 9 T are effective Prandtl-Schmidt numbers, taken usuélly as constant.

Although various values for the constants have been recommended Brdﬁshaw et.

al.(1981), the usual values are, Gosman et.al.(1979)

[Cp, Cyv Cor Opr aE] = [0.09, 1.55, 2.00, 1.0, 1.3) . (2.43)

and the generation term G is

du, -
1

As the turbulence equations 2.40 and 2.41 are in standatd form, they may be

assembled and solved by the method discussed in 2.2.2.

-
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2.2.9 poundary Conditions

The imposition of boundary conditions is obviously also critical. For

laminar flows, boundary conditions take one of the forms ¢ = c, 3¢/3x = C.
For variables in the inlet plane, it is possible to specify ¢ = é(x,y). -

Boundary conditions are:

at 8=0,n u=0 , 3V/36=0w/30=0

at r=d/2  umvew=0 - . )
at =0 V-VCCOSB [} Uﬂ\fcslne r vcﬂ ¢ S(Vl ' 1 ' k-vl NI pk)
aw/3r=0

The boundary condition at r=0 attempts to minimise errors by recognising that
a unique velocity v, exists at the centre, Austin(1970), Soh and

Berger(1984).

For turbulent flows it is necessary to ensure that regions in the

neighborhood of walls follow the 1aﬁ of the wall, Launder and Spalding(1974}.
As the actﬁgl implementation of boundary conditions within the program depend
on the mannér in which the grids and the variable arrays are stored, detailed

discussion is left to Appendix A.
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2.3. SOLUTION OF THE TWO-FLUID BQUATIONS

2.3.1 Previous ﬁbrk

|

Prior to emba;kinéﬁ;ﬁ any developmept; the computer algorithms proposed for
multidimensioggl éwo-fluid flow wege reviewed in detail in the hope that an
existing computer code could be used or an existing algorithm could be
implemented. Schemes for mult1dimensxonal two-fluid analyses have evolved
from the same roots as the one-fluid analyses, and two main families remain
evident, those based on ICE, Harlow and Amsden(lQ?l), and those based in
SIMPLE, Patankar and Spalding(1972). It became clear on reviewing these that
because of the increased deéree of freedom available in setting up a two-
fluid flow algorithm, the possibilities are more diverse, and the probability
of developing a completely consistent scheme is more remote. In particular,
it was discovered that the treatment of the pressure and the formulétion of
the pressure equation was even more critical than for single~fluid flow,
carver(1981). The review included the computer codes KFIX, Rivard and
Torrey{1978), KACHINA, Amsden and Harlowi1978), KTIF, Amsden and Harlow(1977)
all of which are extensions of ICE; the IPSA algérithms, Spalding et
al(1979), Spaldipg(lQBO) and an algorifhm discussed in detail by Shah, et al
(1979). The KFIX code was obtained fgom ﬁhe Argonne code centre and tested,

but in all tests except the example problems it failed to converge.

e

L




44 |

This study revealed two common failingg.‘ The first was that the treatment of
the pressure equation was inconsistent and therefore, was not conducive to
maintaining continuity in each £luid. The second was that none of the codes
had been shown toQ reproduce experimental results. The decision was therefore
made to develop an algorithm which treated each fluid consistently, thus
maintaihing conservation of each, to implement this algorithm in a computer
program, verify this using parameter studies, and to validate predictions of
‘he code using available experimental data on phase distribution under the
influence of gravitational and centrifugal forces which would tend to cause

separation.



'2.3.2  The Algorithm of Shah, et al.

45

The algorithm of Shah, et al.(1979) was first reviewed, as this was reported
in detail. In this algorithm, the momentum equations are solved individually
as for the single—fluiﬂ case, and the continuity equations are used to

generate a mass imbalance for each fluid, thus, there is an equation (2.2}) for

-each fluid 1, and sumﬁing these gives

I I [(GpﬂA)i+ - (mp'UA)i"]'l - Dl + D2 (2-45)
=1 i _

Using similar arguments to the single-fluid case, equations (2.20), (2.24) and®

(2.25) can be combined to produce a pressure equation similar to (2.26}) but

" based on {2.45) instead of (2.21).'

(B, + B,) dF = B, + B; ' _ ‘ - (2.46)

The authors then state that the pressure correction from (2.46) will not
precisely satisfy continuity because of non-linearities, so the”volume

Eraction profile can be computed by solving one of the continuity equations
-(2.21) with D1'0' The entire sequence must then be iterated.

Because 3D calculations are expensive, exploratory calculations were first

attempted in 2D. _ : ™~ -
) Y

. ‘ c \\
.
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In order to ‘test the Shah algorithm in detail an existing single-fluid two
dimensional computer program, a version of TEACH Gosman, and Pun(1974},
obtained from the University of Ottawa, Salcudean and Abdelrehim(l980), was
extended to provide a two-fluid solution for air-water flow using this
‘algorithm, This program was referred to as TOFFEA for Two~Fluid Flow Equation
analysis. Initially, however, convergence was extremely poor. Further study
revealed that the lighter fluid was poorly conserved. This is because
equation (2. 45) imposes a pressure correction based on Dl+ D, = 0. 1In_the case
of pl)>p2, as in air and water, the mass flux imbalance of the light fluid
will hardly influence the pressure computation at all and it will not be

conserved. N

.
2.3.3 Extensions of the ICE Technique

The algorithms in the codes KFIX, Rivard and Torrey(1978), KACHINA, Amsden
and Harlow(1978), KTIF, Amsden and Harlow(1977) and IPSA, Spalding(1979,1980)
were ﬁhen reviewed, and similar inconsistencies were deteeted. The three
codes use the IMF (Implicit Multi-Field) Technique, an extension of ICE,’

and address the cases respectively ofq;;e‘flu1d both and n91ther fluid being
compressible. Although the equations in ICE appear at first glance to be
formulated in a quite different manner to SIMPLE, in fact the method shares
several features with SIMPLE, including the staggered grid, and an iteration

of the the momentum equations which minimises continuity imbalance by means of

a pressure correction.

.
%
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In KFIX, both fluids are regarded as coﬁpressible, and the i%;#:iion is based
on reducing D, for a1—> 0.5, otherwise the iteration is based on D,.
In KACHINA the iteration is based on the continuity imbalance of the
compressiblé fluid. KTIF bases the pressure iteration on the imbalance of the

sum of the volume fractiqgfk a1+u2-l.

In all three codes the pressure change is based on an analyticél expression
for dp/dp. This is most comprehensive in KFIX, where both compressibility
and interphase drag are incorporated in this derivative. in-spite of this
implicit coupling, convergence was found to be very slow. This may be due to
the use of Jacobi point iteration instead of the TDMA line iteration used in
SIMPLE, and also due to the possibility of an inconsisténcy arising when void

fraction changes through the logic transition at o=0.5.

)
[

b
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2.3.4 The IPSA Algorithm

-

The original IPSA algorithm Spalding(1979) was based on the imbalance of
volume fractions, and o, o were computed separately from each continuity

equation (2.21) with D =0
k]

—

4
-

- D, ~ 1~ (ul + az) (2.47)

Clearly a change in each a is required to drive Da to zero. The required
changes were obtained by formulating k2.21) in the upwind sense using m=pUA and

I and O for flow into and out of control volume i.

@ Lm=- EL{em) =0 (2.48)
1 . N
o o I I ..

s

Hence, neglecting changes in neighbouring o:

| fodm- oy gom,
e, L

de.
i

{2.49)
RN

--—dm-is obtained from equation (2.25) as before.

L
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Hence, the equation for the pressure correction matrix can be assembled.

dal + da2 - (Bld+823)dp = -D, ; | {2.50)

This élgoriéhm atteﬁpts to simulate more directly the affect of pressure on

volume ffaction distribution and is thus slightly more implicit than the Shah

formﬁlation. HoweQer, each equation (2.49) has no information on the variation
of the other fluid, and as noted by Carver(1981), the lighter fluid will

- be changed disproportionately-through equation (2.25), and both volume .

fractions will change in the éame direction, an effect which?will not always

be logical.




.
~
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i.3.5 The TOFFEA Pressure Correction and Implicit Void Fraction Algorithm

In o;der to cure the conﬁefgence problems inhgrént in all the above
algorithms, a procedure which.would tréat both fluids conéistently was

. soﬁght. This procedure was developed and reported in Carver(1981). The
neglect of the light fluid conservation in equations (2.45) and (2.46) was due to

v

-Q_'-‘ . . .
the disparity in densities. This problem was circumvented by normalizing

each continuity equation (2.45) by the reference density o to give a : {,/
volumetric conservation equation.
/
2 # ¢ ’ i . !
151 f [(auky)i+ - (ctuA\r)j:_]1 o D1 + D, - {2.51)

1
where Y. " pt/p01' Dl = Dl/pOI'

In this case as Y, = 1, the phases-and their contributions D' to the pressure .
equation-are equally weighted, and a pressure field that impoées continuity in

. each ié-computed.

This equaticn was imblemehted and tested in the 2D two-fluid TOFFEA code.
Further tests showgd that while the ;olumetric pressure equatidn improved
ponseryatioﬁf the rate of convergence was still slow when the continuity
eqyation (2.21) for ope fluid was used to solve for the volume fraction o«

=2, THe reason for this was identified as the absence of information about

fluid 1 in (2.21).
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Ad(£wo linearized continuity equations are to be solved, any linear
combination, will yield solutions. The sum of vo}umetric'continuity equ?tions
was useq‘to derive a pressure equation implicit,in both fluids. The |
gquégzgﬁé used to compute volume fraction must also be implicit in both
fluids for efficient convergence. The continuity equations (2.21) may be_
normalized as before,land then subtracted. Noting o = 1 - % requiring‘D1

- Dy = 0, and using Q for volumetric flux wA. This yields '

=

L]

ir' [01(91 + Q2)5.+ - al(Ql + Qz)i_] - (Qi'l-—- Qi—)Z (2.52)

This is a further linear matrix equation impliﬁit in both fluids, and

. ’ ’ : .
defining the pressure field necessary to drive D, - D, to zero. Hence, the

combination of (2.51) and (2.52) drives both D; + n; and D; - D, ,

S0 Di and D; are also individually driven to zero.

The combination of the volumetric'pressure equation (2.45) and the implicit

volume fraction equation (2.52) in the 2 fluid extension of the 2D TEACH code
was designated TOFFEA for Two Fluid Flow Equation Analysis and is documentéd
in Carver(1983,1984). The two-dimensional equations may be extracted readily

from table 2.1 following note (v).

W
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.2,3.6 An Implicit Version of IPSA

~

Later.vgrsions of IPSA used PHEONICS, Spalding(lQBd), contain a more

implicit formulations s is dayeloped/by solving-equation (2.48) for o,
its equivalent for o, and using the resulting expression to replace I m in
v o
(2.48). | : , _ i

. . ‘
I°’1“‘o"‘
- {2.53)
17 TagmIny + LajnyIny
As noted in Carver(1981), differentiating this gives
do, = (L m, £ 4+ E dm, £ m,)
< Dogm Idmpr o dnylim g
“(LeymyIdm +Iody In) (2.54)

I (] I 0 0L2 .
/L agm, IZm;+ L aym, £ m,) ’
ke B R e B

Clearly, now o responds correctly to changes in inlet and-outlet flows of
of each fluid, so the fluids are now implicitly cdupled. %qually clearly
however, equation (2.54) is cumbersome to handle, and its complexity could easily

. . y
lead to errors in programming.



53

It is instrqgtive to check the response of equatidn (2.52) to pressure change,

First, we put it in upwind form.

o g (Q + Q) - ;‘-"'1 (Q + Q) = (Q, - Q)

(2.59)
. thence
"L oy (dQl+ sz) + L dQZ -t sz - L (dQl + sz)
Go, = L - 0 I . © ' (2.56)
! | L (Q + Q) '

O

L

-

This equation also responds correctly to changes in incoming and outgoing

flow fof.each fluid and is considerably less cumbersome than (2.54).- Hence,

" the equations (2.45) "and (2.52) are superior to the original IPSA algorithm, and
produce the same characteristics as the later IPSA algorithm in a more
straightforward fashion. They also have a further édvantage over IPSA which

will be discussed in section 2.3.8.




54

2.3.7 Two Dimensional Two-Fluid Convergence Studies

Convergence of the various algorithms was tested by investigating separation
of fluids due to centrifugal force in an ideal two—dimensional large radius
elbow. The TOFFEA code was extended to solve the conservation equations in
pola? coordinatesﬂforlthis problem. Various velocities and density ratios

were used and various constant values were used for interphase drag.

lConverged results were obtained for flows at low Reynolds number and low
density ratios using either the Shah scheme of chapter 2.3.2 or the IPSA
scheme of chapter 2.3.6. However, for density.ratioé exceeding 10 these

schemes failed to convérge, and only'the new TOFFEA scheme converged for all
density ratios except for conditions whicﬁ caused complete separation. A
modification was developed to successfully address the case of full

separation, and is discussed below. Typical computed distributions of nass flow
and volume profile, and parametric studies showing the ekfect on void
distribution of inlet velocity and-interphase draé constant are given in

chapter 3.
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2.3.8 Limiting Intermediate Values- of Void Fraction

As noted in the previous chapter, the TOFFEA algorithm of . volumetric pressure
/

quatlon and implicit volume fraction equation was by far the most successful

scheme tested however, 1t broke down under conditions causing compleLe
separation of the fluids. Further study revealed that equation (2.52) would
occasionally generate values of « which violated the constraint «€(0,1). 1If
the solution returns illegal values, integrity of the iteration process is - -
damaged and conservation can no longer be sustained. . It is not sufficient |
merely to correct stray values back into range subsequent to calculation as

(2 52) is a matrlx equation, and the rema1n1ng values which would be

2
affected by such a correction cannot be adjusted approprlately to reflect the
correction. Instead, a means of imposing the bounds implicitly within the'
matrix calculation ;s_requiredn

: ' ) .
A method was devéloped, and'published as A Method.of Limiting Intermediate
values. of Volume.Fracticn in(IteFatibe Two-Fluid Computations in the Journal A

of Mechanical Engineering Science, Carver(1982).

The positivity constraint is imposed by following Patankar(1970). .Equation

(2.16) is rewritten -

Aé =LA S ¢+ S ‘ 2.57
pfp = & Aatn * Sptp* % (2.57)
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or

(Ap - sp) ¢p -:{ Anq:n + sc B (2.58)

The constraint for positivity is that both —Spand 8, remain positive. Thus,

if the source term S¢ has a positive component Sy and a negative component S5y
(SC - S1 - 32’ Sl' z 0, 82 > 0), then equation (2.58) is used with i

Sc - 51 and Sp - Sp—52/¢g where ¢g is the previous value of ¢p. ?Pus

0
the new ¢p will be computed positive, provided only that ¢p is positive.

Patankar also suggests a means of ensuring that ¢p ¢ 1. Unfortunately, this

applies only to equations in which the source term is dominant.  His method is

to monitor ¢g when a particular ¢g approaches unity, to write SC = Sp =

S/(1-¢g), which will return ¢p-1 providing the source terms are dominant.

However, this is not the case in the two-fluid volume fraction equation (2.52).
A method based on under-relaxation was developed and this proved .
satisfactory.

| |
The standard under-relaxation procedure is as follows. Iﬁ order to ﬁromote
_stability, a gertain proportion of the original value is retained in the
solution.. Instead of solving (2.57) d%reétly, to produce ¢;, one préfers to

computé a relaxed value 3‘

r c 0
¢p ﬁ¢p + (1-B)¢p, Be(0,1). . (54)



- substituting equation (2.59) for ¢c

57
Relaxation may be imposed after the solution but again this is a post
correction and may detract from the integrity of the matrix solution. It is

preferable to pre-relax, making the relaxation implicit in the matrix

 solutioft. | Equation (2.57) is thus rewritten in terms of ¢; and ¢g.by

1%

! r m . sl

r ro [ 0
- ? = y— l- A 2' 0
Ap Ap/ﬂ S S—( ‘B) ¢p (2.60)

[

}-
The new prpcedure, developed to sustain the upper constraint, is to again

" monitor current values of ¢g, but to approach unity by means of under-

relaxation. Equation 2.57 jis first solved in point Jacobi form
. \/ © .

R (2.61)

Although (2. 57) is to be solved in matrix form, the p01nt form (2.61) will

give a good predlctlon of the matrix SOlUthﬂ. Thus, if ¢ > (l—e),

'individual point relaxation is applied in the form B = max (1-¢p, Y).

5

The parameters € and y are arbitr?:y-and small, values of 0.05 and 1077 have

proved satisfactory. Equation (2.57) is solved in matrix form of (2.60) with

1nd1v1dually assigned relaxatlon parameters.

%

93
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The method permits the void caleulation to proceed smoothly toward unity or
depart hﬁoothly from unity if necessary, meanwhile ensuring that continuity
:s éaintained thropghout. This algorithm does not require the source terms to
be dominant or even signf%icant, and. does not conflict in any way with the

lower bound constraint.

Finally, it is of interest to note that it is very difficult to impose
gimilar and upper and lower bound constrafggs to the IPSA algorithm of
seétion 2.3.6. This would require doubly constraining d¢ such that.
(¢+d¢fe(0,l) and yould therefore be a much more complicated procedure. The
decision was therefare made not to coﬁtinue investiga;idn of IPSA, but to .

concentrate on the TOFEEA algorithm with implicit constraints on c.

¥ : .
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CHAPTER 3. TWO-DIMENSIONAL PROOF OF COONCEPT STUDIES

Flow of fluids in elbows is known to be three dimensional in nature,
similarily, although single pﬁase flcw through.obsfructidns such as orifice
plates in pipes can be regarded~a§5axi-symmetric, two~phase flow in a
horizontal pipe is clearly three%dimensional.

-

However, three—dimenéional computation is too detailed and expensive,for use

in proof of concept studies, so in order to‘investiqate the characteristics
of various numerical’ schemes, and to verify whether the two £luid model had
the propensity to dupllcate experimentally observed trends, a number of
Jexplofatory studies were completed using the two dlmen51onal code TOFFER, and

are discussed in this chapter.
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3.1 Pafametric Studies

In order to verify that the new algorithm was wofking consistently, a number
of parametric studies were completed. In these studies,_yariogs density
ratios were used and no attemp£ was made to model any-;xperiment; the intent'
was to demonstrate that the computed results would reproduce known -
experimental trends. As mentioned in chapfer 2, early parametric studies
were done using several of the published algorithms. Converged results were
obtained only for flows wiﬁh low'density ratios. However for high density
ratios, or for any condition promoting proﬁouncéd_éeparation, convergence
problems occurred in-all the methods tested. This leé to the development of
the Toffea scheme which was outlined in chapter 2 and in a papef published in

Advances in Numerical Solution of Partial Differential Equations (Carver

1982). ~

The new method was used to simulate phase distribuS}oQRjn straight homizontal

pipes and in elbows in the horizontal and verticaIrpla e.
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3.1.1 Two Fluid Flow in a Horizontal Duct

In a horizontal straight duct the tendency towards separation is entirely due
(

to the gravity term in the momentum equations. Assuming an initial uniform

~ distribution, the v momentum eguations for a strajght rectangular duct

simplify to , . §§ .
: . ‘
0 = ~o 3% + ¥ (v = vy)-eyeg (3.1)
0= —ug %3 + (vl - vg)—u 0.9 (3.2)

99

Adding gives the initial static pressure gradient

B m - (agpy + ogpg)g = - B9 Rt

whereas normalizing by « and subtracting, shows that the initial force

promoting a separative velocity is proportional to density difference.

(vg = vi) = oqag loy - pg)g/w . | o | (3.4)

o
Clearly the light fluid will rise, and this separation tendency increases

with density difference, and decreases with interphase drag. These terms

J

will dominate the computation although-their relationship becomes more

complex, once conditions depart from uniformity and the terms neglected

L]

become significant.

.
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A number of exploratory parametric studies were performed to confirm that the

solution method would exhibit the appropriate trends, -

In the;e studies, only molecular viscobity was used, no attempt was made to
model turbulence‘by means of effective viscosity, and no artificially high
viscosities were used to stabilize the computation.l The interphase drag-’
functio s implemented as a constant multiple of réiative velocity between
sés, thus drag will increase with both velocity magnitude, and relative

velocity.

Typical results are illustrated in Figure 3.1; which_shows vegtor plots of the
velocity fieldnbf'phe heavier phase for four uniform inlet vélocities, namely
0,1,10,100 units, with a drag function y=1, and a gniforntinitial value of
volume fraction of 0.5 and a density ratio éf 100. In order to promote
convergencé, all values were initialized to entry values, hence the w=0 case
simulates a settling préblem. Vectors are shown in this case, as although

the computed velocitie; are effectively zero, they have direction. The
settling case Figure 3.1a, is quite a rigourous test of the numerical
procedure, as it yields full separationt The rémaining cases show decreasing
amounts of separation with increasing velociﬁy.' © |

b

ie
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'3.1.2 Two Fluid Flow in Radial Elbows

The situation for radial elbows is more complex, as in the general case there
are‘two forces which may promote separating,” the gravitational férce and the

- centrifugal force. Their influence on separation tendencies may be obtained,
[J ) . -

as in the.previouﬁ section, by subtracting the v equations for an initially

uniform distribution to give the initial relative velocity

-2 .
(vg = vy} = oqa (o) =0 (9, = “5 ) - (3.5)

For simplicity, the above assumed w1 ~ w2 ~ w, and used = gsing, &=0. In
mp Y gy ,

thié case it is clear that for a bend in the horizontal plane in the absence
of the gravity term, the heavy flyid will always be driven to the outside of
the bénd, and the separation rate will be proportiocnal to wz/R. For a bend
in the vertical plane, this separation tendency may be increased br decreased
by gravitngepending onlthe angular positién $. For ¢=0,180° gravity has no
effect, for ¢-9Q° gravity counteracts the centrifugal fo;ce, and for ¢=270,
it augmeéts-;he centrifugal force. These relative effects ma§ be expressed

by means of a modified Froude number.

. -
Fr = wz/Rgsin¢ :hxk%_ (3.6)
T M

If Fr exceeds unity, centrifugal forces will dominate, otherwise gravity-will’

- . .
//Séom1nate.
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Several parametric studies were completed for elbows in a horizontal plane,

‘to separately examine the effects of radius, ,velocity and interfacial drag. '

1z

The effect of-éqgvity was studied subseduengly., Figure 3.2 shows mass flux
profiles for three inle£ veiociéies for a éiven radiﬁs R. Note that

separation clearly increases with w. Figure 3.3 shows that increasing the

beﬁd radiﬁs decreases separation. Finaily,'Figure 3.4 sho;s'the effect on the

distribution of the heavy phase of three values of inlet velocity, and three

values of interphase drag.

- .

A césé of special interest is the setfiing problem (w=0) in a vertical
elbow. This turns out to be a far more severe test than settling in a
straight duct, as'circulatibn currents must be established during the
calculation to permit the fluids to migrate. This case would converge only
Qith considerable relaxation using the SIMPLE based procedure, but conyerged

quite readily using SIMPLER. (See chapter 4 for these procedures).

(4

3.1.3 Discussion of Parametric Studies

These studies were intended to demonstrate that the computational algorithm
woulkd-produce the appropriate trends and would converge satisfactorily while

doing so. COnce the héthqd of incorporating the bounding constraints on the

volume fraction giscussed in chapter 2.3.7 were implemented, no problems were .

encountered with convergence. The computed trends were correct.

- P,

Attention was then turned to modelling experiments in which phase

f

distribution effects had been measured,

&
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3.2 Two Dimensional Simulation of Flow Around Bends

As the parametric studies illustrate that the numerical procedure performed.
adequately, the predictions of the two dimensional code were then compared
with experiments in bends. This comparison can be regarded only as

preliminary, as the flow in bends is known to be three dimensional in nature;

o single phase flow is known to set up secondary flows rotating in the cross-

sectional plane.’

3.2.1  The Experiments of Gardner and Neller

Gardner and Neller (1979) measured distribution of air and water in elbows,
giving.void fraction profiles'at several stations in the bend. .In the
experiments, the rig consisted of a vertical of 6 mm ID pipe followed by a '
90° elbow and then by a.horizontal pipe as showniiniFigu;e 3.5. Measurements
_ were taken at stations A throegh G. This is a particularly,interesting
problem to analyse, as the effect of gravity appears first axially, then in

_ oPposi;ion to the centrifugal force, then finally’perpendicular to the axis.
The experimenters reported that phaee distribution was substaﬁé}ally
symmetric and fairly uniform in the plane normal to Eﬁe bend. Tﬁus a two
dimensional analysis can.be expected to capture "the relevant trends in the
plane of the bend. The intent of performing comparisons with thls experiment
was to demonstrate in two.dimensions that the two f£luid code was capable of
:.simulating experimental trends before launching a more expensive three -

. o _
dimensional simulatiom. .
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Gardner and Neller actually used two different bénd radii, however only one
radius was used in this preliminary comparison. Further comparisons with
poth radii were made subsequently with the thfee dimensional prqgrﬁm. These
are discussed in chapter 5 together with a number of other bénd experiments.

¢

Before attempting comparison however it was necessary to replace the constant
- - ' N t
values for interphase drag used in the parametric studies, with a more

rrealistic model. ' ' -

[ ]

3.2.2 Preliminary Interphase Drag Model

A detailed model of interphase drég,'and also of effective viscosity due to
turbulence is considered later in chapter 5. For these preliminary studies

the interphase drag formulation for bubbly flow is taken following a

recommendation given in a recent survey by Lahey (1979) . 7 ' -
1nterph?se drag ng”:“ 3/8 Cy @ p, |vr|vr/rb (3.7)
cpegicient c, =6.3rel 773 (3.8)
d b :
bubble Reynolds no. Reb = (p/'p)1 Vrdb (3.9)
. .
bubble diameter 4, = .003 - ©(3.10)
bubble, concentration . = 3a/dnr) o (3.11)

These formulae, and appropriate extensions will be discussed in more detail in

chapter 5.



152 mm ‘.ﬂ.
!
I‘
.
S
2m )
\ Y
— A ’
o 3 -\./

u

Fig. 3.5 Geometrical Specifications for Bend Exber‘iments_
of Gardner and Neller [1979)

-t

.j, .



[l

S O m s

72

3.2.3 Comparisons with Gardner and Neller

-

Typical volume fraction profiles compited by the code are shown in Figure 3.6.
In the riser, the air does not change much from the imposed distribution. In
the bend the centrifugal force drives the water outward, dieplacing the air
inward, until the increasino influence of gravity starts to reverse this -
trend. Flnally in the horizontal pipe, the distribution is fully reversed
and the air returns to the outer surface, Note that this computatlon is a
severe test on the integrity of the algorithm as both fluids cross the pipe

é? during the transition of void fraction en the outer surface from ef%ectively

) A, .

" zero, to effeotively unity.

TwWO partioolér cases were used to compare with results from the TOFFEA code.
Case (a) has an inlet ve1001ty of 2. 44 m/s, and an average 1nlet void
fraction of 0.375, Case (b) has an inlet veloC1ty of 1.77 m/s and an 1nlet
void 6f 0.13. Measurements showed that void gistributlon in the planes
normal to the bend was relatively unaffected by position, so the results

taken by traverses in the plane of the bend characterize the distribution.

Computed and experimental void ptofiies for the .two cases are shown in Figure
3.7. Note that the trends in void fraction variation are followed
approximately by the code. The 40% indrease in veloc1ty between the two
cases is sufficient to displa : point at wthh gravity overcomes the

. centrifugal force from station C in case {(a) to between stations Dgand E in

case  (b).
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The computatxon appears to reproduce this shift reasonably well, although
the air is c;r@ﬁféﬂ‘tﬁ\fhift to the top of the horizontal pipe rather less
rapidly thar in the ex iment in case (a) and more rapidly in cas;-:b) ‘ | »
Also a rather odd kink in the computed void fraction profile oceurs in both
cases. A
-
‘Some of these discrepancies may well be due to three dimensionality or flow v
regime diffefepce, neither of which can be resolved by this model. However
agreement was sufficientlg good to motivate further invespigation, which is
pursued 3pzchapter 7. -, o

This study was publlshed together with a descr1ptlon of the numerical
method-in an ASME paper, Carver (1982) and subsequently revised and

published in the Journal of Fluids Engxneerlng, Carver (1983).

-
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3.3 Two Dimensional Simulation of Flow Around Obstructions

It is well known that an obstruction in a two phase flow stream tends to
' redistribute flow and promotes mixing of the phases. However studies are
needed to quantify these effects in more detail. Gardner and Neller also
studied flow obstructions, but,in.this case their data‘was not sufficient to
Qarrant detailed comparison. However, Salcudean et al (1982) reported somé

detailed phase distributions.

3.3.1 The Experiments of salcudean et-al -y

ﬂhese experiments studied the effeét of flow obstructions on pressure drop
and void distribution in horizontal air-water flow,. They confirmed that a
flow obstruction causes several separately identifiable but related local
phenomena: (i) a pressure dfop, (ii) a mixing of two fluids (iii) an
attendant decrease in local air velocity resulting in (iv} an increase in
local void fraction, and (v) an eventual return to stratified flow together 

with (vi) partial recovery of pressure.

The test section was a 25.4 mﬁ ID horizontal plexiglass tube 3 m long. Air
and water flowed at éeiected rates through a mixer and a 3 m long approach to
establish flow prior to the test section. Void fraction was mdasured at 1
three sﬁations using-an optical probe. Two obstructions were used

separately, a central disc and a peripheral ring.

-

Typical results for peripheral and central flow obstructions each blocking

25% of the flow area are shown in Figure 3.8 and illustrate the phenomena

mentioned above.
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It was clear that the mixing caused by the central flow blockage was far

greater than that caused by.the peripheral ring.

3.3.2 Comparison with the Experiments

It was of interest to krow whether the two fluid model contains the basic
mechanisms to simulate these phenomena. Again thése effects are dlearly: of a
three=dimensional nature but can be sufficiently characterized in a two
dimensiqnql model to provide an adequate proof of concept. A two dimensional
model was used wifh the height equal to the pipé diameter. Similar water and
air flow rates and volume fractions were used, and the code computed
subsequent pressure drops and.phase.and velogity distriﬁution. To simuiate
the mixer, uniformly distributed veiocity and void was assumed at enfry.

. B o . N
In_order to.illustrate éhe featufes of the floﬁ, demonstratipn problenms at

L

50% entry void fraction Qere comﬁuted as khis )ﬁgldg easily fnterpreted flow .
field graphs. Examples are shown in figures'§79 and 3.10 for both the

peripheral and central bbstructioné. Each figure shows vector fields of
volumetric flow (wa) for each fluid, and a bar chart of void fraction «.
.Specific computed values of §oid fraction and Flip ratio are shown in Figure
3.11 for local centre-line conditions and overall ctoss-sectional average

conditions.

. -
Y

As the initial void fraction was uniform, the tendency to stratification can
be observed in Figures 3.9 and 10, but only the test section was modelled in

the computation, so fully developed stratified flow was ﬁot established.




”réproduce experimental conditions. In spite of these approximations, it is
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An overall impression of the nature of velocity and phase distribution can be

gleaned from the flow fields depicted in Flgures 3.9 and 10, particular
details can-be extracted from the graphs of slip ratio and void fraction in
Figure 3.11. Note that the trends in void fraction and slip are also in
agreement with the experimdnt. In‘particular, thejslip can be seen to
increase in the plane of the obstruction and decreage markedly just ’
downstream, such that both local and average void increase well above the
upstream values.l This is also compatible with the experiment. Further
downstream, pressuré recovery generates an increase in slip and decrease in

void. This is computed to occur faster for the peripheral obstruction than

for the central one, again as in the experiment.

e I ) _

Because this was a feasibility study in which no attempt:was made to simulate

the three dimensional nature of the flow, no attempt was made to precisely

1

clear that the numerical simulation reproduces the main phenomena of
interest, and that this agreement is sufficient to encourage proceeding with

a three dimensional s§mulation. This will be discussed in chapter 5.

This study was presented at the Sth IMACS meeting on Numerical Methodé for
Horizontal Differential Equations, and subsequently reviewed and published in

Mathematics and Computers in gimulation (Carver and Salcudean, 1984).

&
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3.4. The Twin Subchannel Experiments of’Tapucu

The Experiments of Tapucu et al(1980) also characterize phase redzstrlbutlon
for air and water flowing in geometrically similar horizontal éommunicatlng
channels. Experiments were run at the same mass flux for each channel but with
different iolet void fractions. An interesting feature of the experiments is -
. that the exrhange between the channels can be éithor co-current or counter-
current depending on the pressure drop and position. In the particular case
of horizontal flow, with one channel above the other, when the lower one has
the higher void, both forms of cross-flow occur. Because of the inérease in -
pressure drop .in the hlgh void channel, pressure forces both air and water
from the high void channel to the low void -upper channel 1n1t1a11y

_However, further downstream, preSoure equalises, gravity becomes dominant, and

the air then flows up and liquid flows down. ' s,

" These experiments have been simulated in some detail using the ASSERT

subchannel code, and the comparisons are reported by Carver et al(1984).

The redistributicn of ;oid and mass flux are illustrated in figure 3.12, along
with the results predicted by ASSERT. ASSERT computes the longitudinal
variagzons in the channels but cannot estimate any laoeralldistribution in

the cross-section of the chamnels, and in fact this was not measured in the

experiments. . ) K
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“However, as the Toffea code can model lateral distributicon, it is 6£
.1nterest to know whether it will predict the sane type of cross-over from
'co—current exchangeé initially to eventual counter—current exchange. Figure
3.13 shows the computed liqu;d and gas mass flux vector fields arid void
profiles for the two channels. Note that indeed, liquid does flow upwards
in:i;the upper channel co-current with the air initially, and that the

- counter—current exchange is established further downstream just as in the

experiments. Fig. 3.14 shows computed fields for the case in which the two- _

phase channel ,is above. In this case, as in the experiment, there is very '

little phase exchange.

No further_comparisongmwere made because of the lack of data on lateral

-

distribution.

Computer Simulation:.; Carver(1984).

2
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CHAPTER 4.0  THE THREE DIMENSIONAL TWO-FLUID ALGORTTHM -

g ]

The fact that the tWO*dlmenSiODal computations were successful in simulating.
a number of measured trends in phase redlstribution provided encouraging
motivation to attempt a three—dimenslonal simulation. The TOFFEA two-fluid
algorithm described in the previous chapters was used in all the preliminary

studies, but three—d1mensiona1 analysis is required for detailed modelling

of phase distrzbutlon.‘,The methoqglogy developed for Toffea was extended to

three dimensions without requiringjany changes in philoséphy, although the
implementation was considerably more‘complicated in 3D. The reSulEing code

can be used for single or two-fluid flow. The code was named FAITH for Fluid

~ Flow Analysis In THree dimensions. For single-fluid flow, the overhead

required to store variables for the second fluid can be, minimized easily by
changing parameter statements in the code. This chapter Gutlines further ——

details of the 3D solution algor;phms, and discusses schemes to enhance

-
-

’

0
@ )
y ¥

convergence.

4.1 Iteration Sequence

The two-fluid computation follows the éequence detailed in Table 4.1.

.“
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TABLE 4.1

ITERATION SEQUENCE OF FAITH

Step Purpose _ Routine Eqguation
1 Executive Routine direct stéps 2-12 " ExEC -

2 Initialization of Grid Parameters . INIT -

3 Computaﬁion of viscosity-and density * PROPS 2.39
4a calculate © velocities U CALCU 2:3
4b o _Repeat 4a for second fluid if required + CALCU

S5a Calculate r velocities v | CALCV 2.4.
5b | Repeat 5a for second fluid if required caLcv

6a . Calculate z velocities w and apply plane ' . CALCW 2.5

by'plane flow continuity
6b Repeat 6a for second fluid if required CALCW
7 . Compute preséure:correction and apply ‘CALCP 2.51

velocity corrections

8 Compute volume fraction if required CaLAB 2.52

9 Compute turbulence energy if required CALCK . 2.40
10 Compute dissipation if required _ ' CAILCE \ 2.41 |
11 gheckwﬁonvergence and time limits. If EXEC - .

' o

required, repeat loop starting at 3.

12 Call for termination output and plots VECTOR
The following are called by all the CALC Routines

- "Boupdary Condition Routine PROMOD

Triagonal Matrix Solver LINEQN

)



4.2 3p Matrix Solytion - ‘. a | , ‘ f

b - e
Hav1ng outlined the method of reducing the equations to standard form and
qhow the solutions are combined into an overall iterative scheme, the matter
of how the standard matrix equations are solved must be addresged. As the
equatfons are three dimerisional, direct solution is costly, so ;n iterati;e
scheme must- be used._ For one dlmension, equation (2.16) can be solved by
tridiagonal Gaussian elimination. A two dimensional iteration can be solved I
by succe551vel§ cycling a tridiagonal several times through the 'second
dimension, or altérnating direction methods can be used in‘which first the x,
then y direction is used in the tridiagonal algorithm. Finally, in three
dlmen51ons, various cyclic plane by plane or ‘alternating schemes can be, used.
These are discussed by Von Rosenburg (1969). Single and double_direction
alternating schemes were examined in the ‘two dime;sionaliprototype two-fluid
code TOFFEA, preparatory.to launching a 3D calculation. The standard
tridiagonal élgorithm was found to be qulte satisfactory, partic&larly in
view of the fact thaé an exact solution of the inner equations is not  —~
reguired during the overall iteratiggb, ) ;. )
The three-dimensional 2-fjuid FAITH program is based 5rimarily on a version
of the single-fluid code 3DTEACH, obtained from Dr. Gosman at Imperial
. College, Restivo et al(1980), extended to incorporate work done on the 2D
_éingle-fluid version of TEACH, Salcudean and Abdelrehim(1980), and a 3D single-
fluid sequel, Salcudean et al(1985), both obtained from the University of

Ottawa. The 3D TEACH code was cartesian.




-
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t

In addition to develbping th& two—-£luid option by incorporating the TOFFEA

algorithms in FAITH, cylindrical and toroidal coordinate options have been

., added and verified.

In three dimensional computation, savings in storage may be made by using

. marching téchniques which solve the problem plane by plane in the direction

of the flow regimes, however, these are confined to truly parabolic flows in
which the effects of downstream condxtxons are not propagated upstream
Patankar{1980). As it is known that bends and significant flow obstructions

do influence upstream conditions, parabolic computations cannot bé used, and

- the minimum computational requirement is to use a partd lly parabolic scheme

such as that introduced ?y PraEEp (1976). This aéain usges a plane by plane
solution but uses a more detailed treatment of pressure. However; as pointed
out by Pratap, this procedure is not adequate for strongly curv ducts in
which recirculation may occur, sO an elliptic solution proce e is used in
the program. Iterated plane by plane solutions are used ié:ihe momentum
equations in the lateral plane, a plane by plane solution plus block pressure
correct;bnlis used in the axial momentum equation and a fully elliptic
equation is solved for the pressure fields. Full details of this methoé for

the single-fluid case are given by Restivo, et al (1980).

- B
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4.3 Convergence Enhancement .

‘Because of the considerable expense involved in chp%gting a 3D calculation,
it was necessary to spend some effort on improving.co;vergence. Some
‘convergence enhancement methodg were investigated. In particular, it
was found helpful to extend the various procedures recomended by Van
Doormaél-and'Raithby (198{) to three dimensions and to two fluids. These
include the SIMPLEC variation, monitoring residuals and overrelaxing the
tridiagonal solver. A block correction, as recommended by Latimervgnd
Pollard (1985), was also used. The SIMPLEC variation is effective and can be
implemented readily withﬁut modification as described in Appendix B,'éhe

other devices required some extension as discussed below.
4.3.1 Axial Block Correction

Following computation of the axial velocities w in each of the k planes

a block correction is applied to impose axial continuity. The
correction is applied by incrementing all the velocities in the plane by
an amount computed from the difference between the total inlet flow and

L
the integrated flow through that plane. This accelerates convergence in

the single phase case, providing the flow is not strongly recirculatory.

amy B <[(apw)y = (apw); ) A 7  (4.1)

. dw = —Amk/'zij(aph)ij L | (4.2)

¥iak™ Vit (4.3)

d(am )/dp = Eij(anhdw/dp)ij | - (4.4)




3 .

whence 7 _ -
dpy= ~tm,/ £y 4 (apAldw/3p) )y 4 ' (4.5)

For the single phase case the application is straightforward, but for
the two-fluid case it was necessary to develop a variant.: Initially e
a scheme was tried in which 8w was calculated for each fluid separately
' followed by a pressure correction for each fluid. This led to poor
convergence. Satisfactory convergence was obtained by computing the
individual flow correctiong, but applying only the pressure correction
derived from the water flow correction, using the rationale that the
pressure field is dominated by the heavy phase.

ll .
Finally a new approacﬁ.was developed in which a block pressure correction
was derived to be compatible with the full pressure equation. Thus the
block pressure correctiop is that required to driQe the sum of the

volumetric flows to zero.

ome= I &m . . (a.6)
aem, )/%p = I (3bm /2p) |
= I,{ I;(ahdu/ap), ) (4.7)

5By~ —EIAmI)/zl(zij(gAaw/ap) (4.8)

151
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It was also found more appropriate for two-fluid flow to base the flow
correction not oﬁ the average axial flow correction obtained from 4.7, bﬁt on
individual corrections based on the‘resﬁiting block pressure correction.

8wi K™ (aw/'ap)l:lk ' _ {4.9)

-

For the single phase case the two corrections converge equally well, but
for two-phase cases, 4.9, referred to as DW, always behaved at least slightly
better than 4.7, referred to as AW. Figure 4.1 shows the cdnvqrgence

obtained using both corrections, for a vertical flow case, and the bend

reference case given in Chapter 7. The two methods perform equally for the

former case but for the latter (4 9) is superior.,
While convergence is usually fairly smooth, it is sometimes necessary to
adjust relaxation factors. The factors usually employed for
[ufvrwtpr.alkrelﬂ}
were

(.7, .7, .7,.1., .3, .5, .5, .5}

A faster rate of convergence would be more pleasing, but, as shown in the

figures, the single phase algorithm is not beyond improvement. As the two
‘ .

fluid option was added incrementally to the single phase framework, any

improvement in the latter will also be reflected in the former.
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'4.3.2 Over—relaxation in the Pressure Equation .

o

The over-relaxation method was implemented to accelerate convergence in the
pressure equation, and residuals were monitored, both as recommended by

Van Doormaal and Raithby(1985) in their two-dimensional single fluid studies.

This method attempts to compensate for the fact that during the curfent sweep

of the tridiagonal ADI solver, the terms on the alternate diagonal would

also be changing in an amount roughly proportional to those currently being
updated. The equation to be solved is :
y

appp= aPo*t 3D+ ap+ ap+ b (4.10)
. " '

This will be solved by sweeping along the i lines implicit in j'and then

- L e

aioﬁg the j lines implicit in i. Thus while sweeping the j lines, for

example,p 'Pe and p  are updated, Pg has just been updated, but

P
Py has not. The assumption is made that Py will change in a like

manner to .
' Pp

Pn,new™ Pn,old" (pn,new_ pn,old)
= Pph,014 * _(_&—1)(pp'new— pp’old) L | (4.11)
Hence 4.10 becomes :

(ap— an(ﬁ—l))ppn a bt a p + ap .t an(pn—(ﬁ—l)pp)old (4.12)

A value of B=1.8 is recommended. The mirror image of (4.12) is applied in the i

sweep.
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For this study, a three dimensional equivalent was derived, and it was found
useful to use two B factors one for the inner and outer loops. The extension

to incorporate k sweeps is self evident:

(ap—(ﬂj_l)an+ (ﬂk-l)ad)pp- 8gPe* awpwf agPgt ayPy

L]

+ an(pn—(ﬁj-l)pp)old + 34(Pg (B -1)p ) 1 g (4,13)

Again the equivalent expressions follow-By~analogy. As the outer loop is less
closely coupled than the innef‘loop in the sequence, it was found thaﬁ a
smaller vaiﬁe of Bk was necessary. The set Bj=1.75, ﬁk=1.35 was found

to give good convergence while larger values of By occassionally diverged.

Convergence was assessed by moni&pring the residuals :
Reum = Eijk | En(anpn+ b - appp) | ' {4.14)

The pressure equation was set up to complete a maximum of 8 sets of three
ADI sweeps, residuals were{srecked, and the sweeping was terminated

if for the m’th sweep :
%

' Reum$ 0-1 R, ' _ (4.15)

Usually for the B values above ,'only 2-3 sweeps were required , however
for p=0, the criterion was rarely met with 8 sweeps. This is illustrated

in fiqure 4.2.

Appendix B outlines further details of the solution algorithms required.
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4.4 Numerical Diffusion
f
The formulae used to interpolate variable values at the control Qolume'faces
_afe discussed in Appendix A . Unfortun?tely there are}two considerations in
the choice of formulae which conflict, stability and accﬁracy. In the
Appendix, it is shown that the low order upwind formulae preferred for
stability, introduce an excess diffusion into the equations. Work on
minimising false diffusion by using higher-order'upwind formulae has been
restricted to date to two dimensions. While it is often possible to mimimise
false diffusion in 2-D by choosing a very small grid spacing, this is rarely
possible iﬁ 3-D, particularly when available computer'memory‘is limited or .
relatively unlimited- but expensive.{One complete run costs about $600 on the
€DC 175 computer in prime timel: False diffusion thus remains a sigpificant
impediment in 3-D calculatieps, however if the current 2-D methods of
minimising the problem are extended to 3-D, there is no reason why they could
not be used in the current algorithms. The topic has been reviewed recently -
by Galpin, Huget and Raithby(1986}, and is diécussed further.with reference
to the current study‘in Appendix B, where it is concluded that the
obstruction cases of chapter 6 are prone to more severe numerica; diffusion

than the bend cases of chapter 7.

- ..
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CHAPTER 5. DETAILED MODELLING OF PHASE DISTRIBUTION IN VERTICAL PIPES

In chapter 3, the two—fluid model was used in simplified form to demonstrate
that tﬁe mechanisms controllifng phase redistribution due to bends and
obstructions could be simulated., In order to undertake.more detailed
comparisons with experimentél'data it ié'necessary to review the equations in
detail and incorporéte more realistic models of interfacial momentum egchange
and effective viscosity. Althouéh detailed measurements of velocities and
phase distributions in bends and obstruqtions are rare,-.a considerable number
of ﬁﬁudies have been reported on vertical flow of two phase mixtures in’
‘vertical pipe in the bubbly regime, and these have revealed important
characteristics of bubbly flow which are now discussed.

- . r

5.1 Overview a

Phase distributions in two-phase flow are rarely uniform. For calculational
purposes the gaseousrphase, or‘void, is commonly considered in vertical f;ow
' to be distributed in a power law distribution analagous to a velocity
profile. This distribution was notgd by Zuber {1960) and 1ed.£o the well
known Zuber~Findlay (1965) distribution parameter analysis. At the lower
void frgcpions characteristic of bubbly flows however, a concentratiqn of
bubbles close to the wall has been noted by a number of investigators, and it
has been e;%QE}ishea.phat this phenomenon is not a product of the method of

. bubble injection, but is in fact an intrinsic property of the flow which |

develops even for uniform bubble injection.
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The phenomenon was first reported in detail in Malnes (1966), and has been
confirmed by a number of investigators including Inoué et al. {19#6), |
Serizawa et al. (1975) and Sato and Sekoguchi (1975). It was also noted by
Usui et al. (1983) in their measurem;ﬁts of void distribution in vertical
inverted U-bends. Very recently the subject was reviewed by Beyerléln et 51.
(1985). The review by Beyerlein does not mentioﬁ the data of Malnes of Usui
et al., however otherwise it is quite comprehensive, so previous work will be
diséLSSed only briefly here and the reader is referred to Beyerlein et al for
further details and references. ‘

In particular, several of the theories mentioned, such-as Zun et al. (1975)
and Rouhani (1976) concentrateq on rotation of the bubbles which,” in non-
ﬁhifoqm velocity field, can be related to the radial gradient of axial
velocity, which in turn is a function of effective viscosity. Serizawa et
al. (1975) and Sato and.Sekoguchi (1975) .proposed that, in bubbly flow}:the
turbulent structure of the liquid dictates the phase distribution. They
developed an expressibn for effective'twn-phase turbulent visc;sity which is
dictated primarily by the liquid viscosity, but is also modified by a term
introduced to simulate the effects of bubble agitétion. Sato et al. {1980)

extended this effective viscosity concept to calculate

locity profiles of
the liquid phase:from given profiles of void distribution.\ The calculated .
profiles show good agreement with thgir measurements and with, those reported
by Serizawa, and Inoue. They also demonstrateg that bubbies introduced into
glycerine caused departure from lahinar flow EbwardS—tuEbulent velocity

characteristics and distributed in the same wall peaking pattern.
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Drew and Lahey (1981) Eeduced the adiabétic two—éluid continq;ty and ‘momentum
qu;tions established by Ishii (1975) tolthe caée of fully develqp;ajflow'
(zero transverse velocities), and were able‘tﬁ arrive at an expression for
the radial profile of void fracfion in terms of the components of the
Reynolds stress tensdrrigjthe liquid. By us?ng optimizati;n techniques to
adjust thé‘free parameters, they'were:able to fit the data of Serizawa, but
fodnd'that it was not possible to obtain a good fit under the constraint of

isotropic turbulence strucfure; it was necessary to permit anisotropy. No

-predictions of velocity profile were made. \

. N

Most recently, éeyerleiq et @l. extended the analysis of Sato and Sekoguchi

to estaslish a diffusivity for the form of the void transport equations
derived by Zun et al. Using an assumed form of the liquid velocity profile,
thé& wére able to calculate‘deugigg}ng and fully developed void profiles which
theﬁ ma;ched with measgrements from their own experiments, again by adjustigg\/

empirical constants.

’
&

Clearly these previous works have contributed greatly to tﬁe understanding of
the phenomena, Eut all the analyses suffer from three deficiencies which
limit their-versatility and.renderxthem'inappropriate for use in general
engineeriné calculations. First, each has been obtained py pafameter fitting,
specific to the data under consideration, and second, they calculate either
v01d profile or liquid velocity but not both. Finally, they appl§ only to
vertlcal pipes and cannot be applled to bubbly flow in other topog:aphles

In particular, -for bubbly flow in horlzontal pipes or in bends, the

gravitational and centrifugal forces overwhelm the delicate balance of .
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lateral forces which exists in vertical flow.-

For generally appliqable 3D two-fluid calculations it is necessary to invoke
a turbulent model to obtain reasonable agreement with the velocity
distribution data. In this gtudy, velocity and void profiles in vertical
bubbly flow computéd using a modification of the k-& model are compared to
reported data. Although the results are perforce not so accﬁrate as those -
_obtained by fitting free parameters to the data, both void and velocity
distributions are computed éimultaneously, and agree quite well with observed
data for vertical pipés.\ The technique is not restricted to vert?cal pipes,

but also can be applied in bends and horizon!!l pipes.

v .- . : .



resultant of,a number of components : momentum exchange due to phase change
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5.2 Interphase Momentum Exchange

The conservation equations for steady two;fluid flow are written using
the principle of ?nterpenetrating cohtinua introgdced by Harlow and Amsden
{1971), and discussed at lengtﬁ by 1shii{1975)., Hence the equations for .
each fluid are analagous to the single phase equations, except for the terms

involving phase interaction. Ishii(1975) and Drew and Lahey(1979) state the'

equatioﬁs as follows:

Continuity

v.(apU)1 =T 1=qg,1 Ly = - rg _ ) (?.1)
For adiabatic flow , the mass exchange TI=0. .
Momentum |
V.'(apUU)1 = —V(up)1+ (ap)lg +.Vza1(TL+ TT) + M11' (5.2)

As discussed in chapter 2.2.4, in the equations, the turbulent fluctuations
have been extracted by the usual averaging practice for single-phase flow to
incorporate the resulting Reynolds stresses in the effective stress tensor

such that

=Tt | (5.3)

According to the above autﬁgrs, the interphase momentum exchange is a

the difference in phasic pressures, drag, virtual mass, lift, and components

due to the Basset and Faxen forces.

-.

-
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M, =M

" r +pVa + Mdp+ Md+ Mom* M+ MB+ M. | (5.4)

For the case o% separated flows the difference in phasic pressqré is
important, but for dispeféed flows, Drew and Lahey argue that the momentum
exchange due to phasic pressure difference is insignificant. For adiabatic
'flow there is no momentum exchange due to phase change. The lift force on a
sphere is due‘t6 tﬁe interactiqn.on the dispersed Phase of the relative

velocity and the shear in the continuous phase.

MLn CL(UC—.ug).Vuc _ (5.5)

-

This force is ;mportant in slow vistous flow, but according to Drew and
Lahey, is of no significance in air-water flows.
- e |

The virtual mass term is of considerable importance in transient analysis

\\tﬂﬁspresents the force required for one fluid to accelerate the other. A
number: of different forms have been postulated to simulate virtual mass
effects , and in one dimensional analyses, the most prevalent approach is to
choose,a form wthh ensures hyperbolicity of the ‘conservation equation set,
" llancox and Banerjee(1971). In general the term is a function of volume

fraction and the velocities.
’ B

Mvm=c (a,v vd) . {5.6)
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The effect of the history up to time t ofathe relative motion of a sphere in
liquid is expressed in terms of the Basset force. So00(1967), points out that
this is significaﬁt for creeping flows.

\

' }
. Fgm =L5egl(re ) L tav_sat) Ae-taee (5.7)
Another influence is the Faxen force . ‘ f
3.2 .2 |
FF- nry pcd w/dy” . . _ (5.8)

This expressés the influence of fluid velocity gradient on the sphere.

Drew and Lahey recommend against attempting to specifically incorporate the

Basset and Faxen forces in two-fluid flow analyses, because there is

insufficient knowledge of their effect in groups of bubbles in gas-liquid

systems, hence M, and M. are omitted. The most significant term in

interphase momentum exchange is the classical drag force. This is usually

" expressed in terms of a drag coefficient.

2 .
My~ 3/8 agp Cplu - ug) /Ty et (5.9) —_

Finally'although virtual s is a_transient force, its effect in steady
staté is not necessarily zero, as-thé_;iucguating components probably will
result in a net residual effect as in the Reynolds stresses. In this study,
rather than attempting such a residual-term by averaging the various
formulations of virtual mass suggested in the literature, the term has been

-

treated as included in the turbulent stresses in a manner which is

]

discusséd below.

——
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With the above assumptions the conservation equations now reduce to the
simpler form used by Drew and Lahey (1981), and Apizadis {(1985).
(\ -

}
v - (apU)1 =0 (5.10)

v - (apUU')1 = -a VP + (ap)lg + 7 (uTE)1+ p Y {5.11)
In one dimensional analysis the effective stresses are usually incorporated
in a friction factor, and two-phase multiplier. In multidimensional analysis
a model of the effective turbulent stresses is required, togéther with a

method of incorporating two phase effects.

By assuming fully developed flow, u=v=0, V-u=0, Drew—aﬁd Lahey showéd that

equations (5.11)in the transverse plane only, reduced to:
-alVP = 9P + T - (apTE)1 =0 {5.12)

Clearly, equations (5.12) can be manipulated to eliminate the pressure gradient
. ~t

terms, leaving an expression which relates the gradients in void fraction

profile to the gradients of the stress vector. For incompressible fluids,

this is:

Dol - ¥ (aTg) -1y =0 _ (5.13)
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Drew and Lahey then simplified further by assuming that the stress vector in
the vapour phase was proportional to that in the liquid phase, and by making
fairly standard assumptions about the form of the elements of the liquid
stress vector. As noted above, they were then able to fit the data of

Serizawa by permitting the stress field to be anisotropic.

Sato and Sekogucﬁi also worked on the assumption that the liquid phase
turbblence de iséd bubbly flow characteristics, but instead of expressing
vapour phase ~rbulence stresses as a multiple of those in the liquid phase,
they merely modified the.liquid phase stress vector to allow for the prcsence
of bubbles.

TE = '!.‘L + TT +‘TB

= (1= @) (o oy o) o (5.14)
pey = koed Woo) ‘ (5.15) -
. | | o
R, w 1/72 r 2 r 2
U= kTg (p—' ) (1 - (E )71 1L + 2 (ﬁ )71 Py (5.16)

1

T,, can be obtained using the usual one dimensional friction factor analysis.

if the voiq profile is known as a function of r, then the velocity profile

may be obﬁgined by integrating (5.14). 1In a subsequent.paper, Sato et al.
(1980) devised a more complex form of (5.15) and (5.16), introducing a standard
exponential multiplier in both equations. This led to better agreement witﬁ

the data close'Eo the wall.
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Beyerlein et al. developed a void propagation equation from {5.9). For
axisymmetric coordinates, (5.9) becomes for the vapour phase:

=2

1
JNT:

(ropv) g 2 (apw) = O . - (5.17)

Assuming constant density, and that the relative velocity in the vertical

direction is the bubble rise velocity gives:

® - ‘ o (5.18)

Wg - Wl + W
dct 1 1 .
ﬁ-—m‘f 'Ef(rotv ) ‘ {5.19)

They further propose that the effective bubble flux is composed of two
components, a convection flux due to the rotation of bubbles down the

velocity gradient and a diffusion flux related to the void gradient.

o Vg = eV, - SB T (5.20)
cwi avl
Ve T 7 g (ar ) (5.21)

Equations (5.18} to (5 21) can be solved for the developlng vold profile if a
liquid profile is given and assumed to be fully developed

{
In summary, the previous analyses are all limited by assumptions such as
fully developed flow, or requigg(;T;hown void or velocity profile, primérily
because the analyses are based on simplified subsets of the governing
equations. A more generally epplicable approach would be to solve the full
set of equations (5.9) and (5.10), using a more general model of the

turbulent stresses. /3
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5.3 Modelling the Turbulent Stresses in Two—Flﬁid Flow.

- The previous studies described have established that for bubbly flow, the
liquid phase turbulence field determines the distribution of the gaseous:-
phase. This is not a surprising conclusion as it is evident that in the

' bubbly flow region the inertia of the liquid is clearly dominant, a typical
weight fraction for atmospheric air water flow at 20% void being
approximately 0.0005. In this analysis, we will follow the previous authors '
in assuming that the liquid stress is predominant, and in particular will
follow Drew and Lahey in assuming that the vapéur stress field is a simple
multiple of the liguid stress field. 1In the theory of particulate
suspensions, see for example Apizadis (1985), it is common to assume that for
the particulate phase this multiple is zero, and this assumption is often
used for‘bubbly flog, Biesheuvel and van Wijngaarden (1984). However, it is
also logical to assume that the multiplier is the void fraction, Rietema and
van Den Akker (1983}, this having the additional advantage that the two

momentum equations sum to the appropriate single-fluid equation if the fluids

are identical.

Both of these possibilities have been con;idered in the current study, however
reéults were always very similar. An assessment of the magnitude of the

. terms in the momentum equations reveals that for the gageous phase the only
important terms are those due to préssure gradient, gravity and momentum
exchange; the others are insignificant by comparison. It wou}d Eg'quite

possible to obtain a good solution of the two fluid equations using only

%
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these terms in the gaseous momentum equation providing the denéity ratio

pl/pg was very large as for water and air, and that full separation of the

~air never occurred. However the full equation has been retained in the

current study to maintain generality. See Appendix B for further comments on

this. it

Although a number of length scale models have been proposed to
compute the effective turbulent viscosity in single fluid flow,
Schlichting(1979), these are not regarded as general. A two equation model of
turbulence, the k-t model, Laupder and Spalding (1974), has gained widespread

acceptance by giving reasonable predictions for a number of-flow situations.

Cookrand Harlow (1984) have used a length scale model in their two
dimensional equations, however, they recommend use of the k-¢ model for
future studies. Ellul and Issa (1986) also use the k~e model for two-fluid
flow. Neither publication offers any quantftat;ve justification for this

choice. R

N
b

The k-£ model was developed for single phase flow, and is not directly

applicable to two phase conditions. Modifications to the k and ¢ equations
to incorporate the effects of momentum interaction between dispersed and

continuous phases are discussed by Sun and Faeth (1985). Unfortunately these

involve further empirical constants yet to be determined. Furthermore, as

discussed above, the momentum interaction between phases is not conﬁined to.

#

the drag force, but also includes virtual mass forces and the Bassett history .

force. Both of these latter forces are difficult to evaluate.with

& o
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force. Both of these latter forces are difficult to evaluate with
confiéence, and as they are also transient in nature, they are usually
omitted from steady state analyses. However they are probably active in
Qyo-phase turbulent flow and may-play a significant role in increasing the

effective turbulence above that expected for the liquid flow.

In one dimgnsional analyseé, this ﬁncrease in effective turbulence is commonly
" catered for by introducing a two-phase multiplier to compute frictional
pressuré drop in two phase flow, and correlations for two phase multipliers

are well established.

" In the current study, the increase in effective turbulence due to the phase
interaction has been related to' this established method instead of the more
unusual method of Sato et al, who add the term involving bubble rise velocity '
equation (5.14), particularly as this equatibn was found in the current study

to introduce excessive viscosity.

Ahong the numerous methods of evaluating the two phase multiplier, the method
of Chisolm and Sutherland (1969) was developed to permit a more straight-

forward analytical sequence than earlier methods.

In this method the two phase multiplier ¢io is formulated as follows:

(5.22)
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¢ = mipg/oy) + 4 (oy/pgi/m L (5.23)

X = J(APFL/APFG) \ (5.24)

n= Ug/U1 ' (5.25}

The parameter X, Léckhart and Martinelli (1949), can be evaluated using
standard equations for friction factors. The usual impediment to using this
sequence is the evaluation of the slip ratio n. However in a two fluid

analysig, N is available, so the evaldation can be completed reédily.

For.the conditions of interest in the current study ¢§0 is calculated to be
approximately 3, which is the same as obtained by Sato et al for (”B+FT)/pT'
equations (5.15) and (5.16). Hence this method can be applied to equation (5.9)

instead of using equation (5.16).

lowever equation {5.16) is not general, and was also found to give excess
viscosity in the current study even fof the liquid, so the k-& equation was
applied to the liquid field, by applying equations 2.40 to 2.44, replacing p
with (l1-a)p, and p with (l-o)u. This is equivalent to. applying the

homogeneous two-phase multiplier

62y = Py = /i1l _ (5.26)

Hence a further multiplier ¢§E must be applied to incorporate non-equilibrium

effects,
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The use of the k-¢ equation has the further advantage that the wall model is

already incorporated in the standard exponential manner. The net effect of

th}s model is that equation (5.14) becomes:

4

g = (T + T )(1+1:b/(-r+ m(r + T )¢NE ~(5.28) \/\’_

{

2 BN (5.27)
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5.4 Computed Results for Vertical Flow

Vertical flow can be regarded as effectively axisymmetrlc, and sé:san be
simulated using only two dimensions. However, the following computatiohs™
were .completed using the 3D EAI&H code with three circumferential divisions.
This is the minimum that the.code logic handlés-without further modification,

and also served to confirm symmetry of computation.
‘ .

Comparison to the Velocity Profiles of Malhes (1966)

'

Velocity and void profiles were measured by Malnes for a number of diff;:ent '
void fractions at two different VEiOCitieS in a vertical pipe 46 mm in
diameter. 1In aﬁdition to the peaking of the void profiles near the wall, he
noticed that‘the-velpcity profiles Qere flattened considerably in comparison
to the profiles in single-phase flow. Profiles-as given by Malnes are shown
'in Figure 5.1, together with results computed in the present study. Note that
the computed results clearly duplicate the flattening of the velocity
profiles, and agree well with the measurements. Flow:.conditions for each

case are given‘in table 5.1 for reference purposes. Vbia and velocity profiles
were measured in separate experiments, but as the flow cénditions were not

exactly the same for each, discussion of the void profilé is left to the

following section.

*
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Comparison'with the Analysis and Data of Sato, et al. (1981)
\

\
Sato et al. compare their analysis to their own data and the data of several

other experimenters including Malnes, Serizawa et al., and Inoue et al. As
noted above, their analysis computes the liquid velocity profile from a known

void profile, however both void and velocity profiles are computed in the

current study. In Figure 5.2 these computed prolebs are compared to the data -

of the four experimenters and also to the veloc1ty profiles predlcted by Sato
et al. Note that the velocityaprofilesrcomputed by the current method are in
as good agreement as those computed by Satc et al. from the measured void
profile. The void profiles computed by the current methed show the
characterlstlc peaking near the walls, and in general the relatlve magnltude
of the peaks for various cases is also reproduced. However, the void peak is
computed to be too close to the wall. Beyerlein et al.(1985) hint that they
experienced a similar problem, and had to medify their calculation at the
wall but do not give detaifg. However the computed velocity profiles were not
sensitive to minor changes in the void fraction in the near wall region. -~

Comparison to the Results of Serizawa et al.{1975)

Only Serizawa et al. reported measured profiles of void, liquid velocity and
bubble velocity. Profiles for two cases computed in the current study are
compared to these measuremencs in Figure 5.3.. Note that the agreement in
velocicy profiles is quite good, -and that the near wall peak in void fraction

is again repﬁoduced, but is too close to the wall. | /

3]
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~ TRE 5.1
Vo ' o g
Flow Parareters for the Bxperiments -
Case Y, “bo o X P :E qo D Bgeriment Remarks
ns  ms % Ma C mm mm

1 -10 0 0 Q4 20 — 46 tulres (196)  Case 2 & 3.Qritted
4 1.0 .47 .261-: " " 4 "o " by Malnes
5 1.0 .707 .% n " L1} " " .
6 1.5 ] 0 16 "oo— " . " {Brackets) dencte
7 1.5 .97 .10 e 4 " " valves assumed or
8 1.5 470 222 " " " " " ooputed by Sato
9 " 1‘5 .591 .%0 L1} L1} 11 n 11 - . .
0 0.2 .085 .15 (.15) (20) (4) 40 Inove (1976) Reported by Sato (1981)
un 1.0 .243 173 15 30 46 % Sato (1981)
12 1.03  .277 (.178) .04 (.10) (20) (4) 60 Serizema (1975)
13 0.74 .04 (.040) .012 {.10) (20} (4) 60 &
14 1.0 0.02 0.02 15 20 2.4 8l Beyerlein (1985}

/

5.5 Summary of Vertical Flow Modelling

The current analygis solves the fuil"three—dimensional equations of two fluid
flow and is able to predict the salient features observed in bubbiy flow in
vertical pipes. Because previous analyses have used only subsets of these
equétions, they have been limited in apélication to vertiéal flow, and to
computing liquid_velocity profiles from a known or assumed void profile or

vice-versa. The current analysis encompasses. these subsets but is not so
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limited and is able to-compute simultanecusly the distribﬁtioa of void and
- liquid and gaseous phase velocity. The peaking of the void profile nearlthe
wall in vertical flow is reproduced in the~analysis, but the computed peak is
3_always'in closer proximity to the wall than observed in the experiments,
showing that a meehanism whica causes radial migration of the void in :@-
proportidn to the radial velocity gradient of the liquid axial velocity is
incorporated in the ‘model.. However, the mechahisa which limits this
migration in cldgse proximity to the wail is not, and thus requires further
ineestigation, perhaps by adjusting the existing coefficients, but, more
likely by incorporating further empirically based terms The void ﬁeak near‘
the wall could not be reproduced by using a large, constant effective
viscosity, a v1scqe1ty gradient was required. This is in agreement with the
observation by Sato et. el.(1980), that{pubbles in glycerine congregated
fear the wall but also caused departure from laminar flow characteristics.
In general, the 11qu1d and gaseous phase velocity proflles computed .by the
current analyses were .in as good agreement with the data as were the resgults
of a spec1allzed analysis. This gives reascnable assurance that, although
the model cannot be regarded as a definitive reéresentation of two-phaée
turbulence, it can be regarded as a useful approximation tool and be used

effectively to simulate flow in the other configurations to be addressed.

(L/I
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CHAPTER §. DETAILED 3D MODELLING OF PHASE DISTRIBUTION

AROUND OBSTRUCTIONS IN HORIZONTAL PIPES

Having demonstrated in chapter 3 that the two-fluid model can veproduce the
trends observed in two-fluid flow around obstructions, and in Ehapter 5 that
the model can also be used to simulate velocity and phase distribution in
é?mmﬂy pipes, attention is.n?w tu;ned to detailed modelling of flow in

an

horizontal pipes with obstructions.

Recent experiments reported by Salcudean, et al (1983) studied the effect of
flow obstructions and pressure drop in horizontal flow of air and water,
These experiments showed that a flow obstruction causes a sequence of inter-

related phenomena:

{i) sudden pressure drop : ’
(ii) - subsequent ‘'partial recovery,

{iii) significant mixing of the two fluids in the rec§VUry “one

(iv) ' signifﬁcant reduction of the air veiocity in the recovery zone
Av) an eventual return toward stratification.

similar observations were reported by Gardner and Neller (19707 ani Salcudean
and Leung (1984), but detailed measutements of void distribution werelﬁmen

in neither case.
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It is of interest to know whether a two-fluid model can simulate these
phenomena. The study, discussed in Section 3 showed that all these phenomena
could beQ;I;ulated in concept using the two-dimensional two-fluid computer
.'program. No attempt was then made to simulate specific experimental,
conditions, as the problem‘is clearly three—dimensional in nature. However,
the two-dimensional analysis did reproducé the appropriate trends,.and the

results were sufficiently successful to suggest that a three-dimensional
analysis would reﬁrqduce quantitative comparisons. The following describes
the extension of the previous study to three dimensions and compares computed

results to those obtained by Salcudean et al (1983).

It is apparent from the experiments of Salcudean et al (1983) £hat even when
the flow approaching an obstruction is in the bubbly regime, considerable
increases in void frqction occur downstream of the obstruction, often to
higher voids than thse normélly associated with bubbly flow. -it is
therefore necessary té extend the model of interphase drajg to‘address these

conditions.
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6.1 Extension of the Interphase Momentum Model.

This study was restricted primarily to bubbly flow as interphase forces can
be simulated from an. approximation based on the drag of'bubbles. Conditiens
for bubbly flow can be established from‘flow regime maps for vertical or

horizontal flows and correspond roughly to fairly high liquid superficial

+ velocities and fairly low gaseous superficial velocities, hence,low void ’

¥

fractions.

The formulae for interphase drag have been introduced in chapter 3, equations
(3.7) to {(3.11).1It is now necessary;to elaborate further.

The relative velocity v, is given by

2 172
IV l ={ L(uU -U )] (6.1)
r 1 g i

The bubble size diameter is discussed in Appendix B, as are some recommended
formulae for drag coefficient C . The recommefided formulae are:
d
1
-0,)]} /?

g

Cy= 6.3 neb“'335) (6.3)

d= 2 {o/g(pg (6.2)
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These equations'apply only in the bubbly flow range. The distribution
pattern departs from bubbly flow when gaseous flow is increased, and bubbles
. coalesce. The sequence of flow regimes is different for horizontal and
vertical orientation, and is quite complex in each case. Both horizontal and .
vertical flow incorporated the fegture of transition from bubbly through
mixed bubble and slug region to annular flow. In our model, for a<ubs all

the ga&gous flow is in bubbles, for e all the gaseous
flow is in one large slug of diameter ds = dla which approximates annular
iiii;;gFof o cSake the gaseous flow is contained in slugs each accompanied

by trailing bubbles.
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The void fraction is thus composed of bubbles and slugs, such that a = o + o,
and it follows that '

1

% = “bs sa = /(g — o) ' (6.4)

% “Sa(“ = opgl/lagy = o) _ * (6.5)

The interfacial area for each component follogff and the dfag force per ;;it
_volume is the sum of the bubble and slug components

-wl L= Fgi N, + F AN, | | (6.6)

W b
~t

A more complex drag model is used in the TRAC system code, Rohatgi and Saha
(1980)}; however, Kelly and Kazimi k1982) have recommended simplifications to
this model for the THERMIT suﬁchapnel code. The current model is closer to
that used in the RELAPS system code, Ransom et al (1981), where the drag
coefficient of_the slug is faken to be constant, and is also similar to that
used by Egely and Saha{1984). However, in each of these cases, the models
are applied to cross-sectional averaged values in a channel. In the FAITH
code, however, relationships are used locally throughout a three-dimensional
grid. Although the local values of void fraction vary widely, the cross{
sectional variation is much smaller. It is not clear therefore whether ;h;
local flow. pattern is determined by local or overall flows. Quite probably )
the overall flow is more impoftant,'and bubbly flows can exist even when the
local void fraction is quite high due to separation forces, providing the

overall flow ratios are characteristic of bubbly flow.

Equations (3.7-3.11,6.1-6.6} were used to simulate interphase drag in the
FAITH code, and the transition voids, %os and @, were left ‘as parameters

to permlt the use of local or overall crlteria for transition.

<
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/

Finally, the use of molecular viscosity alone in the viscous terms was not

satisfactory, as it led to anomalous velocity and void profiles, so an

effective turbulent viscosity as discussed in chapter 5 was used.,

As most of the models reported are one dimensional, the use of effective
viscosity d;es not usually arise, neither does its possible interaction with
the interphase drag function. Clearly the two should interact, and in these’
studies,the results shown had the interphase drag function linked t;
effective viscosity by using the latter in the Reggblds number in the drag
formula. This increased the interphase friction in the vicinity of the Qalls

and gave more realistic void profiles than when the interaction was

neglected. Neglection caused excessive migration of void to the walls.
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6.2 The Flow Blockage Experiments

The experiments reported by Salcudean et ai (1983) are recorded in-greater.
detail by Chun (1983). The test section was a 25.4 mm i.d., 3 m long
plexiglass tube. Air and water entered at selected flow rates through a:-
mixer and a further 3 m appro;ch length, to ensure established horizontal
flow at the test section.. Peripheral and cehtral obstructions each blocking

25% of the flow area, were used separately. Pressure was measured at 23

stations, shown in Figure 6.1.

Distribution of void fraction was measured at the three axial stations shown
by taking measuréments at 99 points over the cfoss-section using an optical
probe. The void profiles measured for bubbly flow are sho@n in Figure 3.8,
along with the derived average values of void fraction and slip ratio

(N = w5 Mater!

Note that the central blockage causes a greater disturbaﬁce to the flow
distributi&n than®*does the ‘peripheral obstruction, and that the obstruction

causes a local increase in veoid and decrease in slip. -

. >
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6.3 Simulation Results

>

The calculations were completed on a r,9,z grid of 13x11x25 grid which taxes
- the memory cgpacity of the CRNL CDC 175 computer. Because of this, only
'ndnor changes in grid division could be made, hcwever'thé flow redistribution
céused by the orifices is quite pronounced, and the overall features did not
. seem sen51t1ve to these grid changes. However in detail the rec1rcu1ation
flEldS did change, and in particular, in order to sxmulate the establlshment
‘of flow upstream of the test section, it was necessary to compute .the
- approach flow pattern in a separaté'calculati6n involving no flow blockage.
'Aé this upstream portion is a parabolic flow field, these computed conditions
could be used as input to the tést~chapter céntaining the obstruction.’ The
létter clearl& requires an elliptic calculation due to the recirculation

 effects. : -

6.3.1 Pressure Profiles

1n the simulation of the experiments, it was first necessary to examine
whether the multidimensional model adequately reproduced the measured
pressure profiles. ¢omputed values using the k-¢ model are compared to the

experimental data in Figures 6.2 and 6.3.

’

Fp;'thg'central block single-phase‘case, Figure 6.2a, the pressure profile
appears to be calculated reasonably well, however the ekperimental pressure
recovers slightly faster than is computed For the two phase ‘case, Figure
6.2b, it lS apparent that the pressure gradients in the undlsturbed flow are
computed quite accurately, but that the obstruction pressure drop is

overestimated, and the recovery length is underestimated. However these
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discrepancies are minor. Varying the parameters in the drag model db'and L.
did not greatly change the pressure drop or recovery length,'but did slightly
' change the rate of convergence of the calculatiom.
' A
For the case of the peripheral blockage however, the agreement is not quite
as good. . Figure 6 3a shows that the pressure arop associated with the

peripheral blockage is slightly overpred1cted in single phase In two phase,

Figure 6.3b, sthe computation over-predicts both the )drop and the recovery

length: Grid refinement in thé radial direction™@fd not improve the
agreement. Although somewhat worse phan the central block case, these
discfepancies are not gross. It is known that for the case for single phase
flow over a 51mple step, the recirculation cannot be simulated accurately
unless numerical dlfoSlOﬂ is reduced either by u51ng a very ‘fine grid or
by 1nvok1ng skew differencing schemes, see for example Hackman et. el.
{1984). The obstructlon cases are more akin to the flow oveér surface ribs
investigated by Bepodeckap et. al.{1985), Jgade similar conclu51on5

Both these were single phase Qyo-dimensio

ad//tuﬁ:;; and- are dlscussed

further in Appendix B.
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6.3.2 Velocity and Void Distribution ' . .

lof]

Computed velocity fields in the plane of symmetry are depicted for the
central and peripheral obstructions in flqures 6.4 and 6.5 respectively. The
figures show the vector fields on the plane of symmetry for each £luid. In-
order to better illustrate the cross flows and the distinctly different
eloc1ty frelds in the two phases, the radlal velocity scale factor is twice
that for the axial velocity The 1nit:al void fraotion is uniform, s0 the
tendency toward sg%ﬁilflcatxon at fully developed flow is observed

' ( ' . .
The obetructions only slightly affeot the flow patterns upstream. AS expected,
the central obstruction:causes a divergent deflection, while the peripheral
obstruction causes a convergent_defleotion. Downstream, the restoring
tendenc1es are, of course, opposite. For the cenrreliobstruction, the
downstream restoring velocities are generally downward in the upper half of
the channel where most of the air re51des, tending to drive this air back
towards the centre of the channel and produce the enhanced mixing observed in

the experiment. By contrast, the peripheral obstructlon generates upward

reétoring velocities downstream in the upper regions where most of the air

'es, and as this is the preferential direction for air, the mixing effect

,is less pronounced. The diagrams also clearly show that the redistribution

A a
:\',_.-‘ .

effects of the central obstruction persists much further downstream than for
the perxpheral obstructlon, again as observed in the experiment and that the
central'obstruction cpeates a larger zone of recirculation. The flow around
the ‘obstructions shows that a zone of recirculation is formed in the wake,
and air flowing into this zone causes a slow moving air pocket. This

accounts for the high void ‘region observed in both experiments and

(
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ca;Lulation.

Further details of the phase distribution are given in Figure 6.6, which shows

computed void profiles for the central, and peripheral. obstructions, and may
be compared to Figure 6.1. While the individual computed contours do not

show a precise match with the experimental contours, their combinations -do
® .

exhibit a very strong similarity both in trerd and detail. For the upstream

pipe'flow the computed values show a slightly greater amount of

stratification and clearly this must also affect dowhstream results.

‘Computed results show little change between stations just upstream of the

-

obstruction, so flow can be considered to be established. \

’ ! .
For the peripheral blockage, at tap position 2, just past the obstruction,
both experimental and computed profiles show that air has been deflected
outward and digplqéed downward by the qbstruqtion, and significant void
appears near the bottom of the channel. Both experimental and computed
results show thét by the time the downstream observation point, tap 3, is

reached, the distribution has returned considerably but not completely

. towards the pattern established upstream.

For the central blockage, both experimental and computed profiles show

considerably more redistribution at tap pos{tion 2. Again, there is a

significant displacement of air downward, but this involves‘donsiderably'moré

air. The computed values reproduce the larger concentration of air in tHe

centre of the pipe, and do show an air pocket near the bottom of the pipe,

r

but the latter is much less concentrated than in the experiment. Aé tap
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position 3, both computed and experimental plots show that the distribution

has not re—established nearly as much towards the upstream condition as in the

peripheral case.

Finally, the.cémputed values of cross—sectional averaged void fraction and

slip also show the same variation as reported in the experiment, with the

slip ratio well below unity in the central blockage case. The computed

increaée in void for the peripheral obstructon is very close to that in the
experiment. For ﬁhe cenfral dbégruction the change in void and slip is
computed to be somewhat less than the e#éériment‘ AIn view of the numerical
and experimeqtalluncertainties, the‘aéréement‘bétween the computed and

experimental values is quité-gqod.

In order to illustrate the axial variation of average void and élip more
cémpletély, graphs of computed cross sectional average void fraction and
axial velocity ratio (air/water) are given for the peripheral and central

obstruction cases in Figures 6.7a and 6.7b. Note that the trends in void

fraction and slip are again ‘in agreement with the experiments in Figure 6.1.

In particular, the slip can be seen to decrease markedly just downstream of

the obstruction, with the oveyall yoid fractions varying inversely as

expected. Again as in_the ex
el
significantly greater disturbance than does the peripheral one.

b

nt, the central obstruction causes a

Further downstream, recovery occurs with an associated increase in slip and
decrease in void. The recovery is computed to be faster for the peripheral

obstruction than for the central one, again as observed in experiment.
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6.4 Summary of Results for Obstructions

!/ . : .

The effects of two‘types of flow obstruction on the redistribution of the

~

phases in horizontal flow of air and water have been;simulated using a three
dimensionél two—fluld computer program. The progfam simulates all the

following phenomena observed’in experiments:

(1) the sudden pressure drop

(i;) . the  subsequent pressure recovery

{iii) the homogenization of the phases =

(iv) the reduction of air velocity and increase in void fraction

‘(v) ‘ the eventual return towards étratificationl |

(vi) the greater effect of the central obstruction compared to the
‘ peripheral one of equivalent area. ~

. ) ¢
The quantitative agreement between the computed results and experiments is

not prec1se, but is reasonable in view of the necessarily simple models used

in the computer program, and the fact, as mentlon%d that the hlgh cross-

flows 1nduced by the blockage probably give rise gﬁ 51gn1£1cant numerlcal

diffusion, as discussed further in Appendix B.

13

This study is pubiished in a paper accepted by Hathematics and Computers in

simulation, Carver and Salcudean(1987).
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CHAPTER 7. DETAILED 3D MODELLING OF PHASE DISTRIBUTION IN BENDS

-

In chapter 3 a two-dimensional two-fluid simulation of phase distribution was
presented as proof of concept, and in chapters 4 and 5 detailed modelling of
bubbly flow in vertical pipes and horizontal pipes with obstructions was
<presented. Clearly in a bend, the flow undergoes continuous transition £rom ‘
‘horizontai through vertical stages, so reasong?le résults in simulations of
both horizontal and vertical flows are prerequisite to a meaningful
simulation of flow around a bend. This chapter reviews experiments in

several typés of bends, and gives results of detailed simulations.

{

7.1 Overview - T

Clearly the net effect of a bend in_ two-fluid flow is détermined by the
interaction of the centrifugal force with gravity and interphase friction.
The change in flow distribution around a bend will therefore be a complex

function of pipe and bend geometry, orientation, fluid densities and upstream
s

flow conditions.

h |
A literature survey reveals that although many experimenters have studied
single phase flow and heat transfer in bends, relatively few have studied two
fluid flow and phase distributioﬂ_in bends, and only_three experiments with
detailed measurements have been reported. ?iyﬂ er and Neller (1970) measured
.';bhase distributions in each of two 90°bends,“usPi et al., (1980,1983) have

reported phase distributions and limited data on slip in return elbows in
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horfiontal‘ﬁnd vertical pésitions, and Hoang and Davis (1984) have reported
limited data on velocity profilés. None of tﬁese authors were able to
suggest any correlation to predict phase distribution details, 50 it is
necessary to use numerical simulation to 6b£ain such predictions. Two
diﬁensional calculations are incapable of reproduéing the secondary flow _

] .
pattern of circulation normal to the main flow direction, which is a well- -

known chsracter tic of single phase flow in bends, and has also been noted
by Gardner and Nellér in two-phase flow. This study extends the methods used
in the two dimensidnal numerical simulation reported in chapter 3 to three
dimensions, and shows‘that!not only are the secondary flow patterns
predicted, but that ;bserved relationships between slip and void in bends are
also reproduced, and that compeFed phase distributions agree reasonably well

with measured data from the different configurations.



e

7.2 Single Phase Results

hl

In order to check that the eqqatiéns had been correctly implemented and
solved, standard.;ingle phase prﬁblems, such as flow on a flat plate and
developing flow in a duct weée,solved_and the solutions verified. Finally
solutions for single phase flow around bend§ were obtained and compared to
results reported by ?ratap eé. al (1976). ,;

¥ 3
single Phase flow in bends is characterized by the Dean number Kq = Ry, {2/R
Dean (1927). Two particular cases were used. Results from.the first, a
laminar flow case, Mori and Nakayama {1967), are shown in Figure 7.1, and from
the second, a turbulent case, Hogg and Seader, (1970) are shown in Figure 7.1.
In each case the results are fully developed velocity profiles, and agreement
is comparable to that reported by Pratap (1976) who used a similar cross-
sectional coordinate grid, calculating only half the field Ey invoking
symmetry about the bend radius. Also of interest are ghe classic secondary
flow patterns set up in the cross-section. The computed cross-section flow
vectors shown in the figﬁres illustrate these secondary flows. Finally, the
correct velocity profiles for turbulent flow cases cannot be obtained using
molecular viscosity in the stress terms. An effectivé turbuient v}scoéity
must be used. In these studies this was cdmputed using‘the k-€ model of

s~

Launder and Spalding -(1972), already discussed.
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- Figure 7.1 and 7.2 illustrate the axial flow belocfty, normaliied by the
experimenters to average and centreline velocit1es respectively The ©=0
curve is the profile on the bend radius, whereas the ©=90° curve shows the
normal profile; only half of the latter is shown by reason of symmetry and to
reduce clutter. The fact that the turbulent flow profile appears to be less
distorted by the bend is ;;lated to both theryndisturbed profile énd the bend
radius. In turbulent flow, the latter cannég be incorpotated explicitly in a
Dean number as for ‘laminar flow, as an average effective viscosity would have .

to be used . -

-

(Ky = wdpd (a/R)/B) (7.1)

and no means of arriving at this quantity has been established in the
literature. '
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‘7.3 Two Fluid Results
7.3.1 Modelling

In this study the turbulent stresses in the continuous liquid field were
evaluated using the k—g model modified as discussed in chapter 4, and the

interphase drag model discuséed in chapters 5 and 6.

o

Also for all computations’ it was necessary to provide sufficient length
before and after the bend to ensure that steady profiles were established

upstream and downstream. ; ' )

7'3.2 pHase Distribution in Pipes and Bends ,

W :

As discussed in chapter 3, in horizontal pipes, there is a tendency for the

phaseé to separate dug to gravity. The separation force is a simple function
of density difference and gravitg,'and is resisted by the interphqse friction
and viscous.forces. In a bend of radius R, the céntrifugal force also plays
a part in separa&ion, thus for-a bend in a horizontal plane, one would expect

-

separatien tendencies to increase with density difference and axial velocity,

and to decrease with bend radius. Finally for. bend in a vertical plane,

& -
the separation forge depends on the vectorTal sum of the gravitational and

centrifugal forces, which varies th ughout the bend.
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when cgntrifugal and gravitational forces interact, the direction of

\

migratid2’9§ thé/heavy fluxd is determined by the ratio of the two forces,
v
which can be expressed as a modified Froude number:

= W /gR'sin¢ S . (7.2)
When F_ exceeds unity, centrifugal forces will dominate; however, while this
simple criterion is useful to predict behaviour in a qualitative sense, it
gives no guantitative indication of how much the phade distribution will
change. Hitherto, oﬁlg_measurdments could determine this information, but
the following results show that three~dimensional computation also yields

this quantitative information.

7.3.2 Flow ina C Bend in the Vertical Plane

Usui et al. (1980) have conducted experiments on two-fluid (air and water)

flow in a C bend for both upward and downward flow. - Detailed measurements

are not given, but photographs are included for the downward flow case, and a

sketch from their photograph of bubbly flow is given in Figu}e 7.3. In the C

bend, gravity alone acts in the horizontal arms, counters the centrifugal

force in the first part of the bend and augments it in the second half.
SO o

There is considerable Btratification in the upstream horizontal arm, and as

h

the flow enters the bend, the centrifugal force accelerates the heavier
£luid, displading the ai; towards the inside surface. The centrifugal
displacement is augmented by gravity in the latter half of the bend. lThus,
the bubbles migrate across the pipe prior to entering_the downstream

horizontal section, where stratification is ‘increased further by gravity
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alone.,

\—__? "

The experimentyrs also noted that in addition to the air crossing the pipe,
the average.void fracfion ingreased in the vertical section of the pipe.
This is due to the significant uction of the relative velocity caused by

buoyancy of the air.

A numerical 81mu1ation of these conditions was completed using the EAITH
code. Contour plots of computed void fraction for the same conditions are
given in Figure 7.4. Although thererare some minor ancmalies at the r=0
singularity these clearly show the ai£ crossing the pipe, and the increase of
average void fractlon in the vertical section. Insufficient measurements
were-given for a more detailed comparlson, however the computed variations of
slip and void fraction are also given in Figure 7.4 and show the’ observed
trends. Note the increase in average void fraction in the vertical chapter

of the bend and the corresponding decrease in slip. Quantitative comparisons

. are discussed below for- the experiments which-had more detailed_measufements.

" These computations were completed on a 10 x 10 x 25 grid; 25,000 nonlinear

""" algebraic equations are generated to solve the 10 part%al differential

equations, (8 conservation equations and 2 turbulence equations at each
point). ﬁdthough this grid is quite coarse, it represented the limit of iﬁ
core solution in the CDC 175 computer. Small variations' in grid spacing and
in the number of nodes did not greatly affect the behaviour of the solution.
It is well known that excess or false diffusion is-introduced.by a

multidimensional numerical 'scheme which uses locally one-dimensional

~Smbgp——, . f .

g |
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differencing, and that this is increased when the flow departs significantly
from alignment with the coordinate axes. In the cases under consideration,
the cross flows, although significant, are small compared to the axial flow.
Hoﬁever false diffuéion is probably significant, even in comparison to the

effective turbulent .viscosity, see appendix B.
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7.3.4 Flow in a 90o Bend and the Effect of Bené’;;§§§§>hnd Flow Velocity

In the prgvious experiment, insufficient measurements ::}E taken to examine
the sepatate.effegts quantitatively. However, void distributions were
ﬁEasured in éome detail by Gardner and Neller (1979) using an electrolyt%q<
proﬁe\in air and waéer flowing in each of;two different bends (Rl/R2 - 2.0)
in the apparatus shown in Figure 7.5. |

Flow is introduced to the bend through a riser and exhausts through a
horizontal pipe. Thus the'gravity force acts fiést axially, then in
oppoéition to the centrifugal force and finally perﬁendicular to the flow
axis.: The effects of gravity and centrifugal forces can thus be assessed

both in combination and separately. _ .

This experiment has also been simulated using the FAITH code, to demonstrate
the effect of gravity and centrifugal forcé in phase distribution. The entry
profile was Eé&gn to bg s@nusoidal, as in the experiﬁgnt., Once flow enters
the bend, centrifugal fo;ce drives the water outﬁard, farcing the air inward;
howe&e;, in the horizontal pipe the air is fo}ced'outward again as the water
descends. Measured and cémputed void profiles in the plane of the bend for
particular cases are sﬁown in Figure 7.6. Since tﬁese attempf to depict two
dimensional profiles in the cross-section with a one dimensional Qariqtion

P

along the axis of symmetry, el would not expect precise correspondence.

However note that in gereral, the éombuted results show good agreement with

the experimental. values, particularly as the void must migrate through the
full computafional &fﬁﬂ, and althbugh the computed values shown are from

positions as close as practical to the axis of symmetry, they are not
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precisely on the axis.

3 -

in Figﬁre 7.6, the initial tendency of the centrifugal.force té.carry the
water to thelouter radius is seen only at station D(2§°). Gravitational
forces then become predominant and the void starts to move upward through -the
stations E{45°) and F(67°) to the outer surface'again. Stratification .
develops rapidly in the horizontal section GH and J, once the centrifugal
force is no longer active. The computed profiles show the same response of,
void movement £6 the relatiohship between centrifugal and gravitational
forces, and although the computed profiles are not exact, the predominant

location of the void is predicted quifé well at each individual station.

The effect of bend radius is illustrated by compafing Figures 7.6a and 7.6b,.
which sﬁow measured and computed profiles fof the two different bend radii at
each of the measuring stations. Note that for the larger bend radius,
centrifugal forces are dominant onlysat station b, whereas for the smaller
bend, centrifugal forces dominate through to station Ff’For the larger bend,

the c0mputati9ns follow the measurements quite closely, however in the

smaller bend the computed distribution does not separate quite so quickly as

the experiment.
- \

The effect of velocity can be seen by comparing Figures 7.6b and 7.6¢. 1In
the latter, the velocity is 40%'higher, although the void fraction is also
higher. This velocity is sufficient to maintain centrifugal dominance

throﬁgh to station F. It is interesting.to note that conditions in this '

particular case are outside the accepted limits of bubbly flow, but the

-
-

-
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computational model still seems to produce quite acceptable results, although

the agreement on profile is not as good as the bubbly flow cases.

The sensitivity of results to the bubble/slug transition in the interface
friction model, equation 6.4, was investigated, and the model which assumes’

that the flow remains bubbly throughout gave the best agreement in each case.
Although the expecimenters di?-not discuss this clearly, they infer that the £
low flow cases remained bubbly in nature and this is consistent with

experiments in bubbly floﬁ reported by Sa}cudean} et al (1983). Invoking the
slug/bubble transition in the current model and all the accepted models

EOmewhet lowers the Erag per unit volume at high voids, and this gives '
ccnsidet;bly more distortion of the profile, particularly in case {c), than

was observed.

The contours of computed void fraction given in figure 7.7, show a more
complete picture of the transitions, and are consistent. The contours show
migration of the air censistent with the interaction of centrifugal force and
gravity. The stronger centr1fuga1 influence in the smaller radius bend

can be seen by comparing the contours of case (b) with case (a); (b) shows
more 1n1t1a1 migration to the inside of the plpe, and a slower return to the
outer wall. The effect of velocity is similar, and can be seen by comparing

contours of case (c) with case (a).

Parameters for all the'Bend cases are given in table 7.1.
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TABLE 7.1 +
» .
FLOW PARAMETERS FOR THE BEND EXPERIMENTS
L)

- Authots Case d R type W « ¥Io  Ygo
Gardner & Neller (1979). a .076 1- T 1.77 .130 1.54 0.23
b T305 1.77 .130 1.54 0.23
" C 0.61 2.44 .375 1.53 0.92
Usui et al (1980} a .016 0.09 C 1.78 .05 1.70 0.09
Usui et. al. (198) a .024 0.10 U 1.26 .21 1,00 0.28
< b 1.13 .12 1.00 0.13
¢ 0.83 .32 0.52 0.24
. d 0.65 .19 0.52 0.12
e 0.36 .36 0.28 0.13
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Fig. 7.5 Geometry of the Two Radlal Bends

used in the Experlments of Gardner and Heller (1979)
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Fig. 7.7 Computed Conhtours for the Gardner and Heller(1979) Expta.
showing the effect of velocity and Bend radlus. '
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7.3.5 Flow in an Inverted U Bend and the Effect of Velocity

. The final examples are of two fluid flow in an invérted U.bend, a case of

' éreat interest in the design of U tube steam generators. The experiments
chosen are the third in the series of experiments by Usui et al., (1983) and
thus include their most detailed measurements. Huang and Davis (1979) and
cshinowo and Charles (1974) also studied.U-tubes, but the former éave very few

measurements and the latter discussed only qualitative observations.

%

”

Unlike the previous,90° bend cases, flow leaving a U bend'is likely to change
distribution only slowly after leaving the bend, as the only disturbing
influence is turbulent mixing. Clearly then three classes of events can be
identified, one in which centrifugal force is dominant throughouﬁ, one in
which the relative dominance changes and one in which gravity is dominant
throughout. In the former, water will migrate te the outside of the bend and
remain there, in the intermediate case wafgr may. migrate first outward then'
inward, while in the last case the velocity is slow enough for the air to

-

migrate upward to the outer edge and stay there. o

Typical cases of these three classes were measured and these were simulated

using FAITH; .computed and measured void profiles are given in Figure 7.8.

Note that again the migratidh of the phases particular to each case is
computed reasonably correctly by the compﬁter model. Although more prggise
agreement could no doubt be obtained by fitting each case individuallﬁt-it is
more informative to use the same parameters for all five cases. The cases a
and b, in which centrifugal force is dominant are si&ulated quite well. The
computéd results for cases c ana d follow.the change from cgntrifugal to

“.

o
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gravitational domination quite well, but appear to\iavourﬁreavity. However
for the low flow case, Figure 7.8e, the tenden'

of th‘ vgi to expand greatly
due to the relative deceleration of the air in the downcomer is not

reproduced by the model, when the same bubble diameter wes used However, an
increase in bubble diameter to 6 mm did'not reduce drag sufficiently to .
feproduce the expansion effect shown The previoue cases were then repeated

to see what the effect of the 6 mm diameter would be. In the two high flow .
cases (a,b) the effect was small. In the mid—range cases (c, d) excessive
premature migration of the void occurred Invokinq-the%bubble slug’

transition with o, = 0.3 has less effect than increasing the bubble diameter

in all the cases considered. The -results in the lattcr cases are not .

sufficiently different %o warrant inclision. Further sensitivity studies are

discussed in section 7.4.

-

The computed contour plots for cases {(a),(c), and (e), which represent each
‘of the three classes, are given in figure 7.9. The traneitions are quite
smooth.For the high velocity case, -{a}, the‘centrifugallforce is seen to be
dominant througnout, displacing the air to the'inner wall of the

-

. pipe, where it remains. For‘the low. velspity case, {e), gravity dominates
throughout, and the air rises to the outside of the pipe and remains. The
1ntermediate case, (c), is most interesting, as it clearly shows. that, in the

-.riser, centrifugal force 1n1t1ally concentrates air towards the inside of the

pipe, but that gravity odvercomes this force in the horozontal portion, and

_“—\

air rises to the outside, until centrifugal force again becomee)dominant in

the downcomer, and the air is forced inward again. :
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COmputed pressure profiles are given in figure 7.10, and these are again

consistent with the velocities, but no experlmental values are available for

' comparison.
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7.4 Sensitivity Studies

As mentioned, the comparisons given in the previous sections were obtained
using a fixed set of relations, as this is-more informati@e than tuning
parameters to fit particular cases. A number of sensitivity studies were also
pérformed and are now discussed with reference to the Gardner and Neller ‘case
{a), as this shows a sufficientlg strong variation in distribution:to

illustrate differences clearly.
!

R

The first case shown in figure 7.11b, illustrates the effect of increasing

_effective'viscosity by a factor of 2 from the reference case, 7.1la. This is
not a major effect, bqt the increased viécosity does slightly retard the
separation in the horizontal section. This alsd suggests tha; the
computation is not overahelmed by numerical diffusicn and may'explain why the

agreement with the experiments is quite good.

s

The second case, fiqure 7.12, shows the effect of increasing bubble diameter by
20%, and hence decreasing interphase surface area and drag. As expected,

this slightly accelerates the separation in the horizontal pipe.

The third case, figqure 7.13, shows the effect of decreésing the axial gfid

A}

spacing by’ 25%. The contodrs shown are taken in planes which correspond to
o : :

the same distance from the entrance to the bend, and show very little change.
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The fourth case, figure 7.14, shows the effect of using the molecular
viscosity, rather than the effective viscosity in the computation of
interphase drag only. This has a marked effect as drag is reduced

considerably and separation is accelerated significantly.

The penultimate case, figure 7.15, shows the effect of using the formula for

drag coefficient proposed by Zuber and Ishii(1979). This is discussed in
‘Appendix B. As noted by Lahdy(1979), the difference is small, but there is a
slightly slower migration.of void to the top of the pipe.

- f :
Finally , figure 7.16 shows results obtained after 60 and 120 iterations.
* . The void fraction distribution seemn to be well established after 60
iterations, and figure 4.1 tends to support this. |
These studies show that this computation is not particularly sengitidd to
reasonable changes in effective viscoSiéy, or grid spacing, but, as expécted
is quite sensitive to interphase friction. f

LS

Also of interest are the velocity fields in the cross—sect&dn of the bend.

The recirculation patterns typical of single phase ‘flow, similar to those

in figures 7.1 and 7.2, were computed only when centrifugal force was

dominant. When gravity became dominant, a more complex flow pattern evolved.

-~

To illustrate this, computed velocity fields for ‘water and air are
shown for the, reference case in figure 7.17 ,at atatlon g9, 23° into the beM
and at the exit plane station 18. This type of tran51t10n occured in all

cases; the position at which it occured was case dependant

~
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7.5 Summary of Results for Bends

The numerica cémputation has successfully reproduced the changes in void

distributdon in flow arcund three types of bends. The following phenomena

)

{b) miérat on \Efe air to the ;nside of ﬁhe bendjdue to
centrlfugal action ’ ' #
{c) migration of ‘the air to the top of the pipe due to gravxty
(d) the detailed interaction of (b) and (c) )
(e) the effect of radius on (d) ’ .
(f) the effect of velocity on (d)
some minor departures between calculated and measured void profiles did
occur, but the major departure was the inability of the calculatlon to
produce the expansion of the air in the downcomer for the very low flow
U-bend case 7.8e. The expansion could not be 51mu1ated‘by increasing bubble

diameter nor by invoking the transition to slug-type flow in the interphase

drag model.

Considering the approximate nature of the models of interphase friction and

effective viscosity, ‘and the fact that the solutlon is prone to numerical

diffusion, the computed results compare very well to the experlments

This study has been published in a paper in Numerical Heat Transfer, Carver

and Salcudean {1986). ) N “ A
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CONCLUDING REMARKS

In this study, existing numerical methods for the three—d;ménsional
c;mputation of éwoffluid flok has*been reviewed and found inadequate, so a
new algorithm was devised. This has been implemented by éeveloping a two-
fluid algorithm using an existing sing}e phase computer program as a starting
point. The resulting program was applied to predicting chdnges in phase
distribution caused bylthe interaction of forces in vertical pipes,
horizontal pipes with obstructions and in bends in various orientations,
including T, C and U bends. It has been ‘shown that the model appropriately
predicts trends in phase distribution and relative velocity observed in
experiments, and in cases where sufficient measurements were reported to make

detailed comparisons, the completed distribution and migration of phases also

gave good quantitative agreement.

As the two-fluid algorithms were implemented by extending a single phase
program, the basic approach to solving the matrix eguations in this program
was mhintained. The resulting computations usually converéed smoothly, even
for high density ratios, and for cases 1n which approached complete
separation. However convergence is not rapid, and convergence of tle twoy
fluid scheme Eould'be accelerated by implémenting a more rapid single phase
scheme. Some enhancements were made to the basic matriz solution ‘schemes,
but a more efficient.single phase scheme would clearly enhance overall

convergence,

("\.

Ua

LWk
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Although ,the intefphase’drag'fqution ussd was a simple‘model eésed on
Bubbly Elc;w, V'its mein features follow widely accepted models q-tzite cl';g

and as a range ofiparameters was used in sensitivity studies, it is unlikely
that tgese more'éo;;}ex models would give significantly bé%tee results. )

The interphase drag model directly controls the relatk%e velocity betweep ‘
* phases, so ib&fs not'surprising that results were sensitive to this médei,:
However, resulte, were less eensitive to reasonable’ changegzin grid pésitio;

or grid density.

’
~

Further research is requifed to establish a definitive model of turbulence in
two-phase flow, and more comprehensive models are still under investigation

elsewhere. quever in this study the approdch was 51Tp11f1ed by -médelling 51: ~
cffective viscosity based on the liquid field and'this gave a useful \“""\,,j .

approximation which appeared to glvé reasonably behaved results.

o

-

The greatest uncertainty asgpziatedjwith the simulation results is the effect
of false di{jﬁ%ion. Because these .calculations were limited by ehe |
inflexible memory limit of the CRNL CDC 175 computer, the grids'used were
inevitably quite coarse, and the numerical diffusion thus introduced is.
significaht. This is judged to be less For the bend cases than for the \
obstruction cases. To date, all studies on mimimising false diffusion have
beeq restricted te two dimensions. “However, there is active research in the
area and any new studies which extend such techniques to three dimensions

could readily be incorporated in the current algorithm,

: (
/ L
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APPENRDICES
A : GRID LAYOUT AND COMPUTATIONAL FUNDAMENTALS

This appendix'contains'the_fundamental details of the computational
algorithms. Refiﬁements are discussed in Appendix B. '

A.l1 Grid Layout and Control Volumes

SR

The staggered grid used-in the FAITH code differs from conventional grids
. \ '

only in that the velocity components are storéd ahead of the pressure node
with the same index instead of upstream of the node as in most.other cpdés,

for example Patankar(1980), Carver et al(1981)..

The arrangemeﬁ£ of velocities and grid points is summarized in Table Al and
Figures Al to A4, as.are the geometrical variables associated with the

grid. Note that only internal velocities are stored; this results in
_significant storage saying.. Velocity components perpendicular to a wall or a
line of- symmetry are zero. - The y=0 boundary is a line of symmetry, x=0,XTOT
can be solid walls usually for a cartesian option 5: lines of symmetry for
the cylindrical option. The U velocity gria is not shown but is analogous

to the V velocity grid in all respects but those concerning symmetry and

: .

radius.
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Note that all scalars are stored a;ithp main points énd th;é for a scalar
control volume the velocity vectors are centred at the scalar control volume
faces. Vector control volumes are staggered only in the direction of the
particular vector, such that they are centered on that vector. The various
geometrical quantities required to define these control volumes are sﬁown in
Figures A2 and A3. Figure Ad shows a represehtation of the layout of a

typical toroidal control volume. . .

~

Figure A4 Layout of a Typical Tofoidal Scalar Control Volume
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FIGURE A2
AXIAL GRID LAYOUT
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Layout of a Typiecal Toroidal Sealar Control Volume
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Variable
Pressure

o velocity'
ou/opP

r velocity
av/ap

Y. velocity
W/ P

Pressure
- Correction

Density
Viscosity

Volume Frac.
Turbulent En.
Turbulent Dissip.
Turbulent Gen.

Inlet Flow

Outlet Flow

8
Inlet Vol. Frac.
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TABLE Al

Assignment of Variables

in in

Symbol Fluid 1 Fluid 2
P P
u u uu
. du/3P ) PU : DUU
v v w
av/aP. DV Vv
oW W LW
aw/3P " D DWW
dp . PP
P DENS REN2
U VIS VIS2
310- BET ALF
k TE
€ -ED
G GENER
W WIN WIN2
in R
W wou Wou2
out
B ,a BETIN ALFIN

APPENDIX
Dimensions -Location
NX, NX,NZ X,Y,2
NXL,NY,NZ  XU,Y,Z
1] "
NX,NY1,NZ  X,YV,Z
" [1]
NX,NY,NZ1 X, Y, 26
. [1] .
NX,NY,NZ X,Y,Z
([} "
[1] n
" t
t n
n "
- " [
NX , NY

N .
e e et —— . e L 3 T B 7 e Tl UL S ey
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A.2 Integration of the Equations

As discussed in chapter 2, the equations are integrated by applying Greéns
theorem, equatioﬁ'(z.iBJ, where necessary to the standard form, equation
(2712),.to'produce (2.14). For the cartesian form, the portion of the
viscous terms which must be attributed to the source terms is apparent from

equation (2.27), and as noted, for the laminar case,is zero

au, .
S 1 . :
axj » X, T ) . _ (A1)

The integrated forms of the viscous terms are given %i Tables A2 to A7, and

are. labelled type 1, 2, 3, d.The‘required areas and volumes are given in

table A8.

Type 1 fits the standard form, equatién (2.14)"

Types 2-4 are terms which must be included in the source
'Type 2 fits equation Al
Type 4 arise from the toroidal formulation

. ..
Type 3 are the remaining terms
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n
TABLE A2

Integrated Form of the Non-Viscous Components

* of the © Momentum Bquation (Equation 2.4)

Term Integrated Form ‘ Type
1 { 2 (-R'o: uu) } l(a-uA)ul -1
Rigt 3gb R'eeuw) , Byt LoP
1 { 9 ( Rirapuv) } [ {xpvA)u] 1
"l 3 P . Bygl e
1 { 2 { Riropwu) } ' ' i(apr)u] ' 1
Rr' 3¢ P %up :
Zl- apwzsine/R'. ZIVOL . 4
Zy= apuv/T . z,Vol ' 4
iy L B o) 3
Z3= apgsingsin® ZBVOL 3
Z4- ‘i’(u17 ul) A ) AZ4VOL 3
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TABLE A3

-

Integratéd Form of the Non-Viscous Components
of the r Momentum Equation (Equation 2.5)

Term , Integrated Form ' Type
L (2 (Ropu) ) | A [{apud)v] 1
gicl el Rioewv) Lo - byl Lop
1 (2 Rropw) } ' [ (apvA)v] 1
R'r* ar e ' 'ANS d y
L (2 ( Rrapwv) } | [ (apwA)v] 1
Rr' 3¢ 8p! {=e
Zl- apWZCOSB/R' o ) . 'ZlVOL : 4
T uz/‘r o zvel
“hgm ae . 2 _ 4
a . ’ - ‘-
aﬁ}s - _ aANS(pM 3
. '
’ z3|=- apgsingcoso . e Z3V0L‘ 3
Z,- Y(vl-;— v.) Z,VOL 3

(U 4
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TABLE' Ad
" . Integrated Porm of the Non-Viscous Components
of the ¢ Momentum Equation (Equation 2.6)

Term Integrated Form Type

L2 ( Rapuw) ) b [ (cpud)w] S
R'r' 20 P W &P
L { 3 ( R'rapvw) } [ (xpvA)w] 1
Rr' 3r o Oysl{ep ‘
Lo 02 R rapww) ) A [(apwAlw] 1
Rc' 3¢ & %P : S
.Zzn .apw(uca?e—vsine)/R' . 22V01 ‘ 4

o d \ : - :

R 3y oAy (BA) 3
Z4= apgcosy ) Z,VOL 3
2= YW 5 W) 7,,VOL 3
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TABL_E AS
Integrated Form of the Viscous Components (BEquation 2.7)
of the 6 Momentum Equation (Equation 2.4)

Term : Integrated Form Type
R S T P B o [ A] 1
' Rr ar o or r ' ) —
l v _ e
YT 3 ’:I &s | "5 ’*:‘ 2
b ' v
. * 8ys T TB'A:! 3
%\ .
o Ju
1 3 19u v 28 L AU S 142
z'ﬁ'é'é 2 Row |( 36 ?ZI EW | r 3_:.
24V
‘ oy W
1 3 : R3a W . 132au XA 2
3 EF 3_1) Eaﬂ(?% §+§a—ﬂ JAUD_I.' 9 ] B
AUD _u,uESJ.neA:l 4
+
[ow 32U
*Ap [ R a¢A:| 1

m!m
@l<

ou au,l
4. [r (rarr+r

| (ow 3U _ U |
)-:I c 57 r:lvoL 3
} —

5 3%—“ { g—‘: + vcos © - usin 8] sing =2 2.VOL 3
R
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TABLE A6
Integrated Form of the Viscous Components (BEquation 2.8)
of the r Momentum Exluatio:-l‘ (Bquation 2.5)

Term Integrated Form Type

ANS 2oy 5p ar A] 1+2

oy 3V
9. 12 peu [(r U1 “ew | ¥ 39A:‘ !
* Rt 8 ¥ ar. r r 98
au ="
+°EW[ ar] 2
- oy
oo 28] ;
v
109 1 v 3 W oA 1
3. RE 39 E (ﬁﬁ"'ﬁ-a—r'ﬁ'ﬂ AU'D R 34’—:‘
oW
+AUDE”§?:I 2
+ cpo cos O A 4
* %o |* R
2 [[L 3V _V _ |
4. - == Er 35 .r.zlﬂ.z4 2 ,VOL 3
2oy 'cose ‘
5 + 5 (a¢+vcos @ - usin 8) R ZSVOL ) 3
= 7

S
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TABLE A7
Integrated Form of the Viscous Componments (Equation 2.9)
- of the ¢ Momentum BEquation (Equ;ntion 2.6)

Term Integr_ated Form Type
\’ p— —
L (o fHrew Y bs | R 3¢ A 2
Rr | or % 'R 9% .
' : - T W]
LW *hys | war A 1
% R - .
12 R 2_W Cow 30 ]
7t | w8 (R¥T 6 R bew | T 302 | | L
o 3 ]
) o | R e 2
& ' ; - By ﬂR—W sin GA:I 4
’ : [ 20u W :
1 [ 1 awW Loy W 1+2
= l:w 200t (3 3¢ “w | R 3*’,:| . .
+ {vcos © - usin e)/B:l . + A _-2—%”— (vcos '6-usin ©) A:I 3
J .. ) ’
ow fLav, p3 W - -
R ER a¢+RarRﬂ. cos O 24 Z4VOL . 4
ow | _(R3 W 1 V| 4 o=
R ‘: (r 6 T + R 8¢) sin @ ZS ZSVOL 4
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TABLE AS

A
AREAS AND VOLIMES

Term Integrated Form
R’d¢rdrde R A¢TArA6(1+e)
e<rAsino/RA6
rdrd® TABAr
R*dédr R ArA6(l+e)
£<rcos6/R
R’dérde R AérAe(l+e)

e<rAsing /R0

APPENDIX |

variable

VOL

AU=AD

AE=AW

ANwWAS

Note that as e€<r/R, the correction has been neglected by Austin(1971)

, Pratap(1976) and Soh and Berger{1984). It was also negiected in this

study. This is clearly justifiable for the bends of Gardner and

Neller(1969), but is marginal for the bends of USUI et. al.(1983),

is not unreascnable.

" however, in comparison with other approximations in the modelling, this

with reference to Figure A4, the following,then apply to the scalar control

volume p :.

-’

4
A rn(ee—ew) R {¢d-¢u)
Ag= AEe/Th .
A=A = .SR'(¢d-¢u)(rn+ rs)(rn— rs)
AUEAD= .5 (rn+ rs)(rn— rs)(¢e—¢w)
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A.3 Convective Derivative Formulae

In chapter 4, it was pointed out that the integratxon of the standard
equation (2.12) resulting in the detailed expre551on (2.15) could be reduced
to the concise form (2.16) using appropriate expresslons for interpolating
values at the control volume faces. The interpolation expression§ result
from ;arious Taylor series expansions-of the convective derivative terms.
The relation between Taylor detivative expression and Lagrangian

interpolation polynominals is discussed by Carver and Hinds (1978), so it

will be introduced very simply here. Two examples suffice

First Order Directional Difference

9, %% ot

(=) {a2)
wp Xp = X ax _
. Second Order Central Difference
o - b b ¢

wx'p xE - Xy | 20%
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Using the control volume integral method:

3, 4. 3
) (Ei)pdx R M L) (A4)
J | g
The interpolants é, = 3 g+ ) - (8S),
| 1
b, =3 g + &)
yield ¢, - ¢, =3 (b~ & (a6)

The interpolants ¢e = ¢P ' ¢w = ¢w

yield $ ~ $, = ¢p - L _ (A7)
Clearly (A6) is equivalent to (A3) and (AB) to (A2).

Neglecting the higher order terms in the Taylor and Lagrange expansions
produces a numerical diffusion. This is illustrated simply here Ey comparing

the first order expression (AZ) to the second order {(A3):

2 ) 2
(B ) = (o 4)/8x = (078l 200 + [Ox(4gm g 4g)/8X") (88)

ﬁote'thaf the {term} is a second derivative,‘thus the use of the first
order expression has introduced an additional numerical diffusion. This is
clearly detrimental to the aocuracy, however, the £§ct that fhe central
difference formula omits the point of interest is detrimental ﬁo diagonal

dominance and hence to numerical stability.
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The effect of these and higher order formulae on the accuracy and stability
of nﬁmerical computatioh of 1D equations are widely discusséd, for example
see Carver and Hinds({1978), and their implications on the multidimensional
convection diffusion equations ére discussed at length in Patankar(lQﬁO), and
will be discussed further in Appéndix B. The appropriate direction for the
directional difference is generally called upwind, and is dictated by the
eigenvector of ihe characteristics equations Coqrént et al(1955), |

Carver(1980}).

Considering only the convective and diffusive terms the general equation

) = - (2 5D | ' a9
becomes

(pug), = (pud) = (B/8x), (dg=dp) = (B/8x), (65-0) T (a0

Coép — Cuby = Dy ($p=9p) — D (4p=4) (A1l)

Casting this into genéral form gives

Ap ¢p= LA ¢ ,n=EW S - : (A12)
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It is convenient to characterize the ratio of convection to diffusion hy

means of the dimensionless Peclet number.

pUbX
Pt C/D‘ —F
It is, well established that central dlfference formulae remain stable only

for dlffusion domina;fd flows (P small), and upwind formulae are stable for

.convectfve dom;nated flows (P large) . The hybrid differencing scheme

1ntroduced by Spalding (1972) uses these facts to 1ntroduce a sliding or

hybrid difference scheme which uses upwind differencing for |Pt| > 2 and

centfai for lPtl < 2. g .

The ‘resulting coefficients for each scheme are given in Table A9.
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TABLE A9

coefficients of the General Equation

Term Central ‘ -'Upwind Hybrid

A, D, ~ Co/2 ‘ D, +.{—Ce} [—CeyDe-CE/Z{
. _ ' “

A, D, + C/2 © D, + {C)} (C,:D*C,/2}

AP De + D, + (Ce - Cw)/2 De + D, + {Ce} + [-Cw}_

or A, + A+ Ca ~ Cy A, + A+ Co — Cy Ae+Aw+Ce—Cw;w

Note {A,B} denotes maximum of A,B,0
The coefficients for the three dimensional equations are assembled in

analagous manner, hence .:

Ag=, DAY+ IC,, - IC;,

.

Further implications of the derivative formulation on accuracy are discussed
in Appendix B.

»

-
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A.4 ‘Source Terms and Relaxation

-

Under-relaxation factors are applied to all the equations in prerelaxed form

as discussed in chapter 2. Thus, the general equation

-

A ¢ =1L An¢n + 5 _ | . {A13)

PP 4
becomes
A =LAé +5 . (A14
D ¢p : n¢n | _ { }

’ ’ ¢ 0
where A_ = A S =S5+ A (1-
p p/B‘: b ( ﬁ)¢p
N .
As noted, the iteration process is stable when all coefficienfs are positive,

and stability is increased when diégonal domination (Ap) is increased. Thus,

underrelaxation clearly stabilizes the iteration.

It is'also not unusual for the source term to contain some unctions of ¢p

as all terms containing ¢p may not fit the standard form.

-

Tﬁus,'(AlB) maf be written to identify such terms -
A = LA ¢ +5 +8 AlS
P¢P n nti c P¢P _— : (AL

-
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’

To aid convergence, as many terms as possible must be implicit, so (Al5) is

written
: . "
A -85 =LA + 8 N - - Al6
( T p)¢p - I an * Se (Al6)
Clearly, Sp must bé retained negative to maintain diagona{ﬂaaminance, hence

many of thé source terms are arranged to ensure.this as follows. Sp is split

into positive and negative portions

P Ep pm

0
A =S - LA + S S aAl7
{ o Pm)¢p ﬁ n¢n + 5, + pp¢p ( )

A fG;z;;E scheme for enhancfng diagonal dominance is used. From Table A8,

~~

Ap __Ae + Aw + Ce --.Cw {Al8)
or for the three dimensional case
ﬁp -.Z.An + (L-L)C _ (A19}.

n % o0 I

~

Note that the latter term is the divergence of the mass fluxes and is being
driven to zero by the pressure correction proceséi Thus, to enhance diagonal

dominance this term is included in Ap only when it is-positive.

v
"
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_A.5 Initial and Boundary Conditions - General’

P

The function of the calculation routines is given in table 4.1. To maintain
the génerality ofAthe routines CALCU'ﬁhrough CALCE, the equations are set up
for all the internai grid-as if there were no boundaries. Each routine calls
instead the boundary condition routine PROMOD which has an entry point for

each flow variable.

+

The program has not bean set up with "user-friendly input”, as the variety of
cases to be addressed-dictates that problems be set up within the péogram.

As the definition of the geometrical framewornvcomes entirely through the
definition of coordinate sfatem, ininial and boundary conditions, a problem
may be specified completely by modlfylng only EXEC INIT and PROMOD. The { -
speC1f1cat10n of coordinate system, grid 901nts and 1nit1al condltlons are
self-evident in EXEC and INIT respectively simply by assignment It is
neccessary only to define the main grid points and all other grid variables
.are then.automatically compuﬁed-"the conversion to the selected coordinate
system is alsd automatic. The program has been set up using FORTRAN |
PARAMETER statements, and so storage automatically expands to fit the //?
specified numberrof grid points,. although the absolute size on the CRNL cne
175 computer ig limitad because it does not havera virtual memory,éystem.

Ve

As the above involves standard programmlng practlce no further detalls are

-

required. HOWEVEI it is'of lnterest to mention the boundary condltlon

-
routine PROMOD. As shown in Fxgure Al, the grid is arranged so that
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boundariés are located in\the positioh that would Be occupied by an

_ additional noqmallvgloc%E;tﬁector. Henée, this velocity is zero. The
velocity components near to and parallel to the wall are stored ét a small
distance from the.wall, are non zero, and hence calculated. Normal

\ .
components are taken as zero.

The only exception tolthis are the'inlet and outlet planes where velocities )
are non-zero. In the qniginal code Restivo et. al.(1980), inlet values had
to be constant, however, iniet velocity, and volume fraction may now be
specified as matrices in the x,y ﬁiane by ;ssigning values'to two-dimensional
array$ WIN;.WINZ and ALFIN. In order to prqmofe convergence, all internal
values are also set to inlet values ihitially. At'thé'ou;let plane, WOﬁT,

. WOU2 are outlet mass flux matrices. In the routine FLEXIT,vthése aré‘.:
assembled from the final internal velocity vectors, summed and then adjusted
to.EOnserve axial flow continuity of each fluid, in the manher discussed in

Chapter 4.

=
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L

-

A.6 Boundary Conditions for Turbulent Flow / .

For the zero penetration boundary condition, no exﬁra terms are required.
However, the zero-slip condition must be imposed in terms of shear stress at
the wall. First, a check is made to see whether the near-wall point is in

the laminar sublayer or turbulent boundary layer by evaluating

"4+ 0.25
Y Cﬂ

0.5

k pdy/u : ' - (A20)

where dy is the distance ‘from the wall of the near-wall parallel.velocity

resultant . g
QP

For laminar sublayer y+ 4 11:63 Launder and Spalding(1974), and the shear

stress is the same as for the laminar case.

For y' » 11.63, the shear stress at thé wall is estimate by the generalized

1log law, Launder and Spalding(1974}. K

(A22)

+ + +
To T K Gy a/dyIn(EY

where E' is a surface roughness parameter, and kK is Von Karmans constankt.
These are assigned recommended values of 9.79 and 0.42're5pectively; however, .

some variation of these values has been discussed, Bradshaw et. al.{1981).
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Finally, the generation term G oﬁ.equation (2.44) must be completed to
incorporate the velocity gradient to the wall. Similarly, the value of
turbulent kinetic energy k at the near wall points is modified using the'
assumption of zero diffusion to the wall. The dissipation rate € is coméuted

on the assumption that the length scale turbulence varies with distance from

the wall in linear fashibn. Hence,

. 0.75 1.5 ' - -
€ <, k™7 /k dy o . ' (A23)
Further details are given by Launder and Spglding(1974).{ In this study, the
method used by Restivo et. al.(1984) in their single phase code was
followed, invoking the common simplification that the shear stress components

appearing in each momentum equation can be computed from the velocity

components: ,
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A.7 Structure of the CALC Routines

Each of the CALC routines has the same basic structure.

in the first section, the coefficients are assembled from the-standard form,
equation (2.15), for each k plane. Advantage is taken of the obvious cycle
relationships&‘AW(I+1) = AE(1), etc. Following assembly of the standard

coefficients, the nonstandard coefficients are inserted éppropriately in the

]

source terms.

In the second section, PROMOD is called to apply boundary conditions as

discussed in A.6. _ .

In the third section, the AP coefficient is assembled as described in section
A.3, under-relaxation is applied as described in A;4, and finally the
standard equation (Alﬁ) is solved after adjusting according to {Al9) by
calling the tridiagohalAroutine.LISOLV, 2D option. This is repeated for each

¥

k plane.

Thére are two minor exceptions to this. The pressure equation (2.51) is

solved in elliptic form, so all k planes are solved together using the
tridiagonal LISOLV 3D option. Also in the CALC routine a block adjustment is )
made to ensure continuity is satisfied plane éo plane in the Z direction.—
This-adjustment is applicable only if the flow is predominantly in the 2

direction. This is discussed in Chapter 4.
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B. FURTHER NUMERICAL CONSIDERATIONS

B.1 Simplified Schemes

\

_ In a recent paper, Issa and Ellul (1986) have suggested that the momentur -

equation for the light phase can be reduced by considering only thgidominanf

terms. The equatioﬂs then become

. 3P .
0=y (Ug W G'g;i + (up)ggi (B1)
This can then be solved in point Jacobi form for ug, thus avoiding the

solution of the compiete equation invoIving the convective terms.

As this method clearly breaks down when the void fraction a becomes lqrge,f
and, as if a is small, the fpll equation as progréﬁmed r;duces'to this
equation anyway there is very little practical advantage to this
.simplification. A more general way of economizing used in this study is to
use a smaller number of iteration sweeps in the light phase momentum

equations, one sweep being sufficient unless considerable stratification

takes place.

In the same publication Issa and Ellul (1986) obtain the bressure equation
from the liquid phase continuity only. However in a.more recent péper
{1987), they reportedéthat this led to some instability for large «, and now
use the pressure equafion based on the sum of the normalized or volumetric

continuity equation of each fluid as originally outlined by Carver (1984).

b
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B.2 Implicii; Pressure Correction Formulation

One' of the schemes suggested by Spalding (1983} attempts to make the momentum
equations less interdependent, by eliminating the terms containing the
velocity of the second fluid. The a?:_gxment can be obscured by the alge'ﬁra,

so the equations are here first stated in simplified form. .

apupngan un+bAP+d(ul'?—up) . ' . (B2)
aéu{') - 52‘ alfl u;) + b'AP + d'(uP - up) (B3 law

If we now combine these equations to eliminate u;? from B2:

. ar 4 ,
(ap +d (1 - ;g- ))up - Eanun + bhaP + Y (Eal'lgn.+ b*ap) . (B4) ,

It would seem that no advant’:age is gained, until the derivative 3u/d4P is

evaluated.

b + d(b’/ar)
/AR = 3 - Alb /) (8%)

Clearly the effect of pressure on u is now influenced by the second fluid

parameters. By contrast differentiating (B2) gives:

3u/34P = b/(ap' +d) ‘ . (B6)
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It is quite straight forward to use (BS) for DU instead of the usual formula
(B6), and Spalding suggests this glves improved convergence In our case
it had no detectable effect. Spalding was doing his tests with a constant
drag function d. It seems that when a realistic drag function is used and

‘—L—"_-———"vaf(vi)1VE17vnonlinear effects must remove any advantage.

B.3 Convergence Enhancing Modifications to SIMPLE <

Some of the minor modifications introduced by Raithby and VanDoormaal {1983)

and reviewed by Latimer and pollard (1985) were implemented in the FAITH

~

SIMPLECTS The first is the consistent time step formulation of Raithby

'f‘ . L

code.

(1978). Simply stated, this uses the fact that when: the equations are

stated in transient form, the time step is equivalent to a relaxation factor

< 1]

(ep + ap) up - i.anun + b&P + d(ué - up) + ep “p (B7)

The coefficient ep varies as 1/48t, hence a small time step is heavily under
L]
relaxed. C;early, in a transient, the time step used in all equations must

be the same.

~

N
Comparing equation {All) to the implicitly prerelaxed équation

—E - = 6 '
( B)u Ia nUn etec + ( )apu (B8)
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it is clear that

EB - [(1 ~ ﬂ)/ﬂlap ' { (B9)

///gzaziarly, the pressure equation is derived-frqm the continuity equation,

thus the relaxation on the momentum equations must be the same, and that in
- the pressure equation must be equivalent to the same time step. This

reduces to

’

‘Bp =1-8 - . (B10)

SIMPLEC

This modification notes that the pressure deiivative‘normally used, B6, may
be innacurate, as the effect of pressure on the neighbouring fluxes is

ignored. In order to take these in to account, A6 is modified:

(aP - zan)u§ = (fau - Ia up} + boP + etc (b11)

r B

The contention is that the {term}. is now very small so that the new pressure

derivative is more representative.

aup/aﬁP - b/(ap - £an) - (B12)
}
As SIMPLEC corrects the inaccuracy in the pressuré equation to some extent,
. o _
Bp-l.O is recommended.
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The Combination .

B..h SIMPLECTS and SIMPLEC may be used individually or tégqtﬁer in the FAITH
code. Invoking either gives improvement in convergence over the standard '
' SIMPLE technihue, but.the improvement was usually small even for single -
phase flows. Latimer and Pollard reported a significant improvement in two

dimensional studies, however they also showed the benefit of using an ax1a1 nass

flux correction (Chapter 4.) to be much greater.

SIMPLER

The SIMPLER procedure due to Patankar (1980) has also been impleﬁented in
the program. In this method, the pressure is solved for directly as follows.
First the momentum equations are solved in point Jacobi form for the so

called pseudo velocities. The general momentum equation was written as

P pi
The pseudo velocities are obtained from a point Jacobi-step, omltting the
pressure term.

= la u +)P AP + s . (B13}

"

upi - (zanun + Si)/’api _ ' (B14)
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Equation Bl4 can now be written
upi = upi + bi(P+ - P;)i o - (B15)

A pressure equation can .now be developed in a similar manner to the SIMPLE

‘method of deriving a pressure correction equation

. BB+B=0 , : | (8L6)
where now 7 ' ol '
D=LL (A - olA) : BT

1n

The only‘differences are that the preésure equation (B16) is based on the
imbalance of the pseudo voluméfriq‘fluxes, where as the pressure correction
equation is based on the imbaiance of the volumetrix fluxes. This means
that the pressure eguation no 16nger lags behind the velocity field as in
the pressure correction method. However the velocities must still be
corrected to maintain continuity through a pressure correction equation in

the same manner as SIMPLE.

&7
Br 8B+ B =0 | (B18)
where L
D=L L (oA - cwd) : (B19)
+ -
1n ¥ .
and
Suy = by (82, = 8P_);/3p; [ (B20)
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Unlike SIMPLE, this pressure cofrectloﬁ is applied'only to correct the
velocities and not the pressure.

~ The SIMPLE# procedure requires about 1.4 times the work per iteration and
also requires auxiliary storage for the pseudo velocities. The advantage
cited is that the pressure fleld.ls established more quickly (although the
pressure equatlon should also be iterated more than the correction equatlon)
In this study the SIMPLE method and its 'C’ and 'CTS’ extensions were found
to operate as efficiently as SIMPLER providing th? Elbck correction was
imposed axially, because the latter also establishes tﬁg-pressﬁre field very

quickly.
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B.4 ARTIFICIAL OR NUMERICAL DIFFUSION AND RELATED ERRORS

As mentioned in Appendix A, higher order formulae have been proposed to
minimize false diffusion, a'phenomenon causing wave fronts to be
unrealistically diffused This diffusion is minimum when the predominant
velocity is parallel to the grid lines. Raithby(1976) took, advantage of
thls in his skewed differencing, in which derivatives are taken in the ’
direction of the préﬂominant veloc1ty These methods have not been '
incorporated in the code, so the user should be aware of the possibility of
false diffu51on. ‘Some analytical nethods of estimating'the magnitude of .
false diffusion are discussed by Patankar(1980), who notes also that some
1dea can also be gained by completing succe551ve cal¢ulations with increasing
viscosity. False diffusion may be so large that increasing viscosity will
not significantly change the solution until the imposed viscosity approaches

a significant fraction of the effective viscosity due to false diffusion.

Artificial diffusion and other related errors can be generated in any
numerical solution because in the discretisation process, the equations are |

transformed into finite difference analogs which only approximate the

mathematical equations. Errors can arise from a number of sources.
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Diffusion due to Low Order Approximation in One Dimensional Equations

+
L

As discussed in Appendix A, equivalent formulae for derivaéives
may be obtained from Taylbr series or'by differentiating interpolants. By
either route, higher order terms are usually neglected.-\Also, the

appropriate direction of differentiating for hyperbolic equati

.
-

dictated by the characteristic loci. This leadé to the so called donor-
cell,‘upwiﬁd, or pseudo—characte;istic differencing methods of which some |
higher order versions are reviewed in Carver (1980). The most common,fdonor ’
‘cell method or first order upwind“methdﬁ, thle guaranteeing slability, also
pauseslundue smoothing of the solution due to the implicit addiéion of false
diffusion terms mentioned in Appendix A. This canlalso lead ta errors in

' pressure, Raithby (1976). This can be-rectified'by using higher order upwind

methods, see for example Leonard'(1980).

False Diffusion in Multi-Dimensional Grids _ - g

]

Derivatives in multidimensEBhal methods are usually'evaluated by applyiné
locally oné dimensional formulae in the various éomponent directions. False
diffusion can hé mipimized by using higher order formulae as above, but only
when the streaﬁlines coincide with a pgrticular coordinate‘direction; Once
the streamlines cross a control volume at an angle to the coordinates, the
locally one'diménsioﬁa; formulae no ionger retain the appropriate

characteristic influence. : A
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For oxample in a normal uniform two dimensional grid upwind derivatives
woold-normally be expressed as (Figure Al) -
2 _ | - | »
22 = (4p - fyl/aX (WO) - : ' :
= _ ' (B22)
3 (4, - | -y
3y (f? o5 )/BY (Y>9) L

These show the appropriate influence precisely only for either U=0 or V=0.
For the case U=V however it is clear that the true upwind derivative is
26 : o B
= (% _"? )/8S (u, v>0) - {B23)

¥

ano that the appropriate componento should be-obta&ned from-(BZB) not (8221.
The results of applying 322 to the latter case will be to smear any changes
across “the streamllne in a similar manner that lower order methods smea;
changes along a streamline. Cleatly a method that smears neither along or

across the streamline is required.

A method of resolving this problem by differeptiatinolalohg streamlinqo of
rotating a local reference coordinate system,'thus in .effect using aiversion
of B23 was developed by Raithby (1975} and a oumber of voriations on this
*skew upwind’ system have been proposed, for example by ang and Raithby
(1979), Leonard (1979), Lillington (1981).. The payoff of skew upwinding is
of course that more accurate solutions can be obtained more economically by

using substantially coarser grids.
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y These methods suffer from two disadvantages. Most do not quarantee positive
- coefficients and this can detract from diagonal dominance, leading to

numerical stability problems. They have all been developed for two

dimensions and 'involve considérable computational effort, so much in fact

‘that they have not been generalized to three dimensions.

[y
L

Because of this, more straight forward methods are sought, and according to
Galpin, Huget and Raithby(1986), the most promising at the moment appéar to

be ‘mass weighted schemes’ see for example, Hassan et al (1983a).

[

" Hackman et,. al.(1984) have shown that to accurately simulate the

recircdlatidn zone generated by single phase flow over a simple step required

a 150%150 grid with an upwind scheme, whereas skewed differences could give

v

gi}d independant results for about 42*42. Benodeckar et. al.(1985) have
completed a similar study for éingle phase flow over surface ribs, a case

more akin to the peripheral obstruction, and reach similar conclusions. By

)
e

‘coﬁtraét, Hassan et. al.(19§§b).show that the velocity field for flow around

a~bend'can be computed quite well-using upwind differences, but that the
skewed formulae were required in the energy equation. The above suggests
that the current studies of flow around bends may be prone to less severe

numerical diffusion than the ;;;Etuction case.

All the studies reported oﬁ numerical.diffusion were éingle phqsé two-
dimensional cases. The éeneral form of the skewed,differencingﬁscheme must
address 8 neighboufing points. For eéual generality, an equivalent 3D scheme
must address thetask of incorporating at least 26 neighbouring points. This

may be one reason why none have been reported.
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As no 3D schemes are yet established, an approximate way of evaluating false

diffusion was used in this study, based as follows on the work of pevahl
bavis and Mallinson(1976).

'y
. | . N
The false diffusion terms introduced by first drder upwinding in one

dimension have been introduced in Appendix A, ahd may now be combined to

comprise:three‘dimensions :
N

. -

Tearge™ 0-50 Ubbyct vAd twld, ) = Todut Tybyy + I2? (824).

‘222

._(
This is analogous to diffusion in an anisotropic medium, when the axes
coincide with the principal axes of diffusion. Carslaw and Jaeger(1954)
show that if the flux haé direction cosines 1,m,n, the conductivity‘in this

direction is :

= 2 2. 2 ' ’
1/T =1 /T;f m'/Ty&,n./Té - (B25)
’

In two dimensions this can be resolved following DeVahl Davies and -

Mallinﬁgﬁ?&STG), who assume that the flux is normal to the local velocity,

thus, as n=0 :
SIS
q—n
. U&ul+vP] =Ulcosyl + vsiny] ) , l=-siny , m=cosy

T = LI rxm2 +T1%) = O.SUAxgysmYcos-rB . (B26)
L - Y (8xcos’y + Oysin”y) :
This formula appears to contain the appropriate trends, for example ,if
Ax=8y, it has a maximum at y=n/2. Raithby(i976) and Patankar(1980) recommend
using this formula to assess the magnitude of false diffusion, and hold that

numerical results will be acceptable if Tealge$ I‘effective . In fact Hessami

&
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and Pollard-obtained good comparison with experimental data for laminar flows.

even'when I approached the molecular viscosity.

S

) :

It .would be useful to have such a guidé for 3D computations, however it is

not possible to derive one along the same lines, as diffusion normal to the
resultant velocity can be anywhere in the normal plane. Faced with this

dilemma, it is necess(fy to use an even rougher estimate of 3D false diffusion.

Equation B26 was evaluated in each of the coordinate planés. It was clear
that the estimates were strongly affected by the cobrdinate grid spacin§ and
aspect ratio, and that the computed results must be regarded as having a

larger effective viscosity than that comppted. For the bend cases, taken at

. the point of maximum cross flow, which is at. the start of the.bend in the

pipe ceptre, v/w=0.03, and T is estimated to be about 0.005 in the uv and uw
planeé, which is of the same order as the effective viscosity. However in
the vw plane, I'=0.1, which is cansiderably larger, hence the overall false
diffusion must be regarded as being near the latter. Neverthelegs guite
reasonable results were obtained‘for phase and velocity distribution in '
bends. For the obstruction, the radial velpcities are much larger, and the

-~

maximum ratio v/w=0.4 upstream of the obstruction. In-this case the values

" of I are computed to be .01,.02,0.5 in the uv,uw,vw planes.

4
>

Developing a 3D skew scheme is a major undertaking and was considered beyond
the scope of &hes;;esent work. Instead the study has concentrated on
developing a-viablé framework for the solution of the 3D tyo-fluid equations
and introducing sufficient modelling to demonstrate that experimentally

observed phenomena can be reproduced with réasonable'felicity.

- L]
J
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Grid Curvature Related Errors

In addition to the false diffusion errors, Galpin, Huget and Raithby (1986)
have shown that the pressure field can become distorted in uniform flows
across a curved grid simply due to the fact that the coordinate direction
changes while the flow direction does not. This error is maximum when the
flow is uniform across the curved grid, and can then be as much as half a
(transverse).velocity head. In the current study however,. flows across the
grid are not uniform but circulatorj and are dqminated_by centrifugal
momehtum terms, so this error may not_be_major. |

o
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 B.6 Drag Coefficient Formulae - '

The remaining problem of definition {s the bubble diameter. Codes such as
TRAC use a bubble diameter based on critical Weber number. The formulatién
/ . - -

is as follows

G = - ' ) (B27)
P1Ve : '

where a value of 25 for Wb is deémed.appropriate. This formulation is also

used by D.S. Rowe (1981) in 1D studies and by Spalding (1981) in the URSULA

code.

The flaw ﬁ;re is that any dynamic evaluation of db'then depends -on evolution
of relative velocity. For cbvious reasons, when Véiis small the,formula
generafes enormous bubbles. In the URSULA éode, Spalding (1978) imposes a
limit on bubble size as an arbitrary fraction of the available hydraulic
diémeter; but this is an artifice. Early calculations using the TOFFEA code
showed that the use of equation {B27) to determine hubble, size led,to
numerical instability due éo the vast range of sizes produced.,

One way tb.circumvent this isito base tﬁe bubble size a more stable

relative vélocity, for example, that obtained from dri

L

[(Pl - pv)\alo.zs

Yot ST (B28)
1 .

flux considerations -



J—

. 2% .
There is a philosophical aversion td this, however, as the two fluid model is

no longer independent of the drift flux simplification. A more satisfying
approach is to merely use the bubble sizé formulation due to Wallis (1979)

- i . 12 oy )
d -2 {m}y (B29)

-

This, of course, does give constant bubble size uniess pg_is a stroPg
function of P, but'this is a simplification as opposed to the obvious

distortion given by equation B27. This belief is alsc confirmed by Hanna et
al (1982). '

The specification for Cd is glso open to some doubt. However, a survey by
Lahey(1979) showed that several proposed formulaé gaﬁe approximately the same
results. However, this was over a limited range of Reynolds number. The
formula for draé on a sphere in the Stokes region.is ¢y ™ 24/Re, and most
formulae are extensions of this. The Reynolds number for Ehe-bubble case is

again-that based on relative velocity ' -

Re = Y% . (B30)
. (ﬂ/pjl‘ . :

~

Thus in any 2D or 3D computation, a large range of velocities can be produced

‘throughout the field. | RS

PR
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Some proposed formulae for Cp are :

wallis (1979) 6.3Re!0+385) (B31)
zuber and Ishii (1979) 22 (1 +0a8”™) (B32)

_TRAC, Liles(1978) min({240, 24/Re,18.7Re

Results from these formulaq are given in Table Bi for a range of relative
velocities and Reynolds numbers. Also included are bubble sizes predicted by
equation B27 based on this Reynolds number, and bubble size predicted by
B29 and BZ? for comparison. It is clear that B31 and B32 give about the same
value of C3 for tﬁe expected range, but B33 is quite different. Following a
recommendation by Lahey(1979);.§@1<was used in theése studies, but B32 was
used in the sensitiﬁity studies diécussed in Chapter 7.
'
- Table Bl

Comparison of Drag Ceoefficient and Bubble Size Formulae

Re, v, CyB3l)  Cy(B32)  CyB33)  gp(E2D) 4, (B29)
/s ' m m

01 2x1078 37, 2400. 240. 108 .005
.1 - .00002 15. 244, 90. 108 oo

1. .002 6.3 26.4 18.7 104 .

10. .02 2.7 37 2.4 107 "
100. .2 1.1 1.0 0.2 a. R
105 2. .44 .45 .024 .04 "

10 20. .18 .25 .0024 .004 "





