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TWO DIMENSIONAL MODELLING OF THE HOMOGENIZING EFFECTS OF FLOW

OBSTRUCTIONS IM TWO FLUID FLOW *

M.B. CARVER
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Chalk River, Ontario, KOJ 1J0, Canada

M.A. SALCUDEAN

Department of Mechanical Engineering, University of Ottawa, Ottawa, Ontario, Canada

It is well known that obstructions in two fluid flow have the effeci of homogenizing the two fiuid mixture, resulting not only
in a more uniform phase distribution, but also in a significant reduction of the ratio of fluid velocities. This paper shows that
these effects can be modelled using a two fiuid computer program, and compares results to those obtained in a recent

experiment.

1. Introduction

As a nuclear reactor system relies entirely on
fluid circuits for energy transport, mathematical
modelling of thermalhydraulic phenomena plays
an important role in reactor design and develop-
»1ent, and methods of improving the accuracy and
efficiency of thermalhydraulic computations are
sought continually. A simplified fluid circuit dia-
gram of a CANDU reactor is shown in Fig. 1.
Throughout most of the piping network the fluid
behaviour may be adequately described by one-di-
mensional models such as those described in [8,9].
However, in the reactor fuel channel, flow must
distribute itself amongs the intricate flow passages
of the fuel bundle. In the secondary side of the
steam generator, and in the calandria, the flow
distribution is also complex. One-dimensional
analysis is adequate to simulate coverall or bulk
energy transfer, but multi-dimensional analysis is
necessary to model detailed local distribution of

flows and temperatures in any of these geometri- -

cally complex components. The secondary side of

* This paper was presented at the IMACS International Sym-
posium on Computer Methods for PDE’s, Bethlehem, PA,
U.S.A., June 1984.

the steam generator develops two-phase flow, but
this flows vertically, so the homogeneous or single
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Fig. 1. Simplified view of CANDU reactor showing flow paths.
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tivi o lel of two-phase flow is reasonable [5]. In
¢ o 2 -DU fuel bundle, however, which is shown
i iz 2, the flow passages are horizontally ori-

. Under boiling conditions and lower flows
theie s, therefore, a tendency for the steam and
+ stet 1o flow in opposite directions with respect to
eravite. A model of two-phase flow, which permits
the water and steam phases to flow with different
velocsties, is required to simulate this gravity in-
duced separation tendency. The Chalk River
Niuclear Laboratory (CRNL) is involved in an
estensive program of research and development of
non-cquilibrium two-phase flow modelling and
multi-dimensional computational analysis of flow
w fuel bundles and related geometries. Develop-
men: of prototype codes incorporating advanced
techniques is underway at CRNL and the Univer-
sity of Ottawa {6,10,11], and models and numerical
methods veed are discussed in a number of publi-
cations {8,15,16]. Parailel phenomenological inves-
tigation 1s required to ensure that the computer
codes incorporate the mechanism necessary to
simulate experimentally observed trends. The de-
velopment program, therefore, contains a number
of coordinated experimental and analytical pro-
gects, each of which acts as an auxiliary building
block, providing information essential for the
ceniral project. This paper coacentrates on one of
these fundamental projects, which examines the
effect of flow biockages on two fluid flow in
horizontal channels. This study is relevant to the
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effect of the structural endplates in a CANDU
bundle, which, as clearly seen in Fig. 2, introduce
a blockage in some of the flow channels. It is well
known that such a flow blockage tends to re-
distribute flow and introduce a homogenization
effect. Currently, in a subchannel code, such as
ASSERT [6}, this effect is modelled by introducing
local loss and diffusion parameters and an empiri-
cal modification to the drift flux model {6]. How-
ever, studies are needed to quantify this effect in
further detail. A recent experiment reported by
Salcudean et al. [12,13] studied the effect of flow
obstructions on pressure drop and void distribu-
tion in horizontal air-water flow, and confirmed
that a flow obstruction causes several separately
identifiable but related local phenomena; a pres-
sure drop, a mixing of the two fluids, a reduction
of the ratio of air to water velocities, and an
eventual return toward stratification. It is of inter-
est to know whether a two fluid model contains
the basic mechanisms necessary to simulate these
phenomena, and the current study investigates this
question. Obviously, a one-dimensional two fluid
model cannot simulate either the tendency towards
stratification or the homogenizing effects of the
blockage. The effect is three dimensional in na-
ture, but can be sufficiently characterized in two
dimensions to provide an adequate proof-of-con-
cept study. The two-dimensional two fluid code
TOFFEA [3] has been used for this purpose.

ZIRCALOY BEARING

~ ZIRCALOY FUEL
SHEATH

"~ CANLUB GRAPHITE
INTERLAYER



M.B. Carver, M.A. Salcudean / Homogenizing in two fluid flow 477

Top | Tap 2 Tap 3
L o
[ ; ]
—

Direction of Flow

Plan Tube Tap | Tap 2 Tap 3

a: 168 % Q221 % Q: 266 9 a: 200 %
7 195 n: 118 n:oLe n 164
p - 1533 KPa p: 1537 KPo p: 510 KPo p 1506 KPa
(a). Change of void distribution. Peripheral obsiraction. Bubbly flow.
0.000775 kg/s. Quality: 0 0704%.
Plain  Tube Tap |

a 165 % a 256 % Q %0 % a wa %
M 195 7: 110 7 034 n 066
P 1533 KPo P : IS8T KPa P 148.3 KPa P 1494 KPg

(b). Change of void distribution. Central obstruction. Bubbly flow.

0.000775 kg/s. Quality: 0.0704%.
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2. The flow blockage experiment

The test section was a 254 mm i.d. 3 m long
horizontal plexiglass tube. Air and water flow at
sclected rates through a mixer and a 3 m long
approach to establish flow prior to the test section.
Void fraction was measured at three stations using
an optical probe. Typical results for peripheral
and central flow obstructions blocking 25% of the
flow area are shown in Fig. 3 and illustrate the
phenomena mentioned above.

3. The TOFFEA computer program

The TOFFEA (Two Fluid Flow Equation Anal-
ysis) is a two dimensional computer program that
15 based on the same principles as the well known
TEACH (7] single phase code, and was developed
from the University of Ottawa version {11]. The
carly development of TOFFEA is described in [1]
and [4]. The main features of the numerical scheme
are now discussed.

1 1. Goverming equations
The conservation equations governing adiabatic
two fluid flow can be written in cartesian coordi-

nates for fluid 1 as follows:
Conservation of mass:

d Jd
ax tapud 3 tapt) =0

Conservation of momentum:

r} v a
3, lapu), + 35 (acu),

P |
cret I+ é,(u; - uy) +(ap),g,. (2a)

B ()
3 Lapur), + 5;(»!0!'2%

P
S e + 0+ ¢0(u —uy) +(ap)gy.

(2b)

Here, a denotes volume fraction, p is density, u
and  are velocity components, g is gravitational

acceleration, and ¢ and I' are functional relation-
ships for interphase drag, and friction and viscous
stresses respectively.

For brevity, these may be generalized in vector
notation for each fluid &k, k=1, 2:

JaP
k+aka—xi= ik (4)

d
[5};(@".%)

The velocity component along coordinate x, is
denoted by u; and du,/0x;=du/dx + dv/dy: S,
contains the remaining terms from (2), and (4)
comprises both (2a) and (2b).

3.2. Numerical solution

The solution scheme used in TOFFEA is a
novel extension of the TEACH scheme for solu-
tion of the single fluid equations. The equations
are first discretised by integrating over the control
volumes for each fluid k, using the usual staggered
grid concept:

2 [(apud),, -(apudt), ], =0, (5)

Z[(mpu,u’.A)i+ —(apu,-ujA),_ ] x

i

+Aa,(P,, —P_)=S,V, (6)

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, (6) can
now be reduced to a form which gives a first
estimate of mass flux in terms of the neighbouring
mass fluxes and the relevant pressure gradient:

a(apu), +Z(bapu),, te(P,-P.)| = SikV.

(7)

The coefficients a, b and e contain the approprias
expressions reduced from (6), but (7) is now lin-
earized, 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 cor.
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rectly, the new mass fluxes will not satisfy the
continuity equation (5) but yield a mass imbalance
D:

E_[(aPuA)H—(aPuA)i—]k:Dk- (8)

As there are two continuity equations, the question
of how they may be used most efficiently to ex-
tract the remaining two variables, pressure and
volume fraction, must be addressed. Shah et al.
[14] have suggested combining the two squations
(8) to form a total mixture mass balance:

2
Z Z[(aPW‘)H _("‘P“A)i—] «=Dy+D,=D,_.

k=1 i
)

A pressure equation can then be derived in the
classical ‘SIMPLE’ [3] manner. It is necessary to
find a new pressure filed that will drive D, to zero.
This can be done most efficiently by the
Newton-Raphson technique, which yields

dP= -D/(dD,/dP). (10)

Thus the required equation for the change in the
pressure field, d P, is obtained from rearranging
(10):
{ dD,
{ dP

]dP= -D,. (11)

As expression for d D, is readily obtained by dif-
{erentiating (8):

dp, = )?: Y[ Ad(apud),, — Ad(apud),.],
k=1 i

= - Ds ’ ( 1 2)
and from (7)
-1
dapt) =t | Zbd(ao0),
v n
+e(dP,.+~—d1’,_)] . (13)
A
Equation (13) is handled more readily by ne-
glecting the variations in neighbouring mass fluxes,

thus reluting changes in each mass flux component
at cach point to the changes in pressure upstream

and downstream, as in SIMPLE. Substituting the
simplified equation (13) inio (11) now yields a
definitive matrix equation fer the changes in the
pressure field required to drive D, towards zcro,
the form

(A4, +A4,)dP=AdF -D,= (D, + D,). (14)
This is a Poisson equation and relates, for both
fluids, the pressure correction required at each
node to reduce the mass flux imbalances existing
between nodes.

The pressure correction resulting from (14) will
not precisely satisfy continuity because neighbeur-
ing flux variations were neglected in (13) and void
fraction variations were alsc neglected. Shah et al.
[14] obtain a further expression for void fraction
by solving (8) for a; with D, imposed as zero.

Numerical experiments at CRIVL using this ap-
proach for air-water flow have shown that the
lighter fluid is poorly conserved. This can be ex-
plained by noting that (14) tends to dictate a
pressuce equation based on D, + D, =0, not on
D, = D, =G. When p, < p,, as for air and water,
the lighter fluid hardly influences the pressure
field at all, as D, <« D,.

Ths: problem is circumvented in the TOFFEA
code by normalizing each continuity equation (¥)
by the reference density p, to give a volumetric
conservation equation equivalent to (9):

2
S Y l(audr),, - (audr), | =iy n; (19)
k=1 i

where r = p, /pox. Dy = D/ Pos -

In this case as r, =1, the phases and then
contributions D’ to the pressure equation are
equally weighted, and a pressure field that imposes
continuity in each is compuied.

Furthier iests showed that whiic the volumetrie
pressure equation impioved conservation, the rate
of convergence was still slow wiicii the continuity
equation (8} for one fluid was used to solve for tie
volume fraction o, , k = 1. The reason for this was
identified as the absence of infermation about
fluid 2 in (R).

As two linearized continuity equations are to be
solved, any linear combination wil! yield solutions.
The sum cof the velumetric continuity equations
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was used to derive a pressure equation implicit in
boil fluids. The equation used to compute volume
fraction must also be implicit in both fluids for
efficient convergence. The continuity ¢quations (8)
may be normalized as before, and then subtracted.
Noting @ = 1 - a,, requiring D, - D, =0, and
using @ for volumetric flux ud, this vields

X‘.“l‘@: + Q) (O + ), l
100, (16)

Flueas o further linear matrix equation implicit in
koth fhuds, and defining the field necessary to
dnive Dy - Dy 1o 2ero. Hence the combination of
(15) and (16) drives both 2 + D; and D) - D; o0
ceto and thus ensures both D) and D3 are also
drven to zero individually.,

A final novel features 1s the modification of the
nerative solution of (16) which ensures a € (0, 1)
at alt umes. If the bounds are merely imposed
subsequent to solving (16), the integrity of the
entize remaining solution sequence is degraded,
the constraints must therefore be imposed im-
phcitly. The method for this has been published
separately {2}

This combination of the implicit volumetric
pressure equation (15) and implicit volumetric
velume fraction equation (16) has been incorpo-
rated in a two dimens.cnal, two fluid computer
program known as TOFFEA [3]. A three-dimen-
sional two fluid program has also been developed
using the same principles and is at prototype stage.
The TOFFEA code has been used successfully to
simulate separation of two fluid flows due to
centrifugal forces in elbows [4] and due to gravity
i horizontal communicating subchannels [3]. In
thss paper it is used to simulate the counter effect
of homogenization caused by flow blockages. As
the experimeats shown were conducted in the bub-
biv flow regime, the constitutive relationships for
wall and interphase friction suitable for bubbiy
flow described in [3] were used in TOFFEA.

4. Simulation of the experiments

Because the intent is not vet to simulate the
experiment exactly, but to demonstrate first that

the two fuid model has the ability to simulate the
mechanisms involved, a two dimensional simula~
tion was used with the same flow field height.
Similar water and air flow rates and volume frac-
tion were used and the code computed subsequent
pressure drops and phase and velocity distribu-
tion. To simulate the mixer, uniformly distributed
void was assumed at entry, subsequent void frac-
tion profiles, velocity and slip profiles were then
extracted.

4.1. Velocity and phase distribution fields

In order to illustrate the features of the flow
field. demonstration prablems at 50% entry void
fraction were completed, as this yields more easily
interpreted flow field graphs. Examples are shown
in Figs. 4 and $ for both the peripheral and the
central flow blockages.

The figures show vector fields of volumetric
flow (ue) for each fluid, and a bar chart of void
fraction a. Specific computed values of void frac-
tion and air/water velocity ratio are shown in
Figs. 6 and 7 both for local centre line conditions
and overall cross sectional average conditions.

As the initial void fraction was uniform the
tendency toward stratification can be observed in
Figs. 4 and 5, but only the test section length was
used in the computation, so ‘fully developed
stratified flow was not established. The stratifica-
tion produces quite a large air flux near the top of
the test section, 2ven though zero slip is imposed
at the wall.

The obstructions do affect the upstream flow
patterns. As expected, the central obstruction
causes a divergent deflection upstream, while the
peripheral obstruction causes a convergent deflec-
tion. Dowastream, the restoring tendencies are, of
vrse, opposite. For the central obstruction, the
downstream restoring velocitice are  generally
aownward in the upper half of the channel where
most of the air resides, tending to drive this air
back towards the centre of the channel and pro-
duce the enhanced mixing observed in the experi-
ment. By contrast, the peripheral obstruction gen-
erates upward downstream restoring velocities and
the mixing effect is less. The diagrams also clearly
show that effects of the central obstruction persists
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mented in scale to accentuate clearly the distincily

fields, quantitative figures are given helow,
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4.2. Particular analysis of velocity and phase distri-
bution

An overall impression of the nature of velocity
and phase distribution can be gleaned from the
flow fields depicted, particular features are now
discussed. Graphs of computed cross sectional
elocuy ratio

trends in vord fractron and slip are again in agree-
ment with the experiments of Figs. 3 and 4. In
particular, the slip can be seen to increase in the
plane of the obstruction and decrease markedly

just downstream, with the overall void fractions
varying inversely as expected. The increase in slip
and Qlight decrease in void in the plane of the

the greater acceleration
induced in the lighter phase. The subsequent de-
celeration causes an opposite tendency, but the
mixing effects cause comparably larger variations,
the average void increasing above upstre: :

P

nd t ve clin .-lanrn Q1 n
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his is
computed centre line values do not show strict
proportionality, but are not necessarily con-

omogenizing in two fluid flow 483
PLANE OF
BLOE‘KAGE

" u n AXIAL SLIP
J \ A /vw
o /

?

L b¢
09 H ,,
o
o sy VOID a
06}~ a
2 05} v
S e [[Resat

AXIAL POSITION

Fig. 7. Computed void fraction and ship ratio, average and
centre line values (central).

Again as in the experiment. the central obstruc-
tion causes a significantly greater redistribution
than does the peripheral one. The flow around iise
central ohstruction shows the liquid phase be-
pﬂﬂSC IIOW past

£
S}
<
'ro
%]
S F
[« W
E
=
= G

, giving a »doul\ rate
smailer than one. This accounts for the hg gh voud
region observed in both experiments and calcula-
tion. The effect is less pronounced in the mmpum

Further downstream, pressure recovery owours
with an associated increase in slip and decrease n
void. The recovery is computed to be much faster
for the peripheral obstruction than for the central
one, again as observed in experiment.

5. Conclusion

As stated, the intent of the study was to dc-
termine whether the two fluid model coniains the
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necassary flexibility to simulate the several physi-
cal phenomena which occur in two phase flow
;:munc a constriction. Because ‘xhis was a feasibil-

cxscly reproduce expenmental condmons. ln spxte
of these approximations it is clear that the numeri-
cal simulation reproduces the main phencinena of
interes: and therefore contains the necessary
mechanisms. It would be counterproductive to at-
tempt to tune a two dimensional model to agree
with the experiment in more detail, but the agree-
ment is sufficient to promise reasonable success
for a three dimensional simulation. One feature on

which a discrepancy exists between the computed
and experimental results is the precise amount of
mmlnu In the central hlnr'ltaop pxpprnnpnl the

vesssves Sifw wwisssiss Uivwanis,

mixing appears to temporarily invert the void frac-
tion profile. As the blockage is symmetric, this is
quite surprising and may be due to the inducement
of swirl, a phenomenon that would require multi-
dimensionai simuiation.
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