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ABSTRACT

This Quarterly Progress Report contains a description of the work done in
three areas of technology. The significant results are:

% Two-Phase Flow Instrumentation Development - The recent PNA tagging
“acta is presented. In addition, a detailed error analysis is presented for
the side-scatter gamma ray system under development.

II. Phase Distribution and Separation Phenomena - An analytical model for
phase separation in Wyes and Tees is presented. In addition, an analyticai
model for subchannel void-drift is developed.

ITI. BWR Parallel Channel Effects - The status of the experimental PCE
loop and the supporting analysis is presented.
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INTRODUCTION

TWO-PHASE FLOW PHENOMENA
IN NUCLEAR REACTOR TECHNOLOGY

The research program entitled, "Two-Phase Flow Phenomena in Nuclear
Reactor Technology", is sponsored by the U.S. Nuclear Regulatory Commission.
The basic purpose of this university research program is to develop a more
thorough understanding of the two-phase flow phenomena associated with certain
hypothetical nuclear reactor accidents.

The program is divided into three major tasks. Task I is concerned
with the development of novel, two-phase flow instrumentation with which
some basic two-phase flow parameters can be measured (e.y., void fraction,
phase velocity, etc.). This instrumentation is intended for high pressure
steam-water application as weil as laboratory use.

Task II is concerned with the detailed fluid mechanics of two-phase
flow. Specifically, an indepth understanding of two-phase flow multidimen-
sional void distribution mechanisms and phase separation effects will be
developed. The basic questions to be answered in this task are:

® Why do the phases distribute the way they do?
@ What happens to a two-phase flow when it undergoes axial
and/or lateral acceleration?

Task III is intended to address a current safety question conce.ning
the performance of the BWR emergency core cooling (ECC) system. Particular
emphasis will be placed on parallel channel effects (PCE) during ECCS
operation.

In all three tasks, considerable analytical and experimental work was
accomplished during the Eleventh Quarter. The RPI personnel who worked on each

task during the report period are tabulated in the following table.
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TASK I
TWO-PHASE FLOW INSTRUMENTATION DEVELOPMENT

This task has as its objective the development of accurate and reliable
instrumentation for the measurement of the single and two-phase flow charac-
teristics under a variety of steady-state and transient conditions. Such
instrumentation is necessary for the understanding of the results of reactor
safety experiments on current generation light water reactors {LWR), such as
Semi-Scale, LOFT and BWR-BDHT. To this end a broad projram is being conducted
for the development of both in-core and out-of-core techniques for the measure-
ment of important multiphase flow parameters such as void fraction, phasic
velocity, slip ratio and flow regime.

I[.1 PNA jTagging Results

In our previous PNA single-phase flow measurements [1], we observed that
in fitting the experimental (time) profiles of the irradiated water with the
theory of G.I. Taylor [2], that this theory did reasonably well in predicting
the over-all profile but departed from the data near the trailing edge of each
pulse. We interpreted this in terms of the effect the laminar sublayer causing
prolonged noldup of the N]6.

In the two-phase flow series of PNA measurements [3],we found that for very
small air flow rates, the air bubbles travelled mostly around the pipe walls
(an observation consistent with Serizawa's data [4]) and the resultant time
profile of the irradiated pulse fits the Taylor theory quite well. This
interesting feature is shown in Figure I.1. Here a single-phase flow time
profile is compared to a two-phase flow condition with very small air flow
("champagne" flow). In both cases the theory of G.I. Taylor has been fitted

to the data by setting the normalization constant equal to the peak counts/

second,and by adjusting the single-phase water velocity so the leading edge

oy
)
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of the calculated curve goes through the bulk of {he experimental points.
It can be seen that the "champagne" flow time profile <jg>=0.02m/s(0.06ft/s)
fits the theory much better than the single-phase flow time profile.

Based on the above experimental facts, we interpret this re :1t as
being due to the small bubbles present in the wall region which apparently
disrupt the laminar sublayer rear the pipe wall leading to more uniform
mixing.

[.2 Side-Scatter Gamma Ray Densitometery

The side-scatter gamma measurement technique being developed at RPI for
the measurement of local densities has been described in previous Quarterly

Reports [5]. The response of each detector was shown to be:

Ni = C] Pgy EXP (-?]oz¢) (1.1)
N, = Cy 05 yEXP (—8202¢) (1.2)
where,
W 7,
2¢ 2¢‘ 1
and,

C],C2 ¢ calibration constants

"

(u/p) = mass attenuation coefficient

>
>

gamma beam path length

o e density
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The subscripts are:

1,2 - refers to dctector 1 or detector 2

2¢ - denot:s two-phase flow in the channel

i - the incoming gamma beam

e - the gamma beam exiting the scattering volume
sv - denotes the scattering volume

Combining equations (I.1) and (1.2) and solving for the local scattering

volume density yields:

o (1.3)
sV 82

The above expressions were derived assuming that the densities are time
independent, while actual densities will fluctuate witi. ime. In order to
determine the effect of this dynamic characteristic of two-phase flow, it is
as.umed that the scattering volume density varies between a maximum and min-

imum value of,

o = p (1 +¢)
L T SV, (1.4)

(1 -¢) (1.5)

\=
"

Psv

Svmin 0

Similarly for the chordal average flow channel density,

-~
-
.
o

SN

i

o (1 +4)
2¢0

02% (1 -a) (1.7)
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There are four possible combinations of densities in the scattering

volume,and along the two-phase beam path,respectively. These are,

(¢). (o

s P )
svm1n 2¢’milx

(d) (o s P )
SVmin 2¢min
Letting the parameters a, b, ¢ and d represent the fraction of time in
which the flow conditions (a), (b), (c) and (d) occur, the count rate of
detector-1 becomes,

N, =C ap exp (-B.p ) + bp exp (-B,p )
1 1 i 2¢max sV 1 2¢min

max

+cop exp (-B]pz¢ ) +d Py exp (-e]o ) (1.8)
max

min 2°min

A similar expression holds for N2. The true time-averaged density in the

scattering volume is now,

p..=(a+b)o + (c+d)o (1.9)
v svmax Svmin

If the measured density equals the above expression then the dynamic bias is

zero, however, generally,this won't be the case.
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Substituting the dynamic expressions for the detector count rates int.
Equation (1.3) for the general case of a local density measurement in a large

pipe, the measured scattering volume density is,

1 B0
C & 1

By

2¢ 129
max e min

2 ‘psv + boSv

max max
v 8 =B,p =B,p
meas 2 2V2¢ 2" 2¢

C] - o max . bo e min

<
. vmax ¥ vmax

S

8y-8

“Byp -B4p
co o ! 2°max + do e L 2°m1n
sV SV

min
=B,p
é 2"2¢

min

~P2%4

min

min ..J

e
min

max

cp + dp

SV SV

It can be easily shown that the dynamic bias appears only in the exponen-
tial terms, i.e. the bias disappears as (8102¢) approaches zero. Therefore,
the value of ¢ , which defines the magnitude of the fluctuations of Py makes
no contribution to the dynamic measurement error. It is only the fluctuations
in the density of the incoming and exiting gamma beam paths which produce dy-
namic bias in side-scatter systems.

Figure 1.2 illustrates the effect of A on the dynamic bias. The relative
error in density increases monotonically with A. Figure 1.3 illustrates the
effect of increasing the two-phase path leng:h from the source to the scattering
volume; and, hence, B] and 82. As expected the error increases with distance
into the flow channel. It can be seen that the potential errors due to dynamic
basis can be quite large. Clearly this is an area which needs further investi-

gation if we hope to use this system for the measurement of local void fraction.
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[.3 The Analysis of a Diamond Tipped Optical Probe

In the previous Quarterly Report [5], the ray tracing computer programs
for the conical diamond tipped optical probe were summarized. These programs
established the optimum geometry for the diamond tip. This may be thought
of as having been the development of a kinematic theory of the probe, since
no absorption or attenuation had entered into the calculations. Diamond tips
were cut and polished to these specifications, and tests made. These data
indicated that the purely kinematic model was insufficient, since, due to
the many reflections which occured and consequent long paths through the
diamond, attenuation was observed to occur. Consequently, the computer model
was improved to include absorption along the beam path by Beer's Law, and
attenuation on reflection according to Fresnel's equations for reflection,
and transmission coefficients as a function of angle of incidence. This may
be thought of as the development of the dynamical theory of the diamond probe.
These refinements have brought the computer model into agreement with the
actual performance of the diamond tipped probe.

1.4 Ultrasonic Measurements in Two-Phase Flow

During the Eleventh Quarter several attempts were made to measure the
global void fraction a two-phase mixture. The first attempt was through the
use of a pulse-echo (ie: sonar ) technique. This proved effective only for
situations in which there were few number of bubbles. For most cases of
practical significance the scattering and/or resonance attenuation was such
that it was not possible to determine the void fraction.

Another technique was the transmission technique. In this technig.e the
signail (pulse) is sent across the channel and picked up by an adjacent trans-
ducer. In principle, the attenuation and/or phase-shift of the input signal
can then be used to infer void fraction. The experimental setup used is shown
in figure 1.4. The top set of transducers is intrusive while the bottom set

is not.
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It was found that the in.-usive arrangement was far superior to the
nonintrusive one, due to the fact that the pipe wall introduced considerable
attenuation. Preliminary indications were that the measurement of phase-
shift would be a more accurate indication of global void fraction than
attenuation. Unfortunately sufficiently accurate electronics (to measure phase-

shift) were not available with which to accurately measure void fraction.
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TASK 11
PHASE DISTRIBUTION AND SEPARATION PHENOMENA

Probably the least understood, but most important, aspect of two-phase
flow is the multidimensional effects that are exhibited. In particular, our
current understanding of phase distribution and separation phenomena is quite
primitive. Today, we are still not able to write down the conservation laws
which explain why annular flow develops as observed, nor are we able to ade-
quately explain measured subchannel distributions. Moreover, we do not even
have empirical correlations for such things as phase stripping in tees and
at simple area changes.

The purpose of this task is to address these fundamental problems, both
analytically and experimentally.

II.1 Phase Distribution Analysis

In past quarterly reports, we have presented and analyzed a model for
phase distribution in a pipe, and compared the predictions of this model
with the limited data available. Since these models relate phase distribution

to the local turbulence structure of the continuous phase, they are difficult

touse in conjunction with current methods for the prediction of two-phase flows.

We have previously [3] used these local models, relating the lateral void
distribution to the liquid turbulence structure, to derive an equation which
related the cross-cectionally-averaged value of void fraction, to the cross-
sectionally averaged mass flux. The result of this derivation was considered
suitable for use in predicting the equilibriun phase distribution in current
generation subchannel codes. That is, for use as the lateral "void drift"
model [6] in subchannel codes using a mixture momentum equation. Unfortunately,
some of the codes currently under development use phasic rather than mixture
conservation equations, and thus the previous . alysis is not directly appli-

cable to them,
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Let us now develop a phase distribution model which is suitable for use
in predicting the equilibrium phase distribution in codes having phasic conser-
vation equations. Thus we shall relate the cross-sectionally averaged value of
a(x,y) to the mass-weighted cross-sectionally averaged phasic velocities
(ie: phasic mass fluxes).

We define the cross-sectionally averaged void fraction of subchannel i

to be,
<Q,>1 = T—'—— ffA O.(X,y) dXdy (II'])

and the subchannel-average mass flux of phase-k to be,

Gy = <apy u,.>y (11.2)

Gl‘i = <“'a)°g ulz>i (11.3)

The subchannel average total mass flux (Gi) is thus,

Gi = Gvi + Gli (11.4)

For steady, fully developed flow in geometries of arbitrary cross-section,

we have previously [1] derived an expression for the lateral void distribution

al,y) - g 1-9 o(1-9)1(x,y)
[]’G(X.Y)] Lz ¢ (II.S)

where I(x,y) is a line integral which quantifies the effect of the non-isotropy
of the turbulence on the void distribution. For most cases of practical concern,

g<<1, and so equation (II.5) reduces to,

0 alxy) = 1-6571 ;] e 10) (11.6)
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We must now deduce a relationship between the turbulent kinetic energy
Kzz' and Gvi and Gzi' A convenient approach is suggested by the well-known
single-phase relationship, that for a given Reynolds number Rei, the local
velocity fluctuations “iz are proportional to the local mean velocity Ug,-
That is, for single-phase flow, at some point ¢ in the subchannel (taken

to be the location at which the time-averaged velocity is a maximum),

Lug, Oaay)/ug, ()] = Fry (Rey), (11.7)
where,
G.D,
o, § LEL
i My

For turbulent two-phase flow, we expect that such a relationship can be exoressed

as,
Cuj, Oay) fug, (xay)], = Faol<a>jsRe  Re, 1) (11.8)
where,
A 6, D
Re. . 3 ki Hi
ki uk

Equation (I1.8) expresses the fact that we expect the turbulence intensity
in a two-phase mixture to depend on several factors. First, liquid phase tur-
bulence could be generated by wall shear. This motivates the dependence of F2¢
on Reli. This turbulent flow field could be modified by the presence of the
vapor phase, thus, we include here a dependence of F2 on<a>,. We further

) i
ncte that turbulence intensity in the liquid phase can be generated by relative

r.

motion between the phases. Thus, we expect F2¢ tc depend on u, = Uyp, - Vg, »
i 1 i

where

Ukzi k)i nk J 60
YV
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However, since F2¢ is dimensionless, u. must be included in a dimensionless
i

fashion. This is effectively done by allowing F2¢ to depend on G » G

] 21 and

<a>; through Revi. Regi, and <@

Let us now assume,

A 22 .1 ‘ A6 o8 .

‘Q,Z - ? Ol(ulz) » '2' pl(ull)c f](xo.Voni ’Gzi ’<a>i) (Xl'g)
or, using (I1.8), we have,

Ky, = 5 o,(u, )2 F2. (Re. .Re, ,<a>.) f2 (x 16, 16, »<a>;) (11.10)

ez~ Z Pt/ 24 N Bang LU Rl i Vit :

We can now combine equations (I11.6) and (71.10), and average over the flow
area of subchannel-i, to obtain,

=1-2¢3' 0,7 (u,, )‘2 Foe (Re, v Ry @A, (11.11)

where,

A 5 -
Ai(ﬁvi’Gli’<a>1) = <:?] 2(x,y;Revi,ReEi,«pi) e I(X.yz:>i (11.12)

It should be noted that all details (ie: profile effects) of the turbulent

structure are contained in Ai'

We now wish to obtain a relationship between (“zz)c' G2 and <>, It
i
is convenient to define,
A

ug xsy) = (ug ) fZ(“”‘Gvi'Gzi'<“>i) (1I1.13)

and,
A
alx,y) = <a>y f3(x,y.6, 6, ,<a>;) (11.14)

i i

combining equation (II.13) and (I1.14) with equation (II.3) gives,
G

g =B (G 21,<a>i) (”gz) - C; (G Qi,<a>i)<ai>(u2 ) (11.15)

i z’¢c
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Thus, from equation (II.15)
G
\ i
u - —
( 02/ ¢ TBi_r’ "

(R(} ‘k’n
¥4 i

Thus, within this formulation, the role of the void distributiun relation-

ship in equation (II.5) 1is to provide the functional relationship between

T hv and G, , which is given by equation (II.18). T> evaluate equation(II

X

i i
and determine the explicit relationship between <a>., G and G

i

J
1 v .
i i
knowledge of the distribution parameters Ai' Hi‘ and C and the function F.

,requires

’
L 4

and the constant (3. In general, we do not know these quantities as functions

., G, and G, . Due to our lack of knowledge, we shall expand equation
V. L,
i i -

(11.18) about the bundle-average liquid and vapor mass fluxes, G, and G . and

\

the bundle average void fraction <a>. To simplify the calculation, we can

write equation (II.18) in the form,

18),
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Subsiituting equations (11.20) into (I11.19) gives,

H1(<&>+A<a>i.6v + AGvi’Gz + Aﬁli) =0

¥ H,(<a>,6.,6 ) + Eﬂl—- {<a>,6.,8,) A<a> aHi 2 2
i e "L <> L e oy i+ 3@;——-(<a>,6v,61) AGVi
i
My, L
+ -QE; ((a). GV’GQ,) AGEi (II.Z])
If we define:
- - = I‘.s
3Hi 2 = - A
o= (<u>,Gv. Gl) = Ei (11.22b)
i
- = = A
M (<@.6,.6,) = F, (11.22¢)
V.
i
M = a ayd
'é'G—; (<a>’GV’GE) = Ji (II.ZZd)
i
Fquation (I1.21) becomes,
D; + E; A<a>, +F, AGvi +J; AGQi =0 (I1.23)
Solving for A<a>, gives
Di Fi J1
A<(l>i = - f.'_ - : AGV'i - Ei_ AGR‘i (11.24)
which can also be written as,
A<a>1 = Mi + Ni AGv. + ri AGQ, (11.25)

1 1
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Equation (I1.25) gives the relationship which quantifies the variation
of the void fraction of subchannel-i with respect to the bundle average void
fraction, in terms of the variations of the subchannel vapor and liquid phase
mass fluxes, with respect to their bundle average values.

Let us now examine equation (I1.25) for adjoining subchannels. Let us

write equation (I1.25) for two adjoining subchannels i and j,

A<a>1 = M1 + F /\Gvi + Pi AG‘Li (11.26)

A<a>J. = Mj + NJ. AGVJ + °j AGij (11.27)

Subtracting equation (I1.27) from (11.26) gives,

A<G>i - A<(;>\j = <>y - <g,>\j = Mi-Mj + Ni AGvi-NJ. AG‘JJ
+P, A6, - P, AG (11.28)

v Jj Vs

The definitions of AGk can be used to write (11.28) in the form,
i

( 1 ) \P +P
<@y - <a>J M M + __J. (G -G ) + J (G
G +G
v. v 6, +6
3 i J_¢ 0. L. .
* (NN 2 6 4 (Pi-Pj) _%_.1 - G, (11.29)

Previously published expressions for void drift [3], [6] involve <a>,

and the total mass fluxes of subchannels i and j, Gi and Gj. In contrast,

-<a>,
J

equa.ion (I1.29) is more general since it involves the phasic mass fluxes for

subchannels i and j, Gv . Gv s GQ ’ GR It is interesting to note that if
i J i
Ni = P1 and Nj = PJ, equation (I1.29) formally becomes the same as that derived

previously [3], involving Gi and Gj'
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We can view equation (I1.29) as a physically based result which can
be reduced to previous [6] "void drift" models. Thus, equation (I1.29)
provides an analytical justification for empirical "void drift" models.
Furthermore, it provides a means of obtaining a more exact relationship
for the equilibrium void expression needed in advanced subchannel models.

During the Eleventh Quarter we also devoted considerable effort to the
assembly of the finite element equations for the two-dimensional test sectiun
shown schematically in figure II.1a.

Recall that we had constructed a Galerkin formulation of the problem
by multiplying each of the governing partial differential equations of phasic
continuity and momentum by an appropriate weight function and integrating over
tae flow domain([7], equations (I1.11-16)). Next, the flow variables (velocity
components, pressure, and void fraction) were approximated in terms of piece-
wise bilinear trial functions([5], equations (I1.19,20))and the weight functions
were approximated by piecewise bi-quadratic "upwind" test functions([5],
equations (I1.21, 22, 24)). Substituting these approximations into the Galerkin
integrals we found their contribution on a single element to have the form
(L5],equations (11.25)) of,

(1) vapor phase continuity

a e
6ge (Ki a¥ + K2 a%) = (IT1.30a)
(2) 1liquid phase continuity
sap (K3 ag - K5 a%) = 0 (11.30b)
f3) vapor phase momentum

Vi€, 8y _V €]
6£e[‘A5+K7) ge L +K a K9 (IT.30c)
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(4) 1liquid phase momentum

e v e e _P
say [-K5 a¥ + (K5 + kS 7) 2 * Kig 2 * Kjg] = o (11.30d)
where, (k = 2, v)
kqT k K Kk K
[2g]" = [uf v} ju T1,0 Vie1,5 9,500 VH,500 a0, 541 Vier o) (11.31a)
pqT &
(31" = [Py 3Pi41,5 Pi 01 Pien, g1 -
aqT é r
(el = Tay,5%01,5 %501 %in,gn ] (11.31¢)

:, ag, % store the unknown vapor phase velocity vectors

liquid phase velocity vectors [u&S V&S]T, pressures p ., and void

The vectors %e’ a
v
[up, v

fractions a ., respectively, at the four nodes (r,s=i,j;i+1,j;i,j+1,i+1,j+1)

rs] '

of element number-e shown in Figure II.1b. The vectors 6a;, dag. éag, Gag
store the "virtual",vapor phase velocity vectors [du:S. dv:s]T. liquid phase

velocity vectors [Gu GV&S]T. pressures Gprs, and void fractions Sa

rs’ 3*

respectively,at the four nodes of element number-e. The virtual quantities
are defined by relations analogous to equations (11.31). The Kﬁ's are matrices*
of integrals cver element-e involving the trial functions, test functions,
and 2. ¢ 20» and gg.

The assembly process consists of summing equations (I1.30) over all
elements. Thus, we have:

(1) vapor phase continuity,

-

sad [x‘]’ + Kz "] =0 (11.32a)
e=]

*Some of the K?'s in equations (I1.30) were redefined from those in [5] (equa-

tions (I1.25)) in order to simplify the presentation.

1427 157



22

(2) 1iquid phase continuity

N
v P e ay_
eﬁl fag [K3 3, - Ky 3] =0 (11.32b)

(3) vapor phase momentum,
N v e e, .v e e o

{1 sag [(Kg + K7) ag - K ak + K- a_ + Kg 1=0 (11.32¢)
e:
(4, 1liquid phase momentum,

N
L rok® AV e ey A e P
L dag [-K; 3, + (Kjg + K7) 2o + Kjg 2

e &
o e e * Kig 1=0 (I1.32d)

where N is the total number of finite elements in the problem. Notice that the

) 5
ij pij’ aij,associated with node i,j can appear

flow variab]es,uzj, v:j. u%j. v
in at most four terms in the sums of equations (11.32); namely for those elements,
shown in figure 11.2, which contain node i,j.

The finite element equations are obtained by invoking the Principle of
Virtual Work, which states that when 2 flow variable is not prescribed (ie: not
specified by a boundary condition) then equations (II.32) should be satisfied
for any and all possible values of the virtual flow variables. This implies

that the finite element equations associated with a node i,i iy'ng in the interior

of the channel, and not on solid walls or inlets and outle. , must have the

form,
ei-1 gegor 13 Res 7 Rage (11.33)
where,
P A A 1
3rs = [Upg Vs Upg Vpg Prg Opg (11.34)

The matrices C?? and vectors Qij are obtained by adding appropriate rows and

columns of the Kﬁ matrices for the four elements surrounding node i,j. The
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detailed structure of the Cij and Qij is algebraically complicated and for
that reason we have not presented their precise definitions here. However,
the Cij and b ij may be easily generated on a computer by following standard
techniques [8],and we have written FORTRAN subroutines to do this. Suffice
it to say that each C,‘J is a 6 X 6 matrix and each b1j is a 6 X 1 vector.
The first four rows of Cij and b bij contain momentum equations obtained from
equations (I1.32c) and (I1.32d) and the last two rows contain continuity
equations,obtained from equations (I11.32a) and (I11.32b). Note too that the
vector 8, Stores the six unknowns.

Equations (I1.33) are not applicable for nodes i,j that lie on solid
walls, in inlets, or outlets since some of the flow variables are constrained
by boundary conditions there. In particular the following boundary conditions

are imposed at nodes lying on solid walls, inlets, or cutiets:

oo ko

Ui = Vij Ui = Vi 0; if i, j is on a solid wall (I1.35a)
v o_ L % e B .

Ujj = Uy a4 Vi (1-a ) Vi3 prescribed;if i,j is at the inlet (II.35b)

sz = V?j =0, p prescribed. if i,j is at an outlet (IT1.35¢)

The Principle of Virtual Work states that when a flow variable is prescribed
at a node the corresponding virtual flow variable is zero there. Thus, for
nodes on solid walls all of the virtual velocities are zero and only the con-
tinuity equations should be assembled at these nodes. The finite element equa-
tions for a node, o,j (see Figure 11.2) lying on the solid wall along the y-axis
would have the form,

] +]
)% t L = b (11.36)

r=0 szj-] oj '\:rs '\40\]
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FINITE ELEMENT CODE

FOR SOLVING THE 6 EQUATION MODEL

(Two-Dimensional Test Section)

START

Read Input Data

(Initial Guess)

uv » Ul,'. \.'v.| V' » J.i' pi
i i i i
v = ]

v = »+]I

No

[s the element a

corner element?

Calculate the
finite element
integrals

!

by

1 -
\t"\ -

|

1 No

|

Corner assembly
subroutine
quan-

Litdies)

(update 12

Assembly sub-
rcutine (update 8
quantities)

.

Center asscunly sub-
routine (update 6
quantities)

1

Check
convergence

Yes

i

a

Print results

u u. v v
V'i’ V‘ ,

i* Py

i i ‘1

FIGURE II.3




26

where C;j is now a 2 X 6 matrix and on is a 2-element vector, since only
the two continuity equations (I1!1.32a,b) are assembled. Similar equations are
obtained at other nodes on solid walls. Note that the corner nodes 0,0;
Nx. 0; 0, Ny; and Nx‘ Ny will only involve unknowns on one element (see
Figure 11.2).
Nodes lying on the flow boundaries but in the inlets or outlets require
additional special treatment. We are currently implementing the ascembly
of these nodes and will report on results in the next quarterly report.
Subsequent to the assembly phase we must solve the finite element egua-
tions (11.33-11.36) for the unknown sij's at the nodes. A nonlinear SOR
routine is being investigated for this task. An overall flow diagram of

the assembly and solution process is shown in figure II.3.

I1.2 The Aralysis of Phase Separation in Tees and Wyes

It has been demonstrated experimentally [9] that the two phases in a two-
phase mixture separate unevenly into the downstream branches of tees and wyes.
The objective of the work done during the Eleventh Quarter was to develop a
predictive model with which one can calculate the distribution of the two-phase
mixtures in the two downstream branches of a tee or wye.

Referring to figure I1.4, we can note that the nine (9) unknowns for such

a flow system are:

Flows: H‘. wz, H3 (11.37a)
Qualities: Xys Xp» Xg (11.37b)
Pressure drops: bpy_po APy _3 (11.37c)

These unknowns are interrelated through the conservation laws. If a sufficient
number of the unknowns are specified, the rest can be calculated from the appro-
priate conservation equations. ‘laturally, the number of unknowns specified and
the number of conservation equations used must equal to the total number of

unknowns.
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In the following analysis, three (3) parameters will be specified.

They are:
X Apl-?’ and Ap]_3

Thus, for closure we need five (5) independent conservation equations. The
conservation equations which we used were, the mixture continuity equation,
the vapor-phase continuity equation, the mixture momentum equation for the
branching flow, the mixture momentum equation for the straight run, and the
vapor-phase momentum equation for the branching flow. We will now consider
these equations one-at-a-time.

Mixture Continuity Equation

o

Ly ¢ U (11.38)

where the subscripts 1, 2, and 3 refer to the fully recovered conditions at
the inlet section, straight run section and the side branch.respectively.

Vapor-Phase Continuity Equation

xy Wy = X, H2 * xq Wy (11.39)

In order to furthe: descripe t e split of the mixture flow, we need two
mixture momentum equations, one for the branching flow, and the other for the
straight run. These two mixture momentum equations are used to correlate pressure
drops across a tee or wye junction. For the pressure drop in the branch, we
have,

1.3 = P= Py =Py =Pyt Bpp ¥ Py - Py (11.40)
where, Py - Pig represents the pressure loss in the inlet section.

APy represents the pressure 10ss due to the turning of the mixture
into a side branch.
P33-P3 represents the pressure 1oss in the side branch, aownstream of

the junction.

"427 144
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A1l pressure losses are irreversible losses due to friction and viscous
dissipation effects.

To constitute the virious pressure losses let us consider a typical
single- phase static pressure profile in a pipe fitting, such as a tee or
an elbow.

From figure 11.4 we see that ApT * Py - P3J represents the
irreversible pressure loss due to tt : fluid turning. We can also con-
clu '~ that the pressure losses in the inlet and side branch section are due
to wall shear and gravity. The three components of pressure loss from

station-1 to station-3 are given by the following equations,

2
G
1 1 2 .- 9 ;
Py = Pyg = — Ky G,n * P L, sing
1 1J ?gc Py T "0y M 9c 1
6
3 2 s L
Paz = Pa * 3 — K, ¢ +p L, siné
3J 3 9. Py 3 103 3 9, 3
where,
A
Ki - fi Li/D1
f. = Darcy-Weisbach friction factor

Ly = length of section-i (i = 1,3)
= two-phase multiplier in section-i

Di = hydraulic diameter of section-i

">

By = (]'<°i>) pot <ay>p,

and for convenience we have assumed a homogenecus multiplier,

v
2 = LV
¢2’°1 . (] + xi )

(I1.41)

(11.42)

(11.43)
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For the turning loss, Apys we can use Chisholm's model [10], which is

given by.
| 6
1
Bpe = Pyy=Pay ®* 54— — (1-x )2 [l ¢ o ol (I11.46)
T 1J "3 ch 0 -3 1 xtt x?

where,

1 X1 )(ol )1/2

of o (11.47)

C = ’l*(cyl) (

The suggested value [10] for C3 is 1.75. %123 is the single phase loss co-

ol-ov)l/Z Py 1/2 Py )1/2
— — 11.48
Py ( "v) i ("z \ )

!

efficient for a tee/wye junction, given by,

e B
1.3 = %3 (‘T : E']") (11.49)
Curves for c]_3 have been given by Miller [11]. Two examples of suck curves
are plotted in figure 1.5, one for a 90° tee and the other for a 45° tee.
While not specifically tested, the orientation of a tce might be expected to
affect the values of %13,
In a similar manner, for the pressure loss in the straight run portion

of a tee/wye we can assume it to be made up of three components: that due to

the inlet section, the junction, and the downstream section. Specifically

-
APy = PPy = (py=pyy) + (apy) + (py;-p, (11.50)
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&yy-Py * E%; gf‘ K2 °€oz * 0, ét L (11.5:)
6,° 6,°
APy = PPy * G2 305 " Geop (11.52)
where, : ;
.;;_i.>§ [pi](;ﬁa,f 3 o_v:g?;.] (11.53)

C]_z is a empirical pressure recovery factor, which is expected to be a
function of GZ/GI‘ In single-phase flow, the momentum correction factor, C]-z.
has been evaluated experimentally by Acrivos, et a. [12].

S0 far we have only stated four (4) independent conservation equations;
the extra equation needed for closure of the problem is the vapor phase
momentum equation. The vapor-phase momentum equation for the situation in

which, Py<<Py is given by,

0 = -<a>Vp + Mv (I1.54)
Integrating along a "bubble" streamline through the branch we obtain,
3
A = f " ds (11.55)
P1-3 } <> -
1

The reason for integrating along a streamline which enters into the side branch,

rather than following one that continues in the straight run past the T-junction,

is that the ability of a void to make the turn into the side branch is the domin-

ant factor which affects the distribution of two-phase mixtures at a T-junction.
The volumetric momentum transfer term, Mv. for our case, is essentially

the drag force on a bubble,

3<a> ei D 2
]

Mv = <> Fd = e g U (I1.56)
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Proceeding as before, the integral in equation (II.35) can be divided
into three (3) segments, and can be approximated by the mean value theorem.

Thus equation (I1.55) becomes,

1J M 3J M 3 M
A = \4 v v
P13 *© —=ds + - ds + — ds

<> <Qa> <>
] 1J 3J
or,
C o, C 2 0, C
3P Y 2 3P . Yp 3% ., 2
APy 3= 7 ) uw. Ly + —(5) U. L,+3— (9 u. L, (11.57)
-3 &9, "Dy "y V7 g DS, vy 9T A, Dy, 3
where,

(52~) in the cross-sectionally averaged one-dimensional drag coefficient
b

(having dimensions of reciprocal length). This coefficient is a function of
<a>,the cross-sectionally averaged void fraction. For bubbly flows the following
correlation was shown [5] to be valid,

(Cy/Dy) = 3.936 - 15.24 (<a>),cm” (11.58)

when,
0.125 < (<a>)< 0.22

For churn-turbulent flow, Hench, et al [13] used,
(Cy/Dy) = 0.549 (1-<a>),cm”! (11.59)
The Tength LJ in equation (I1.57) can be viewed as an equivalent length
which makes the total pressure change experienced by a bubble flowing along a
streamline, from station-] to station 3, equal to that of the mixture pressure
drop. LJ s expected to be a function of inlet quality, X1 and the flow-split

ratio, G3A3/G]A]. Thus,

Ly = Ly (x)s G3A/G,A)) (11.60)
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Void fractions and relative velocities can be determined from standard

drift-flux relationships. Following the analysis presented in [6], we have,

A

<a> = v (11-61,\
P
Colx + v (1-x)] + o —81
Py
A
Up = U2y - <up>,
© P (6t (11.62)
(1-<a>)
ST [_x_ > l._’s] (11.63)
v Py

The concentration parameter, Co, is defined ac,

A
Co = <Jar/<jr<a> (I1.64)

This parameter has a value of about 1.1 for bubbly flow and 1.0 for homogeneous
flow.

The drift-velocity, ng, is defined by,

">

'] <a(ug-j)> /<a> (I1.65)

9J
For bubbly and churn-turbulent pipe flow we can use,
(p,-p,)
V. = 1.53[—i—l—°gg 174 Sine (11.66)
9J) 2 c
Py
We now have the required number of independent conservation equations,
thus a solution scheme can be readily set up to solve for the unknown flow
A
parameters. Unfortunately, we must have explicit information on 41_3(53 b G3/G]),
1
%1.2(6,/6,) and Lj(x,,63A5/G,A,) before we can proceed. In order to deduce
this information we need data on the pressure drops, Ap]_3 and Ap]-z. to supple-

ment the measured phase separation results [9]. It is planned to take such

data in the near future.
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TASK II1
BWR ECC PARALLEL CHANNEL EFFECTS

There are numerous cases of safety significance in light water nuclear
reactors (LWR) in which a knowledge of parallel channel interactions during
counter-current flow limited (CCFL), ie: flooding, conditions are important.
Examples include questions of PWR upper head injection (UHI) system perfor-
mance and BWR top spray system performance.

The specific problem which is being addressed under this task is con-
cerned with the parallel channel effects (PCE) which may occur during the
top spray (ECCS) phase of a hypothetical BWR LOCA event.

ITI.1 PCE Experimental Facility

A large experimental facility, which will employ Freon-114 to study
the possibility of BWR "vapor-binding", is under construction.
During the Eleventh Quarter, the following significant items were
accomplished on the PCE loop:
® 1 leaking gasket on the R-22 condenser bonnet was discovered and
replaced.
® While the R-22 system was down, the pressure and differential pressure
transducers were installed and checked-out.
® TheR-114 transfer loop was evacuated and charged with Freon.
® Freon was circulated through the transfer loop to clean the pipes.
® The relief valve problem reported in the Tenth Quarterly report [5]
was solved as follows:
- The leaky 50 PSIG valves on the heater vessels were replaced

by in-line refrigeration valves set at 150 PSIG.
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- In order to protect the glass test section, the test section and
storage tank will be protected by rupture disks with 50 PSIG
burst ratings. The rupture disks can be replaced by closing
valves on the discharge of the test section and storage tank.
These valves will be locked open except as required during
maintenance.

- By the end of the Eleventh Quarter only one relief valve had
not yet been received,

The five calibrated 1/4" orifice assemblies for measuring test

section flow rates were received and installed.

The process instrumentation(thermocouples, absolute and di“ferential

pressure transducers) were installed and wired up.

The system was modified by adding drain lines from the heater vessels

to the suction side of the transfer pump.

The parailel channel expansion joints were fabricated

The test section glassware was assembled for proof testing with:

- Dummy rods used in place of instrumented heater rods.

- FElectrical and signal feed-throughs installed and connected.

- Differential pressure transducers connected to the parallel channels.

- Lower plenum sight windows installed.

The test section was leak checked. During evacuation, several poor

welds were discovered in the lower half of the upper plenum. These

were sealed temporarily (with putty) to allow leak checking. No de-
tectable leaks were discovered at the glass pipe flanges, glass pipe
pressure taps, or "0" ring seals. By the end of the report period,

work was underway to repair the defective welds.

1427 |
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IIT.2 PCE Data Aquisition System

A new executive system (D0S-15 V3A) was brought up on the PDP-9 computer.
This greatly increased our computer power but required extensive rewriting
of the data aquision and reduction software. By the end of the report period
this work was well underway. It appears, however, that, even with this new
system, our data transfer rate will be limited, thus we are currently looking
at methods to improve data aquisition during the "burst" mode of aquisition.
By the end of the Eleventh Quarter the low level multiplexer boards had

been built and were being checked out (assembly of the high level boards is

planned for the next quarter). During this check out it was discovered that the

CAMAC A/D converter did not contain the L.P. filters which were ordered
(10Hz break frequency). Thus this system was returned to the factory to
rectify this situation.

ITI.3 PCE Analysis

In accordance with our agre ment with Dr. S. Fabic, a scaled water version
of the actual Freun-114 BWR para'lel channel effects (PCE) experiment at RPI
has been modelled on TRAC and a deck submitted to LASL. Since TRAC now has
only water properties, we have had to scale our Freon experiment to equivalent
water condition. In the near future, we will be developing Freon property rou-
tines which are compatible with TRAC. When these are available, we plan to
simulate(with TRAC)the actual Freon test matrix we will be testing. Until then,
the equivalent water case should give us valuable insight into our experiment
and TRAC's ability to predict it.

The test case submitted is to study the potential for steam binding during
a postulated loss-of-coolant-accident (LOCA) in a BWR. A schematic of the RPI

PCE loop is shown in figure III.1. The equivalent TRAC schematic is shown in

figure III.2.
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The lower plenum, pper plenum and downcomer region are modeled using
three vessels. The dimensions and noding are shown in figures 111.3, II1.4
and III.5, respectively. The steam separator is simulated by an unheated
pipe, and is shown in figure II.6.

The average heat fluxes*(uniform axial heat flux profiles on all rods)
in the heated channels are,

e Cold channel: 5,020 BTU/fte-hr

@ Average channel: 7,525 BTU/ftz-hr

e Hot channel: 10,075 BTU/ft-hr

An additional unheated tube is used to simulate the leakage (ie: bypass)
flow path from plenum-to-plenum in the BWR. The dimensions and noding for
the channels are shown in figure III.7.

Initially, the lower plenum is partially filled with saturated witer,
while the rest of the system is assumed filled with saturated stean at 200
psia. Saturated steam is injecied into the bottom of the lower plenum to
simulate the vapor produced by vessel heat transfer.

The assumed initial conditions are:

® system pressure = 200 psia

® system temperature = 382°F

® water level = 1.736 m. in.the lower plenum

® spray water rate = 0.0 gpm

e total vapor inlet rate (saturated at 200 psia) = 16,800 1qn/hr

® jet pump recirculation line break pressure = 1 atmosphere

At the beginning of the transient calculation, subcooled water at 100°F
is introduced into the upper plenum at a constant rate of 54.8 gpm. The inlet

vapor flow rate is held at 16,8001bm/hrfor 0.5 minutes and then is allowed to

*decay heat levels
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decay exponentially to ldOlbm/hrin a time interval of 1.5 minutes. A total

transient calculation time of 5.0 minutes was specified in the deck submitted
to LASL.

While remote calculations leave a lot to be desired, it is felt that

LASL will be able to give us reasonable service on this and subsequent runs.
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