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ABSTRACT

The degree of phase separation that occurs in the core of a pressurized
water reactor (PWR) during various postulated accidents is an important
consideration for studying the course of events during such accidents.

The dependence of countercurrent phase separation and distribution phenom-
ena on flow quality, mass flux and system geometry was studied experimen-
tally in a two-dimensional (2-D) test section, A two-phase (air/water)
mixture flowed upwards and single-phase water flowed downward along one
side of the test section. This countercurrent flow configuration was
intended to simulate the so-called "chimney effect" in the diabatic JAERI
2-D experiments in Japan.

A large air/water loop was used with a 3' X 3' X 0.5" (91.44 cm X 91.44 cm
X 1.27 cm) test section to study phase separation and distribution ef-
fects. A traversing single beam gamma-densitometer was used to measure
the chordal average void fractions at several elevations along the test
section. Cross-plots between various flow conditions and geometries were
made. An error analysis giving the total error in the void fraction mea-
surements was also performed.

High speed photographs were also made of the flow structure, to provide
information on flow regimes. The photographic records and the void frac-
tion and hydraulic inflow/outflow data are presented in a form suitable
for the assessment of advanced generation comuter codes (eg: TRAC).
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CHAPTER-1
INTRODUCTION

Two-phase flows occur in many industrial processes. Qur understanding of
this type of fluid flow phenomena has improved dramatically in the last
two decades. However, there are still a number of problems in two-phase
flow that require further research. One such problem is concerned with
the phase separation and distribution that may occur when two phases flow
through channels of complex geometry. The study of phase separation and
distribution has been an area of study at Rensselaer Polytechnic Institute
(RPI) for some time. The present work is part of this continuing study.

At RPI, phase separation and distribution phenomena has previously been
studied for a number of different flow conditions in a variety of chan-
nels. These experiments included circular channels having a side branch
at three different angles (ie: a wye or tee); a vertical triangular chan-
nel; and a 3' X 1' X 0.5" (91.44 cm X 30.48 cm X 1.27 cm) two dimensional
vertical channel with and without simulated fuel rods. The 3' X 1'

(91.44 cm X 30.48 cm) 2-D channel had an aspect ratio of 1:24 (ie: ratio
of channel depth to channel width). The present work was done in a verti-
cal 3' X 3' (91.44 cm X 91.44 cm) channel having a depth of 0.5" (1.27 cm)
(thus an aspect ratio 1:72)., This test section simulates the so-called
chimney effect in the core of a _PWR during the reflood phase of a loss of
coolant accident (L.OCA).- This effect is due to natural circulation. The
vertical upflow of the two-phase mixture in the central part of the core
is due to boiling and the 1iquid downflow in the peripheral region of the
core is due to heat loss and the lower decay heat in that region.

The test section being relatively thin (only a half inch [1.27 cm]), simu-
lates a 2-D slice through the core. It was used with and without stain-
less steel rods to simulate the lateral hydraulic resistance of the fuel
rods. The two-phase (air/water) inlet was located in the middle of the
lower edge of the test section. As shown in Fig. 1.1, this inlet is
labelled as port no. 4. Port no. 1 in the top right hand corner is used
as a single-phase (water) inlet. The two-phase upflow from the middle
port simulates the upflow in the central part of the core, while the
liquid downflow at the right hand side simulates the 1iquid downflow near
the core periphery. In addition, there are two outlets, one in the top
left corner (no. 2) and one in the bottom right hand corner (no. 3). Port
no. 5 was not used in this test series, but can be used to change the
location of the inlet port for the two-phase mixture,

A number of different inlet flow conditions were established in the test
section. The parameters varied were the air and water flow rates entering
the test section, the water flow ratio between ports 1 and 4, and the
quality of the two-phase flow entering through port no. 4, All of these
flow conditions were repeated with the simulated fuel rods in the test
section. The various flow conditions have been labeled different cases,
which are described in section 5.3,

For each case, the void fraction profile was determined using a single
beam gamma densitometer, using the gamma ray attenuation technique
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Figure 1.1 The 3' X 3' X 0.5" two-dimensional test section and
experimental area



described in Chapter-4. The gamma densitometer scanned the test section
from left to right at three (3) different axial positions. The void frac-
tion results for the various cases obtained are presented in Tables 5.4.1
to 5.4.36 and plots of this data are given in Figs. 5.2 to 5.61. In ad-
dition, the flows were photographed for all the cases run, and the pic-
tures are included as Figs. 5.62 to 5.97.

The results of this experiment are intended to simulate the diabatic JAERI
2-D experiment in Japan. In addition, the data can be used for the as-
sessnent of various advanced generation computer codes, such as TRAC and
COBRA-TF.



CHAPTER-2
THE AIR/WATER LOOP

2.1 About the Loop

The large air/water loop built at RPI under the sponsorship of the United
States Nuclear Regulatory Commission (USNRC) for the study of phase sepa-
ration and distribution phenomena, was used for this experiment. This
loop has been described in detail previously(l) and thus, this description
will not be repeated here. Some changes in the original system have been
made to simultaneously accommodate the 3' X 3' test section and another
test section. These changes included an extension of the support struc-
ture and some additional piping, with associated valves and flow meters.
The loop can now have two experiments set up in it simultaneously.

As can be seen in Fig. 2.1, the water in the system is stored in a water
collection tank, from where it flows into the suction of a centrifugal
pump. Part of the flow leaving the pump enters a bypass line containing a
filtering element, and then returns to the water collection tank. The
remainder passes through a globe valve which controls the water flow rate.
This flow rate is measured with a calibrated orifice meter. The flow can
then enter any one of the two test sections depending on the position of
two ball valves. The flow going towards the 3" X 3' (91.44 cm X 91.44 cm)
test section then splits into two branches. One goes through a mixing
tee, where water mixes with air coming from the air compressor to form a
two-phase mixture. This two-phase (air/water) mixture then enters the 2-D
test section through inlet no. 4, as seen in Fig. 2.1. The other branch
goes through a separate orifice meter and then into the test section
through inlet no. 1. Both branches have globe valves on main 1.5"

(3.81 cm) diameter copper tubing as well as smaller globe valves on 0.5"
(1.27 cm) diameter bypass lines. These valves are used for both coarse
and fine flow control. The lowest point in the water line has a drain
valve which was used to drain the water at the end of each day's run. The
heat absorbed by the water due to the energy input of the centrifugal pump
was removed by a copper coil heat exchanger installed in the water collec-
tion tank. The heat removal medium was house service water whose flow
rate could be adjusted by a globe valve. All water and air Tines are made
of 1.5" (3.81 cm) diameter copper tubing, except the two outlet lines from
the test section which are 2" (5.08 cm) diameter copper tubing and all the
bypass lines which are 0,5" (1.27 cm) diameter copper tubing.

The air supply is from an electrically driven air compressor rated for
192 SCFM air at 100 psi. It is located in an annex room to reduce the
noise level in the experimental area. The compressed air passes through
an oil separator, moisture separator, a pressure reducing valve and a
check valve., It then enters the experimental area where the flow rate is
measured with a calibrated orifice meter and is controlled by a globe
valve on the main 1.5" (3.81 cm) diamter copper tubing, and a globe valve
on the 0.5" (1.27 cm) diameter bypass line. Air then enters the mixing
tee of either of the two test sections, depending on the positions of two
air Tine ball valves (not shown in Fig. 2.1).
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The fluid exits the test section from outlet ports no. 2 and no. 3. The
fluid is then piped into air/water separation tanks located above the test
section area. Two inch (5.08 cm) diameter copper tubing is used for these
discharge lines. Three air/water separation tanks are available. Two of
these are for relatively larger air flow rates than the third. We used
one of the larger tanks (separator no. 2 in Fig, 2.1) for the fluid exit-
ing through outlet port no. 2 since most of the air comes out of the test
section there. The fluid exiting through outlet port no. 3 was taken into
the smaller air/water separator (no. 3 in Fig. 2.1), since the air flow
from outlet no. 3 was very small.

After phase separation in the tanks, water exits from the bottom and air
exits from the top of these tanks. The water exit lines (one from each
tank) run parallel under the separation tanks, then up along the side of
the water collection tank. Here the water flow was measured with cali-
brated orifice meters and then dumped into the water collection tank,
where it returns to atmospheric pressure. The air passes through a de-
mister to remove excessive moisture and then exits from the separation
tank. Here its flow rate is measured using a calibrated orifice meter for
the larger tank and a rotameter for the smaller tank., The flow rate from
each tank is controlled by globe valves and its pressure is measured using
pressure gauges.

The flow rates are measured using six flange tap orifice plates and one
rotameter as shown schematically in Fig. 2.1. The orifice plates are lo-
cated upstream of the various throttling valves. The resulting pressure
differences are measured with U-tube manometers filled with mercury for
the 1iquid lines, and with water for the air lines. Calibration of the
orifice meters was done previously{l). One new orifice meter was install-
ed for the flow going to inlet port no. 1, which was cross-calibrated with
the already calibrated orifice meter on the main line near the pump. The
cross-calibration curve is shown in Figure 2.2. The flows measured were
the water flow at inlet port no. 1, the total water inflow (ie: inlet
ports no. 1 and no. 4), the water outflows from the two air/water separa-
tor tanks, air inlet flow at inlet port no. 4 and air outflows from the
two air/water separator tanks.

Fluid pressure was measured using pressure gauges. As shown in Fig., 2.1,
these were located at the main water inlet line, at the air inlet line, at
the air outlet lines from both air/water separator tanks and at the test
section. ‘

2.2 Operating the Loop

Before operating the loop, we installed the appropriate orifice plates for
the desired flow rates (see Appendix-C). The water collection tank was
then filled up to just over one-half of capacity. The test section was
‘then filled with water coming from the water collection tank. The test
section air and water inlet valves and the air exit valves from both air/
water separation tanks were then closed. (The air/water separation tank
water exit valves were always kept in an open state.) The water pump and
the air compressor were then turned on. Due to the closed state of the
inlet valves, there was no air or water flow through the test section at

6
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this stage. The entire water passing through the pump circulated through
the water filter and went back to the water collection tank. The mano-
meters connected to the water inlet lines were bled to remove any air bub-
bles that might be present in them. The water inlet valves at inlet ports
no. 1 and no. 4 were then opened and flow through the test section brought
to the required level, taking care that no valve was opened too rapidly to
cause a pressure spike (ie: water hammer) in the test section.

The air inlet valves at inlet port no. 4, consisting of the one on the
1.5" (3.81 cm) diameter line, and the one on the 0.5" (1 27 cm) diameter
bypass line were then opened a bit. This caused the air to start accumu-

tating in the air/water separation tanks (due to the air exit valves on
them being closed). The pressure in the air/water separation tanks, as
well as in the test section, also started rising. So the air exit valves
beyond the air/water separation tanks were opened. Since there are two
air/water separation tanks, and air and water entered them at different
rates from the test section, these valves have to be adjusted such that
the quantity of air leaving each tank is about the same as that entering
it. This was obtained when the level of water inside the air/water sepa-
ration tanks remained steady with time. The air inlet valves were then
opened a bit more and the air exit valves adgusted accordingly. This pro-
cedure was repeated until the required inlet air flow rate was achieved
and the water levels in both air/water separatlon tanks stayed steady. At
this stage, the water inlet valves and air inlet valves were alternately
adJusted, along with the air exit valves, until we obtained the required
air and water flow rates, and the liquid levels in the air/water separa-
tion tanks became steady. This procedure was needed since a change in air
flow caused a change in water flow, and vice versa.

Once the loop was adjusted and stabilized, the data was taken., This con-
sisted of taking the various air and water flow rates, pressures, high
speed photographs of the test section flow regimes, and the chordal aver-
age void fractions using the gamma densitometer., After taking the appro-
priate data, the system was either set to another flow condition, or was
shut down and drained.

To shut down the system, we first closed the water and then the air inlet
valves., Then the water pump and air compressor were switched off. The
water inlet valve and the water drain valve were then opened, which

caused the water to start draining out of the air/water separation tanks,
test section, and water collection tank. Finally, the air vent was opened
to release air pressure from the system, '




CHAPTER-3
THE TWO-DIMENSIONAL TEST SECTION

A picture of the 2-D test section used for the experiment reported herein
is shown in Fig. 3.1. The test section has inside dimensions of 36" X 36"
X 0.5" (91.44 cm X 91.44 cm X 1.27 cm). The two-phase mixture can enter
from ports no. 4 or no. 5 and the water enters from port no. 1. Ports no.
2 and no. 3 are exits. When port no. 4 was used as the two-phase inlet,
port no. 5 was connected to a large diameter vent pipe through a carbon
rupture disk which had a setting of 40 psi. This was a safety measure to
prevent damage to the test section in case of accidental over-pressuriza-
tion, If port no. 5 had been used as the two-phase inlet, the rupture
disk and vent pipe would have been connected to port no. 4.

The test section consists essentially of a stainless steel frame with a
sheet of one inch thick plexiglass bolted to it on either side. The frame
consists of four stainless steel bars 0.5" (1.27 cm) thick and 1" (2.54
cm) wide welded together to form a square. Five slots, 4.5" (11.43 cm)
long and 3/8" (0.9525 cm) wide with radius rounded ends (to make a total
Tength of 4 11/16" 11,61 cm]) were made in the top and bottom bars to al-
low the fluid to enter and leave the test section. Stainless steel fun-
nels were fabricated and welded to the frame to connect the rectangular
stots to the circular piping. The top and bottom sides of the frame also
had 0.25" (0.635 cm) wide and 0.25" (0.625 cm) deep slots made in them to
accommodate 0.25" (0.625 cm) diameter rods. There were 71 such slots on
each side, spaced one-half inch (1.27 cm) apart. Between the frame and
the plexiglass sheets were placed 1/32" (0.0794 cm) thick volumoid gaskets
to prevent leakage. Stainless steel straps were placed on the plexiglass
sheets and bolts were passed through them. 1In this way, the plexiglass
did not experience high stresses near the bolt holes and the amount of
bowing under pessurization.of the test section was reduced. To further
reduce the bowing, two braces made of steel I-beams, 40" (101.6 cm) long,
2.5" (6.35 cm) wide and 4" (10.16 cm) high, were placed across the test
section on either side, and bolted together, the bolts being outside the
test section. Calculations made for the amount of bowing are shown in
Appendix-A. The actual amount of bowing measured at different pressures
is given in Table 5.8.

The 2-D test section was operated both with and without the 71 0.25"
(0.625 cm) diameter stainless steel rods. These rods simulated the fuel
rods inside a PWR core. As shown in Fig. 3.2, they were placed inside the
test section by attaching brass blocks 0.25" X 0.25" X 0.5" (0.635 cm X .
0.635 cm X 1,27 cm) to both ends of each rod. Each block had a 3/16"
(0.476 cm) diameter hole drilled through it and both ends of the rod were
reduced to this diameter and inserted into the block and held there by
epoxy. The blocks then fit into the slots in the top and bottom bars of
the test section frame,

It had been observed in an earlier test section(l) that the rods often vi-
brate during operation. In order to prevent flow-induced vibrations
(FIV), and to simulate the effect of the grid spacers in the core, a
stainless steel strip of width 3/8" (0.9525 cm) and thickness 1/32"
(0.0794 cm) was placed across the rods and each rod was welded to it (Fig.
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3.3). The strip was then attached to the insides of the two vertical
members of the test section frame by screws. This eliminates vibrations
of the rods in the plane of the test section. To prevent vibrations per-
pendicular to this plane, stainless steel spacers were welded on the strip
at four locations. The spacers were pieces of the same stainless steel
strip [ie: 3/8" (0.9525 cm) wide and 1/32" (0.0794 cm) thick] and had a
notch in them. They were placed on the strip such that it enters the
notch and welded to it. The ends of the spacers were bent 90° to give a
larger frontal surface. When the plexiglass sides were installed, these
spacers pressed against small rubber cushions imbedded in the plexiglass.
for this purpose. This apparatus is shown in Fig. 3.3. : :

With this arrangment, flow-induced vibrations were reduced to the point
that no vibrations could be observed visually and the effect of the strip
and spacers on the flow was also minimal.

Void fraction measurements were taken at eight lateral locations, each
4.5" (11.43 cm) apart, with an additional (ninth) point located at the
center. Thus, as can be seen in Fig. 3.4, void fraction data was taken
from the inside left edge of the test section at 2.25", 6.75", 11.25",
15.75", 18.00" (18.25" in case rods are present), 20.25", 24.75", 29.25"
and 33.75" (5.71, 17.1, 28.6, 40.0, 45.7 or 46.4 with rods present, 51.4,
62.9, 74.3 and 85.7 cm, respectively). These locations are symmetrical
about the center line of the test section [except the 18.25" (46.4 cm)
point]. For example, the point which is 2.25" from the left hand side is
33.75" from the right hand side and vice versa. Additional data was taken
in between any two points which gave a visual impression of having a large
difference in void fractions. This lateral mapping was repeated at three
axial locations: 7.5" (19.1 cm), 17.0" (43.2 cm) and 28.5" (72.4 cm) from
the inside bottom of the test section. These axial locations are hence-
forth referred to as the lower section, middle section and top section,
respectively. The measurements made in the top section, 28.5" (72.4 cm)
from the bottom, is 7.5" (19.1 cm) from the inside top edge of the test
section and so the lower and top section data is symmetrically placed.

The middle section measurements were not taken at 18.00" (45.7 cm) above
the bottom since a pressure gauge located there interfered with taking the
reference counts.
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CHAPTER-4
THE GAMMA DENSITOMETER

4.1 Gamma Densitometry

In order to find the void fraction distribution within the 2-D test sec-
tion, we used a single beam gamma ray attenuation technique. This was
preferred since:

(i) it was non-intrusive and therefore did not affect the
flow behavior,

(ii) it could be used to find the void fraction at any
location in the test section without having to make an
entry port available,

(iii) dits accuracy can be quantified, and

(iv) a suitable system was already available,

The available system used a 5 Curie Cs-137 source contained in a cylindri-
cal lead shield that had a collimator on one side. Within the cylindrical

shield, the source could be moved and placed directly in front of the col-
limator hole, in which case a gamma ray beam emerges, or it could be moved
away from the collimator, in which case it was safely shielded. Details
of the shield and collimator design have been given previously(2) and thus
will not be repeated herein. -

As can be seen in Fig. 4.1, the source and shield are placed in front of
the test section to be used such that the beam passes through the test
section and the gamma rays are counted with a suitable radiation detector
(eg: a photomultipler coupled to a Nal crystal).

The amount of attenuation that the photon beam undergoes between the
source and the detector is due to that which takes place in the two plexi-
glass walls, in the water inside the test section, and to a much smaller
degree, in the air inside and outside the test section.

For a monoenergetic, collimated beam of gamma rays, the beam intensity
I(z) (photons/sec-cm?) at any depth z (cm) in a given medium is,

I(z) = Io exp (-uz)

where,

Io = intensity of beam at z=0 (ie: the intensity of beam incident on the

medium),

L]

the macroscopic attentuation coefficient of the medium for gamma rays
at the source energy (cm-1),
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For a system consisting of more than one medium (and thus different atten-
uation coefficients), we have:

n

I(z) = Iy exp (- '21 ui zi)
'|=

where,

N
i
ne~1

Zj
1

3

i

p for the i-th component of the system,

Wi

z; = thickness of the i-th component of the system.

Since the test section consisted of two plexiglass walls, each of thick-
ness T, and there was a two-phase mixture in between, we have (neglecting
the attenuation in the air between the source and the detector):

I = Iy exp =(2u,T + ul) (4.1)
where,

I = intensity of beam leaving the test section (photons/sec-cm?),

I, = intensity of beam entering the test section (photons/sec-cm?),

uy = macroscopic attentuation coefficient of plexiglass (cm=1),

u = macroscopic attentuation coefficient of the two-phase mixture (cm-1),
T = thickness of each plexiglass wall (cm),

L = channel thickness (cm).

For a well mixed two-phase flow, we have:

N =;l—lg + (1-a) uy

or,
u o=y +al ug-ug) (4.2)
where,

o = chordal-average void fraction

17



il

ug macroscopic attenuation coefficient for air (cm-l),

i

ug = macroscopic attenuation coefficient for water (cm-1),

Combining equations (4.1) and (4.2),
I = Ig exp (-2uT) exp[-(ug+alng-ug))L] (4.3)

Since the thickness of the plexiglass walls, T, may vary slightly across
the test section, it is best to eliminate the y,T term from Eq. (4.3). In
the process, we can also eliminate all the attenuation coefficient and
channel thickness terms. To do this, we set @ = 0 and o = 1 in Eq.

(4.3) to get:

a = 0: Iy = Ip exp(-2uyT) exp(-ugl) (4.4a)

a =1 Ig = Ip exp(-2uwT) exp(-ugL) (4.4b)

whére,

I, = the intensity for the case of a = 0 (ie: test section is full of
water),

Ig = the intensity for the case of o = 1 (ie: test section is full of

air).
Dividing Eq. (4.4b) by Eq. (4.4a) we get:
1g/1g = expl (ug-ug)L] (4.5)

Combining Eqs. (4.3), (4.4) and (4.5) gives,

o n (I/Iz) ;
* T e

Thus, in order to determine the void fraction at a given location, we must
find the intensity of the beam emerging from the test section in condi-
tions when the test section is full of air (I4), full of water (I,), and
has a two-phase mixture flowing in it (I). Ig practice, we must take each
~of these at each location of interest. Since this takes considerable time
(about 2 hours for each of the Iy, Iy and 1 readings at an axial location
across the test section), and we normally run the system for several dif-
ferent void fractions, data was taken over a period of several months. At
the end of each day, the source was re-inserted into the shield and pulled
out in front of the collimator the next. Since it is possible that the
source does not come back to exactly the same location every time, we
could have a different initial intensity (I,) each day. Moreover, during
the period of each experiment, there could be drift in the count rate due
to changes in temperature, humidity and high voltage drift.
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To take such effects into account, we used "normalized intensities"
defined as:

I' = 1/Ipef

-
Ly = /Ty res

LI
Ig = Ig/Igref
Where Ipef, Igper and I are 1ntens1t1es at the reference location
(outside the test secti n? when I, I, and I, readings were being taken,
respectively. Since the reference counts age taken outside the test sec-

tion, they are almost the same as I,. That is, from Fig. 4.1, we have,
Iref = Lo exp(-uaipl)

Since ugipl is a constant, no matter what the flow inside the test sec-
tion, and no matter what the I, is, we have,

Iref = Ip
or, using C as the constant of proportionality,
Io = Iref/C

Replacing I, by Ipef/C in Egs. (4.3) and (4.4) we obtain,

I = (I..¢/C) exp(-2u,T) eXP[-(u£4§(ug-u£))L] (4.7a)
Ip = (Ipref/C) exp(-2uyT) exp(-ugl) (4.7b)
Ig = (Igref/C) exp(-2u,T) exp(-ugL) (4.7¢)

Dividing Eq. (4.7c) by (4.7b),

Ig/1y = (Igref/Igref) eXp[‘(Ug'uz)L} (4.8)

Equation (4.7a) can be written as,

I = (I¢/C) exp(-2u,T) exp(-u,L) {exp[-(ugmu L]}

Using Eq. (4.7b), we get,

L= (Tgg/C) (1,C/1 0¢) {exp[-(ugmu L]
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Now using Eq. (4.8), we have,

L= (Iref/c) (Izc/lzref) {(Ig/lz) (Izref/lgref)}a

or,

w o
I/Iref - (Iz/lzref) {(Ig/lgref) (Izref/lz)}
or,
i | R ] i ?X-
I /I2 = {Ig/Ig} ; ’
Taking the natural logarithm of both sides,

]n(I'/Ii) =a In (Ié/Ié)

or,
_ 1n(I'/I£)
@ = TR (4.9)

gL

Since the normalized intensities are independent of I,, we can combine
data taken on different days and use Eq. (4.9) to calculate a. In this
way, we can measure I, and Ij, the normalized intensities with water and
air in the test section, respectively, once and use the same values
repeatedly for different flows in the test section,

4,2 Error Analysis

Let us rewrite Eq. (4.9) as,

In[(1/1,) (I, /1 0p)]

e 1nl(lg/12) (Izref/lgref)J (4.10)

Applying the formula for propagation of errors,(5)

—2
(Aat)

2
)

= 2 2 2 2 2
(3af3l) (AI) + (Ba/alz) (Alx) + (aa/alg) (AIg

.~ 2 2 - 2 2
(aa/alref) (AIref) * (aa/alzref) (Alxref)

+

2
gref) °

-+

(3a/31 (a1

2
gref)
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-2
Dividing through by o , we obtain,

—_—2 2 — 2 2 — 2
(da/a) = (3a/31) (Al/a) + (30/31)) (A1, /a)

— 2 . 2 - 2 -2
+ (aa/alg) (AIg/a) + (aa/alref) (AIref/a)

— 2 .2 — 2 —2
+(8a/312ref) (AIzref/a) 'F(aot/algref) (AIgref/a) (4.11)
From Eq. (4.10),
sa/ol =+ 1 (4.12a)
i 1nilé/1£i *
_ in(1'/1')
2a/a1, = L (4.12b)
,[In(13/1,)]
_ - 1n(I'/I£)
3/l = . (4.12¢)
Ig[1n(Ig/Iz)]
- - _1
Ba/alref Iref 1n(1é/IiJ (4.12d)
_ 1n(Ié/I')
da/01 £ = (4.12e)
e Izref[]n(lé/li)]z
__ In(1'/1!)
3a/al < (4.12f)

gref - Y
Igref[]n(lg/lz)]
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Combining Eqs. (4.12a)-(4.12f) with Eq. (4.11):

(5_)2 - 1 [.A_I_]Z [h’l(l'/lg)] AIR' 2
P 12[1n(15/1£)]2 ) (119" e

2
N [YH(I‘/IE)} [Alg]z P 1 AII"Ef]Z

2 § ] Lf — 2 " i H 2 -
Ig[]n(Ig/Il)] o Iref[m(lg/lz)] a

[1n(lé/1')]2 AIzref]z \ [1n(1‘/1£)]2 AIgref]Z

+
2 ik = 2 RN —
I rof [1n(19/12)] o Lyref [1n(Ig/Iz)] o
Noting Eq. (4.9), and that:
_ 1n(I'/Ié)
a-1-=
inilé/léi
or,
N 1n(Ié/I')
L-e = T7T7)
we can simplify Eq. (4.13a) to:
day2 _ [Al42 1 Ay 2 (o - 1)2
(5—) i 2 [n(1/1')]? Tl 2 [Tn(1'/11)]?
&> g’ 2 g’ '

i [Alg 2 1 . [AIref]z 1
I 3 1 2 I ‘_2 8 ] 2
g []n(Ig/Iz)] ref [1n(Ig/I£)]
Al ref 2 (1 ~)2 Mloref.2 1
+ . + [—2

eref 3 [In(1y/1)]% " lgref [1n(1/1)))?
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Now since the magnitudes of I, I, and I, are similar, and the magnitudes
of Inafs Igpef and Igpef are also similar, and provided that the only
source of error in tﬁese measurements is due to statistical fluctuations
of the gamma ray source* we have,

Al/T = AIQ/IQ, = AIg/Ig (4.14&)
and,
Alpef/Ipef = Mlgref/Igref = Algref/Igref (4.14b)

Substituting Egs. (4.14) into Eq. (4.13b),

(w2 12 [Le @)’ v 51, Alref? 1+ (1) +a]
T Tref & (in(14/1,) 7

=T 2 om()r

or,

i S &2 1/2 2 2‘1/2
O e [ (S 720 IS SU0) S

Ao/fa -
a 1n(Ié/I£)

This equation can be used to find the relative error in the chordal
averaged void fraction. This equation differs from a similar result
obtained previously(l) in that it contains a

2
(Alpef/Ipef)
term.

Since, during the experiment we actually count the number of photons
entering the detector over a time interval t, we can replace I, Iy, Iq,

Iref, Igref, and Igref by N, Ng, Ng, Nref, Noref and Ngref, respectively,
where N; are the number of counts obtained over the time interval t. We
thus have,

i 1n[(N/N£) (N
&= 1n[(Ng/N

zref/Nref)]

(4.15a)
2) (Nzref/Ngref)J

*This is true if counting is done for a time period that is long compared
to fluctuations in the flow structure.
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and,

— 2 172 AN o
e - 2 2.1/72
Nala = — [2(1 - a +a )] [(%"1) + (.__fo_f.) (4.15b)
a~1n[(Ng/N£) (Nzref/Ngref)] ref
where,
N = counts observed over a time interval t when there is a two-phase
mixture in the test section,
Ng = counts for the same time interval with liquid 1n:test section,
Ng = counts for the same time interval with air in test section,
Nref = counts for the same time interval at reference location (while

taking two-phase data),

Ngref = counts for the same time interval at reference location (while
taking water data),

Ngref = counts for the same time interval at reference location (while
taking air data),

AN = error:in the counts N,

1]

ANpes = error in the counts at the reference location, Npef.

Here it has been assumed that;
AN/N = ANg/Ng = ANg/Ng

and,

ANpef/Npef = ANgref/Nyref = ANgref/Ngref

In the present work, Eq. (4.15a) has been used to find the chordal average
void fraction, a, and Eq. (4.15b) has been used to find the relative error
in the void fraction, Aa/a. It is seen that the relative error depends on
the void fraction itself and on the total counts obtained in the time
interval over which counting is done. In order to reduce the relative er-
ror, we have to try to increase the denom1nator and/or decrease the numer-
ator in Eq. (4.15b). The term (Ng/Ng)(Ngprof/Ngref) in the denominator is
fixed by the geometry of the systém, spec1$1ca?fy by the channel width L,
and the attenuation coefficients of water and air. Thus, for a given vo1d
fraction, we can only improve the relative error by reducing the values of
AN/N and ANpog/Npaf-
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If the only, or dominant, source of the errors AN and ANpef is due to
statistical fluctuations in the gamma ray source, then this can be
achieved by increasing the values of N and Npaf. Since the counting
rates,

C = N/t, Cq = Ng/t, Cp = Np/t

and

Cref = Npef/t

are fixed by the geometry and void fraction, the only way to increase N
and Npo¢ for a given void fraction is by increasing the counting time.
Using,

AN = ¥N

and,

ANpef = VNpef

we can rewrite Egq. (4.15b) as,

- 2 _1/2 L2
saja =t et o)) ryser 4o1/ct) (4.16)
= In(Cl/ch) ref
g -2
where,
C = count rate for two-phase mixture, = N/t (counts/sec),

Cref = Count rate in the reference position, = No.¢/t (counts/sec),

normalized counts with air in test section = Cg/Cgref’

(]
=]
]

normalized counts with water in test section = C,/Cq ot

(ar]
o
i

Eq. (4.16) relates the relative error in the chordal average void
fraction, Aoa/o, based on the statistical fluctuations of the gamma ray
source, to the time interval, t, over which the counting is done. In
order to determine the counting interval required to obtain an acceptably
Tow error in the void fraction, the following analysis is performed.

The count rates with air and water in the test section, Cq and Cy, and the
count rate at the reference location outside the test section, Cn..f, were
determined several times and typical values are given below:
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Cg = 37,000 counts/sec,
Cg =~ 34,000 counts/sec.
Cref = 51,000 counts/sec.

Using the equation,

_ In(e/ey)
¢~ Tn n'(c_g'/' C,)

we get,

C = Ci expla 1n(Cq4/Cy)]

which can be used to get the values of C for various values of a. These
values of Cg, Cg, Cref and C can then be used to calculate the relative

error in the void fract1on for different values of count1ng time, t, by

using Eq. (4.16). The results obtained are listed in Table 4.1.

A consideration of the relative error as seen from Table 4.1, of the
inherent fluctuations in two-phase flow (see section 5.2), and of time
limitations, led us to choose a counting interval of six (6) minutes.
This was done in the experiment by taking two 3 minute counts (to prevent
counter overflow) and ensemble averaging.

In actual practice we also get a certain amount of error due to detector
drift caused by voltage fluctuations, and temperature and humidity
variations. That is, the electronics introduced errors which were not due
to statistical fluctations. We observed that the error due to detector
drift could be significant compared to the error due to statistical
fluctuations of the source and therefore proceeded both to measure it and
to reduce its impact.

The total error (due to statistical fluctuations, detector drift and
1nherent fluctuations in the two-phase flow) can still be represented by
(4.15b) provided the relative errors in the measurements of N, Ny and
“and of Nrefs Ngpef and N are similar so that the assumptions in Eq.
g 14) are valid. If each gf the counts are taken n times, and denoted by
N1 and Neefi» then the errors in the average values of the counts, AN and
ANpof are:

(4.17a)
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Table 4.1 Representative values of Aa/o due to statistical
fluctuations for selected values of o and
counting intervals
+ Aa/a for void fraction (a) of:
Counting
interval
t 0.05 0.1 0.2 0.5 0.8 0.10
30 sec 0.417 0.203 0.0975 | 0.0366 0.0240 0.0208
1 min 0.295 0.144 0.0689 | 0.0258 0.0170 0.0147
2 min 0.208 0.102 0.0487 | 0.0183 0.0120 0.0104
3 min 0.170 0.0830 | 0.0398 | 0.0149 0.00980 | 0.00851
4 min 0.147 0.0719 | 0.0345 | 0.0129 0.00849 | 0.00737
5 min 0.132 0.0643 | 0.0308 | 0.0116 0.00759 | 0.00659
6 min 0.120 0.0587 | 0.0281 | 0.0105 0.00693 | 0.00602
7 min 0.111 0.0544 | 0.0260 | 0.00977 | 0.00642 | 0.00557
8 min 0.104 0.0508 | 0.0244 | 0.00914 | 0.00600 | 0.00521
9 min 0.0982 | 0.0479 | 0.0230 | 0.00862 | 0,00566 | 0.00491
10 min 0.0932 | 0.0455 | 0.0218 | 0.00818 | 0.00537 | 0.00466
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n — 2
AN sy izl (Nrefi - Nref)
ref Y GRS (4.17b)
where,
L n
N = average value of N = (1/n) 7§ N;
i=1

Nref

N

average value of Nre = {1/n) . refi

f

o~

.i

We took, for several flow conditions, six (6) values of N at a number of
Tocations in the middle section and Npof. Fach value of N was recorded
for a period of one minute so that the total time was still six minutes.
Table 5.5 has some of the results for errors. It gives values of o, Aa/o
for error due to statistical fluctuations alone, and error based on Egs.
(4.15b) and (4.17) (total error). The total error in Aa/a then includes
the effects of statistical fluctuations, detector drift, fluctuations in
the flow and dynamic error associated with taking measurements in the
count mode rather than in the current mode(2).

In order to minimize the effect of detector drift on the results,
reference counts were taken before and after each data count. The
reference counts were taken at a fixed location outside the test section,
at a distance sufficiently far away from it to avoid counting any
scattered gamma rays from the test section. If the two reference counts
are denoted by Nn.j and Nn.o, and the two data counts taken through the test
section are Ny ané No, tﬁen the normalized counts were, :

N' = (N + N2) / (Npp + Npp)

The reference and data counts were taken in the sequence: Npp, Ny, No,
Npoo  In this way, if the detector drift is linear over a period of about
15 minutes (time required to take the four 3 minute countsg, then the
effect of the drift on the normalized counts is minimal.

4.3 Detector Characteristics

The detection system consisted of a 2" (5.08 cm) diameter Nal crystal with
a photomultiplier, preamplifier, amplifier, discriminator, counter, timer
and power supply as shown in Fig. 4.2. A typical plot of the count rate
versus energy for photons from the 5 Ci Cs-137 source is shown in Fig.
4.3. In order to count only those photons that reach the detector without
having undergone any interaction on the way, we counted only those photons
that deposited energy within the photoelectric peak. As can be seen from
Fig. 4.3, this was done by setting the window of the scalar between Vi and
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V2. An obvious disadvantage of doing this is that the count rate is lower
and we have to count for a longer time. However, this avoided the count-

ing of multiple scattered gamma rays and we did not have to apply the
buildup factor correction.

4.4 Dead Time Correction

Due to the high count rate (~2 million counts per minute), the dead time
error must be considered. We determined the dead time by the two source
method and found it to be 3 microseconds (see Table 5.1). All measured

counts were then corrected by using(3),

Ne = N/(1 - N/t)
where,

Nc = corrected counts in time interval t,

N = measured counts in time interval t,
Tt = dead time in seconds,
t = counting time interval in seconds.

It was found that although applying the dead time correction increases the
measured counts by about 10%, it didn't effect the value of the void
fraction o by more than a few percent. This is because the effect is
almost cancelled out in the numerator and denominator terms of Eq.

(4.15a). Its use does, however, reduce the relative error Aa/a since in
Eq. (4.15b) the ratio Ng/Ny increases and AN/N and ANpef/Npef decrease by
the use of the dead timé correction.

4,5 Aligning the Gamma Densitometer to Edge of the Test Section

Whenever we moved the gamma densitometer vertically (eg: when we went
from the middle section to the top section), we had to determine the
lateral location of the gamma densitometer with respect to the test sec-
tion so that we knew exactly where we were taking data. This was done by
using the gamma densitometer itself,

Counts were taken while moving the densitometer closer to the edge. As
soon as the gamma-ray beam started entering the steel frame of the test
section, the count rate dropped dramatically. Counts versus position was
piotted and the curve looked as shown in Fig. 4.4. The location where the
count rate became midway between the constant value inside the test
section and the value in the middle of the steel frame was taken as the
inside edge of the test section. The zero of the scale on which the gamma
densitometer's position was read off was then adjusted accordingly.

The location where the reference counts were taken was similarly found.
The gamma densitometer was moved outside the test section and the count
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rate was taken. The count rate versus position was plotted (also shown in
Fig. 4.4) and the position of the reference was chosen a little distance
beyond the location where the count rate levelled off.
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CHAPTER-5
EXPERIMENTAL RESULTS

The results obtained in the experiments that were performed during this
study are presented below. Each section of this chapter contains a
description of the methods used to perform the experiment, the formulae
used in data reduction, the results of the experiment, and a discussion on
the results.

5.1 Dead Time Determination

The dead time of the sodium iodide P.M. detection system was found by the
two-source method. This requires the use of two gamma ray sources of the
same isotope of approximately equal strength. The sources available in
the lab were a 1.2 microCurie Cs-137 source and the 5 Curie Cs-137 source.
Even though they are not of equal strength, we used the larger source suf-
ficiently shielded so that the number of gamma rays reaching the detector
per unit time was about the same as those reaching the detector from the
small source when it was placed directly in front of the detector. The
procedure taken was as follows. Both sources were kept shielded far away
from the detector and background counts were taken for 15 minutes. Then
the 5 Curie source was placed in the lead shield having a collimator and
located behind the collimator such that we obtained about 2500 counts per
second. A measurement was taken for 60 seconds (called Ni). The small
source was then placed very close to the detector and counts were taken
for another 60 seconds. The counts now obtained were due to gamma rays
from both sources (denoted Njp). The 5 Curie source was then taken out of
the shield and taken to the well shielded container in another room. A 60
second count was again taken which is due only to gamma rays from the
small source (called N»). The dead time, v, is then found by(3),

N1 + N2 - le - Bg

2 2 2

12 - M-

T = 60 [

] 5 seconds (5.1)
N «

where Bg is number of background counts per 60 seconds. This determina-
tion of dead time was repeated four times and the average was found to be
3 microseconds. Table 5.1 gives the data and the results obtained.

5.2 Measurement of the Time Interval Required to Reduce the Effect of
Flow Fluctuations

Since two-phase flows are inherently fluctuating in character, we have to
count the gamma rays over a period of time that is large compared to the
period of these fluctuations, and then integrate the results. To find
this time interval, void fraction was determined by taking measurements
over different lengths of time. When the value of the void fraction did
not change appreciably by increasing the measuring time, we knew that the
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Table 5.1 Dead time for the sodium iodide,
photomultiplier detection system

Counts obtained in 60 seconds

Source
used 1 2 3 4
Partially shielded 127404 137811 132214 135603

5 Curie (Np)

1.2 uCi (Np) 143617 142463 141244 142982
Both (N12) 269074 278076 271324 276302
Dead time 2.81 us 3.03 us 3.08 us 3.20 us

Average dead time = 1t = 3.03 microseconds

Background = 277 counts in 60 seconds
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flow fluctuations had been averaged out. Table 5.2 gives the results for
such a measurement for several time periods ranging from 10 seconds to 3

minutes. These results are also plotted in Fig. 5.1. We see that the
void: fraction fluctuation decreases as the time interval increases.

To determine a period of time that is sufficiently large for the flow
fluctuations to be averaged out, we found the error in the individual
measurements of void fraction, o, by using,

n..._ — 2

o 121 (@ - agye)

Aat = & = T) (5.2)
where;,
E} = i-th value of chordal average void fraction, a,
aaye = average value of the n measurements of o, = (1/n) ¥ aj,

n = number of measurements of a,

Aot = total standard error in a.

This value of Aot includes the effects of flow fluctuations and detector
drift as well as those of statistical fluctuations of the gamma ray
source.  In order to find the error due to statistical fluctuations alone,
we used Eq. (4.13b). For this part of the experiment, Ngpaf, Ngrefs Nref,

Ng and Ng were all measured for long periods of time and their values were
large compared to those of N. We thus have:

AI/T > Alg/1g = Alg/lg

and

AI/T > Alpef/Iref = Blgpef/Igref = Algref/Igref:

So, all errors except AI/I were neglected, and thus Eq. (4.13b) reduced
to,
i

) 3
o []n(lg/lz)]

(safa)” = (a1/1)°

Then, replacing I with N,

1
Ao = £ (AN/N) oy
1n(Ng/Nz)

which for AN = yN becomes,
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Table 5.2 Experimental values of void fractions and

errors for different measuring intervals

Void fraction (o) from data taken for
measuring intervals of (secs.):

No. 10 20 30 60 100 180
1 0.4818 0.4464 0.4718 0.4658 0.4613 0.4438
2 | 0.4667 0.4220  0.4555 0.4579  0.4487 0.4528
3 0.4758  0.4063 0.4418 0.4496 0.4564 0.4557
4 0.4526 0.4619  0.4544 0.4613 0.4452 0.4563
5 0.3917 0.4262 0.4372 0.4597 0.4591 0.4492
6 0.3862 0.4393 0.4369 - 0.4382 0.4508 0.4615
Average: 0.4425 0.4337 0.4496 0.4554 0.4536 0.4532
Actual
error 0.0426 0.0196 0.0136 0.0100 0.00632 0.00615
Aat
Statistical
error 0.0215  0.0152 0.0124 0.0088 0.00656 0.00513
(Aﬂs)
Statistical/
actual 0.5056 0.775 0.912 0.880 1.038 0.834
Aas/A(xt
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Ao, =% (5.3)

where,

Aag = standard error in o due to statistical fluctuations alone.

Eliminating all the errors ecept those in N while deriving Eq. (5.3) is
also justified because in determining Aat, the values of Ng, Ngs Nerefs
Ngref and Npef were held constant.

The values of Aat and Aag and the ratio Aag/Aat, that is, the statistical-
error/total-error are listed in Table 5.2. As the flow fluctuations are
averaged out, this ratio will approach unity. Since six measurements do
not constitute a sufficiently large number for statistical analyses,

there will always be some difference between Aat and Aag, even when the
only source of error is statistical. However, from the way the ratio
approaches unity in Table 5.2, it is seen that less than 100 seconds is
enough to average out the flow fluctuations. It should be noted that this
measurement was done at one location for one flow condition. At other lo-
cations and flow conditions, the minimum time needed may be different. On
the basis of Tables 4.1 and 5.2 and of visual inspection of all the flow
conditions, a counting interval of six (6) minutes was chosen.

5.3 Measurement of the Void Fractions

The chordal-average void fraction calculated from the data taken for six
(6) minutes at each location are given in this section. Data was taken at
three axial positions, 7.5" (19.1 cm), 17.0" (43.2 cm) and 28.5" (72.4 cm)
above the inside bottom of the test section. At each axial position, data
was taken at no less than nine (9) locations across the test section (as
is shown in Fig. 3.4).

In all, 36 different flow conditions were studied. Of these, 18 were with
rods and 18 were without rods. Of each 18 runs, half (ie: 9) were at a
low liquid flow rate: and pressure and the other 9 were at higher pressure
and twice the flow rate. For each flow rate, we had three different flow
splits between the two inlet ports no. 1 and no. 4., For each flow split,
we had three different air flow rates entering through inlet port no. 4
giving us three different flow qualities.

Each flow condition is labelled and has a distinct "case” number, based on
a 4-digit code: WXYZ, explained below.

W: The first digit is a number ranging from 1 to 6. It tells us
the quality as well as the flow rate. Thus, W=1, 2 or 3 im-
plies that flow quality in inlet port no. 4 is 0.3%, 0.6%, or
0.9%, respectively, at a total liquid flow rate (through ports
1 and 4) of 240 lbm/min (6532 kg/hr) or equivalently, a water
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mass flux of 0.115 X 108 1lbm/hr-ft2 $0.562 X 106 kgéhr—mz)
without rods and 0.143 X 106 lbm/hr-ft2 (0.697 X 106 kg/hr-m2)
with rods installed, through the test section (ie: Tlow flow).
W=4, 5 or 6 implies quality is 0.3%, 0.6%, or 0.9%, respective-
1y, at a total liquid flow rate of 480 1bm/min (13063 kg/hr) or
a water mass flux of 0.230 X 108 lbm/hr-ft2 (1.125 X 10° kg/hr-
m2) without rods and 0.286 X 106 1bm/hr-ft2 (1.395 X 106 kg/hr-
m2) with rods (ie: high flow).

X:  The second digit is the letter A, B or C. It denotes the ratio
in which the liquid flow is divided between inlet ports no. 1
and 4, Thus, X=A implies that of the total liquid entering the
test section, 50% enters through port no. 1 and 50% enters
through port no. 4. X=B implies port no. 1 has 37.5% and port
no. 4 has 62.5% of the total liquid inlet flow. X=C implies
port no. 1 has 62.5% and port no. 4 has 37.5% of the total
liquid inlet flow.

Y: The third digit is the letter N or R. It tells us whether or
not the rods are present. Thus, Y=N implies rods are not pre-
sent; and Y=R implies rods are present.

Z: The fourth digit is the number 4 or 5. It is the number of the
inlTet port that is used as the inlet for the two-phase mixture.
For the present series of experiments, 7=4 always, since data
has not been taken with flow entering from port no. 5.

A given flow condition may then be written as, for example, 3BN4, which
would be the label for the flow that is of 0.562 X 108 kg/hr-m2 liquid
mass flux (ie: Tlow flow), the total liquid inflow is coming in in the
ratio 62.5%:37.5% from inlet ports no. 4 and 1, the quality of the fluid
entering from port no. 4 is 0.9%, and the rods are not present. Later on,
when we plot the void fraction data, each case will have a distinct sym-
bol, determined by the shape of the star representing the data point and
by the length of the dashes that make up the line joining the various data
points.

Table 5.3 contains the list of all cases that were run, with the values of
liquid mass flux, flow ratio between ports no. 4 and 1, flow quality at
inlet port no. 4, whether the rods were in or not, and the symbol used in
plotting them. Tables 5.4.1 to 5.4.36 contain the values of the chordal
averaged void fractions found for each of the cases that were run.

5.4 Errors in the Void Fractians

To calculate the actual error in the void fractions determined, we took
void fraction data across the middle section for different flow condi-
tions. For each flow condition, we took six (6) one minute counts alter-
nately at the reference and the measurement location. The void fractions
were then calculated by using Eq. (4.15a),
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Table 5.3 List of all cases run with values of
associated parameters

CRSE SYMBOL FOR LIQuID FLOW SPLIT  QUALITY RODS IN
FIGURES MASS FLUX IN#4 : IN#1
KG/HR.M2
-
s T x T 0.562 EB S0.0% : 50.0% 0.3% NO
2AN4 :/x\“ 0.562 E6 50.0%2 : 50.0% 0.6% N
3AN4 0.562 E6 50.0% : 50.0% 0.9% NO
-
BN T . T 0562 E6 62.5% : 37.5%  0.3% NO
2BN4 "/‘\\ 0.562 E6 62.5% : 37.5% 0.6% NO
3BN4 0.562 E6 62.5% : 37.5% 0.9% NO
-
1CN4 T e T 0.562 E6 37.5% : 62.5% 0.3% NO
20N4 ”/,k\\ 0.562 E6 37.5% : 62.5% 0.6% NO
3CN4 0.562 E6 37.5% : 62.5% 0.9% NO
- SR
2 O 1125 €6 50.0% : S0.0% 0.3% NO
SAN4 ’/_,g\\ 1.125 E6 50.0% : S0.0% 0.6% NO
6RN4 1125 E6 50.0% : 50.0% 0.9% NO
- o -~
8N4 T T 1125 E6 62.5% : 37.5% 0.3% NO
SBN4 T . T L1566 62.5% : 37.5¢  0.6% NO
6BN4 1125 €6 62.5% : 37.5% 0.9% NO
- :
NG T T 1125 E6 37.5% : 62.5% 0.3% NO
SCNd e " LI2SEB 37.5% : 625%  0.6% NO
6CN4 1125 €6 37.5% : 62.5% 0.9% NO
s
1AR4 T e 0.697 E6 50.0% : 50.0% 0.3% YES
2RR4 ’/,\\ 0.697 €6 50.0% : 50.0% 0.6% YES
3AR4 0.697 E6 50.0% : 50.0% 0.9% YES
- ‘0‘ hadt S
1BR4 - S 0.697 €6 62.5% : 37.5% 0.3% YES
2BR4 ’/a\\ 0.697 E6 62.5% : 37.5% 0.6% YES
3BR4 0.697 E6 62.5% : 37.5% 0.9% YES
- * - -
1CR4 T e T 0.697 E6 37.5% : 62.5% 0.3% YES
AR4 T w0897 E6 37.5% : 62.5%  0.6% YES
3CR4 0.697 E6 37.5% : 62.5% 0.9% YES
- * bl
RS T e T 1.395 E6 50.0% : 50.0% 0.3% YES
S6R4 ’/,,&\\ 1,395 £6 50.0% : 50.0% 0.6% YES
6AR4 1.395 EB 50.0% : S0.0% 0.9% YES
- Moo ~—
BR& T __ T 1.395 E6 62.5% : 37.5% 0.3% YES
SBR4 :,,,\: 1.395 E6 62.5% : 37.5% 0.6% YES
6BR4 1.395 E6 62.5% : 37.5% 0.9% YES
——E e
R4 "7 _x T~ 1395 E6 37.5% : 62.5% 0.3% YES
SCR4 :/z\\ 1.395 E6 37.5% : 62.5% 0.6% YES
6CR4 1395 E6 37.5% : 52.5% 0.9% YES
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Table 5.4.1 Void fraction data for case 1AN4 (liquid mass flux =

0.562 X 10% kg/hr-m?; without rods; 50.0/50.0 flow split;
and quality at inlet no. 4 = 0.3%)

Position Lower Middle : Top
Inches (cm) - Section (%)  Section (%) ~ Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 10.97 24.49 19.89
4.50(11.4) 10.16 = -
6.75(17.1) 4.22 20007 26.60

11.25(28.6) 0.0 17.68 - 35.20
13.50(34.3) 2.44 - -

15.75(40.0) 22.32 27.58 38.23
18.00(45.7) 46.48 50.90 | 38.96
20.25(51.4) 28.00 : 53.51 37.20
22.50(57.1) 10.54 = .

24.75(62.9)  8.35 -36.99 36.23
29.25(74.3) 17.63 36.18 39.72
33.75(85.7)‘ 17.49 33.89 27:24
36.00(91.4) “ d.o 0.0 0.0
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Table

5.4.2

Void fraction data for case 2AN4 (liquid mass flux
0.562 X 106 kg/hr-m?2; without rods; 50.0/50.0 flow
split; and quality at inlet no. 4 = 0.6%)

Position

Inches (cm)

0.0 ( 0.0)

11.

13.

15.

18.

20.

22

24.

29.

33

36

.25( 5.

.50(11.

.75(17.

25(28

50(34.
75(40.
00(45.
25(51.
.50(57.
75(62.
25(74.
.75(85.

.00(91.

7)

4)

1)

.6)

3)

0)

7)

4)

1)

9)

3)

7)

4)

Lower

Section (%)

Middle

Section (%)

Top

Section (%)

0.

19.

21.

14.

11.
28.
59.
53.
30.
22.
30.

33.

0

43

62

38

.97

86

70

27

02

97

74

47

52

0.0

32.94

26.51

23.07

38.44

56.07

63.90

46.27

40.36

36.34

43

0.0

31.29

42 .57

49.79

52.00

49.19

46.51

44 .48

54.80

40.56



Table 5.4.3 Void fraction data for case 3AN4 (liquid mass flux
0.562 X 106 kg/hr-m2; without rods; 50.0/50.0 flow
split; and quality at inlet no. 4 = 0.9%)

Position Lower Middle Top
Inches (cm) Section (%)  Section (%)  Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 43.14 24.11 27.86
6.75(17.1) 38.82 18.85 43.35

11.25(28.6) 25.00 16.95 48:39
13.50(34.3) 28.42 - -

15.75(40.0) 44 .72 26.92 50.34
18.00(45.7) 69.32 54.53 45.83
20.25(51.4) 68.01 64.46 43.85
22.50(57:1) 43.18 - -

24.75(62.9) 28.05 53.56. 44 .74
29.25(74.3) 35.23 44 .24 - 50.37
33.75(85.7) 37.49 36.35 40.64
36.00(91.4) 0.0 0.0 0.0
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Table 5.4.4

Void fraction data for case 1BN4 (liquid mass f]uxv

0.562 X 10% kg/hr-m?; without rods; 62.5/37.5 flow

3

split; and quality at inlet no. 4 = 0.3%)

Position

Inches (cm)

0.0 ( 0.0)

11

13

15,

18.

20.

22

24,

29.

33.

36.

.25( 5.

.75(17.

.25(28.

.50(34.

75(40.

00(45.

25(51.

.50(57.

75(62

25(74.

75(85.

00(91.

7)

1)

6)

3)

0)

7)

4)

1)

.9)

3)

7)

4)

Lower

Section (%)

Middle
Section (%)

Top
Section (%)

0.

31.

44.

27.

15.

21.

20.

0

.55

.96

56

85

33

93

93

75

45

0.0

26.63

22.66

18.39

23.10

43.03

52.02

58.55

57.53

48.35

38.81

0.0

0.0

20.16

24.28

31.98

40.31

45.91

47.27

43.32

28.05

21.02



Table

5.4.5 Void fraction data for case 2BN4 (liquid mass flux
0.562 X 106 kg/hr-m2; without rods; 62.5/37.5 flow

split; and and quality at inlet no. 4 = 0.6%)

Position

Inches (cm

0.

11

13

15

18.

20

22

24.

29.

33.

36.

0 ( 0.0)

.25( 5.7)

.75(17.1)

.25(28.6)

.50(34.3)

.75(40.0)

00(45.7)

.25(51.4)

.50(57.1)

75(62.9)

25(74.3)

75(85.7)

00(91.4)

Lower
Section (%)

Middle
Section (%)

Top
Section (%)

0.

27.

21.

11.

24.

45.

60.

41.

27.

31.

29.

0

35

38

.42

16

60

50

88

28

05

10

46

0.0
31.76
28.10

23.79

32.12
45.80
57.37
65.60
66.00
59.01

40.69

0.0

20.02

30.93

41.52

47.71

53.91

55.95

51.58

32.13

23.33




Table 5.4.6

Void fraction data for case 3BN4 (liquid mass flux

0.562 X 10® kg/hr-m?; without rods; 62.5/37.5 fiow

2

split; and quality at inlet no. 4 = 0.9%)

Position
Inches (cm

0.0 ( 0.0)

11.

13

15.

18.

20.

22

24.

29.

33

36.

.25( 5.

.75(17.

25(28.

.50(34

75 (40

00(45.

25(51.

.50(57.

75(62

25(74.
.75(85.

00(91.

7)

1)

6)

.3)

.0)

7)

4)

1)

.9)

3)

7)

4)

Lower
Section (%)

Middle

Section (%)

Top

Section (%)

0.
26.
24.
11.

12.

27

46.

66.

46.

26.

26.

28.

0]

54

91

17

17

.97

61

20

80

31

05

30

47

0.0

31.37

27.64

26.41

36.44

32.67

45.42

59.91

56.63

49.72

28.99

0.0

20.71

40.71

49.91

53.49

64.57

65.22

61.57

44.32

30.22



Table 5.4.7

Void fraction data for case 1CN4 (liquid mass flux
0.562 ¥ 108 kg/hr-m2; without rods; 37.5/62.5 flow

split; and quality at inlet no. 4 = 0.3%)

Position

Inches (cm)

0.0 ( 0.0)

11.

13

15.

18

20.

22

24.

29.

33.

36.

.25( 5.
.75(17.
25(28.

.50(34.

75 (40

.00(45.

25(51.

.50(57.

75(62

25(74.

75(85.

00(91.

7)

1)

6)

3)

.0)

7)

4)

1)

.9)

3)

7)

4)

Lower
Section (%)

Middle

Section (%)

Top

Section (%)

0.

30.

23.

12.

18.

40.

52

21.

14.

12.

18.

22.

0]

63

76

01

65

70

.81

03

04

37

94

23

27.22

23.90

33.27

44 .52

47 .47

38.79

32.46

27.09

30.22

26.56

48

0.0

7.86

16.08

22.10

22.98

27.69

26.96

29.18

29.26

16.95



Table ‘5.4.8

Void fraction data for case 2CN4 (liquid mass flux
without rods; 37.5/62.5 flow

0.562 X 108 kg/hr-m?
split; and quality at inlet no. 4 = 0.6%)

Position

Inches (cm)

0.0 ( 0.0)

11.

13.

15.

18.

20.

22

24.

29.

33

36.

.25( 5.

.75(17.

25(28.

50(34.

75(40.

00(45.

25(51.

.50(57.

75(62

25(74.

.75(85.

00(91.

7)

1)

6)

3)

0)

7)

4)

1)

.9)

3)

7)

4)

Lower

Section (%)

b

Middle

Section (%)

Top

Section (%)

0.

34.

30.

18.

28.

52

57.

32.

19.

17.

23

22

0

12

96

48

29

.06

53

71

24

51

.87

.35

49

0.0

30.50

27.82

38.42

49.17

55.01

42 .46

32.29

26.81

31.12

25.71

0.0

16.19

29.68

35.90

36.93

33.22

32.03

34.08

42.53

31.40



Table 5.4.9

11.

13.

15.

18

20.

22.

24.

29.

33.

36.

.75(17

Void fraction data for case 3CN4 (liquid mass flux

0.562 X 10% kg/hr-m?

split; and quality at inlet no. 4

Position

Inches gcmg

0.0 ( 0.0)

.25( 5.

25(28.

50(34.

75(40.

.00(4s.

25(51.

50(57.

75(62

25(74.

75(85.

00(91.

7)

.1)

6)

3)

0)

5

4)

1)

.9)

3)

7)

4)

Lower
Section (%)

b2

without rods; 37.5/62.5 flow

Middle
Section (%)

0.9%)

Top
Section (%)

0.

33

26.

15.

22.

53.

63

31.

17.

13

19.

17.

0

.47

09

32

10

.28

68

.02

21

94

50

0.0

20.00

19.14

27.68

43.05

50.36

47.33

33.59

24.09

28 .44

22.49

0.0
38.73
52.54

57.31

56.78
57.34

56.22

61.96
72.97

62.04



Table 5.4.10 Void fraction data for case 4AN4 (liquid mass flux =
1.125 X 10 kg/hr-m?; without rods; 50.0/50.0 flow
split; and quality at inlet no. 4 = 0.3%)

Position Lower Middle Top
Inches (cm) Section (%) Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 13.68 31.08 20.69
6.75(17.1) 1.73 29.02 26.26

11.25(28.6) 0.0 36.15 | 21.19
13.50(34.3) - 38.92 -
15.75(40.0) 53.96 28.13 20.93
18.00(45.7) 25.31 22.17 -
20.25(51.4) 21.01 11.62 31.08
24.75(62.9) 2.51 9.75 57.19
29.25(74.3) 10.66 17.22 55.40
33.75(85.7) 0.0 6.97 60. 60
36.00(91.4) 0.0 0.0 0.0

51



Table 5.4.11 Void fraction data for case 5AN4 (liquid mass flux =
1.125 X 10% kg/hr-m2; without rods; 50.0/50.0 flow
split; and quality at inlet no. 4 = 0.6%)

Position Lower Middle Top
Inches (cm) Section (%)  Section (%)  Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25(.5.7) 25.18 39.93 35.86
6.75(17.1) 7.54 29.68 41.71

11.25(28.6) 5.83 39.04 --35.90
15.75(40.0) 62.91 54.85 34.28
18.00(45.7) 47.27 48.55 45,51
20.25(51.4) 26.47 41.19 52.58
24.75(62.9) 0.0 33.65 76.08
29.25(74.3) 4.64 37.64 86.94
33.75(85.7) 0.0 22.93 71.30
36.00(91.4) 0.0 0.0 0.0

52




Table 5.4.12 Void fraction data for case 6AN4 (1iquid mass flux
without rods: 50.0/50.0 flow

1.125 X 10% kg/hr-m2;
split; and quality at inlet no. 4 = 0.9%)

Position
Inches (cm)

0.0 ( 0.0)

11.
15.
18.
20.
24.
29,
31.
33.

36.

.25( 5.

.75(17.

25(28.

75(40.

00(45.

25(51

75(62.

25(74.

50(80.

75(85.

00(91.

7)

1)

6)

0)

7)

.4)

9)

3)

0)

7)

4)

Lower

Middle

Top

Section (%) Section (%) Section (%)

0.0

26.78

6.40

4.28

63.74

59.32

44.70

10.78

16.68

53

0.

35.

25.

37.

59.

58.

53

51.

53.

46.

45

0

48

47

73

39

59

.74

26

67

.64

0.

48.

48.

35.

31.

47.

58.

77.

84.

28.

0

63

25

01

09

72

47

45

86



Table 5.4.13 Void fraction data for case 4BN4 (1iquid mass flux =
' 1.125 X 108 kg/hr-m?; without rods; 62.5/37.5 flow
split; and quality at inlet no. 4 = 0.3%)

Position Lower Middle Top
Inches (cm) Section (%)  Section (%) Section (%)
0.0 (:0.0) 0.0 c.0 0.0
2.25( 5.7) - 21.61 21.10 47.94
6.75(17.1) 0.0 16.33 53.21

11.25(28.6) 0.0 19.50 50.47
15.75(40.0) 38.69 37.85 ‘ 43.02
18.00(45.7) 4]1.68 41.75 53.04
20.25(¢51.4) 38.31 42.67 56.90
22.50(57.1) - 41.90 -

24.75(62.9) 5.00 41.73 71.48
29.25(74.3) 10.49 45.25 86.76
33.75(85.7) 5.30 35.81 61.24
36.00(91.4) 0.0 0.0 0.0

54




Table 5.4.14 Void fraction data for case 5BN4 (1iquid mass flux
without rods; 62.5/37.5 flow

1.125 X 10% kg/hr-m?
split; and quality at inlet no. 4 = 0.6%)

Position
Inches (cm)

0.0 ( 0.0)

11.

15.

18.

20.

22.

24.

29.

33.

36.

.25( 5.

.75(17.

25(28.

75(40.

00(45.

25(51.

50(57.

75(62.

25(74.

75(85.

00(91.

7)

1)

6)

0)

7)

4)

1)

9)

3)

7)

4)

3

Lower Middle Top
Section (%) Section (%) Section (%)
0.0 0.0 0.0
20.72 33.93 37.47
0.0 23.498 40.58
0.0 26.02 25.20
43.11 47.40 30.47
57.20 49.61 33.62
52.40 53.68 41.96
- 58.49 -
12.98 60.98 52.36
24.87 71.60 64.80
21.50 62.24 40.80
0.0 0.0 0.0

55



Table 5.4.15 Void fraction data for case 6BN4 (liquid mass flux
1.125 X 10® kg/hr-m2; without rods; 62.5/37.5 flow

i1.
15.
18.
20.
24,

29.

33

36.

.75(85

split; and quality at inlet no. 4 = 0,9%)

Position

Inches (cm)

0.0 ( 0.0)

.25( 5.

.75(17.

.00(22.

25(28.

75(40.

00(45.

25(51.

75(62

25(74

00(91.

7)

1)

9)

6)

0)

7)

4)

.9)

.3)

7Y

4)

Lower

Section (%)

Middle
Section (%)

Section (%)

Top

0.

33.

54.

63

68.

30.

33.

29.

0

21

.97

.10

.63

53

.86

50

42

60

05

56

0.0

32.82

31.76

36. 45

53.94

50.74

57.97

67 .44

78.14

70.87

0.0

70.98

1 69.41

64.86
57.45
57.01
60.52
74.01
83.54

45.14



Table 5.4.16 Void fraction data for case 4CN4 (1iquid mass flux
1.125 X 10% kg/hr-m2; without rods; 37.5/62.5 flow

0

11.

13

15.

18

20.

24.

29.

33.

36.

split; and quality at inlet no. 4 = 0.3%)

Position
Inches (cm)

.0 ( O.

.25( 5.

.50(11.

.75(17.

.00(22.

.50(34.

.00(45.

75(62

75(85

25(28.

75(40.

25(51.

25(74.

00(91.

0)

7)

4)

1)

9)

6)

3)

0)

7)

4)

.9)

3)

.7)

4)

Lower

Section (%)

Middle
Section (%)

Top

Section (%)

0.0

16.90

21.80

52.22

48.12

27.31

12.83

14.32

15.10

7.32

57

0.

28.

39.

43.

47.

40.

28.

21.

14.

0

13

92

13

50

85

88

46

91

.58

.97

.01

0.0

30.063

46.63

39.93

33.75

42.29

48.34

47.54

37.14

28.29

70.33



Table 5.4.17 Void fraction data for case 5CN4 (liquid mass flux
without rods; 37.5/62.5 flow

1.125 X 106 kq/hr-m2
split; and quality at inlet no. 4 = 0.6%)

Position

Inches (cm)

0.

11.

13.

15.

18.

20.

24.

29

33.

36.

0 ( 0.0)

.25( 5.7)

.50(11.4)

.75(17.1)

25(28.6)

50(34.3)

75(40.0)

00(45.7)

25(51.4)

75(62.9)

.25(74.3)

75(85.7)

00(91.4)

Lower

Section (%)

*

b

Middle

Section (%)

Top

Section (%)

0.

27.

33.

16.

47.

56.

24.

o

11

75

.85

07

14

85

35

.74

.19

.67

.0

58

0.

33.

42.

45.

35.

26.

19.

10.

13

15.

0]

12

21

91

57

43

52

12

.03

22

.81

0.0

32.30

48 .23

39.41

47.16

64.75

74.53

75.77

64.24

75.63



Table 5.4.18 Void fraction data for case 6CN4 (liquid mass flux
without rods; 37.5/62.5 flow

11.

13

15

18.

20

24,

29.

33

36.

.75(17

1.125 X 108 kg/hr-m2

-

3

split; and quality at inlet no. 4 = 0.9%)

Position

Inches (cm)

0.0 ( 0.0)

.25( 5.

.50(11.

.00(22.

25(28.

.50(34.

.75(40.

00(45.

.25(51.

75(62.

25(74.

.75(85.

00(91.

7)

4)

.1)

9)

6)

3)

0)

7)

4)

9)

3)

7)

4)

L ower

Section (%)

Middle

Section (%)

Top
Section (%)

0.

22.

38.

65.

38.

18.

0

87

.42

.50

09

80

49

26

.05

.22

0.

46.

49.

51.

53.

59.

54.

43

34.

24,

22.

26.

0

23

95

23

69

69

18

.33

46

93

15

16

.41

0.0

25.02

39.05

34.11

40.11
54.42
70.67
90.47
91.28

81.13



Table 5.4.19 Void fraction data for case 1AR4 (Tiquid mass flux =
0.697 X 10 kg/hr-m2; with rods; 50.0/50.0 flow split;
and quality at inlet no. 4 = 0.3%)

Position Lower Middle Top
Inches (cm) Section (%)  Section (%)  Section (%)
0.0.(.0.0) 0.0 0.0 0.0
2.25( 5.7) © 0.0 0.0 33.12
6.75(17.1) 0.0 0.0 55.37

11.25(28.6) 4.53 7.50 49.02
15.75(40.0) 52.07 32.35 44.69
18.25(46.4) 61.96 58.17 50.53
20.25(51.4) 48.19 35.02 40.04
24.75(62.9) 20.93 19.32 41.03
29.25(74.3) 20.31 23.55 36.96
33'75(85f7) 23.49 18.83 69:01
36.00(91. 4) 0.0 0.0 0.0

60



Table 5.4.20 Void fraction data for case 2AR4 (liquid mass flux =
0.697 X 106 kg/hr-m2; with rods; 50.0/50.0 flow split;

and quality at inlet no. 4 = 0.6%)

Position Lower Middle Top

Inches (cm) Section (%) Section (%) Section (%)

0.0 { 0.0) 0.0 0.0 0.0
2.25( 5.7) 0.0 17.44 42 .47
6.75(17.1) 0.0 28.61 59.00
11.25(28.6) 4.19 36.46 53.47
15.75(40.0) 61.59 66.11 53.49
18.25(46.4) 70.73 60.30 60.10
20.25(51.4) 50.96 29.54 48.91
24.75(62.9) 29.06 17.91 58.53
29.25(74.3) 31.46 22.05 58.10
33.75(85.7) 31.25 13.52 54.10
36.00(91.4) 0.0 0.0 0.0

61



Table 5.4.21 Void fraction data for case 3AR4 (liquid mass flux =
0.697 X 10 kg/hr-m?2; with rods; 50.0/50.0 flow split;
and quality at inlet no. 4 = 0.9%)

Position Lower Middle Top
Inches (cm) Section (%)  Section (%)  Section (%)
0.0 (.0.0) 0.0 0.0 0.0
2.25(.5.7) 0.0 18.31 48.98
6.75(17.1) 0.0 36.67 50.59

11.25(28.6) 4.54 41.09 52.92
15.75(40:.0) 62.18 67.44 53.76
18.25(46.4) 73.14 73.32 71.83
20.25(51.4) 56.71 . 58.60 66.54
24.75(62.9) 33.41 33.98 61.97
29.25(74.3) 36.36 38.68 96.20
33.75(85.7) 36.32 25.16 63.81
36.00(91.4) 0.0 0.0 0.0

62



Table 5.4.22 Void fraction data for case 1BR4 (1liquid mass flux =
0.697 X 10 kg/hr-m2; with rods; 62.5/37.5 flow split;
and quality at inlet no. 4 = 0.3%)

Position Lower Middle Top
Inches (cm) Section (%)  Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 0.0 3.85 33.98
6.75(17.1) 0.0 15.00 65.10

11.25(28.6) 3.22 21.29 60.26
15.75(40.0) 35.18 55.74 59.15
18.25(46.4) 56.74 62.42 30.65
20.25(51.4) 63.77 54.96 35.40
24.75(62.9) 34.01 27.68 53.94
29.25(74.3) 38.34 34.59 30.91
33.75(85.7) 37.97 25.26 70.11

36.00(91.4) 0.0 0.0 0.0

63



Table 5 4.23 Void fraction data for case 2BR4 (liquid mass flux =
0.697 X 106 kg/hr-m?; with rods; 62.5/37. 5 flow split;
and quality at inlet no. 4 = 0.6%)

xniﬁZ;tzgﬁ) Setg?g; (%) Se?é?gle(%) Sectggﬁ (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 0.0 41.43 41.30
6.75(17.1) 0.0 49 .85 54.82
11.25(28.6) 0.0 45.48 48.21
15.75(40.0) 41.43 70.31 48.32
18.25(46.4) ‘61.81 ‘ 7?.14 41f80
20.25(51.4) 64.71 75.86 47.28
24.75(62.9) 34.98 45.83 41.29
29.25(74.3) - 39.76 50.21 81.10
33;75(85.7) 33.56 40.09 73.01

36.00(91.4) 0.0 0.0 0.0

64



Table 5.4.24 Void fraction data for case 3BR4 (liquid mass flux =
0.697 X 106 kg/hr-m2; with rods; 62.5/37.5 flow split;

and quality at inlet no. 4 = 0.9%)

Position Lower Middle Top
Inches (cm) Section (%) Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 0.0 35.99 54.70
6.75(17.1) 0.0 47.08 54.66

11.25(28.6) 6.32 28.54 47.18
15.75(40.0) 24.37 41.91 46.91
18.25(46.4) 56.08 61.67 72.96
20.25(51.4) 63.78 57.79 73.24
24.75(62.9) 80.67 60.13 82.38
29.25(74.3) 81.82 76.17 85.73
33.75(85.7) 74.64 73.02 63.51
36.00(91.4) 0.0 0.0 0.0

65



Table 5.4.25 Void fraction data for case 1CR4 (liquid mass flux =
0.697 X 10 kg/hr-m2; with rods; 37.5/62.5 flow split;
and quality at inlet no. 4 = 0.3%)

Position Lower Middle Top
Inches (cm Section (%)  Section (%)  Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 0:0 11.35 46.23
6.75(17.1) 0.0 22.42 64.00

11.25(28.6) 0.0 39.36 51.33
15.75(40.0) 51.32 59.82 43.01
18.25(46.4) 41.49 28.73 50.58
20.25(51.4) 14.11 17.66 40.16
24.75(62.9) 0.41 11.66 40.03
29.25(74.3) 6.81 17.44 31.25
33.75(85.7) ‘ 2.45 6.74 53.43
36.00(91.4) 0.0 0.0 0.0

66




Table 5.4.26 Void fraction data for case 2CR4 (liquid mass flux =
0.697 X 108 kg/hr-m2?; with rods; 37.5/62.5 flow split;
and quality at inlet no. 4 = 0.6%)

Position Lower Middle Top
Inches (cm) Section (%) Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 0.0 29.46 57.99
6.75(17.1) 0.0 43.38 72.87

11.25(28.6) 11.61 59.22 59.42
15.75(40.0) 62.68 57.91 47 .94
18.25(46.4) 44 .80 29.55 62.47
20.25(51.4) 20.00 24.21 57.95
24.75(62.9) 3.57 22.79 52.22
29.25(74.3) 7.38 21.25 48.27
33.75(85.7) 4.91 10.88 76.58
36.00(91.4) 0.0 0.0 0.0

67



Table 5.4.27 Void fraction data for case 3CR4 (liquid mass flux =
0.697 X 106 kg/hr-m2; with rods; 37.5/62.5 flow split;
and quality at inlet no. 4 = 0.9%)

Position Lower Middle Top
Inches (cm) ~ Section (%) Section (%)  Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25(0 5.7) 0.0 26.60 ©72.19
6.75(17.1) 0.0 39.70 78.14

11.25(28.6) 16.49 75.45 61.51
15.75(40.0) 65.85 57.79 54.15
18.25(46.4) 48.16 32.43 55.78
20.25(51.4) 23.76 26.29 46.14
24.75(62.9) 10.53 24.21 47.36
29:.25(74.3) 14.62 21.61 57.17
33.75(85.7) 11.97 8.61 79.01
36.00(91.4) 0.0 0.0 0.0
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Table 5.4.28 Void fraction data for case 4AR4 (liquid mass flux =
1.395 X 10% kg/hr-m?; with rods; 50.0/50.0 flow split;
and quality at inlet no. 4 = 0.3%)

Position Lower Middle Top
Inches (cm) Section (%) Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 46.69 44.54 82.04
6.75(17.1) 53.71 72.86 57.06

11.25(28.6) 46.16 62.84 46.78
15.75(40.0) 59.04 41.78 48.57
18.25(46.4) 51.26 49.71 58.24
20.25(51.4) 31.25 45 .36 52.20
24.75(62.9) 35.18 42.54 48.48
29.25(74.3) 34.35 34.76 47.02
33.75(85.7) 17.50 24.25 72.10
36.00(91.4) 0.0 0.0 0.0
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Table 5.4.29 Void fraction data for case 5AR4 (liquid mass flux =
1.395 X 106 kg/hr-m2; with rods; 50.0/50.0 flow split;
and quality at inlet no. 4 = 0.6%)

Position Lower Middle Top
Inches (cm) Section (%)  Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 21,13 55.95 89.80
6.75(17.1) 9.28 85.94 64.62

11.25(28.6) 24.36 78.93 61.10
15.75(40.0) 59.75 63.53 54.93
18.25(46.4) 49,81 65.60 66.90
20.25(51.4) 45.33 58.33 60.33
24.75(62.9) 28.11 57.60 61.59
29.25(74.3) 27.94 51.27 60.52
‘33.75(85.7) 12.14 ; 31.07 81.24
36.00(91.4) 0.0 0.0 0.0

70




Table 5.4.30 Void fraction data for case 6AR4 (liquid mass flux =

1.395 X }06 kg/hr-m2; with rods; 50.0/50.0 flow split;
and quality at inlet no. 4 = 0.9%)

Position Lower Middle Top
Inches (cm) Section (%) Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 32.82 49.11 92.39
6.75(17.1) 8.66 81.39 67.26

11.25(28.6) 21.05 73.01 64.27
15.75(40.0) 71.04 62.52 60.91
18.25(46.4) 58.15 64.44 77.19
20.25(51.4) 61.55 55.55 68.26
24.75(62.9) 35.09 51.24 68.68
29.25(74.3) 31.90 47.76 86.16
33.75(85.7) 12.50 19.86 ~85.21

36.00(91.4) 0.0 0.0 0.0
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Table 5.4.31 Void fraction data for case 4BR4 (1iquid mass flux =
1.395 X 10® kg/hr-m?; with rods; 62.5/37.5 flow split;
and quality at inlet no. 4 = 0.3%)

Position Lower Middle Top

Inches (cm) Section (%)  Section (%)  Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 49.16 50.37 79.92
6.75(17.1) 59.11 74.12 60.30
11.25(28.6) 57.92 69.00 59.41
15.75(40.0) 59.02 53.69 58.20
18.25(46.4) 59.68  58.80 62.59
20.25(51.4) 64.52 62.22 57.16
24.75(62.9) 53.25 73.09 48.90
29.25(74.3) 48.95 65.38 88,64
33.75(85.7) 31.08 39.74 89.16
36.00(91.4) 0.0 0.0 0.0
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Table 5.4.32 Void fraction data for case 5BR4 (liquid mass flux =

1.395 X 108 kg/hr-m?; with rods; 62.5/37.5 flow split;
and quality at inlet no. 4 = 0.6%)

Position Lower Middie To

Inches (cm) Section (%) Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 55.78 55.18 81.80
6.75(17.1) 63.64 79.95 66.76
11.25(28.6) 65.38 77.36 63.98
15.75(40.0) 72.15 62.66 59.37
18.25(46.4) 67.90 62.86 63.22
20.25(51.4) 82.57 69.82 68.38
24.75(62.9) 88.75 75.94 48.90
29.25(74.3) 76.46 72.88 100.00
33.75(85.7) 48.17 42.11 86.13
36.00(91.4) 0.0 0.0 0.0
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Table 5.4.33 Void fraction data for case 6BR4 (liquid mass flux =
1.395 X 108 kg/hr-m2; with rods; 62.5/37.5 flow split;
and quality at inlet no. 4 = 0.9%) ‘

Position Lower Middle Top

Inches (cm Section (%)  Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25(:5.7) 68.22 57.05 84.12
6.75(17.1) | 75.89 71.79 68.28
11.25(28.6) 88.61 75.53 66.38
15.75(40.0) 87.56 65.97 - 60.61
18.25(46.4) 74.44 64.89 68.16
20.25(51.4) 95.20 79.32 78.53
24.75(62.9) g98.91 85.16 66.80
29.25(74.3) 91.77 70.72 100: 00
33.75(85.7) 76.91 69.71 87.25
36.00(91.4) 0.0 o.o' 0.0

74



Table 5.4.34 Void fraction data for case 4CR4 (liquid mass flux =
1.395 X 108 kg/hr-m2; with rods; 37.5/62.5 flow split;
and quality at inlet no. 4 = 0.3%)

Position Lower Middle Top
Inches (cm) Section (%)  Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 0.0 44.49 69.06
6.75(17.1) 0.0 71.48 49.14

11.25(28.6) 44.11 56.64 28.29
15.75(40.0) 57.15 38.44 22.46
18.25(46.4) 31.82 21.92 21.28
20.25(51.4) 6.47 13.76 14.54
24.75(62.9) 6.78 19.11 19.91
29.25(74.3) 3.198 21.37 16.23
33.75(85.7) 0.0 8.71 - 7.16
36.00(91.4) 0.0 0.0 0.0
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1.395 X 10 kg/hr-m?; with rods; 37.5/62.5 flow split;
and quality at inlet no. 4 = 0.6%)

Table 5.4.35 Void fraction data for case 5CR4 (liquid mass flux =

Position Lower Middle Top
Inches (cm) Section (%)  Section (%)  Section (%)
0.0 (.0.0) 0.0 0.0 0.0
2.25(.5:7) 1.74 42.78 78.31
6.75(17.1) 0.0 69.59 56.20
11.25(28.6) 27.13 60.01 42.52
15.75(40.0) 57.21 47.99 33.60
18.25(46.4) 48.29 31.08 : 33.88
20.25(51.4) 25.16 17078 31.09
24.75(62.9) 18.01 20.51 24.40
29.25(74.3) 13.62 20.16 20.52
33.75(85.7) 0.60 7.98 11.83
36.00(91.4) 0.0 0.0 0.0
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Table 5.4.36 Void fraction data for case 6CR4 (liquid mass flux =

1.395 X }05 kg/hr-m2; with rods; 37.5/62.5 flow split;
and quality at inlet no. 4 = 0.9%)

Position Lower Middle Top
Inches (cm) Section (%) Section (%) Section (%)
0.0 ( 0.0) 0.0 0.0 0.0
2.25( 5.7) 1.35 51.38 82.35
6.75(17.1) 0.0 81.56 65.18

11.25(28.6) 31.35 72.11 51.36
15.75(40.0) 65.63 49.26 43.18
18.25(46.4) 57.54 35.13 40.13
20.25(51.4) 37.55 22.41 43.25
24.75(62.9) 29.05 22.14 32.95
29.25(74.3) 27.16 23.67 22.35
33.75(85.7) 16.01 9.22 15.79
36.00(91.4) 0.0 0.0 . 0.0
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_ TN
a = THTN;7NZT | ’ (5.4)

and the relative errors were calculated by using Eq. (4.15b),

[2(1 - a + a )] 2 2.1/2
Ao N/N N /N 5.5
= @ ]n(Ng/Ng) e ref, FEf) ] G o)

where, to find the error due to statistical fluctuations alone, we took,

AN = /N ’ - (5.6a)
and,

and for the error due to all sources, we took (with n=6),

n 2
) (Ni - N) \
i=1 1/2
AN = % [ ) | (5.7a)
and,
n o
121 (Neegi = Nper) 1/2
AN ¢ = % [ ATA=T) (5.7b)

The values of a, Aa/a based on statistical fluctuations of the source
alone and Aa/a based on Egs. (6.7) at one Tocation [2.25" (5.71 cm) in the
middle section] are shown in Table 5.5. From the g1ven values of Aa/~~ we
get the ratio (total error)/(statistical error) which is also listed in
Table 5.5. The average value of this ratio is 2.27, thus, on the average,
the actual error in our measurements was about 2.3 times the statistical
error. The ratio at other locations where such data was taken was also
similar. It is this error (ie: the total error) that we should expect
for a counting time of six (6) minutes. It includes effects of statisti-
cal fluctuations in the source, fluctuations in the flow and detector
drift. Table 5.6 lists the expected total error Ao, as well as the rela-
tive error Aa/a for different values of «, which are obtained by multiply-
ing the statistical error by 2.3.

We see from Table 5.6 that the error, Aa, in o is between +1.2% and *1.4%.
Thus _the values of o listed in Tab]es 5.4.1 to 5.4.36 should be read as
o t Ao, where Aa is at most 1.4%. The reason why Aa is almost the same
for different values of o can be seen from the error equation Eq. (4.15b)
which may written as:
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Table 5.5 Errors in void fraction for several cases at
location 2.25 inches (5.71 cm) in the
middle section

_Fractional error
Aa/a using Eq. (5.5)
with Eq.:
o ' Ratio,
o (5.6) (5.7) Total/
Case (%) (Statistical) | (Total) Statistical
1AN4 24,49 0.0249 0.0400 1.61
2AN4 32.94 0.0182 0.0452 2.48
3AN4 24,11 0.0253 0.0867 3.43
1BN4 26,63 0.0228 0.106 4,65
2BN4 31.76 0.0188 0.0257 1.37
3BN4 31.37 0.0191 0.0338 1.77
1CN4 27.22 0.0224 0.0301 1.34
2CN4 30.50 0.0200 0.0302 1.51
3CN4 20.00 0.0315 0.0705 2.24

Average error ratio, total/statistical = 2.27
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Table 5.6 Expected error and fractional error in the

measured values of the void fraction

Representative value

Expected error

Void of Aa/a by Expected fractional in chordal
fraction statistical error error = statistical average void
a from Table 4,1 error X 2.3 fraction Aa
0.05 0,119 +0.274 - +0,0137
0.10 +0.0581 +0.134 +0.0134
0.20 +0.0279 +0,0642 +0.0128
0.50 +0.0106 +0.0244 £0.0122
0.80 +0.00698 +0.0160 +0.0128
1.00 +0.00609 +0,0140 +0.0140
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2. .1/2

— - + 2 2.1/2
g 2

Notice, as o goes from O to 1.0, the term

(1 _'a + 32)1/2

goes from 1.0 (at «=0.0) to 0.866 (at «=0.5) and back to 1.0 (at o=1.0).
So this term does not change much with changes in o. The term

1n(N§/Ni) comes from measurements with air and water in the test section
and 1s i1ndependent of a.  The value of N changes by at most about 10%
when o goes from 0.0 to 1.0. Thus, the term (AN/N) doesn't change ve.y
much either. The value of Npof is found outside the test section and so
the term ANpe¢/Npef is not a-dependent at all. Thus, each of the compo-
nents of the equation that determines Ao is either mildly o-dependent or_
is not a-dependent at all, and therefore Ao is only mildly dependent on a.

5.5 Repeatability of Void Fraction Measurements

It is important that data taken at a given location be repeatable (ie: if
we take the counts again, we should, within experimental errors, get the
same void fraction). The void fraction was determined at one Tocation
five (5) times on different days and the resulting void fractions are
shown in Table 5.7. The error in the individual measurement was calcu-
lated by:

— —_— 2
(ai B aave) ‘1/2
(5 -1)

and is also listed in Table 5.7. It is seen that the values of « are
within the experimental errors tabulated in Table 5.6.

I~

A€=t[11

5.6 Discussion of Void Fraction Plots

The data tabulated in Tables 5.4.1 to 5.4.36 has been plotted using an IBM
3033 computer and a Calcomp plotter. The following cross plots have been
made to compare the void fractions under various flow conditions:

(1) for the)same flow split but different inlet quality (Figs. 5.2
to 5.13),

(2)  for the same inlet quality, but different flow spiit (Figs. 5.14
to 5.25),

(3) for low flows and high flows (Figs. 5.26 to 5.43),
(4) with rods present and not present (Figs. 5.44 to 5.61).
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Table 5.7 Values:of void fraction determined five
times at a fixed location

Case 3BN4, Location 33.75"

(85.7 cm), in Lower Section
Number Void Fraction, o

1 ; 0.2330

2 ; 0.3031

3 0.2748

4 0.3063

5 0.2954

Average o 0.2925

Ao +0.0134
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LICUID

CASE SYMBOL WASS FLUX FLOW SPLIT -~ QUALITY RODS IN  PRESSURE
KG/HR. IN#4 : IN# : KPA
1AN4 T 0.562 €8 50.0% : 50.0% 0.3% NO 313
2ANd - T~ 0.562 €6 $0.0% : 50.0% 0.6% NO 316
30N4 T 0.582 E5 50.0% : 50.0% 0.9% NO 314
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Figure 5.2 Void fraction for cases 1AN4, 2AN4 and 3AN4
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LIOUID
CASE SYHBOL MRSS FL FLOW SPLIT QUALITY - RODS: IN PREKSPSQURE

KG/HR.M IN#4 : INH1
1BN4 T N 0.562 €6 62.5% 1 37.5% 0.3% NO 314
2BN4 EURR oo S 0.562 €8 62.5% + 37.5% 0:6% NO 32.4
3BN4 et 0.562 £6 62.5% : 37.5% 0.9% NO 324
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Figure 5.3  Void fraction for cases 1BN4, 2BN4 and 3BN4
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LIOUID

CASE SYMBOL MRSS FU FLOW SPLIT  QUALITY RODS IN  PRESSURE
KG/HR.M IN#4 : INKt KPR
1CN4 P 0.562 €6 37.5% : 62.5% 0.3% NO 30.9
AN . e~ 0.562 E8 37.5% : 62.5% 0.6% NO 311
3CN4 e 0.562 E6 37.5% : 62.5% 0.9% NO 31.0
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LIQUID
CRSE SYHBOL MASS qg FLOW SPLIT = QUALITY:  ~RODS IN-  PRESSURE
KG/HR M % KPR

IN#4 + INS
ANd LB 1.125 €8 313 0.3 NO 60.2
SANG o =B 1125 €8 313 0.6 NO 63.7
6ANG B 1125 €6 313 0.9 NO 68.1

LATERAL POSITION (CM)
0.00 15.00 000 4500 60.00

TOP. SECTION

60.00

VOID FRACTION
30.00

90.00 .00

MIDDLE SECTION

(%)

60.00

VOID FRACTION
A0

6.00 12.00 18,00 24.00

90.00 .00

LOWER SECTION

(%)

60.00

VOID FRACTION
30.00

12.00 18.00
LATERAL POSITION (INCHES)

Figure 5.5 Void fraction for cases 4AN4, 5AN4 and 6AN4
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LIQUID

CASE SYMBOL MASS FL FLOW SPLIT QUALITY RODS IN PRESSURE
KG/HR.M INg4 : IN#1 KPR
4BN4 - -h - 1125 E6 62.5%.1 37.5% 0.3% NO 62.7
SBN4 — 1125 E6 62.5% :.37.5% 0.6% NO 87.2
6BN4 T 1125 E6 62.5% + 37.5% 0.9% NO 68.9
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Figure 5.6 Void fraction for cases 4BN4, 5BN4 and 6BN4
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LIOUID
CASE SYMBOL 1Ass FU? FLOW-SPLIT QUALITY - RODS IN'  PRESSURE
KG/HRD ‘ KPR

INH4 '+ TN
ACNAT e e B 1125 E8 37.5% 1 62.5% 0.3% NO 595
SCN4 ORI 1125 E6 37.5% : 62.5% 0.6% NO 61.4
6CN4 B o e 1.125 E6 37.5% 62,54 0.9% NO 62.9
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Figure 5.7  Void fraction for cases 4CN4, 5CN4 and 6CN4
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LI0UID
CASE SYMBOL MASS FLI FLOY SPLIT  QUALITY RODS IN  PRESSURE
KG/HR.M INH4 ; INS KPR
1AR4 e 0.697 €6 50.0% : 50.0% 0.3% YES 34,5
2RR4 —_ = 0.697 E6 50.0% : S0.0% 0.6% YES 33.8
3AR4 0.697 E6 50.0% : S0.0% 0.9% YES 345
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Figure 5.8 Void fraction for cases 1AR4, 2AR4 and 3AR4
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.IQUID

CASE SYMBOL MASS FL! FLOW SPLIT ~ QUALITY  RODS IN- ' PRESSURE
KG/HR.M IN#4 + INHI KPA
1BR4 e Bl 0.697 E6 62.5% 1 37.5% 0.3% YES 345
2BR4 S 0.697 E6 62.5% : 37.5% 0.6% YES 345
3BRE B 0.697 €6 62.5% : 37.5% 0.9% YES 345
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Figure 5.9 Void fraction for cases 1BR4, 2BR4 and 3BR4
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LICUID

CASE SYHBOL MRSS FLUX FLOW SPLIT  OUALITY RODS IN PRESSURE
K IN#4 ; IN#Y KPR
R4~ _-=F-__ 0697 E6 37.5% 1 625% - 0.3% YES 33.8
R4 0697 £6 37.5%: 62,5% - 0.8% YES 338
3CR4. . T . 0897 EB 37.5% ¢ 825% . 0.9% YES 345
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Figure 5.10 Void fraction for cases 1CR4, 2CR4 and 3CR4
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LIOUID ; R
CASE SYHBOL HASS FLUX FLOW SPEIT . QUALITY ' RODS IN =~ PRESSURE
: KG/HR.H IN#4 : IN#1 KPR
4AR4 SR 1.395 €6 50.0% : 50.0% 0.3% YES 75.1
SAR4 BB o T 1.395 €6 50.0% : 50.0% 0 0.6% YES 78:1
6AR4 e 1,395 E8 50.0% : 50.0% 0.9% YES 814
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Figure 5.11 Void fraction for cases 4AR4, 5AR4 and 6AR4
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LIOUID

CASE SYMBOL MASS FLUX FLOW SPLIT  QUALITY RODS IN  PRESSURE
KG/HR.M INH#4 : IN#! KPA
4BR4 - -l 1.395 E6 62.5% :.37.5% 0.3% YES 76.3
5BR4 Y~ 1,395 €5 62.5% : 37.5% 0.6% YES 80.5
6BR4 —— 1.395 €6 62.5% : 37.5% 0.9% YES 85.0
LATERAL POSITION - (CM)
0.00 15.00 30.00 45.00 60.00 75.00 9000
= /
=1 o
o TOP SECTION //Y'
¢ /1
N AN
~ \\ ,/
Zs NEE S Va
ng- W e TN \*\ \ ,
2 ~f
o 4+
L.
a8
o d
oM
>
i
8. + + + % +
o0 6.00 12.00 18.00 24,00 30.00 36.00
3
=g
_ MIDDLE SECTION
= e
= /\‘ - o ;g&
% g BIN Y > - ~X
E 87 / ’ RN e A \\
'E) V4 \y - AN
o A N\
T '
a8 ! X
PS4 \
oo ]
s \
= \\
8. + + + + 2
oo 6.00 12,00 18.00 2 30.00 36.00
g
o % LOWER ‘SECTI —
8 7 ~ <
Yo /
-
%8. Yo T bt - ~% ~ \
HBY L X mmmmyeo--ovs¥ S~
8 -7 * -
(oxs v ~=x \
(8 4 ~
e ] AN
Q 8 I’ > ~
88 + [ “\
> 1 \
\
A
\
\
8 oot + ¢ 4 +
.00 6.00 12.00 18.00 24.00 30.00 36.00
LATERAL POSITION - (INCHES)

Figure 5.12 Void fraction for cases 4BR4, 5BR4 and 6BR4
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LICUID

CASE SYMBOL MASS FL FLOW SPLIT ©  QUALITY. ~ RODS IN - PRESSURE
KG/HR.M TN#4 - IN#I KPA
4CRE e BN 1.395 €6 37.5% 1 62.5% 0.3% YES 73.5
SCR4 o —B= 1,395 E6 37.5%: 62.5% 0.6% YES 78:1
6CR4 T 1.395 E6 37.5% : 62.5% 0.9% YES 795
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Figure 5.13 Void fraction for cases 4CR4, 5CR4 and 6CR4
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LICUID

CASE SYMBOL MASS FLUX FLOW SPLIT - QUALITY RODS IN  PRESSURE
KG/HR.H INK4 : IN#1 KPA
1AN4 T~ 0.562 €6 - 50.0% : 50.0% 0.3% NO 31.3
1BN4 - 0.562 €6 62.5% : 37.5% 0.3% NO 31.4
1CN4 Y i T 0.562 EB 37.5% : 62.5% 0.3% NO 30.3
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Figure 5.14 Void fraction for cases 1AN4, 1BN4 and 1CN4
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CRSE SYMBOL mss FLLQ( ELOW SPLIT ~ QUALITY  RODS IN - PRESSURE
KG/HR. INH4 ; INST KPR
20N4 e R 0.562 £6 50.0% : 50.0% 0.6% NO 316
2BN4 DO st R 0.582 €6 62.5% : 37.5% 0.6% NO 324
2CN4 = 0.562 €8 37.5% : 62.5% 0.6% NO 311
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Figure 5.15 Void fraction for cases 2AN4, 2BN4 and 2CN4
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LIOUID

CASE SYMBOL 1MASS ‘FL FLOW SPLIT  QUALITY RODS IN = PRESSURE
KG/HR.M IN#4 . IN#1 KPR
3ANE R 0.562 €6 50.0% : 50.0% 0.9% NO 314
3B/NE 0.562 €8 62.5%: 37.5% 0.9% NO 32.4
3CNE 0.562 E6 37,54 : 62.5% 0.9% NG 318
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Figure 5.16 Void fraction for cases 3AN4, 3BN4 and 3CN4
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LIoUID

CASE SYHBOL MASS FL| FLOW SPLIT - QUALITY  ~RODS IN * PRESSURE
KG/HR.M IN#4 : IN#$Y KPA
40N4 =Bl 1125 E6 50.0% : 50.0% 0.3% NO 60.2
4BN4 e el 1.125 EB 62.5% : 37.5% 0.3% NO 62.7
4CNg e T 1125 E8 37.5% : 62.5% 0.3% NO 59.5
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Figure 5.17 Void fraction for cases 4AN4, 4BN4 and 4CN4
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LIOUID
CASE SYMBOL MRS FLUX FLOW SPLIT  QUALITY RODS IN  PRESSURE
KG/HRI IN4 : INB1 % KPA
SANG - B~ 1125 E6 50.0% : 50.6% 0.6 NO 83.7
SBN4 o P~ 1.125 €6 62.5% : 37.5% 0.6 NO 87.2
SCNd . - TE— 1.125 €8 37.5% : 62.5%. 0.6 NO 61.4
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Figure 5.18 Void fraction for cases 5AN4, 5BN4 and 5CN4
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LIOUID

CASE SYMBOL MRS FLUX FLOW SPLIT ' QUALITY - RODS IN - PRESSURE
KG/HR.A IN&4 : INHI1 KPR
BAN4 P e 1.125 EB S0.0% '+ 50.0% 0.9% NO 68:1
8BNS et | 1.125 E8 62.5% 1 37.5% 0.9% NO 68.9
BCN4 IR e 1,125 EB 37.5% : 62.5% 0.9% NO 62.9
LATERAL POSITION - (CM
0.06 15.00 30.00 45.00 60.00 75.00 90,00
g
A%w TOP. SECTION
[
&8
sCh
(4]
@
ac
|V
o8
e
om
>
8 + + 4 + + -
o 6.00 12.00 18.00 2400 30.00 .00
g
Asw MIDDLE SECTION
2
58
Eg B3
[ D)
<
6 SRS
[V
asg
581
-
8 + + + +
b 12.00 18.00 24.00 30.00 .00
=
=31
o LOWER SECTION
3
58
£87
(&)
[y
[
u.
]
e &
QM
=
8. + P + -4 + -3
“h.00 6.00 12:00 1850 24,00 30.00 36.00

LATERAL POSITION  (INCHES)

Figure 5.19 Void fraction for cases 6AN4, 6BN4 and 6CN4
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LI0UID

CRSE SYMBOL MASS FLI FLOW SPLIT QUALITY RODS IN  PRESSURE
KG/HR.I INB4 : TN#1 KPA
1AR4 L e 0.697 E6 50.0% : S0.0% 0.3% YES 345
18R4 S 0.697 E6 62.5% : 37.5% 0.3% YES 345
ICR4 P 0.697 E6 37.5% : 62.5% 0.3% YES 33.8
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Figure 5.20 Void fraction for cases 1AR4, 1BR4 and 1CR4
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LIoUID
CASE SYMBOL m FLOW- SPLIT QUALITY - RODS IN - PRESSURE

: : IN®4 : IN®1 KPA
2PR4 P e ) 0.697 €8 50.0% :. 50.0% 0.6%- YES 338
28R4 S - on 0.697 €8 62.5% i 37.5% 0.6% YES 345
2CR4 B 0.697 £8 37.5% ¢ 62.5% 0.6% YES 338
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Figure 5.21 Void fraction for cases 2AR4, 28R4 and 2CR4
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LIOUID

CASE SYRBOL MASS FL FLOM SPLIT  QUALITY = RODS IN - PRESSURE
KG/HR.M ING4 © IN#1 KPR
3ARS e — 0.697 €8 50.0% : S0.0% 0.93% YES 345
3BR4 S 0.697 €6 62.5% : 37.5% 0.9% YES 345
3CR4 ——— 0.697 E6 37.5% : 62.5% 0.91 YES 345
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Figure 5.22 Void fraction for cases 3AR4, 3BR4 and 3CR4
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LIQUID

CASE SYMBOL MASS FL FLOW: SPLIT OUQLITYA "RODS IN  PRESSURE
KG/HR.H IN#4 . IN&T KPR
48R4 B e 1.395 €6 50.0% ¢ 50.0% 0.3% YES 751
4BR4 ey 1.395.E6 62.5% : 37.5% 0.3% YES 76.3
4CR4 Pty 1.395 E6 37.5%:: 62.5% 0.3% YES 73.5
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Figure 5.23 Void fraction for cases 4AR4, 4BR4 and 4CR4

104



CASE SYMBOL HRSS Fng( FLOW SPLIT QUALITY RODS IN PRESPSRURE
Ki

IN#4 : IN#I
SAR4 - - e~ 1.395 €6 50,0% :-50.0% 0.6% YES 78.1
SBR4 . Y~ 1.395 E6 62.5% : 37.5% 0.6% YES 80.5
SCRE . B~ 1.395 €6 37.5% : 62.5% 0.6% YES 78.1
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Figure 5.24 Void fraction for cases 5AR4, 5BR4 and 5CR4
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Figure 5.25 Void fraction for cases 6AR4, 6BR4 and 6CR4
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Figure 5.26 Void fraction for cases 1AN4 and 4AN4
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Figure 5.27 Void fraction for cases 2AN4 and 5AN4
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Figure 5.28 Void fraction for cases 3AN4 and 6AN4
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Figure 5.29 Void fraction for cases 1BN4 and 4BN4

110



LICUID
CARSE SYMBOL HRSS mFlJ.g FLOW SPLIT QUALITY RODS IN  PRESSURE
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Figure 5.30 Void fraction for cases 2BN4 and 5BN4

111



LIOUID :
CASE SYMBOL ASS FLI ELOW SPLIT ~ QUALITY ' RODS IN - PRESSURE
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Figure 5.31 Void fraction for cases 3BN4 and 6BN4
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Figure 5.32 Void fraction for cases 1CN4 and 4CN4
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Figure 5.33 Void fraction for cases 2CN4 and 5CN4
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Figure 5.34 Void fraction for cases 3CN4 and 6CN4
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Figure 5.35 Void fraction for cases 1AR4 and 4AR4
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CASE SYMBOL FLOW SPLIT ~ QUALTITY RODS IN  PRESSURE
KG/HR.I INH#4 1 TN KPR
M4 P~ 0.597 E6 $6.0% i 50.0% 0.6% YES 338
SAR4 - ¥ 1,395 E6 $0.0% : 50.0% 0.8% YES 784
LATERAL POSITION (CM)
0.00 15.00 30.00 45.00 80.00 75.00 90.00
8
ASL f\nrsannm
= | A / d
Za New - A
S| ~I~_ Nx-e==<_ )
Lo — — % — ~—
Q@ < = N 1
g 1le \
a8
Sxtl/ \
> ) \
iy \
%ﬁ — , : ; l
6.00 12,00 18.00 24.00 3000 .00
8
8--
& mnﬁywaqux\
/ ~
=
o2 X
8T AR —n
S,
Q / N
€ ¥ [ \
L / AN
8 L[}
Sl 7 N h
> -~ ~ —
%ﬁ % = 2 e . 3
8.00 12,00 18,00 24.00 30.00 .00
-
Y LOWER SECTION
Lo
Zs A
Fat K
g | / \§
e / X
St )/// e = T8
L ~ s N
VA ’\\
,s}( ” st 1 + &
“h.oo 8.00 30,00 36.00

LIQUID
MASS -FU

12.00 18.00 24.00
LATERAL POSITION - (INCHES)

Figure 5.36 Void fraction for cases 2AR4 and 5AR4
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Figure 5.37 Void fraction for cases 3AR4 and 6AR4
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Figure 5.38 Void fraction for
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LIOUID
CARSE SYMBOL MAsSsS FL% FLOW SPLIT QUALTTY - RODS IN - PRESSURE
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Figure 5.39 Void fraction for cases 2BR4 and 5BR4
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Figure 5.40 Void fraction for cases 3BR4 and 6BR4
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Figure 5.k41: Void fraction for cases 1CR4 and 4CR4
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Figure 5.43 Void fraction for cases 3CR4 and 6CR4
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Figure 5.44 Void fraction for cases 1AN4 and 1AR4
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CRSE SYMBOL ey Fﬁg FLOM SPLIT  OQUALITY RODS IN  PRESSURE
KG/HR.IT IN#4 ¢ NS KPA
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Figure 5.45 Void fraction for cases 2AN4 and 2AR4
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LIOUID
CASE SYMBOL ASS FLP} FLOW SPLIT  QUALITY RCDS IN  PRESSURE
KB/ IN#4 : IN#1 KPA
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Figure 5.46 Void fraction for cases 3AN4 and 3AR4
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CARSE

SYMBOL

LIQUID

MASS: FLI FLOW: SPLIT QUALTTY " 'RODS--IN-:- PRESSURE
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Figure 5.47 Void fraction for cases 1BN4 and 1BR4
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A LI0UID
CASE SYBoL TES P FLONSPLIT  QUALITY  RODS IV PRESSIRE
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Figure 5.48 Void fraction for cases 2BN4 and 2BR4
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LIQUID:

CASE SYHBOL MASS FL FLOW SPLIT QUALITY - RODS IN .- PRESSURE
KG/HR.M INg4 o IN#1 KPR
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Figure 5.49 Void fraction for cases 3BN4 and 3BR4
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LIOUID
CASE SYMBOL HASS FU FLOW SPLIT QUALITY RODS IN  PRESSURE
Kcnluﬁ IN#4 : IN#! KPR
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Figure 5.50 Void fraction for cases 1CN4 and 1CR4
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CASE SYMBOL

LIOUID
HASS FL FLOW SPLIT QUALITY - RODS IN - PRESSURE

KG// INB4 1 INBI KPA
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LIGUID
CASE SYMBOL MASS FL% FLOW SPLIT QUALITY RODS IN  PRESSURE
KG//

IN#4 : IN#I KPR
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Figure 5.52 Void fraction for cases 3CN4 and 3CR4
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LIOUID
Cast SYMBOL MASS F\.g FLOW SPLIT QUALXTY . “RODSIN - PRESSURE
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Figure 5.53 Void fraction for cases 4AN4 and 4AR4
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LIuID
CASE SYMBOL HASS FL% FLOW SPLIT QUALITY RODS IN PRESSURE
KG/HR.I KPR

INH#4 : INHI
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Figure 5.54 Void fraction for cases 5AN4 and 5AR4
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; LIOUID :
CAsE SYMBOL MASS FLL FLOW SPLIT - QUALITY ' RODS IN PREKSPSHURE

KG/HRHE - INH4 : INBL
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Figure 5.55 Void fraction for cases 6AN4 and 6ARA
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LIQUID

CASE SYHBOL MASS FL FLOW SPLIT QUALTITY  RODS IN = PRESSURE
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Figure 5.56 Void fraction for cases 4BN4 and 4BR4
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Figure 5.57 Void fraction for cases 5BN4 and 5BR4
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LIOUID
CRSE SYMBOL MASS FLUK FLOW SPLIT  QUALITY RODS IN = PRESSURE
KE/HR.IM IN#4 : IN#1 KPR
6BN4 e — 1.125 EB 62.5% : 37.5% 0.9% NO 68.9
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Figure 5.58 Void fraction for cases 6BN4 and 6BR4
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CASE MASS FL FLOM SPLIT = QUALITY 'RODS IN - PRESSURE
KG7HRH INg#4 ; INHI KPA
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Figure 5,59 Void fractibn for cases 4CN4 and 4CR4
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LIOUID
MASS FU

CASE SYMBOL FLOW SPLIT  QUALITY RODS IN  PRESSURE
KG/MR.it INH4 @ INH KPA
SCN4 —_— 1.125 €8 37.5% : 62.5% 0.6% NO 614
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Figure 5.60 Void fraction for cases 5CN4 and 5CR4
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LIOUID
CASE SYNBOL MASS FL FLOW SPLIT  QUALITY RODS IN  PRESSURE
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For each of these plots, all of the other conditions are identical. A
study of these plots and of the corresponding photographs of the flow con-
ditions, Figs. 5.62 to 5.97, reveals the following:

(a) The flow was recirculating and turbulent: The general
pattern of the directions of motion of the two-phase mix-
ture is shown in Fig. 5.98. This figure was made on the
basis of photographs (Figs. 5.62-5.97) and visual inspec-
tion of the test section during the experiments. As seen:
in Fig. 5.98, where the arrows represent the direction of
flow, the~two-phase;mixture~moved vertically upwards on
entering the test section from port no. 4. On reaching a
position near the top edge, most of the flow turned to
the left and some of the flow exited out of port no. 2,
while the rest turned and moved downward along the left

~ edge of the test section. - On reaching a position near
the bottom of the test section (actual distance depends
on the specific flow cond1t1ons), the flow turned to the
right and joined the flow coming in from port no. 4. The
rest of the flow from inlet no. 4 that reached the top
edge turned to the right and then moved downwards. It
mixed with the water coming in from port no. 1 and either
went out of exit portkno.k3 or turned and joined the
two-phase mixture coming in from port no. 4. The two-
phase mixture entering from port no. 4 also shedded two-
phase vortices just after entering the test section. :
These were rotating counterclockW1se on the left of the
inlet and clockwise on the right. A generally similar
pattern of flow is observed for the cases when rods are
present, but the lateral ve10c1t1es were smaller and
‘there were fewer vortices. The air bubbles also did not

_ reach as low on the left side of the test sect1on as they
did in the absence of rods.;‘ ; :

- (b) There was more than one f1ow regime in the test sectwon ,
‘ The large range of velocities and void fractions present
simultaneously in the test section lead to the presence
of several flow reg1mes., For most flow conditions, the
phases were distributed in a certain manner in the test
sect1on., As can be seen in Fig. 5.98, the test section
~ has been d1v1ded into eight (8) regions based on the vis-
ual appearance of the flow. In the test section, the
boundaries between these regions are not as c]ear cut as
they appear in this figure, and they are also constantly
fluctuating. The size of the regions also depends
strongly on the specific flow conditions maintained in
the test section. As such, the regions and their bound-
aries shown in Fig. 5.98 should be treated as bewng very
approximate.

Regions (B) and (D) did not contain any air bubbles and
are therefore single-phase liquid regions. (H) is an air
pocket with occasional entrained liquid droplets entering
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Figure 5.62 Picture of case 1AN4 (liquid mass flux = ‘0.562 X 108
~ kg/hr-m2; without rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0.3%)
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Figure 5.63 Picture of case 2AN4 (liquid mass flux = 0.562 X 106

kg/hr-m2; without rods; 50.0/50.0 flow

split; and quality
at inlet no. 4 = 0.6%) '
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Figure 5.64 Picture of case 3AN4 (1iquid mass flux = 0.562 X 106
~kg/hr-m?; without rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0,9%)
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Figure 5.65 Picture of case 1BN4 (liquid mass flux = 0.562 X 106
kg/hr-m?; without rods; 62.5/37.5 flow split; and quality
at inlet no. 4 = 0.3%)
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Figure 5.66 Picture of case ZBN4 (1iquid mass flux =0
. kg/hr-m?; without rods; 62.5/37.5 flow spl
at inlet no. 4 = 0.6%)

562 X 106
t; and quality

i
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Figure 5.67 Picture of case 3BN4 (liquid mass flux = 0.562 X 106
6

kg/hr-m2; without rods;

‘ 2.5/37.5 flow split; and quality
at inlet no. 4 = 0.9%) ~ ‘
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Figure 5.68 Picture of case 1CN4 (liquid mass flux = 0.562 X 106
~kg/hr-m?; without rods; 37.5/62.5 flow split; and quality
at inlet no. 4 = 0.3%)
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Figure 5.69 Picture of case 2CN4 (1iquid mass flux = 0.562 X 106
kg/hr-m2; without rods; 37.5/62.5 flow split; and quality
at inlet no. 4 = 0.6%)
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Figure 5.70 Picture of case 3CN4 (1liquid mass flux =
kg/hr-m?; without rods; 37.5/62.5 flow sp
at inlet no. 4 = 0.9%)

62 X 106

0.5
1it; and gquality
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Flgure 5. 71 Picture of case 4AN4 (liquid mass flux = 1,125 X 106
kg/hr-m2; without rods; 50.0/50.0 flow spht and quality
at inlet no. 4 = 0.3%)
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Figure 5.72 Picture of case 5AN4 (liquid mass flux = 1.125 X 106
kg/hr-m2; without rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0.6%) =
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Figure 5.73 Picture of case 6AN4 (liquid mass flux = 1.125 X 106
kg/hr-m?; without rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0.9%) :
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Figure 5.74 Picture of case 4BN4 (liquid mass flux = 1,125 X 106
' kg/hr-m?; without rods; 62.5/37.5 flow split; and quality
at inlet no. 4 = 0.3%) ‘
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.125 X 10®
it; and quality

Figure 5.75 Picture of case 5BN4 (liquid mass flux =1
kg/hr-m2; without rods; 62.5/37.5 flow spl
at inlet no. 4 = 0.6%) ‘
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Figure 5.76 Picture of case 6BN4 (liquid mass flux = 1.125 X 108
kg/hr-m2; without rods; 62. 5/37.5 flow split; and quality
at inlet no. 4 = 0.9%)
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Figure 5.77 Picture of case 4CN4 (1iquid mass flux = 1.125 X 106
" kg/hr-m?; without rods; 37. 5/62 5 flow split; and qua11ty
at inlet no. 4 = 0.3%)
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F1gure 5.78 Picture of case 5CN4 (1iquid mass flux = 1.125 X 106
kg/hr-m 3 w1thout rods; 37.5/62.5 flow split; and quality
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Figure 5.79 Picture of case 6CN4 (h‘qui‘d mass flux = 1,125 X 106
kg/hr-m?; without rods; 37.5/62.5 flow split; and quality
at inlet no. 4 = 0.9%)
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Figure 5.81 Picture of case 2AR4 (liquid mass flux = 0.697 X 10°
kg/hr-m2; with rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0.6%)
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Figure 5.82 Picture of case 3AR4 (11’qLi1'd mass flux = 0.697 X 10°
kg/hr-m2; with rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0.9%)
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Figure 5.85 Picture of case 3BR4 (liquid mass flux = 0.697 X 106
kg/hr-m2; with rods; 62.5/37.5 flow split; and quality
at inlet no. 4 = 0.9%)
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Figure 5.89 Picture of case 4AR4 (Tiquid mass flux = 1.395 X 106
kg/hr-m2; with rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0.3%)
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Figure 5.90 Picture of case 5AR4 (liquid mass flux = 1.395 X 106
kg/hr-m2; with rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0.6%)
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Figure 5.91 Picture of case 6AR4 (liquid mass flux = 1.395 X 10©
kg/hr-m2; with rods; 50.0/50.0 flow split; and quality
at inlet no. 4 = 0.9%)
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Figure 5.92 Picture of case \,4BR4V (liquid mass flux = 1.395 X 106
kg/hr-m2; with rods; 62.5/37.5 flow split; and quality
at inlet no. 4 = 0.3%)
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Figure 5.93 Picture of case 5BR4 (liquid mass flux = 1.395 X 106
kg/hr-m?; with rods; 62.5/37.5 flow split; and quality
at inlet no. 4 = 0.6%) o
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Figure 5.94 Picture of case 6BR4 (1iquid mass flux = 1.395 X 106
kg/hr-m2; with rods; 62.5/37.5 flow split; and quality
at inlet no. 4 = 0.9%)
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Figure 5.95 Picture of case 4CR4 (1iquid mass flux = 1.395 X 106
kg/hr-m2; with rods; 37.5/62.5 flow split; and quality
at inlet no. 4 = 0.3%) '
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Figure 5.96 Picture of case 5CR4 (11qu1d mass flux = 1.395 X 106
kg/hr-m2; w1th rods, 37.5/62.5 flow spht, and quality
at inlet no. 4 = 0.6%)
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Figure 5.97 Picture of case 6CR4 (liquid mass flux = 1.395 X 106
kg/hr-m2; with rods; 37.5/62.5 flow split: and quality
at inlet no. 4 = 0.9%)
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Figure 5.98 Division of the test section in eight regions based on
visual observation of flow regimes (arrows indicate
direction of flow)
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it. Much of this region remained single-phase throughout
the experiments. Region (A) was generally bubbly flow
with the bubble size being approximately 0.25 inch

(0.635 cm) in diameter, Slugs were observed in the upper
areas of (A). The flow velocity was too high to observe
the flow structure in region (C) near the inlet, but
higher up in region (C), the flow was seen to be slug or
churn-turbulent flow. Region (E) was generally bubbly
flow. Region (F) depended strongly on the flow condi-
tions. For most flow conditions, it was bubbly flow with
occasional slugs, especially in its upper region. In
cases when the flow split between inlets 4 and 1 was
62.5/37.5 (ie: a smaller flow entering from port no., 1),
region (H) extended farther down. As the inlet quality
increased, region (F) disappeared and there was a large
air space extending down to (E). Liquid droplets entered
this air space from region (C) and fell onto the horizon-
tal air/water interface which was present at several
inches from the lower edge of the test section. (eg:

see Figs. 5.74-5.76, 5.85, 5.92-5.94). A liquid film
flowed down both plexiglass walls. Region (G) consisted
of water entering from port no. 1. It is mostly pure
liquid with a few small entrained air bubbles. Its width
depended on the quantity of water entering from port no.
1. These flow regimes generally appeared to be the same
for the cases when rods were present, as well as when
they were absent. With rods, region (B) is generally
larger than without rods.

Variation of void fractions with flow conditions: Since
data was taken at three axial locations, 7.5" (19.1 cm),
17" (43.2 cm) and 28.5" (72.4 cm), above the bottom edge
of the test section, most of the present discussion will
be limited to these cross sections of the test section.
For other locations, one can get an indea of the void
fraction by comparing the data available with the pic-
tures of the flows. It should be remembered that the
photographs show the flow configuration as it existed at
the instant the photograph was taken, whereas the plots
were made from data taken for six (6) minutes. Since the
flow configuration was constantly changing, the photo-
graphs only give a representative picture of the flow for
a given:case.

The effect of flow quality: As can be seen in Figs. 5.2
to 5.13, an increase in inlet quality generally causes
the void fraction to be higher throughout the test sec-

~tion. (In these as well as in the rest of the void frac-

tion plots, the small dashed lines represent 0.3% inlet
flow quality, the large dashed lines represent 0.6% inlet
flow quality, and the solid lines represent 0.9% inlet
flow quality.) 1In cases 1CN4, 2CN4 and 3CN4, Fig. 5.4,
it can be seen that the void fractions are similar in the
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lower and middle section, but are widely different in the
top section. In the high flow, equal flow spiit cases
(ie: 4AN4, 5AN4, and 6AN4), it can be seen in Fig. 5.5
that the void fraction on the right side of the middle
section rises sharply as the flow quality increases.-
This can be seen in Figs. 5.71, 5.72 and 5.73 as an en-
largement of the air space in the upper right hand side
(ie: as region (H) of Fig. 5.98 increases in size). 1In
Fig. 5.6 (ie: cases 4BN4, 5BN4, and 6BN4), this effect
is seen in both the middle and lower sections. The air
space in these cases comes down into the lower section,
as can be seen in Figs. 5.74-5.76, For cases 4CN4, 5CN4,
and 6CN4, shown in Fig. 5.7, this effect is limited to
the top section. From these three figures (ie: Figs.
5.5-5.7), we see that the higher the liquid inflow from
inlet port no. 1 (top right hand side), the smaller is
the size of the air space. (Liquid inflow from port no.
1 increases as we go from B to A to C flow splits.) Al-
ternatively, we can say that the higher the total quan-
tity of air through inlet port no. 4, the larger is the
air space in the upper right hand side. Using Figs. 5.8
to 5.12 and the corresponding pictures of the flows in
Figs. 5.80 to 5.94, a similar trend is seen for the cases
when rods are present. Such a trend is not seen in Fig.
5.13, 5.95-5.97 for cases 4CR4, 5CR4, and 6CR4., In these
cases, the liquid downflow from port no. 1 is high and we
do not have a substantial air space. For the cases with
rods and low flow rates, shown in Figs. 5.8-5.10 and
Figs. 5.80-5.88, there is a progressive reduction in the
size of the single-phase liquid region on the left of in-
let no. 4 (ie: region B in Fig. 5.98) with increases in
flow quality. For the high flow cases with rods, this
1iqu§d region is almost constant in size (Figs. 5.89-
5.97). ; ~ : ‘ :

The effect of flow split: These cases are plotted

in Figs. 5.14 through 5.25. For the case of unequal flow
splits between the two inlets, the void fraction is de-
cidely higher on one side of the test section. Thus, for
all cases with higher inlet flow through port no. 4 than
through no. 1 (ie: the 62.5/37.5 flow split [all cases
with B as the second digit]), the void fraction is higher
in the right hand side of the test section as compared to-
the left hand side. In cases 4BR4, 5BR4, and 6BR4, the
void fraction is high in both sides. This is seen to be
the pattern in all three sections. In cases with the
37.5/62.5 flow split (ie: all cases with C as the second
digit) the void fraction is higher in the left half of
the test section as compared to the right half. These
distinctions are more evident in the results for the low-
er and middle sections. In the top section, the pattern
is sometimes reversed: the cases with flow split 37.5/
62.5 have higher void fraction to the left in cases with
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rods especially for high flow rates, and slightly to the
right in cases without rods, again especially at the
higher flow rates. Cases with A as the second digit,
that is, cases having equal flow split (50/50) between
inlet ports no. 4 and no. 1, do not show such behavior.
In the top section, for all such cases, the void fraction
is slightly higher in the right side of the test section
than in the left side. In the middle section, it s
generally higher to the left than the right except for
cases 1AN4, 2AN4, and 3AN4 (ie: low flow, no rods). In
the lower section, it is higher to the right. As seen
from Figs. 5.14 to 5.25, the location where the void
fraction is maximum across a section for cases of equal
flow splits is generally between the locations where the
void fraction peaks for corresponding cases of the other
two flow splits (ie: cases involving B and C).

The effect of flow rate: The effect of flow rate is
shown in Figs. 5.26 to 5.43. For cases without rods hav-
ing 62.5/37.5 flow split, there is no striking difference
between the void fraction profiles when the flow rate
goes from low to high flow (eg: see Figs. 5.29-5.31).
For cases having a 50/50 flow split, Figs. 5.26-5.28, the
low flow cases have higher void fraction to the right of
the test section, while high flow rate caused the void
fraction to be higher in the left side of the test sec-
tion in the lower and middie sections. In the top sec-
tion, it is the other way around. A similar effect is
seen in Figs. 5.32-5.34 for a 37.5/62.5 flow split. For
all cases involving rods, the void fraction is higher in

“the test section when the flow rate is higher, especially
on the left side of the two-phase inlet in the lower and
middle sections.

The effect of rods: The effect of rods is shown in Figs.
5.44 through 5.61. In most of these comparisons, we see
that the void fraction is higher in the presence of rods
than without the rods. This could be because of homogen-
ization of the flow by the rods which causes the void
fraction to be higher. In Figs. 5.59-5.61, in the top
section in the right hand side, the void fraction is
higher without rods than with rods. This is due to the
absence of the air space in cases 4CR4, 5CR4, and 6CR4,
as can be seen in the pictures of the flow in Figs. 5.95-
5.97. :

5.7 Pictures of the Flows

To help visualize the flow patterns, photographs were taken of the test
section for all the flow conditions for which void fraction data was
taken. These are attached as Figs. 5.62 to 5.97.
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Figures 5.62-5.70 are for the low flow rate, no rods cases (ie: for cases
1AN4, 2AN4, 3AN4, 1BN4, 2BN4, 3BN4, 1CN4, 2CN4 and 3CN4). These were
taken with a shutter speed of 125 (ie: 1/125 sec exposure).

Figures 5.71-5.79 are for high flow rate,;no rods cases (ie: for case
4AN4, 5AN4, 6AN4, 4BN4, 5BNA, 6BN4, 4CN4, 5CN4, and 6CN4). These were
taken with a shutter speed of 400 (ie: 1/400 sec exposure).

Figures 5.80-5.88 are for low flow, with\the rods installed (ie: for
cases 1AR4, 2AR4, 3AR4, 1BR4, 2BR4, 3BR4, 1CR4, 2CR4 and 3CR4). These
were taken with a shutter speed of 125 (ie: an exposure time = 1/125
sec). ‘ :

Figures 5.89-5.97 are for high flow, with the rods installed (ie: for
cases 4AR4, 5AR4, 6AR4, 4BR4, 5BR4, 6BR4, 4CR4, 5CR4 and 6CR4). These
were taken with a shutter speed of 250 (ie: 1/250 sec exposure time).

It can be seen in these photographs and the void fraction data that the

effect of the rods is to suppress internal recirculation, and thus to in-
duce more or less uniaxial flows. :

5.8 Test Section Bowing Measurements

The amount by which the plexiglass walls of the test section bowed out was
measured at several locations for different system pressures. This is
important to know since bowing increases the channel depth in which the
fluid is flowing and can change the characteristics of the flow. The
amount of bowing taking place was measured by placing two micrometers on
the lead shield-detector support system, one on each side of the test sec-
tion. A reading was taken when the micrometers touched the test section
glass surface. Water was then filled into the test section and all inlets
and outlets were closed. The air compressor was turned on and high pres-
sure air was allowed to enter the test section at a very slow rate. Since
the outlets were closed, pressure started building up inside the test sec-
tion. When it reached a desired value, the air inlet valve was closed.
The two micrometers were again adjusted to touch the test section and
readings were taken on each of them. The difference in the readings when
the test section was empty and when it is under a certain pressure gives
the amount of bowing due to the pressure., Table 5.8 gives these data. It
is seen that, as expected, the bowing is higher in the middle section than
in the other two. Bowing also increases as we move away from the sides
and towards the center. The bowing in the lower section is seen to be
consistently higher than that in the top section. This is due, at least
in part, to the hydrostatic head between the lower and the top sections
(ie: the lower section is at a slightly higher pressure than the top sec-
tion). The pressure listed in Table 5.8 is measured at 18" (45.7 cm)
above the inside bottom of the test section.

5.9 0Other Parameters Measured

Several other parameters were measured during the experiments. These
include the water and air flow rates at the two outlets, the test section
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Table 5.8 Amount by which the test section channel depth increases due to increase in pressure

Channel depth increase, mils (cm) at position from left edge of test section,
inches (cm)
Measurement Pressure
Station psig (kpa) 18.25 (46.4) 20.25 (51.4) 24.75 (62.9) 29.25 (74.3) 33.75 (85.7)
Top 15 (103.4) 78 (0.1981) 77 (0.1956) 71 (0 1803) 58 (0.1473) 25 (0.0635)
10 (68.9) 52 (0.1321) 51 (0.1295) 45 (0.1143) 39 (0.0991) 17 (0.0432)
5 (34.5) 24 (0.0610) 24 (0.0610) 23 (0.0584) 18 (0.0457) 9 (0.0229)
Middle 15 (103.4) 122 (0.310)* 121 (0.3073) 112 (0.2845) 86 (0.2184) 29 (0.0737)
10 (68.9) 86 (0.2184)* 85 (0.2159) 80 (0.2032) 61 (0.1549) 20 (0.0508)
5 (34.5) 50 (0.127)* 49 (0.1245) 47 (0.1194) 38 (0.0965) 12 (0.0305)
Lower 15 (103.4) 86 (0.2184)* 85 (0.2159) 77 (0.1956) 63 (0.1600 22 (0.0559)
10 (68.9) 60 (0.1524)* 59 (0.1499) 54 (0.1372) 43 (0.1092) 15 (0.0381)
5 (34.5) 35 (0.0889)* 35 (0.0889) 31 (0.0787) 26 (0.0660) 9 (0.0229)
*Interpolated values by assuming symmetric bowing across test section.




pressure and the pressures at the two air/water seperators. These quanti-
ties were measured for each case every time it was being run for void

fraction measurements, and again when the flows were repeated for taking
the photographs. Their average values have been calculated and are tabu-
lated in Table 5.9.1 in British units and in Table 5.9.2 in S.I. units.
The pressures were measured by pressure gauges located in the test section
at 18" (45.7 cm) above the inside bottom edge, and in the air vent pipes
just above the air/water separators. The air outflow from separator no. 3
was small and measured by two rotameters in parallel, one having a range
of zero to 200 SCFH (standard cubic feet per hour) and the other a range
of zero to 100 SCFH. Air outflow rate from air/water sepration tank no. 2
was measured by an orifice meter with a water filled U-tube manometer., The
sum of measured values of the air outflow rates from the two separator
tanks matches to within 5% of measured values of the air inflow for most
cases. For all cases it was within 10%. The water outflows were measured
by two orifice meters with mercury filled manometers. The sizes of the
orifice plates on the two liquid lines were such that one gave a much
larger pressure difference than the other, and was therefore more accu-
rate. This manometer was considered correct and the flow through the
other line was calculated as the difference between the total flow and
flow through this line.
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Table 5.9.1 Measured values of pressures at the test section and
at the air/water separators and air and water flow

rates at the separators (British units)

(81

Air outflow rate Liquid outflow rate
Pressure (psig) (1bm/min) (1bm/min)
Test

Case Section Sep #3 Sep #2 Sep #3 Sep #2 Sep #3 Sep #2
1AN4' 4,54 2.37 2.90 0.0171 0.31 101 - 139
2AN4 4,58 1.96 2.89 0.016 0.68 101 139
3AN4 4.55 2.20 2.87 0.0184 1.02 104 136
1BN4 4,56 2.04 3.85 0.0214 0.45 100 140
2BN4 4.70 2.33 2.87 0.0228 0.85 104 136
3BN4 4.70 2.3 2.87 0.0245 1.33 105 135
1CN4 4.48 1.87 2.64 0.0114 0.28 97 143
2CN4 4,51 2.13 2.91 0.0137 0.48 99 141
3CN4 4,50 2.07 2.89 0.0140 0.77 101 139
1AR4 - 5.0 2.6 3.0 0.0167 0.31 110 130
2AR4 4.9 2.0 2.93 0.0233 0.66 110 130
3AR4 5.0 2.23 2.97 0.0279 0.97 109 131
1BR4 5.0 2.7 3.13 0.0296 0.42 106 134
2BR4 5.0 2.43 3.08 0.0402 0.86 109 131
3BR4 5.0 2.33 3.05 0.342 1.00 115 125
1CR4 4.9 2.6 2.93 0.0126 0.26 106 134
2CR4 4.9 1.85 2.95 0.0152 0.45 110 130
3CR4 5.0 2.13 2.97 0.0167 0.75 110 130
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Table 5.9.1

(Continued)

Air outflow rate

Liquid outflow rate

~ Pressure (psig) (1bm/min) (1bm/min)
, ~Test |
Case Section Sep #3 Sep #2 Sep #3 Sep #2 Sep #3 Sep #2
4AN4 8.74 5.97 4.96 »0.053 0.65 222 258
5AN4 9.23 6.57 4,87 0.0637 1.40 227 253
6AN4 9.87 7.12 4,70 0.0708 2.08 233 247
4BN4 9.1 6.53 4.93 0.0687 0.82 224 256
5BN4 9.75 6.63 4.90 0.0746 1.70 231 249
6BN4 10.0 - 7.10 4.55 0.0779 2.65 238 242
4CN4 8.63 6.19 5,08 0.0402 0.5 222 258
5CN4 8.9 6.26 5.15 0.0474 1.02 227 253
-6CN4 9.13 6.55 4.79 0.0534 1.52 230 250
4AR4 10.9 7.53 4,93 0.0968 0.6 234 246
5AR4 11.33 7.80 4.77 0.123 1.35 241 239
6AR4 11.8 7.83 4.5 0.153 1.95 246 234
4BR4 11.07 1.47 4.90 ~0.186 0.70 237 243
1-5BR4 11.68 7.73 4,87 0.224 1.58 243 237
6BR4 12.33 8.15 4.80 0.574 2.08 241 239
4CR4 10.67 71.50 4,93 0.020 0.50 238 242
5CR4 11.32 7:83 4.68 0.033 1.00 246 234
6CR4 11.53 8.37 4.67 0.075 1.53 248 232




Table 5.9.2 Measured values of pressures at the test section and
at the air/water separators and air and water flow
rates at the separators (S.I. units)

Air outflow rate

Liquid outflow rate

681

Pressure (kpa) (kg/hr) (kg/hr)
Test
Case Section Sep #3 Sep #3 Sep #2 Sep #3 Sep #2
1AN4 31.3 16.3 20.0 0.467 8.44 2749 3783
2AN4 31.6 13.5 19.9 0.437 18.50 2749 3783
3AN4 31.4 15.2 19.8 0.501 27.76 2830 3701
1BN4 31.4 14.1 26.5 0.582 12.25 2722 3810
2BN4 32.4 16.1 19.8 0.621 23.13 2830 3701
3BN4 32.4 15.9 19.8 0.668 36.20 2858 3674
1CN4 30.9 12.9 18.2 0.312 7.62 2640 3892
2CN4 31.1 14.7 20.1 0.374 13.06 2694 3837
3CN4 31.0 14,3 19.9 0.382 20.96 2748 3783
1AR4 34.5 17.9 20.7 0.453 8.44 3002 3530
2AR4 33.8 13.8 20.2 0.634 17.96 3002 3530
3AR4 34.5 15.4 20.5 0.759 26.40 2967 3565
1BR4 34.5 18.6 21.6 0.805 11.43 2885 3647
2BR4 34.5 16.8 21.2 1.093 23.40 2967 3565
3BR4 34.5 16.1 21.0 9.314 27.22 3130 3402
1CR4 33.8 17.9 20.2 0.342 7.08 2885 3647
2CR4 33.8 12.8 20.3 0.415 12.25 3002 3530
3CR4 34.5 14,7 20.5 0.454 20.41 3002 3530




Table 5.9.2 (Continued)

061

Air outflow rate Liquid outflow rate
Pressure (kpa) (kg/hr) (kg/hr)
Test :

Case Section Sep #3 Sep #2 Sep #3 Sep #2 Sep #3 Sep #2
4AN4 60.2 41.2 34.2 1.437 17.70 6042 7022
5AN4 63.7 45,3 33.6 1.733 38.10 6178 8666
6AN4 68.1 49.1 32.4 - 1.927 56.61 6341 8274
4BN4 62.7 45.0 34.0 1.871 22.32 6096 6967
5BN4 . 67.2 45,7 33.8 2.029 46.27 6287 6777
6BN4 68.9 48.9 31.4 2.120 72.12 6477 6586
4CN4 59.5 42.7 35.0 1.095 13.61 6042 7022
5CN4 61.4 43.2 35.5 1.289 27.76 6178 6886
6CN4 62.9 45.2 33.0 1.453 41,37 6260 6804
4AR4A 75.1 51.9 34.0 2.634 - 16,33 6369 6695
5AR4 78.1 53.8 32,9 3.348 36.74 6559 6504
6AR4 81.4 54.0 31.0 4,159 53.07 6695 6368
4BR4 76.3 51.5 33.8 5.067 19.05 6450 6613
5BR4 80.5 53.5 33.6 6.108 43.00 6613 6450
6BR4 85.0 56.2 33.1 15.62 56.61 6559 6504
4CR4 73.5 51.7 34.0 0.556 13.61 6477 6586
5CR4 78.1 54.0 32.3 0.898 27.22 6695 6368
6CR4 79.5 57.7 32.2 2.05 41.64 6750 6314
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APPENDIX-A
TEST SECTION BOWING CALCULATIONS

In order to limit the amount of bowing in the plexiglass walls so that we
can maintain the geometry of the flow channel and prevent flow bypass on

the sides, we determined the amount of bowing as a function of pressure,

We also determined the number of braces that were needed and the maximum

pressure that the test section could be subjected to without creating ex-
cessive stresses in the plexiglass.

The well-known formulae(4) for a rectangular plate, for the maximum
deflection, Yp, and maximum stress, Sp, are:

yp = Ky w r*/ET?, in (A.1)
and,

Sp = K w r?/T%, 1b/in2 (A.2)
where,

W = pressure exerted on plate (lbf/inz),

r = length of the short side of plate (in),

T = thickness of plate (in),

E = elastic modulus of plate (psi),

K, Ky = constants depending on whether the plate is fixed or simply

supported, and on R/r (given in Table A.1). R is length of long
side of plate (in).

Some relevant parameters for plexiglass and the test section are:

Plexiglass elastic modulus (E) ~ 3X10° psi
tensile yield strength ~ 5500 psi

Width and height of plexiglass
undergoing bowing (R) = 36"
thickness of plexiglass (T) = 1"

We substitute these values in Eq. (A.1) to get the maximum deflection.
This is listed in Table A.2 for several values of test section pressure
(w) and number of braces. Substitution in Eq. (A.2) gives us the corres-

ponding values of the maximum stress. The safety factor in the stress
is: ,

tensile yield strength
maximum tensile stress

safety factor =
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Table A.1 Values of the parameters K and Kj(4)

Plate Simply

Fixed Plate Supported
R/r K K1 K K1
1 0.308 0.0138  0.287 0.0443

1.5 0.454  0.0240 0.487 0.0843
2.0 0.497 0.0277 0.610 0.1106
3.0 0.500 0.028 0.713  0.1336
4.0 .~ 0.500 0.028 0.741  0.1400
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Table A.2 Maximum deflection in plexiglass for different pressures and number of braces

Maximum deflection (in) for various system pressures in

psig (kpa)
No. of r 5 10 15 20 30 40
braces R/r inches (34.5) (68.9)  (103.4)  (137.9) (206.8)  (275.8)
if plate is simply supported
0 1 36 1.24 - 2.48 3.72 4.96 7.44 9.92
1 2 18 0.193 0.387 0.580 0.774 1.16 - 1.55
2 3 12 0.0462 0.0923 0.139 0.185 0.277 0.369
3 4 9 0.0153 0.0306 0.0459 0.0612 0.0918 0.123
if plate is fixed
0 1 36 0.386 0.773 1.16 1.55 2.32 3,09
1 2 18 0.0485 0.0969 0.145 0.194 0.291 0.388
2 3 12 0.00968  0.0194 0.029 0.0387 0.0581 0.0774
3 4 9 0.00306 ~ 0.00612  0.00918  0.0122 0.0184 0.0245




This is also calculated and listed in Table A.3 along with the maximum
stresses,

The values of y, and S, tabulated in these tables were made on the assump-
tion that the braces are rigid. Actually, the braces will also bend
slightly and the total bowing in plexiglass will be higher than listed.

We decided to use steel I-beams of dimensions 4" X 2.5" for the braces.
Using the following equations for maximum deflection of a beam:

Fixed Beam: yp = W13/384 EI

Simply Supported: yp = 5 W13/384 EI

where,

E = modulus of elasticity of beam material,
W = uniform Toad (total),

I. = moment of inertia,

yp = maximum deflection in the beam,

1 = length of the beam.

For the beams we used we have:

E =29 x 10° 1b/in

I =5.3

1 = 40" (ie: extends 1" beyond test section on both sides)
W=w(psi) X 362/no. of braces

We then obtain the maximum deflection in the beams as listed in Table A.4.

The maximum deflection in the plexiglass should be the sum of the deflec-
tion in the plexiglass plus the deflection of the braces. Assuming that
both the plate and the beams are simply supported, the total maximum de-
flection in the plexiglass is shown in Table A.5. For the other extreme,
if both the brace and plexiglass are fixed, the values are given in Table
A.6. Tables A.7 and A.8 give the values of total deflection if plates
are fixed and beam is simply supported (A.7) and vice versa (A.8).

With two braces in place, the measured values of the increase in depth of
the test section are given in Table 5.8. If we assume that both sides of
the test section bow out equally, the amount of bowing in each plexiglass
sheet will be half of the values listed in that table. Thus, the maximum
amount of bowing will be as given in Table A.9. It is seen from this
table that the deflections in the top and lower sections match very
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Table A.3 Maximum stress and safety factors for plexiglass for several pressures and number of braces

Maximum stress, psi/kpa and (safety factor) for pressure in psi (kpa)
or if plate is simply supported
| i L 1?2235 5 (34.5) 10 (68.9) 15 (103.4) 20 (137.9) 30 (206.8) 40 (275.8)
0 1| 36 (91.44) | 33000 (2.96) ALED- (1.48) 2005 (0.98) fasis (0.74) 8 (0.49)  o230s (0.37)
1 2 | 18 (45.72) | 255 (5.57) 30s (2.78) ZIT-(1.86) 39295 (1.39) 2sgs (0.93) Faiis (0.69)
2 | 3 |12 30u8) | 3 07y IR (s.36) H- (3.57) ZR3 (2.68) a2 (1.78) s (1.38)
30| 4 | 9o (e2.86) | 0 (18.3) S0 (9.16) 0= (6.11) gy (4.58) o0 (3.0) 2N (2.29)
if plate is fixed
0 1| 36 (91.48) | Z200- (2.76) 2920 (1.38) 223 (0.92) 13035 (0.69)  gaaad (0.46) o (0.34)
1 2 | 18 (45.72) s (6.83) om0 (3.42) 2D (2.28) ZEL- (1.71) g (1.14) s (0.85)
2 3 | 12 (30.48) | 22 (15.3)  PEL (7.64) 1RV (5.09) e (3.82) B3 (2.55) 2000 (1.91)
3 4| 9 (22.86) | B35 (27.2) 925 (13.6) D (9.05) ige (6.79) 22 (4.53) ToEs (3.39)




Table A.4 Maximum Deflection of the braces

Maximum deflection (in) for
various system pressures (psig)
simply supported
No. of
braces 5 10 15 20 30 40
1 0.0351 0.0703 - 0.1054 0.1405 0.211 0.281
Va 0.0176 0.0351 0.0527 0.0703 0.105 0.140
3 0.0117 0.0234 0.0351 0.0468 0.0702 0.0937
fixed
5 10 15 20 30 40
1 0.007 0.014 0.0211 -0,0281  0.0422 - 0.0562
2 0.00351 0.0070 0.0105 0.0140 0.0211 0.0281
3 0.00234 0.00468 0.00703 0.00937 0.0141 0.0187

Table A.5 Sum of maximum deflection in plexiglass and
in braces, if both are simply supported

Maximum deflection (in) for
various system pressures (psig)
No. of
braces 5 10 15 20 30 40
0 1.24 2.48 3.72 4.96 7.44 9.92
1 0.228 0.457 0.685 0.914 1.372 1.829
2 0.0638 0.1274 0.1912 0.2553 0.3820 0.509
3 0.0270 0.0540 0.0810 0.1080  0.1620 0.2162
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Table A.6 Sum of maximum deflection in plexiglass and in braces,
if both are fixed

Maximum deflection (in) for
various system pressures (psig)
No. of ‘
braces 5 10 15 20 30 40
0 0.386 0.773 1.16 1.55 2.32 3.090
1 0.0555 0.1109 0.1661 0.2221 0.3332 0.4442
2 0.01319 0.02635 0.0395 = 0.0527 0.0792 0.1055
3 0.00540 0.01080 0.01621 0.02157 0.0325  0.0432

Table A.7 Sum of maximum deflection in plexiglass and in braces, if
braces are simply supported and plexiglass is fixed

Maximum deflection (in) for
various system pressures (psig)
No. of
braces 5 10 15 20 30 40
0 0.386 0.773 1.16 1.55 2.32 3.090
1 0.0836 0.1672 ~ 0.2504 0.3345 0,502 0.669
2 0.02728 0.0545 0.0817  0.1090 0.1631  0.2174
3 0.01476 0.02952 0.04428 0.0590 0.0886  0.1182

Table A.8 Sum of maximum deflection in plexiglass and in braces, if
braces are fixed and plexiglass-is simply supported

Maximum deflection (in) for
various system pressures (psig)

No. of
braces 5 ‘ 10 15 20 30 40

0 1.24 2.48 3.72 4.96 7.44 9.92

1 0.200 0.401 0.6011 0.8021  1.2032 1.6042
2 0.04971 0.0993 0.1490 0.199 0.2981  0.3971
3 0.01764 0.03528 0.05293 0.07057 0.1059 0.1412
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closely with the values given in Table A.6, ie: when braces and plexi-
glass are both fixed. The slightly higher measured values in the lower
section have been discussed in section 5.8. The limiting deflection is in
the middle section where the measured values are between those given in
Tables A.6 and A.7 or about 75% of the values listed in Table A.7. Assum-
ing this to remain the case for more than two braces and at higher pres-
sures, then to limit the bowing to 0.05", ie: a channel depth increase of
0.1" or 20% of the original value of 0.5", we must have more than 3 braces
to reach apressure of 40 psig. Such a large number of braces would reduce
the visible area of the test section. We therefore decided to keep the
number of braces at two and operate the loop at a lower pressure. From
Table A.3 we than have a safety factor of about 3.6 for 15 psi and two
braces, which was considered acceptable.

Table A.9 Maximum amount of test section bowing and
matching values from Tables A.6 and A.7

Maximum amount of
bowing (in.) in
test section Bowing from
Bowing from Table A.7
Pressure Top Middle Lower Table A.6 times 0.75
15 0.039 0.061 0.043 0.0395 .0613
10 0.026 - 0.043 0.030 0.0263 .0409
5 0.012 - 0.025 0.018 0.0132 .0205
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APPENDIX-B
AIR FLOW RATE CALCULATIONS

The air mass flow rates required for the various inlet qualities that were
needed for the cases that were run are calculated here. If X is the flow

quality desired, wyp is the liquid mass flow rate, and wg is the air mass
flow rate, then;

X = Wg/(wg + wg)

where wp + wg becomes the total mass flow rate (water + air). This
equation can be rewritten as:

wg = wy (X/(1-X)) (B.1)

Equation (B.1) is used to calculate the air mass flow rates required. The
- mass flow, wy, is the liquid mass flow entering inlet no. 4. The quality
X is then the flow quality of the two-phase mixture entering from inlet
no. 4 and is not dependent on the total liquid inflow (which comes through
inlets 1 and 4). Table B.1 lists the relevant flow rates for all the
cases that were run.
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Table B.1 Air mass flows required for the cases run

Total liquid Liquid flow rate Flow Air mass flow
mass flow rate in inlet no. 4 quality rate required

Case (1b/min)  (kg/hr) (1b/min)  (kg/hr) (%) (1b/min)  (kg/hr)
1AN4 and 1AR4 240 6531.7 120 3265.8 0.3 0.3611 9.827
2AN4 and 2AR4 240 6531.7 120 3265.8 0.6 0.7243 19.713
3AN4 and 3AR4 240 6531.7 120 3265.8 0.9 1.0898 29.659
4AN4 and 4AR4 480 13063.4 240 6531.7 0.3 0.7222 19.654
5AN4 and 5AR4 480 13063.4 240 6531.7 0.6 1.4487 39.427
6AN4 and 6AR4 480 13063.4 240 6531.7 0.9 2.1796 59.319
1BN4 and 1BR4 240 6531.7 150 4082.3 0.3 0.4512 12.284
2BN4 and 2BR4 240 6531.7 150 4082.3 0.6 0.9054 24.642
3BN4 and 3BR4 240 6531.7 150 4082.3 0.9 1.3623 37.075
4BN4 and 4BR4 480 13063.4 300 8164.6 0.3 0.9027 24,568
5BN4 and 5BR4 480 13063.4 300 8164.6 0.6 1.8109 49.283
6BN4 and 6BR4 480 13063.4 300 8164.6 0.9 2.7245 74.149
1CN4 and 1CR4 240 6531.7 90 2449.4 0.3 0.2708 7.370
2CN4 and 2CR4 240 6531.7 90 2449.4 0.6 0.5433 14.785
3CN4 and 3CR4 240 6531.7 90 2449.4 0.9 0.8174 22.245
4CN4 and 4CR4 480 13063.4 180 4898.8 0.3 0.5416 14,740
5CN4 and 5CR4 480 13063.4 180 4898.8 0.6 1.0865 29.570
6CN4 and 6CR4 480 13063.4 180 4898.8 0.9 1.6347 44.489




APPENDIX-C
ORIFICE ARRANGEMENT

The following orifices were used at the given location. This was based on
the expected flow rates.

Water Side

(a) Low Flow (ie: total water flow rate of 240 lbm/min or 6532 kg/hr)
Main line: 0.767" (1.948 cm) diameter
Inlet no. 1: 0.767" (1.948 cm) diameter
Sep. no. 2: 0.767" (1.948 cm) diameter
Sep. no. 3: 1,1885" (3.019 cm) diameter

(b) High Flow (ie: total water flow rate of 480 1bm/min or 13063 kg/hr)
Main line: 1.1885" (3.019 cm) diameter
Inlet no. 1: 0.767" (1.948 cm) diameter for flow splits A and B
1.1885" (3.019 cm) diameter for flow split C
Sep. no. 2:  1.1885" (3.019 cm) diameter
Sep. no. 3: 0.767" (1.948 cm) diameter

Air Side

(a) Low Flow (air flow rates range from 0.27 lbm/min to 1.36 lbm/min or
7.37 kg/hr to 37.07 kg/hr)
Main line: 0.445" (1.130 cm) diameter
Sep. no. 2:  0.445" (1.130 cm) diameter

(b) High Flow (air flow rates range from 0.542 lbm/min to 2.72 lbm/min
or 14.74 kg/hr to 74.15 kg/hr)
Main line: 0.654" (1.661 cm) diameter
Sep. no. 2: 0.654" (1.661 cm) diameter
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