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ABSTRACT

“-

Single-phase and two-phase flow experiments have been
performéd on (i) six obstruction shapes each with two
blockage area ratios, and (ii) two sets of 4-rod bundles,
vhich include the simulated form of the reqular bundle that
currently *is being used in the .CANDU reactor and the
modified regular bundle to which streamlining 1is applied.
The effects of blockage area, locatién, and shape of the
obstruction on pressure loss were beings investigated., The
static pressures‘;t various locations were measured with the
Meriam well-type manometers. The pressure loss is separated

into frictional and local components. The value of each
At

component is obtained from the pressure distribution graph.

In single~phase flow, the blockage area, the location and
the shape of the obstruction have a strong influence on the
pressure loss. More pressu}e is 1lost for '; large
obstruction, a blunt type (plate type) obstruction, or an
obstruction which blocks the high velocity region of the
flow. In two-phase flow, a large obstruction or a blunt
type obstruction causes more pressure loss. The effect of>
obstruction location on pressure loss depends on the flow
distribﬁtion; More pressuré is lost as the obstruction

blocks more of the liguid phase.
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) b

Modification of - the obstruction shape in the simulated
regular bundle has improvéd the pressure recovery in both
-the junction and the spacer planes. It also reduces the
dependency of the pressure loss upon the misalignment of the

bundles.
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Chapter I

INTRODUCTION

Pressure loss caused by flow obstructions has been a
siqnificant problem in the primary circuit of a pressurized
heavy-water nuclear reactor. Because of the losses, the
energy consumption by the pump 1is increased, while the
cooling efficiency is reduced in _the steady operating stage
and in the transient stages such as the Loss Of Coolant
Accident (LOCA). Substantial reéGEtion of the losses does

not only improve the performance of theé reactor, but also

decreases the hazard level during the transient periods.

— 1\

The present work is perfprmed to investigate the effect
of size,‘location, and shapeé of flow obstruction on pfessure
loss. Single-phase flow experimental data are presented as
loss coefficients,. Two-phase flow pressure loss values are
presented as ratios of two-phase to single-phase pressure
loss, and the ratios are compared with some existing

correlations.



Chapter 11

{ BACKGROUND .,

Flow obstructions can be encountered in many industrial
applications such as heat exchangers, or valves in oil and
gas pipelines. This study is related to obstructions

located in the nuclear fuel bundle of the CANDU reactor.

The CANDU reactor (the abbreviation is derived from
CANada Deuterium Uranium, which iﬁdicates that the moderator
is deuterium and the fuel 1is natural uranium), has a
horizontal core configuration. When the reactor operates,
the coolant (also heavy water) which is circulated through
the pressure tubes by the primary pumps, extracts heat from
the activated bundles. The high-temperature coolant is then
led into the steam generator where heat is released to the
light water for steam production. The steam produced is
then used to power the turbine which is linked with a
generator for generating electricity. A simplified flow
diagram of the CANDU reactor is shown in Figure 2.1 [1].
The preséure tube, as partly shown in Figure 2.2, contains a
string of bundles (the number of bundles varies with
reactors). Each bundle spends an average of 17 months in
the reactor and releases enough energy to generate

approximately one million kWh of electricity [2].

»
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<.~ The bundle 'shown in Figure 2;3‘ consists of fuel rods,’

end-plates, spacers and bearing-pads. Eaéh fuel rod is
filled with natural ﬂranium oxide peilets in a Zircaloy-ﬁ
cylindrical sheath. A thin layer of graphite is applied on
the inside surface of the sheath to reduce interaction
between the pellets and the sheath. Both end§ of the fuel
rod are covered with end-plugs:
1. to seal the content of the elements;
2, to proviae effective ' element termination for
attachment to end-plates;:; and
3. to provide the interface with the fuel-handliing
system,
Thirty-seven fuel rods are then welded to two end-plates.
Subchannels are left between fuel rod§ through which the
coolant can flow. Spacers (located in the mia—plane.qf the
bundle) are used'to maintain the subchannel area and prevent
vipration of the rodf. Bearing pads are brazed near ghe
ends and at the middle of the outer ring of the rods to
avoidlthe bundle from contacting the wall of the pressure

tube.

The end-plates, spacers, and bearing pads in the bundle
improve the cooling efficiency; however, they also decrease .
the pressure head of the flow. In the reactor core, a

substantial amount of pressure energy is being lost when the

. coolant flows through the bundles. The pressure loss per

"channel varies from 565 kPa (the CANDU installation at
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Pickering) to 758 kPa (Gentilly-2 CANDU installation) [2].
This loss, at the expense of the pump energy, affects the
performance of the reactor'in both steady and transient
states. Although most of the loss 1is caused by the skin
friction between the flow and the walls of both the channel
and the fuel rods, the local pressure losses caused by the

attachments are also significant,

Besides the hydrodynamic effect, the obstructions in the
bundle also influence the critical heat fliux behavior [3].
The bléckages induce a better mixing effect so that heat
transfer to the coolant intensifies. Often, a burnout point’
occurs behind the blockage because the flow canﬁot cool that
area €fficiently enough in the presence of the blockage [4].
With a well—désigned blockage, which minimizes the pressure

loss, critical heat flux behaviour can be improved.

Q



Chapter III

SINGLE-PHASE FLOW N

In most reactor operaéions, the coolant frequently flows
in a liquid state with a negligible amount of vapour. The
pressure loss can be estimated with single-phase equations,
since the flow quality is low. For a string of bundles, the
pressure loss can be separated into two major_catagories:

1. the pressure loss due to friction; and

2. the pressure loss due to such local obstructions as

a) junction;
b) spacef; or

¢) bearing pad.

3.1 SKIN FRICTION PRESSURE LOSS

The skin friction pressure loss is caused by the friction
between the fluid and the wall of the pressure tube and the
fuel cladding. It is affected by the flow velocity, the flow
viscosity, the characteristic length of the channel (i.e.,
the hydraulic diameter of the channel and the distance
covered.by the flow), and the roughness of the pipe. The .
hydraulic diameter of the channeliis defined as

D = 4A/P (3.1)
e .



>

where A is the cross-sectional area, and P is the wetted

perimeter of the channel. For a circular channel, it is

equal to the pipe diameter D, .

Factors such as flow velocity, .fluid viscosity, and the
hydraulic diameter of the channel affect the transition of
laminar to turbulenf flow. Osborne Reynolds introduced a
dimenéionless parameter to combine the influences of these

factors. The parameter is called the Reynolds number and is

-

defined as i

Re = v D/V (3.2)
l .

wvhere v is the velocity of the flow, D is the diameter of

1 e -
the channel, and v is the kinematic viscosity of the flow,
Turbulent flow, which is frequently encountered in reactors,

is generaliy assumed when the Reynolds number exceeds 2000.

For steddy and incompressible flow, the friction pressure
loss is esyimated with the Darcy-Weisbach equation, whicl is
written as

. 2 .
aP = (fL/D }(p v /2) . . (3.3)
F e 11

where f is the friction factor of the channel wall, L is the
length of channel that the fluid flows over, D is the

' e
hydraulic diameter of the channel, and p 1is the density of
B |

-



the fluid. In the case of turbulent flow,  the friction
factor depends not only on the Reynolds number but also on
the relative roughness of tﬁe contact surface. For laminar
flow, it only depends on the Reynolds number and %s defined

as

f = 64/Re : ' (3.4)

For turbulent flow, Nikuradse performed experiments on
some artificially roughened pipes and derived a friction
factor equation for rough pipes as

-0.5

£ = 1.14 - 2log(e/D) (3.5)
where: € is the absolute roughness of the channel. - For
- smooth pipes, Blasius provided a friction factor expression,
which is written as

0.25
f = 0.316/Re . (3.6)

for Reynolds numbers 4p to 100,000, by assuming a velocity
' v

_profile of the form |

/7 . .
v/v = {(y/(D/2)}) : (3.7) |

max

where V is the maximum velocity, and y 1is the distance *
max

- 7 -



from the wall of the channel. However, Nikuradse ‘found from
his experimental data that the power factor should be varied
from 1/6 to .1/10 according to the Reynolds number. He then
stated that the expression in the form

-0.5 0.5 .

£ = 2log(Re f ) - 0.8 (3.8)
is more reliable for smooth pipes with Reynolds numbers up

to 3,400,000.

In 1939, ‘'Colebrook presented a general equation for both

rough and smooth pipes. The equation is written as

-0.5 -0.5

f = -2log((e/D) /3.7 + 2.51f /Re) (3.9)
on the.basis. of this equation-and the consideration of the -
roughness of several kinds of new pipe materials, Moody
published a chart fof the friction factor as a function of
Reynolds pumber (Re) and relative roughness (e/D). Because
of the diffitulty in getting data for the actual pipe-
roughness, the experimental data do not always agree with
the values obtained from both the Colebrook equation and the

Moody chart [5].

Teng (6], among many authors, suggested that the
frictional pressure loss for the bundle geometry channel
could also be obtained from equation 3.3 with the friction

factor evaluated with the equivalent hydraulic diameter.



However, Courtaud et al. [7]) and Le Tourneau et al. [8] have
demonstrated that the friction factor is affeéted by the
geometry of the channel as well as the velocity and
viscosity of the flow. Rehme [9] and Malak et al. [10]
studied the effect of bundle geometry and proposed relations
which have been proven valid for turbulent flow (with Re >

2000).
The skin friction pressure loss can alsoc be written in

terms of the head loss coefficient K as
- F

2
AP =K {(pv /2) : {3.10)}
F F 11 '

Comparing the equations 3.3 and 3.10, the coefficient K can
_ . P
be written as

‘K = fL/D ’ (3.11)
F e ' . ‘

3.2 LOCAL PRESSURE LOSS

The local pressure loss can be caused by either

l. a chahge of flow direction, e.g., bend;

2. a change of flow area, e.g., sudden expansion, or
'contraction; or -

3. a flow obstruction,.e.g., valve or orifice.



i ]

It is generally expressed as a function of the head loss

coefficient K
LOC

, )
AP =K (pv /2) (3.12)
LOC LOC -

The pressure loss in a bend 1is mainly caused by the
secondafy flow set up by the centrifugal forces. The loss
coefficient for the bend decreases with the ratio of the
bend radius to the pipe diameter (Figure 3.1) [11]. Loss
coefficients for certain bends and elbows were reported by

Pigott [5] and Kittredge & Rowley [12].

The pressure loss in a sudden expansion i1s caused by the
dissipation of kinetic energy as eddies in thé surroundiﬁg
fluid at the’exit region. ‘The pressure 1oss in a sudden
contraction is caused by the flow separation which generates
turbulence. The loss coefficients for the expansion and the‘

contract1on depend on the upstream and downstream area ratio

of the fixture (e.g., Figure 3.2) [11]. These pressure

losses can be significantly reduced by changing the area

gradually or by rcunding the corner of the entrance or exit,

When fluid flows across an obstruction, separation may
occur and a turbulent wake 1is formed behind the obstacle.

Some of the pressure energy is converted to kinetic energy

and is only partially recovered after the blockage. The

_10_
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unrecovered energy is dissipated as heat. This pressure
loss depends wupon the size, location, and shape of the

blockage.

o
F 4

The pressure loss due to obstruction is expressed as .

2 2 :
AP = (f t/(D) Mpv /2) - (£t/D Yp v /2)
Ob Cb e Ob 11 e 11

2
+ K (p v /2) (3.13)
Ob 11

where f is the friction factor, t is the thickness, and
}D ) O?s the hydraulic diameter of the obstruction; f is
thg ??iction factor, and D 1is the hydraulic diameter of the
channel. For a thin obstrsction, the first two terms can be
neglected since t is small. Hence, the general expression

has the same form as equation 3.12.

The size of the blockage influences the level of
turbulence formation which, in turn, affects the pressﬁre
recovery. Figure 3.3 shows the percentage of differential
head lost as a function of orifice opening ratio [13];

smaller opening ratios are accompanied by larger losses.

The shape 4’8} the blockage affects the peint of
separation. Figure 3.4 shows the flow patterns of a two-
dimensional flow around various objects [14]. For the flat
plate, the separation point occurs at the edge. A large

amount of turbulence, which affects the pressure loss, is

_11_



formed behind the biockage. The best shape for pressure
recovery is the streamlined one (the lower part - in Figure
3.4 (c)), for which the séparation poiﬁt occurs so far
. downstream that the pressure deficit is greatly reduc®d. A
blockaée of circular shape causes less pressure loss than
the'flét plate, but more than the streamlined obstruction.
Idel'chik’ [15]. compared the loss coefficients for
cyiindrical rods of various shapes, and indicated that the
streamlined rod had the smallest value. More pressure energy
is recovered by rounding the blunt leading edge of the rod

(Figure 3.5). §

In a string of reactor fuel bundles, the lécal pressure
loss includes the following:

l. the junction pressure loss;

2. the spacer pressure loss; and

3. the.bearing pad pressﬁre loss.
Since the total obstructed area by the bearing pads is small
as compared to the flow area in a 37-element bundle (leﬁs
than 2%), the bearing pad pressure loss is assumed to be

part of the sk%q friction pressure loss. | L\

LY
S

3.2.1 Junction Pressure Loss

Junction pressure loss appears only in a few types of
reactor core configurations. In other types, such as in a

pressurized water reactor or in a boiling water reactor,

_12_



each fuel rod occupies the full length of the activated zone
in .the reactor core. For the pressurized heavy-water
reactor (CANDU. reactor), the reactor core consists of
numerous stfings of bundles. Pressure 1is lost as the

coolant flows through the junction of two bundles.

The j3nction pressure loss is composed of three types of
losses:
L J
l. the loss due to the end-plate;
2. the loss due to the discontinuity of fuel elements;
and
3. the loss due to the blockage from the exposed rod in
a string of misaligned bundles.

‘it,can be written as \
2
AP =K (pv /2) (3.14)
J J 11 .

where K is the junction loss coefficient.
J +
The local. loss " at the end-plate region is mainly due to
the obstructional effect,. The end-plate currently used in
the CANDU f}aﬁtor is the flat plate type which induces a

high degree of turbulence.

The pressure loss caused by the discontinuity of the rod
is the effect of flow expahsion and contraction. The

~discontinuity effect on - pressure loss had been shown



experimentally in bundles [8] and plates [16]. Turbulence

is generated as soon as the fluid leaves the bundle located

upstream of the junction and \{lows into a larger area (the

gap). When the fluid enters Ythe next bundle, separations
occur at the edges, and a large ymount of pressure energy is
lost. The loss can be minimized with a gradual variation of

exit and entrance areas.

The loss caused by bundle rotation appears only in
misaligned bundle settings. The term 'ﬁTSaligned bundle'
means that the centre line of the fuel rods is not aiong the
same line as that of the adjacent bundle. In such case, the
end of the fuel rod for the downstream bundle is eiposed to
the subchannel flow (Figure 3.6). The pressure loss due to
the additional obstruction of the exposed rods in a string
of misaligned bundles depends mainly on the shape of the

end-plug. The pressure loss can be reduced by using a round

or streamlined shape, which does not promote eddy formation.

3.2.2 Spacer Pressure Loss

The spacer used to maintain the subchannel space and
prevent rod vibration, tends to induce a high pressure loss

by blocking the flow.

The type of spacer used in the reactor depends upon the
core configuration. Spacers are produced in various. types:

wire type, plate type, grid type, and wart type.  Some

0N



[Ny

119

examples of spacing devices are shown in  Figure 3.7. The

pressure loss due to the wire-type spacer is distributed

evenly throughout the length of the rod. It is tsually
assumed to be part of the skin friction pressure loss. The

pressure lgss for the other type of spacing devices occurs

'in the local region. A significant drop of static pressure

is always observed in the vicinity of the spacer. Rehme

[17] stated that the pressure loss due to the grid-type
spacer 1is directly proportional to the ratio of projec%ffu//////
grid cross-sectional area to the unobstructed flow area~ _
From his experimental data, he obtained identical loss
coefficients for the grid-type spacer in both triangular'and
sguare afrangements of fuel rods. However, his,predicfion

has been found not to be valid for the other type of spacer

[18]. -

Spacer pressure loss is also an obstructional type of

local loss. It is affected by such factors as the shape of

the leading edge [19] and the trailing edge [20], the

roughness of the rod [21], and the length of the spacers

[18]. It can be expressed as

2
AP =K (pv /2) ' (3.15) ‘
S S 11
where K is the spacer loss coefficient. The spacer loss
S
coefficient ‘is often obtained from experimental

investigations. However, an analytical method introduced by



Barroyer [22] has shown a good agreement  with the

experimental data of other researchers.

3.3 TOTAL PRESSURE LOSS

The total pressure loss in a string of bundles is the
summation of the skin friction pressure loss and all the

local pressure losses. It is written as

AP = AP + AP + AP . ' - (3.16a)
T F J S ‘ V
2 .
= (fL/D + K + K }{(p v /2) (3.16b)
e J S 11 ‘ - :
. 2 .
[T = K (p v /2) (3-16C)
. T 1 1. .
where K is the total loss coefficient. -
T : -
Ty
iy



Chapter 1v

TWO-PHASE FLOW

When the coolant flows through the activated bundles in
some reactors, it is partially evaporafed after extracting

heat from these high-temperature bundles. In the recent

reactor operation, the exit flow guality has been increased

to about 3.5% at higher ‘power levels, The vaporized coolant
travelling down the pressure tube together with the liquid

constitutes a two-phase flow.

Two-phase flow consists of a' simultaneous flow of two
different states ofrmatter (i.e. wvapour and liquid, liquid
and solid, or vapour and solid). It can be encountered in
industrial applications, for example, in boilers, heat
exchangers, pressure tubes of a reactor core, etc. A
similar condition for two different substances flowing along
the same passage is called the two-component flow. .Even.
though two-phase flow and two-component flow are different
in nature, the coﬁmon name 'two-phase flow' has been adopted
by researchers for both types of flow. Two-componeng‘flow
has been widely used in research to simulate the two~phase

flow conditions, since the gas and 1liquid flow loop is

' easier to control and operate, Furthermore, the operating

loop with steam and water is more expensive than that‘with:



gas-and water. If the differences in density and viscosity
for both types of flows are compensated, the'expefimental
data from the two-component flow may be extended to provide
information for the two-phase flow [23]. However, -the
similitude criteria are not well _established and cautiocn

should be exercised for extrapolating results.

o

Two—-phase pressure loss is affected by the flow

4.1 FLOW PATTERN

distribution as wéll as by the basic parameters that
determine the single-phase pressure loss [24,25). Depending
on the conditions of the flow (e.gq. velocities of the
phases}, the two phases are distributed differently in the
channel. These phase distributions are called flow patterns
or flow regimes. Though different names have Peen used in
describing the flow patterns by various authors, only five
of them in vertical flow and six of them in horizontal flow

have been widely adopted [26]. The main difference'b;tweén
the vertical and horizontal flow patterns arises from the
gravitation effect on the horizontal flow. The
gravitational force tends to bring the liquid flow towards
the bottom of the channel. The flow patterns defined in the
horizontal flow, which are shown in Figure 4.1 [27], are

described as follows:

-18_
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1. Bubbly flow : A dispersion of bubbles - flows
| continuously within the 1ligquid.
> '~ Owing to the gravity, the liquid
occupies mainly the bottom portion
of the channel, This kind of flow
normally occurs in high ligquid and
low gas superficial velocity flows.
2. Plug flow : As the gas velocity increases, the
| size of the bubbles grows and
bullet-shaped bubbles - are
generated. These bubbles move
closer to the top of the channel
due to the gravitational effect
that brings the liquid flow to the

bottom. )
3. Stratified flow : Under the influence of gravity, the
- liguid is moving smoothly under the

gas. |

4. Wavy flow : This is a rough stratified flow.
The two phases are still moving in
separate layers, but waves are
formed at the interface because of

the increase in gas velocity.
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5. Slug fl9u : If the gas velocity increases, some
7 waves ‘become so pronounced that
they touch the top surface of the

channel.
6. Annular flow : At very high gas velocity, the gas
phase rushes through the core of
the channel with the liquid phase
flbwing around it. Usually, there
is ligquid entrainment in the gas
core and the bottom 1liquid film is
thicker than the top one due to the

gravitational effect.

The> flow patterns are presented in map form with the
properties of the phases as the coordinates. After Baker
(28] introduced the earliest flow pattern map, numerous
studies have been performed and flow pattern maps were
produced in wvarious coordinate systems. Mandhane et al,
(29] gathered a substantial amount of flow pattern data and
presented a generalized map in the coordinate system of
liquid and éas superficial velocities. Dukler [30]
analytically developed a model to predict the flow
transition boundary. = The result shown in Figure 4.2,
indicates that the boundaries are slightly sLifted _when
compared with those provided by Mandhane et al. (29].
éesides the maps, equations have also been proposed to

locate the flow transition line [31]. - .
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The flow pattern transitiop is greatly affected by the
velocities of the two phases, In addition, other factors
such as the fluid properties, the geometry of the channel
[32]; the inclination of channel to the horizontal plane
[33,34], and the 1local . disturbance [35] also have
significant influences on the flow pattern transition.

4.2 TWO-PHASE PRESSURE LOSS

The pressure loss for the two-phase flow is often much
larger than that for the single-phase flow due to the
presence of an inter-phase shear force. For- analysis,
assumptions are wusually ‘+introduced to simplify the
complexity of two-phase flow,. Two models have been used to
investigate the two-phase pressure drop. The fifst one,
which assumes the same velocity for the two phases, is the
homogeneous flow model. This model is applicable for the
bubbly flow pattern. I1t. has been widely adopted for
pressure loss calculations in petroleum and fefrigeratibn
industries. The second model, based on the aésumption of
two different phase velocities, 1is the separate flow model.
It considers the phases travelling separatély in two streams
with a distinct inter-phase boundary separating them. The’
separate flow model is valid for both‘the stratified flow

and the annular flow patterns,

- 21 -



In general, the total pressure loss is composed of the
following :
1. frictional pressure loss;

2. accelerational pressure loss;

(9]

gravitational pressure loss; and

local pressure loss, such as change of direction,

-
.

area, etc.

4.2.1 Two-phase Frictional Pressure Loss

The frictional pressdre loss 1is produced by the shear
stress not only between the ' phases and the wall of the
channel, . but also between the two phases themselves.
Lbckhar; and Martinelli [36] introduced a parameter defined
as fhe ratio of the two-phase pressure loés to the single-
‘ﬁhase pressure loss. The single-phase pressure loss is
obtaineq when only the 1liquid phase 1is flowing 1in the
channel. .The pafameter is called the two-phase multiplier

and is written as

5 ) .
@ = AP /AP . {(4.1)
L TP L

where AP is the two-phase pressure loss, and AP ‘ is the

single~p§:se pressure loss. Equation 4.1 can beLapglied to
the two-phase flow with no phase change (e.q. air-water
flow).” In such case, the flow quality is constant along the
channel. For two-phase flow with phase change {(e.g. steam-
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water flow), the flow quality varies along the channel and
is difficult to measure or estimate, The two-phase
multiplier in the form of a ratio of the two-phase pressure
loss to the pressure loss when the total flow is flowing
with single-phase physical properties, was presented by

Martinelli and Nelson [37]. It is defined'as

-

2
g =aP /AP (4.2)
LO TP LO

and is the most accepted relation for two-phase flow

associated with phase change.

The ratio between AP (the pressure loss*obtained by
L
assuming liquid only £flow} and AP (the pressure loss
LO
obtained by assuming the total flow to be liguid) is

expressed as [38]

1

n
AP = aP (1-x) (4.3)
L LO

where x is the quality. The relation between equations 4,1

and 4.2 can then be written as

2 2 n

g =g (1-x) (4.4)
LO L .

The index_'n' has been evaluated by many'authors [38,39,40].

Even though its valwe varies among different authors, the

pressure loss ratio will not be significantly affected by
'n' for low quality flows.
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From a series of two-phase mixture experiments, Lockhart
and Martinelli first proposed a gystematic correlation of
the two-phase multiplier for the gas-liquid flow. The
correlation expresses the two-phase multiplier for friction
(two-phase frictional multiplier) as a function of the
density and viscosity ratio of the two phases, Similar
results were alsc derived from the theoretical approach by
Chisholm [41]. Although the Lockhart and Martinelli
-correlation has been shown to be more reliable than the
other correlations [42,43], the predicted values are
sometimes different from the experimental data. The
difference seeﬁs to be partly caused by the exélusion of the

flow patﬁern effect [44,45].

Another empirical correlation that takes into
consideration the influence of mass velocities in addition
to the densities and the viscosities of the two phases, was
proposed by Baroczy [39]. The correlation closely estimates
the experimental data for the two-phase flow both with and
without phase change. In a theoretical development,
Chisholm [58.46] derived an equation that provides values

close to those obtained from the Baroczy correlation.

-~

Analytically, Dukler et al, proposed a frictional
pressure loss correlation based on similarity analysis [47].
Correlations for both homogeneous and slip flow were
presented. They were proven to be reasonably reliable for

the prediction of pressure loss [43].
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A different approach was used by Levy who introduced a
pressure loss correlation based on the mixing length theory
model [48]. Good agreement was obtained between the
experimental results and the predicted values for both
laminar and turbulent flows, With the same theory, Beattie
extended the two-phase pressure loss study for various flow
conditions [49,50]. A complete summary of the equations for
the two-phase friction factor and for the—two-phase Reynolds
number in diffe;ent tyées of flow is presented by the same
author [51]. A simpler method‘ has also been introduced to
calculate the frictional pressure loss [52]; however, it is
not recommended for flow with 1local disturbances such as

—-—

spacers in the rod bundle.

On comparing published correlations for the steam-water
flow, the ones by Baroczy [38], Thom [53], ahd the

homogeneous theory have been shown to perform best [54].

For bundle geometry, the eqguivalent diameter concept is
accepted by most researchers. Lahey summarized the
available correlations for wvarious flows in the Boiling

Water Nuclear Reactor {[40]. Beattie has shq:n that ' the

mixing length theory is also applicable for cluster geometry'

[55].
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4,2,2 Two-phase Accelerational Pressure L¢SsS

The two-phase accelerational pressure loss is a measure
of the difference between the in and out momentum flux. For
the homogeneous flow model, the accelerational pressure loss

is expressed as

2 .
aP =G alx/p + (1-x)/p ) _ (4.5)
A g 1 '

where G is the mass flux of the mixpure, x is the quality,
p is the density of the gaseous phase, and p is the
dgnsity of the liquid phase. For the separate f%ow model,
it is written as

2 2 2
AP = G alx /(pa) + (2-x) /{p (1-a))) (4.6)
A g ; 1

where o 1s the void fractioen.

The separate flow mpdel 1is widely used by researchers
because the assumption is more adapted to the real flow
situation.  However, the homogeneous flow model has been
shown to predict the experimental results closely for many
practical situations [56]. The two-phase acceleration
pressure loss is a significant factor in two-phase flows
with vphaSQlchange [37,53], but it can be neglected in
channel flows when the phase change does not occur {57] and

‘the density gradients are small. Martinelli and Nelson [37]
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separated this term from the total pressure loss and defined

it as a function of a wmultiplier which was adopted by other

researchers in steam-water flow [53,56].

4.2.3 Two-phase Gravitational Pressure Loss

The two-phase pressure loss due to gravity 1is a measure

of change in hydrostatic head. It is written as

AP = gsing(p a + p {1-a)) 7 (4.7)

G g 1

vhere g 1is the acceleration due to gravity, and 6 1is the

angle between the flow direction and the horizontal plane.

For horizontal flows, the two-phase pressure loss due to

gravity is not present since the angle & is OTT
)

D aEa

]
4.2.4 Two-phase Local Pressure Loss

The pressure loss .due to local disturbances can
caused, as in single-phase flow, by either
' 1. a change in direction, e.g., bend;
2, a change 1in area, e.qg., sudden expansion
contraction; or

3. a flow obstruction, e.g., valve or orifice.

be

or

The pressure loss is produced by the flow sepafation, the

turbulent wake formation and the acceleration effect.

pressure loss is expressed as the two-phase multiplier which

i% defined as f

..27-.
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e b e

(aP  /aP ) ‘ (4.8}
LO LOC TP LO LOC

)
n

Since bends are common fixtures in pipe systems, the
pressure losses produced by bends have been extensively
investigated. Chisholm and Sutherland [38} proposﬁé a two-
phase multiplier for bends using the Lockhart énd Martinelli
parameter. Chisholm [58] further presgnted a simpler
equation with which the obtained values agreed with the
experimental data of Fitzsimmom [59]. An improved
correlation was érovided by introducing the single phase

loss coefficient [601].

Pressure losses in both sudden expansion and sudden
contraction are caused by the separation and the
acceleration of the phases, and tﬁe change o¢f interphase
shear stress due to variation of phase velocities. From a
series of experimental results, correlations for these
pressure losses in both single-phase and two-phase flows
have been presented by Richardson [61]. Lottes [62]
compared four different correlations (including the
Richardson correlation) and recommended the Romie
correlation for sudden expansion. In the study of the
sudden contraction, Geiger and Rohrer [63] found that the
preséure drop was influenced by the flow regime in the

reexpansion. They suggested the use of the homogeneous two-
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phase multiplier for the’ predictién. Chisholm [38,57]
presented a similar equation for both sudden contraction and
sudden expansion, but with different coefficients for each
case. For the sudden contraction, the equation is identical

to the.homogeneocus two-phase multiplier relation.

Flow blockages such as orifices, venturis and nozzles
have been investigated for two-phase flow rate measurements
[64]. Janssen [65]) observed a homogeneous mixture after the
orifice. This was an indication that the homogeneous two-
phase multiplier which was'also mentioned by Chisholm [57],
was applicable. Correlations - for orifices havé been
proposed by various authors [66,67,68]; however, - some of
them are subjected to specific assumptions or conditions.
For other bleockages such as valves or plates, Chisholm
provided a general equation with different coefficieht

values to adapt for various cases [38,57].
/7

The two-phase local pressure loss in a string of bundles*
include :
1. the two-phase junction pressure loss; and

2. the two-phase spacers pressure loss. .

. These losses are mainly due to the effect of obstruction.
Though investigations have been performed on the subject,

access to the information is difficult because of the

*The two-phase pressure loss due to the bearing pads has
been assumed as part of the skin friction pressure loss.
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commercial confidentiality.

Sher et al [69] performed low-préssure tests on the
81-pin square array bundles and high—pressure tests on the
l6-pin square array bundles. They proposed a spacer
pressure loss prediction method that agreed reasonably well
with their low-pressure tesf data. For the high-pressure
investigation, they r;commended Lottes' model for estiméting

the lccal losses.

Beattie extended the mixing length theory for estimating
the two-phase multipliers for orifices and spacers [51). The

proposed equations agreed with his experimental results. .

4.2.5 Two-phase Total Pressure Loss

The two-phase total pressure loss for the investigated
geometry is the summation of all pressure loss components:

(aP ) = {aP )} + {aP ) + {aP ) + {(aP ) (4.9)
TP T TP F ™ J TP § TP A :

where (aP ) , (aP ) , {(aP ) , and (AP ) 1is the pressure
TP F TP J TP S TP A
loss due to friction, junction, spacer, and acceleration,

respectively.

- 30 - -



I

"It consisted of two sections:

4y

5

—_ ) Chapter V
OBJECTIVE

4

The present experimental work was carried out in single-

phase (water) and two-phase ({air-water) horizontal flows.

-‘J:

The first section (Experiment A) of the work investigates
the effects of both the size and location of an obstruction
on the pressure loss in horizontal channel flow. The tests
vere performed on six different shapes of obstruction, each

one with two different flow blockage ratios (25% and 40%).

The second section  (Experiment B) of the work
investigates the influence of the §h§pe of the obstruction
upon the pressure loss in the bundle geometry. The tests
vere performed on two sets of bundles : the simulated
regular bundle used currently in the CANDU reactor, ?nd the
streamlined bundle which was modified according to the
streamlining concept. The total pressure lossiin a string

of bundles 1is separated into various components which are

compared between the two types of bhundles.

.
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Chapter VI -
EXPERIMENTAL SET-UP

In the present work, two experimental loops were 05édf
The effects of obstruction size and location on pressure
loss are being investigated with the loo§ set-up (Figure
6.1) at the University of Ottawa {hereafter will be called
Experiment A). The effect of obstruction shape on pressure
loss and the pressure loss comparison between the simulated
regular bundle - and the streamlined bundle are being
investigated with the loop set-up (Figure 6.2} at the Chalk
River Nuclear Laboratory (hereafter will be identified as .

Experiment B).

6.1 THE LCOP

The construction of thé flow loop was similar for both
Experiment A and Experiment B. Water and air were the
working fluids. Air was supplied by the compressor of the
central system. Both streams were adjusted manually with
gate valves. The flow rates of water and air were measured
‘with rotameters of different ranges. A Bourdon gage was
installed at the common outlet of the air rotameters. The
gauge pressﬁre readiﬁg 'was used for pressure >correction of

the rotameter reading. A gate valve was installed at the



exit of the test-3ection to control the pressure of the

system,

-

In the two-phase flow test, the fluids were mixed with a
mixer. The mixture was stabilized in a calming section

before entering the section in which the measurements were

carried out.

The differences between the two experimental loops are

the circulation of water, and the type of mixer used to mix

'the fluids.

6.1.1 Experiment A

ﬁéfer, which was circulated in an open loop, was supplied
from the building water supply line at 1.03 MPa (150 psia)
with maximum discharge rate of 0.002 m3/s (4.24 scfm). It
was led to the drainage .after passing through the test-

section. The ﬁi;er used was a honey~comb type.

6.1.2 Eerriment-g

The water was recirculated by a centrifugal pump with a
maximum flow rate of 1.84 kg/s (30 USGPM). The water and
air were mixed with an air sprayer with air injected into

the water stream in various directions. After passing

- through the test-section, the mixture was led to a reserveir

where the phases were separated. = The water was recirculated

in the system, and the air was exhausted to.the atmosphere.
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6.2 TEST-SECTION

6.2.1 Experiment A

The test section as shown in Figqure 6.3 consisted of two
0.0254-m ID, 2-m long Lucite tubes. A flange was used to
hold the 6bstructibn plate and to connect both sections. A
tbtal of 17 pressure taps were installed along the tést-

section for pressure measurement.

6.2.2 Exgerimeﬁt B

The test section as shown in Figure 6.4 consisted of a
0.0381-m:ID, 1.83-m long_Lucite tube., It was connected to
the loop with flanges for easy ;emoval so¢ that the bundles
could be adjusted or repiacedﬂ Twenty-three pressure taps
were installed aleng three 0.5-m long bundleé for pressure

measurement.

-

6.3 PRESSURE MEASUREMENT

_The static pressure variation along the test-section was
measured with Mériam 33KB35 well-type multitube manometers.
Through a 0.00635-m ID plastic tube_filied with water, the
static pfessure in the tes;-sectidn Qas applied to the
manometric fluid which was water for the single-phase test.
For tﬁe two-phase test, the manometric fluid was Meriam No.
J fluid (Acetylene Tetra-bromide, $.G. 2.95) 1in Experiment

A, and mercury (S.G. 13.6) in Experiment B. The other end
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of each manometer was connected to a tank which provided the
same reference pressure head. Toggle valves were installed
between the pressure taps and the manometers. They could be
closed simultaneously to hold the pressure readings for
recordingt

6.4 BY-PASS SYSTEM

~8

Air bubbles 'which affected the accuracy of the readings,
were often trapped in the plastic tubes especially during
the two-phase flow test. A by-pass line was connected to
each plastic tube between the pressure tap and the toggle
valve. The by;éass lines, which were controlled by another
set of toggle valves, were used to drain the air bubbles

+

" from the plastic tubes,

6.5 OBSTRUCTIONS

6.5.1 Experiment A

Six different shapes of obstruction plates are shown in
Figure 6.5, with two blockage area ratios (25% and 40%).
The obstructions are :

1. the central obstruction - a éircular blockage which
is supported by three steel rods". It obstructs the

center part of the flow area.

“The blockage area includes the obstructed area by the steel
reds.,
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2. the peripheral obstruction - a blockage which
obstructs the circumference of the flow area.

3. the horizontal obstruction - a  horizontal strip
obstructing the center part of the flow area.

4. the vertical obstruction - the same blockage as in
{3) but placed vertically.

5. the bottom obstruction - a circular segment located
at the bottom of the flow area.

6. the top obstruction - the same obstructiqn as in (5)

but placed at the top of the flow area.

6.5.2 Experiment B

Two sets of 4-rod bundles were constructed. One of them
simulated the regular bundle, whereas the other simulated

the modified bundle.

6.5.2.1 The Simulated Regular Bundle

The bundle_ was composed of four stainless steel tubes
with two end-plugs (one at each end), one central rod, two
" end-plates, sixteen spacers, and twelve bearing pads (Figdﬁe
6.6). The rods, end-plugs, spacers, and beéring pads had the
same dimensions as those in the 37-element bundle. The
central rod, which was used to provide the bundle with the
same hydraulic diameter as a 37-element bundle, hgd the same

length as the rods. The shape of the end-plate was circular
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with a rectangular cross-sectional area, which gave a flat

surface facing the flow direction.

6.5.2.2 The Modified Bundle

* The components of the modified bundle were tﬁe saﬁe as
those in the simulated regular bundle (Figure 6.7). The
.eﬁd-plug was hemispherical in shape with the same diameter
as the rod, To keep the overall length uniform, the rods
were shortened by about 1 cm to adjust for the increased
size of the end-plugs. These changes were also applied to
the central red. The end-plate which had the same mean-
diameter as tﬁe one ‘in the regular bundle, is shown in
Figure 6.8. It had a circular cross-sectional shape which
provided a smooth entrance and exit to the flow. The spacer
and bearing pad of the modified bundle had the same size as
those in the simulated reqular bundle. However, the edges of
the spacer and bearing pad had been smoothened and rounded

(Figure 6.9).
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Chapter VI1I

EXPERIMENTAL PROCEDURE

7.1 OBSTRUCTION SETTING

7.1.1 Experiment A

An obstruction plate was inserted between two flanges

which were tightened with three screws.

7.1.2 Experiment B

The simulated regular bundles were aligned in the test-
section. A small pin was inserted 1into two small holes on
the adjacent end-plates to keep a fixed relative position

—

between bundles.

7.2 SINGLE-PHASE FLOW TEST

Water was circulated at the marimum rate. The toggle
valves were opened. After a steady manometric fluid level
had been réached, the valves were closed simultaneously. 1If
air bubbles were found trapped in the plastic tubes, they
would be removed through the by-pass lines, and the test
would be repeated until no more bubbles were detected. The
heights of the manometric fluid in each manometer were

recorded.




7.2.1 Experiment A

The procedure was performed on each of the twelve

obstruction plates at a constant water flow rate of 0.3

kg/s.

7.2.2 Experiment B -

The procedure was performed on the simulated regular
bundles (05, 22.5" and 45.0° misalignments), and the
streamlined bundles (0°, 22.5° and 45.0° misalignments) at

variocus water flow rates as presented in Table 7.1.

7.3 TWO-PHASE FLOW TEST

Before performing the two-phase flow test, the manometric
fluid was replaced, and the reference tank was filled with
water. The air in the . pressure measuring system was

drained.

Air was introduced to the system before the water to
prevent the water from flowing 1into the air system. The
water flow rate was adjgfted to the desired value and the
air flow rate was adjusted to the maximum pre-set value.-
The toggle valves were opened. When the steady level‘of the
manometric fluid was reached, ‘the valves were closed
simultaneously." After trapped air bubbles in the plastic

tubes had been removed, the procedure was repeated. The

s



-

heights of manometric fluid were recorded. The test was

also performed for several lower air flow rates.

7.3.1 Experiment A

The procedure was performed on various obstruction plates

with the water and air flow rates as presented in Table 7.2.

7.3.2 Experiment B

The same test was performed on theAsimulated regular
bundles (0°, 2_2.'5° and 45.0° misalignments) and the
streamlined bundles (0°, 22.5° and 45.0° misalignments) at
the ranges of water and air flow rates as shown in Table

7.3.
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Chapter VIII
RESULTS AND DISCUSSION

8.1 EXPERIMENT A

The effects of size and location of the obstruction are
being investigated in Experiment A. Local pressures in 17
axial positions along the test-section are calculated based
on the heights of manometric fluid. Pressure distribution
curves are drawn with the local pressure readings as a
function of the axial distance. Frictional pressure losses
and local préssure losses are evaluated from the pressure

distribution curve.

8.1.1 Single-phase Flow

The frictional pressure loss is expressed in terms of the
friction factor, while the local pressure loss is expressed

in terms of the loss coefficient.

8.1.1.1 Pressure Distribution

The pressure variation along the test-section can be

divided into five separate regions. This is illustrated in

Figure 8.1 for the 40% peripheral obstruction plates. The

-
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flow in Region I and V is the undisturbed channelfflow which-
is ﬁnly affected b} the friction between the flow and the
channel wall. An 1increase of the static pressure, which is
caused by the stagnation effect of the flow obstruction, is
-shown in Region 1II. The conversion of pressure energy to
the mean kinetic energy of - the flow and the turbulent
kinetic energy due to the obstruction, occurs in Region III,
A significant pressure drop occurs in this region. Part of
the energy 1is recovered after the obstruction as the
velocity decreases. The remaining energy is dissipated as.
heat (Region IV). The length of regeneration, which is the
required distance for flow recovery, takes about five pipe

diameters in the single-phase flow.

B.1.1.2 Friction Pressure Loss

The friction pressure loss results 1in a gradual decrease
of static pressure in the non-obstructed channel. It is

expressed as a function of the friction factor

To(8.1)

f = (aPp D /L)/(p v2/2)

F e 11
in Table 8.1. The friction factor is affected by
experimental errors and channel parameter variation (channel
diameter, velocity, etc.). The average of the upstream and
downstreéam friction factors is calculated. The standard
deviation for the friction factor as shown in Table 8.1 is
'0.0006.
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Several estimated values for channels assumed to behave
as smooth pipes are also presented for comparison. The
experimental results are larger than the predicted values.
This indicates that the channel cannot be considered as a
smooth one. By using the Colebrook equation, the relative

reughness of the channel is, found to be 0.00128.

8§.1.1.3 Local Pressure Loss

The local pressure loss caused by the obstruction? -as
4 L3
indicated in Figure 8.1, 1is the net energy-loss through the
k-4
blockage. It is expressed as the loss coefficient which is

[

written as

2
K =aP /lpv /2) \f\ (8.2)
. Ob Ob 11 : _ _

-

and is shown in Table 8.2. 7 The blockage size has a strong
influence on pressure loss.’ More pressure energy is lost
for a larger blockage when comparing thg\saﬁe obstruction of
different sizes. The central type obééructions (both the
central and the central segment obstructions) cause the
largest amount of loss, wvhile the peripheral obstruction
generates the least. This is probably due to the blocking
of. the high velocity flow by the cent;al obstructign while
the low velocity flow 1is blocked by the pefipheral
on, the blockage area

A

area of the

obstruction. For the central obstry€ti

is calculated including the flow obstructed

_43_




2o,

support rods. The horizontal and vertical segments,
respectively the top and bottom segments should give the
same pressure loss. The difference is due to experimental

inaccuracy. An average value is taken for the respective
‘=

.

obstructions.

B.1.2 Two-phase Flow

The two-phase pressure losses caused by various
obstructiqn plates are obtained for the range of air flow
rates as shown 1in Table 7.2, The pressure losses are
expreésed as two-phase multipliers and plotted against the

flow quality.

8.1.2.1 Pressure Distribution

The pressure variation along the axial distance in twvo-
phase flow is similar io the one in singie-phase flow. AsS
indicated in Figure 8.2,. the static pressure in the test-
séctién is much larger. The Eive regions are also
identified in the distribution curve for two-phase flow.
The pressure loss in-Région I and V is ffiétional loss. The
stagnation effect from the obstruction is observed in Region
II. A much larger local less occurs in Region ;Ii and the
flow takes a longer distance to recover than in the single-

phase fiow (Region IV).
2



8.1.2.2 Two-phase Frictional Pressure loss

The frictional preésure less in two-phase flow is larger.
than the one in single-phase flow. It is expressed in terms
of the two-phase multiplier

2 .
(g ) = (aP /aP ) T (8.3)
LO F TP LO F .

2
which is shogn in Figure 8;3 thréugh Figure 8.6 forl the
flows upstream and downstream of the obstruction. The two-
phase multipliers increase with the quality. The upstream
two-phase multipliers.are identical for various oystructioh
plates. | The downstream éworphase multipliers are larger
than the upstfeam ones and different for various obstruction
plates. The difference 1is caused by the density and void

distributiqn variation due to the obstruction.

Some  two-phase frictional multiplier correlations are
also presented in Figure 8.3 to Figure 8.6. The homogéngous‘
two-pﬁasg theory (with the viscosity term}) and the Beattie
‘correlation have shown good agreement.with the experimental
results in the low quality flow. However, they tend to
underestimate the results ‘as the _guality riées. The
.Lockﬁart & Martinelli prediction is valid for 1low gualitx
flow but ‘it‘giﬁes larger values than the obtained results
. fpr high quality‘flou. The Chisholm correlétion éives a

reasonable estimation in high quality, but predicts larger
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values .than the experimental results at low Quality. When
comparing the two-phase homogeneous multipliers (with and
without the viscosity term), the viscosity difference of the

phases has a significant influence on the prediction.

8.1.2.3 Two-phase Local Pressure Loss

The two-phase local pressure loss is affected not only by
the size and location of the obstruction,' but also by the
distribution of the phases. The pressure losses for various
obstructions are shown in Figure B.7 anleigure 8.8. They
&ncrease with increasing gquality. The pressure loss is much
higher for the 405 blockége than for the 25% one. Cn
compéring ﬁhe pressure 1losses cgused by the obstruction in
different locations, the bottom segment obstruction causes

.the largest pressure loss, while the top segment obstruction
‘causes the least. Since the bottom segment obstruction
‘interferes mainly with the liquid phase'(whiﬁh moves in the
bottomhpart of the channel due to the flow stratification
effect), and the top segmenﬁ obstruction interferes mainly
vith the gas phase, one might conclude that les;:pressure is
lost for the blockagé that obstructs the gasecus phase,
This effect can also be observed from the pressure loss
difference between the vertical segment and the horizontal
segment“oéstructions. More pressure"is lost for the
vertical segment obséruction because it blocks the liquid

phase more than the horizontal segment obstruction. Despite
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the.fac; that the peripheral obstruction causes. the least
pressure loss in the single-phase 'flow, it causes a
sighificant pressure loss iﬂ two-phase flow. This is on
account of the effect of flow distribution., Within the
experimental range, it appears thag the flow pattern is

annular according to the Dukler flow transition map (Figure

4.2). The liquid phase which travels along , the
circumference of the chanfiel, is blocked by the peripheral
obstruction; thus, mor enérgy is lost. The central

obstruction. that causes the largest pressufe loss in the
single-phase flow does not produce a large loss in the two-
phase flow because it interferes mainly with the high-

"velocity gaseous phase.

.The two-phase multiplier for the obstruction is affected

by both the single-phase and two-phase pressure losses. It

is defined as —
2 ! -,
(g ) = (aP /aP ) . . (8.4}
LO Ob TP LO Ob
and is shown in Figqure 8.9 and Figure 8.10, The bottom

segment obstruction and the peripheral obstruction have
larger tvo-phase‘multipliers because of the larger two-phase
pressure loss for the former obstruction and the least
single-phase pressure 1loss for . the l;tter "one. The top
segment obstruction causes the least two-phase préssure'loss-

among all and has the smallest two-phase multiplier. .
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The two-phase multiplier from the experimental results
are compared with values pfovidedlby some correlations. The
comparisons are shown in the Figure B.9 and Figure 8.10. 1In
general, the . two-phase multiplier values from the
homogeneous theory (with the viscosity term) and from the
Chisholm correlation . for the thin plate have ,(better
agreement with the ‘experimental results: than the other
presented correlationg. However, _in view of the large
'variation.of the two-phase multipliers with the size and the
location of the obstructipn, the correlations do not predict
the two-phase multiplier values correctly for wvariocus

obstructions.

8.2 EXPERIMENT B ' : . - 3

The effect of the obstruction shape on pressure loss is
investigated.in Experiment B. fhg local pressﬁre readings .
along two sets of bundles are obtained. They are plotted
against the axial distance te provide the pressure
distribution curve from which the pressure? losses are

eyaluated.

‘8.2.1 Single-phase Plow

The single-phase-flow tests are performed with a range of
water flow rates as shown in Table 7.1. The frictional
pressure loss is expressed as both.the loss-cqefficient'and



N\

the friction factor. The local pressure losses are

expressed in terms of loss coefficients,

8.2.1.1 Pressure Variation

When the flow travels along the bundle, the stétic
pressure decreases gradually because of friction, and
sharply in the vicinity of local disturbance. An example of
the pressure distribution for the aligned regular bundles is
illustrated in Figure B.11. The locations of various planes
are indicated with dotted lines. The frictional pressure
loss appears to be upiform,_,sﬁnce the roughness is the same
throughout the bundle section, Local pressure loss exists
because of the flow iﬁterference with the obstruction, The
junction pressure loss is much larger than the’ spacer
pressure loss. This is causea by the larger blockage area

.and the discontinuity of the rods 1in the junctioh plane.
Along the string of bundles, the respective losses for

junctions and spacers at various locations are close.

L]

The trend of pressure wvariation for various bundle
settings of the regular bundle and the streamlined bundle
corresponds closely (Figure 8.11). However, the magnitude
of the local loss vaFies for different arréngements‘ The
differences in losses are shown in termé of head loss
coefficients as a function of Reynolds numbers in, Figure

-~

B.12 to Figure 8.15.

——
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8.2.1.2 Skin Friction Pressure Loss

The frictional pressure loss is identical for both types
of bundles in various misalignments because tﬁe rods in each
bundle have about the same roughness. The frictional
pressure loss is expressed as the friction loss coefficient

which is defined as .
2 ’
K = a2 /{pv /2) ' (8.5)
F F 11 )

and is shown in Figure 8.12. The loss coefficient decreases
with increasing Reynolds numbers for the lower range, but

becomes constant at large Reynolds numbers.

The frictional pressure loss 1is also expressed as the

friction factor

2 .
f = (aP D /L)/(p v /2) _ . (8.6)
7 F e 11

which is presented in Figure 8.13 albné with somq'
,correlations. Within the experimental range, the friction
factors obtaéned from Blasius eguation for smooth tubes, and
those obtained from the Cplebrdok equation (with
€/D =0.0002) are very close. However, these equations tend
to underestimate the present experimental results.

Predictions proposed by Malak et al. and Rehme for the

bundle geometry have shown a closer agreement with the



present results. This indicates that the channel geometry
does have a significant influence on the friction factor.
By using the Colebrook eguation, the relative roughness is

found to be 0.00076.

8.2.1.3 Junction Pressure' Loss

The junction pressure loss is presented by the junction
loss coefficient for various bundle arrangements. The
junction loss coefficient is written as

A

2
K = aP /(p v /2) (8.7)
J J 11
and is shown in Figure B8.14. For the regular bundle, the

junction loss coefficients are not affected by the Reynolds
number. The misalignment of bundles ha%s a strong influence
on the pressure loss. The Jjunction loss coefficient rises
with an increase in misalignment angle. This is Eaused by
the additional blockage from the exposed rods that increases
the turbulence level in the subchannel flow. . However, the
rate of increment is slower when going from 22.5° to:45.0°"

of misalignment than from 0° to 22.5°,

The junction loss coefficients for the streamlined bundle
vary with Reynclds numbers, but are not significantly
affected by the change in bundle rotation. The reason is
that the direction of flow ~changes so. gradually that

turbulence is substantially reduced.

h ’ - 5 1 -



As the flow passes through the obstruction, pressure and
friction drags uéually occur, The pressure drag is the
force resulting from the pressure difference and tends to
move the body with the flow. The friction drag is the
surface resistance between the fluid and the bedy. These
drags can occur either separately or combined on the body.
The dependency of these drags on the Reynolds number can be
easily observed as the fluid flows across a thin flat plate
in various directions. When the plate is held perpendicular
. to the flow, the pressure drag can be significant, while the
friction drag is negligibly small. The drag coefficient,
which is generaily adopted to express the drag force, does
not depend considerably on the Reynolds number for large
Reynolds number turbulent flow. On the other hand, the
friction draé has 'stronger tnfluence as the fluid flows
parallel to the‘thin plate. The friction drag coefficient,
unlike ;he pressure drag, has a strong dependence on the
Reynolds number. This seems to explain the dependence of
the juﬁction head loss coefficient on the Reynolds number
for the streamlineé bundle as opposed to the regulgr bundle,
which exhibits a constant junction loss coefficient‘for the

investigated range.

8.2.1.4 Spacer Pressure Loss

The spacer pressure loss is presented by the spacer loss
coefficient for both types of bundles. The spacer loss
coefficient is defined as
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K =aP /(p v2/2) (8.8)
S Ss- 11

and is shown in Figqure B.lé. It is slightly affected by the
Reynolds number. The small loss coefficient corresponds to
the high Reynolds number. The loss ccoefficient for the
regular bundle is larger than that for thét streamlined
bundle. This indicates that the pressure recovery can be
improved with a minor modification to the shape of the
blockage, From the obtained results, the loss coefficients
for both types of bundles are slightly affected by the
bundle tofation. One possible explanation would be that the

spacers are located within the eddy zone created by the

junction of the misaligned bundles.

8.2.1.5 Total Pressure Loss

The total pressure loss is expressed in terms of the loss

coefficient which is defined as

2

K =aP /(pv /2) ' — (8.9)
T T 1

1
e

and is shown in Figure 8.16. The loss coefficient decreases
‘as the flow rate increases. /A large part of the total
pressure 1loss is contributed by the frictional component

wvhich is approximately 50% of the total pressure loss for
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the - 45.0° misaligned regqular bundle and 75% for the
streamlined bundle. The second dominant factor is the
junction pressure loss which induces the dependence of the
total pressure loss upon the misélignﬁent of the bundles,
The modified shapes in the junction plane have improved the
pressure recovery up to about 33% (on comparing the
streamlined bundle and the 45.0° misaligned regular bundle)
at larger Reynolds numbers. Though improvement has been
shown for the spacer pressure loss of the s£reamlin§g~shape,
it diqL not significantly affect the total pressgre loss.
This is because the spacer pressure loss is only about 5% of
the overali pressure 1055;

-

8.2.2 Two-Phase Flow

" Two-phase flow tests are perfdrmed on each set of bundles
at the ranges of water and air flow rates as shown 'in Table

7.3.. The two-phase ﬁre&sure losses are pbtained from the

pressure distribution curve. Two-phase multipliers for the

experimental results are presented. with some existing-
carrelations.

{

B.z2.2.1 Pressure Distribution

The trend of pressure distribution in two-phase flow is
similar to that in single-phase\ flow, but the mégnitude of

ghe_individual lbss, is much larger.ih two-phase flow. Qn



- example of the two-phase pressure distribution for the
aligned regular bundle is shown in Figure 8.17.  'The
pressure is lost gradually because of friction; however, the
rates of dissipation are not identical in various sections.
This is probably caused by the acceleration effect and the
- change of the flow distribution due to the presence of the
flow obstfuction. fhe acceleration pressure loss effect is
eliminated by wusing thé”separated flow model with the
estimated void fraction from the Armand—Messina_correiation‘
[70]. The resulting friction pressure loss is illustrated
in Figure 8.18. Since there is n6 phase change occurr}ng in
the Channel, the "acceleration pressure loss does not
signifiéantly affect the total pressure loss. The
comparison shows that it 1is less than 3% of the total
pressure loss. Thus, the increase of the pressure loss
gradient is mainly ﬁaused by the <change of the flow
distribution due to ‘the obstruction effect in the junctien
region. . TQ; mean friétional'pressufe loss fo; the last two

bundles is calculated.

.

The local losses due to the junction and spacer are also
indicated in the figure. As 1in the single-phase floﬁ, the
-junctfon pressure loss is larger than the spacer loss. Along

the string of bundles, the respective losses in the junction

x

*The Armand-Messina correlation is defined as

Jlxp )y (8.10) -
g 1 '

]

o = (0.833+0.167x)/(1+(1-x)p
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| and spacer planes are slightly different, probably because

of changing density and wvoid distribution. The spacer
pressure loss in the first bundle is not considered because

it is located in the entrance regicn.

The two-phase pressure variation for the aligned
streamlined bundle is shown in Figure 8.19. The comparison
made with the regular bundle indicates that the two-phase
frictional pressure loss 1is identical for " both types gf
bundles, but less pressure loss occurs ip the spacer aﬁd

junction areas.

8.2.2.2 Two-Phase Frictional Pressure Loss

The frictional pressure loss increases with increasing

quality and water flow rate, and it is not affected by the

bundle misalignment, The average two-phase frictional

pressure loss of the last two bundles is calculated and is
illustrated in Figures 8.20, 8.21, and B8.22 for various

water flow rates.

The frictional pressure loss is expressed in terms of the

~two-phase multiplier

2
(8 )} = (aP /aP ) (8.11) -
LO F TP LOF

- The éyo-phase multiplier is shown in Figures 8.23 to 8.25 as

a function of flow qualityt It depends on the flow quality,

-
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but it is not affected by misalignment. One could conclude
that the misalignment does not considerably affect the

interfacial shear stress,

-*

A few two-phase frictional multiplier correlations are
also shown in the.same figures for comparison. For various
water flow rates, the cbrrelations proposed by Beattie ang
Chisholm & Sutherland show - good agreement with the
experimental results. Other correlations presented tend to
underestimate the two-phase multiplier especially in the

"high quality flow.

8.2.2.3 Two-Phase Junction Pressure LoSs

The two-phase pressure loss in the first junction plane
for a constant water flow rate of 1.25-kg/s 1is shown in
_Figure 8.26. It increases with increasing air flow rate.
Similar to the single-phase junction pressure loss, the
bundle misalignment affects the pressure loss for the
regular bundle more than the ohe for the streamlined bundle.
The regular bundle with 45.0° misalignment causes the
largeét pressure loss. The streamlined andle produces the
iowest pressure loss, and its ju éfgg;\pressure loss is not
affected by the bundle rotation. The pressure loss in the
'second junction plane for the same water flow rate is shown
in Figure B8.27. The pressure losses in both junction planes

are reasonably close. The small deviation of pressure loss

’



is probably caused by the change in the void'distributiqn

and the experimeﬁtal ihaccuracy. For different water flow
rates, the average values are calculated and shown in
| Figures B.28 to B.30. The junction pressure loss increases
with increasing water flow rate. The 45.0° misaligned -
regular bundle produces the largest préssure loss. The
streamlined bundle has a better pressure recovery than the
regular bundle. .

A ]

The junction pressure 1loss is also expressed as a two-
phase multipler, which 1is the ratio of the two-phase
junction pressure loss to the single-phase junction pressure

loss. It is written as

(@ ) = (aP /aP ) . . (8.12)
LO J . TP LO J

and is shown in Figures 8.31 to 8.33 for various water flow
rates. .The misaligned regular bundle has the lowest two-
phase multiplier. {his 1is explained by the large pressure
érop which takes place in the single-phase flow. ~ The
streamlined bundle is not significéntly affected by the
bundle rotation. It has the largest two-phase multiplier
because . the ratio of the two-phase pressure lbs§és for
various bundle arrangements is smaller than ;hat of the
single-phase; i.e., '

(AP ) /(&P ) . < {(aP ) /{ap ) ©(8.13)
TP. Reg. TP Str. . LO Reg. LO Str.

Fl

b}

- 58’_



The juﬁction two-phase multiplier obtained from the
experiment is comparéa with some correlations in the same
figures. Since it varies for different bundle arrangements °
and streamlining, none of the correlations is capable of
predic;iné reasonable vaiues for the various multipliers.
bn the whole, the orifice correlation proposed by Beattie is
the best for estimating the multiplier for the aligned
regular bundle and has the least error for predicting the
other bundle settings. The homogeneou§ two-phase
multiplier, on the other hand, 1is acceptable for predicting

the results for.the streamlined bundle.

8.2:2.4 Two-Phase Spacer Pressure Loss

The two-phéée pressure loss in the second spacer ‘plane’
is shown in Figure 8.34. Though the results are quite

-~

scattered, the streamlinéd bundle still shows a better
. pressure récovery than the regular bundle. This indicates

that less pressure. is  lost by' simply | roundinsg\%nd
smoothening the edges. The bundle misalignment does-&ft
affect the pressure loss through the spacers for any of the
bundle arrangements. The two-phase pressure loss in the
third spacer plane is shown in Fiqure 8.35. The results are

similar to those 'in~the second spacer plane. ' The mean

values for the spacer pressure losses in a string of bundles

*As mentioned before, the spacer pressure loss in the first
bundle is not being considered because of the influence from
the entrance flow. ‘ ,
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are shown ih'Figures 8.36 to 8.38 for various- water flow
rates. Like the junction pressure losé, the spacer pressure
loss 1is affected by both the water and air mass flows,
Throughouf the 1investigated range, the streamlined shape
) prdﬁglés 2 greater recovery of éressure energy.

The two—ﬁhase spacer pressure loss 1is expressed as the
two-phase spacer multiplier,which is defined as

b2 .

(g ) = {ap /aP ) . : (8.14)

. LO § TP LC § - :
The two;phase spacer multiplier is presented in Figures g.39
to B.41. It increases with increasing flow guality and
appears.to .be independent of the misalignment. The two-
-phasé multipliers are very:close ‘for both streamlined and
regular bundles. The scattered results between fiqw

qualities of 0.5% and 1.0% may be caused by the flow

transition. -

The same correlitiéns used with the. junction two-phase
multipliers are also shown for comparison. gyr various
water flow rates, the values from the homogeneous flow
correlation (with the viscosity term) are clocse to thé
experimental results. The Beattie .spacer correlation
generally ov;r—estimahes ‘the results, | but. it éives close
predictions in the transition‘fegion. However, this may be

merely a coincidence. The Beattie orifice correlation tends

to under-estimate the results.
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8.2.2.5 Two-Phase Total Pressure Loss

o
-

The tﬁo-phase total pressure loss is the summation of all

the losses. It is illustrated in Figure§_8.42 to 8.44 for

various water flow rates.. The pressure loss .increases with
incréasipg quality. For the reéular bundle, the pressure
loss is larger than that for the streamlined bundle. It. is
affected by the bundle rotation. The 45.0° misaligned

regular bundle has the largest loss among -the investigated
bundle arrangements. The pressure loss for thé streamlined
bundle 1is not affected by the misalignment, " and it is
slightly lower than the loss for the aligned reguiar bundle.
Variation of the water flow rate also affects the pressure
loss. For the same flow quality, more. pressure loss results

for a higher water flow rate, ~

The total two-phase pressure loss 1is presented using the

Jtwo-phase total multiplier which 'is defined as

, | _ i
(@ ) = (aP /aPp ) : (e.@sr
LO T TP LT . L@

The total two-phase multipliers are illustrated in Fiéures

8.45 to 8.47. The larger wvalues of the ‘twgrphase
multipliefs for streamlined bundles are due to the larger
;atiO» of regular bundle losses to streamlined losses -in

single-phase flow, No comparlson has been made .with any

vcorrelétlésk 'since there 1s not any published 1nformat10n,

regardlw the total pressure loss in nuclear fuel bundles. \

r
1
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Chapter IX
SUMMARY OF RESULTS

9.1. EXPERIMENT A
3

The pressure loss through various obstruction sizes,

. locations, and shapes were investigated for - horizontal

—

single-phase and ﬁwo—phase flows. The results are

as follows:

.1.1 Single-phase Flow

The friction factor obtained for the channel was 0.0319
with a standard deviation of 0.0006. The relative roughness

of the channel was found to be 0.00128 by wusing the

“
v

Célebrook.eqpation.

The local pressure loss depends strong}y on the size and
Ehe lgcation of the obstruction. More.pressure enerqgy was
lost for the‘40% blockage than that for the 25%. Among
various obstructions, the highest pressure losses were
observed f;:igaﬁ‘ceﬁtral type obstructions probably due to
théir obstruction . Qf the highest ’velocityﬂfluid. 6;‘the
other hand, thé péripheral obsfruction, which interfered
only with the slow moving flow along the wally ~ showed a

lower pressure loss.

*
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IN/Fhe.modified regular bundle (streamlined,bundle) have been

9.1.2 Two-phase Flow

The frictional pressure loss "increased with increésing
qualities. . éor various obstructions, the upstream
frictional pressure 1losses are slightly different from the
‘downstream ones. The variatfon wgﬁ _probably caused by the

change in the void distribution in the downstream region due

to the bifﬁiage.

The local pressure loss was also affected by the air flow
rate: In addition, . the flo; distribution_élso played an
igportant role. The pressure loss, as in-single-phasevflou,
was'.higher for a lagger blockage. The bottom segmeﬁt
obstruction had the largest loss because 1it. blocked the
liquid phase which travelled along the bottom portion of the

channel due to.the stratification effect. ‘Similarly, the

iE;p eral obstruction ‘produced a larger loss probably

because it interfered with the 1liquid hase along the

. . L
circumference of the <channel as a result of the flow
‘distribution. ¥

re :
9.2  EXPERIMENT B

The pressure losses for the simulated regular bundle and

investigated. The tota%h loss was: séparated into the
. 0 v . ’ ,.- \\ h
sfrictional loss, the¢ jUHCﬁiRQ loess, and the spacer léss.
-Among the losses, . the Eri\sgonal loss was the major
- 63 -
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contributing factor whereas the spacer loss was the minor

one. The results are summarized as follows:

g.2.1 Single-Phase Flow

For both types of bundles, the frictional pressure losses
were identical and.not affected byr the chaﬁge of the bundle
arrangement. The relative. roughnegs was obtained to be
0.00076 by using the Colebrook eguation. The Jjunction

pressure loss and the spacer pressure loss were larger for

‘the reqgular bundles. The change of the bundle setting

influenced . the junction pressure loss (more pressure was
lost as the misalignment increases) for the regular bundle
only. The spacer pressure loss was slightly affected by the
bundle misalignment. The total pressure loss was the
summation of all these losses. A large part of it was
contributed by the frictional component. The streamlined

bquies produced less pressure loss than the regular

bundles.

9.2.2 Two—-Phase Flow 1

Similar to the single-phaée flow, Ythe streamlined bundle
generally caused less pressure loss than the regular bundle.
For various bundle arrangements, the two-phase frictional

pressure losses were identical. The two-phase Jjunction

pressure loss was larger for the misaligned regular bundle.
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Despite- the fact that the streamlined bundle produced: a
smaller pressure loss, it had a larger two-phase junction
multiplier. This was caused by the difference between the
single-phase and two-phase pressure loss ratios. The two-
phase spacer pressure 1loss was smaller for the streamlined
bundle. The bundle misalignment had no significant effect
on the spacer losé in any of the bundle settings. The two-
phase total pressure loss, which was the summation of the
losses, was affected by the bundle misalignment because of

the effect of the junction pressure loss'.

-

The results have been compared with scme existing
correlations. In general, the homogeneous flow equation and
the correlations suggested by Beattie agreed reasonably well

with the present experimental data.
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Chapter X

CONCLUSION

According to the present 1investigation, it is conciuded
that the local pressure loss depends strongly on the size,
the location and the shape of the obstruction;'_ In additibn_
to these, the effect of the void distribution has to be
considered in the two-phase flow. Obstructions intercepting
-the heavy phase are associated with larger losses than those
intercepting the light phase. Theumodified bundle has shown
a better performance than the regular one as pressure losses
are reduced iq both juncticn and spacer areas; these losses

are independent of bundle misalignmenﬁ.

-~
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TABELE 7.1

“Water Flow Rates Tested in Experiment B

~

Water Flow Réte

{kg/s) , _ (USGPM)
0.46 7.5
0.61 ‘ 10.0
0.77 " 12,5
0.92 © - 15.0
1.07 17.5
1.23 20.0
1.38 _ ' 22.5
1.53 . 25.0
1.69 27.5

'1.84 _ " 30.0

TABLE 7.2

Water and Air Flow Rates Tested in Expgéjment A
D .

) Flow Rate (kg/s)
. Water Air

0.3 ‘ 0.014 -
: 0.022
0.032
0.053
. _ 0.064

QOO0
)

W Wil w



TABLE 7.3

//>F" Water And Air Flow Rates Tested in Experiment B

Flow Rate (kg/s)

Water Air
0.92 0.0085
: . 0.92 0.0108"
¢ g 0.92 0.0131
0.92 0.0159
. . 0.92 : 0.0182
h 0.92 N 0.0211
. 1.23 0.0018
1.23 ‘ 0.0031
e 1.23 . 0.0051
o 1.23 =~ : '0.0068
- ©1.23 0.0081
1.23 N 0.0120
1.23 0.0142
. 1.23 0.0171
1.53 0.0003
1.53 0.0005
1.53 . 0.0026
_ 1.53 . 0.0040
Vo . . 1.53 . _ 0.0057

1.53 0.0074

—
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TABLE 8.1

Friction Factor Comparison Between the Unobstructed Channel
and the Smooth Tube Equations

"Mean Experimental . Smooth Pipe
Friction Factor Blasius Nikuradse Moody
0.0319 0.0305 " 0.0304 0.0255
'TABLE 8.2

Loss Coefficients for Various Obstructions

Obstfruction Loss Coefficient
25% 40%
Central 0.81 2.40
Peripheral - 0.27 1.37
Horizontal ’ 0.86 2.59
Vertical 0.87 2.61
Bottom 0.59% 1.98
Top - 0.58 1.97

. ‘ -

b -
(4
’ »
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Light Water Steam
E3 Light Water Condentate
B3 Heavy Water Coolant

Heavy Water Moderator

Figure 2.1: Schematic Diagram of the Flaw Loop in the CANDU

reactor [2].

76

",

B R P

) ey . -

T TR e ot Ll e b e £,

e A el o o



"[z] uotridraosag aqny sianssaiag :z°z 9inbryg

= i
r N - Ly )

-—

///////////////////////////4ﬂ////A////////////////////M\,/ N

o — YT

e YT PV IO O PP R XX TR R XN e -

Lo et m = INYI00D HALVM AAVIHEDS:

B L T MR mm e e e il e e e e e b S ey ke e S S e e TR AR R AR R e e e e e S A e me o e s = .
e e e e e e e e e B b
B T I g g g e e e g g Wiy
T et o T T S MR e o e € W M e B E i e W T YR Mt o . S S = o e o A e = e A o e e oo
L T L M e T S e i e v mm e e e e v e e e o e
T M ST T e e e mm e e ik e e w0 e e e e b G b e e e W A ek e e T ot e e e e T
e e e T T T e T e e M e e e e e e e e e e e e e . e ek o e e L -
e e T T T e mm h em e e v e T et e o i e b e o T e e o e s e e o e = e e e e e e e e LT
T T ST LT MU TR M ke am e e e e e v e e e B B U e e o o e e A ——
e e e T T T e T T M e v e e R e e s b T . e o T T T T T T e e = -
T e e T e e e e T B e e e w an l e e 1 = e e s e e e e e e e e e . L LTI
e e T T L L L T e e e e e e T rE e e e e e e s er P e s Re ey — e T -
e T T M Lm Lm o T Rm T m mm ot e hm e e et e e e v v e p S8 m e e o e o B et e o o A S T T
T o T T N L ML TT TT TR MY mm e e mm e e i e e s e e e e e e e Sk e o o e e e e e A e e ——— - -
AR e e e ek et rw v BN e e v s e A e ry e - = o= S o= Lt A
e e LT T T e e e m R M e e o e e e e e e e e e A e R T
T ST M ks v G Em A e re W SR W s v Bm W e i e e vy o e e e e g . P o LA e e e e o
ST TI T RS e e EE s e e e e e e S S oy v T RT PN e S e T B o " —
e e T T e M e T T T S M e mm s s e o e e o e e T M L et o e o e e WA A e e e e o o o o e o
L e v R e s o mh L e ey — B P A A -
BAL e w am e mm  o Sh ek e e v £ e G S A o
e kb - — A G
. e et e e o o - N A e e w8 iy o a w t—
D o =y
e = =



MIP&WE'.
AT N
777K
A>T} «A

)

N
NG NZ/

OV

IND VIEW

3 DRCALOY #MD SUrFrORT HATR

4 ULAME DO EIDE PILLTTS

3 NTEE TLEMINT SPACERS

& ratssunt TRl

JIRCALOY SLATWG PADS
THCALOY PUTL SHTATH

The 37-element Regular Bundle of the CANDU reactor [2].

Figure 2.3

- 78 -



KLOC.

LOSS COEFFICIENT

'Figure 3.1:

0.

0.

0.

ed

4

3

2

-1

1.0 2.0 3.0 4.0 5.
BEND RADIUS TO DIAMETER RATIO

Relation Between Bend Loss Coefficient and
the Bend Radius to Diameter Ratio {11].

_79_



0.5

0.4

:KLOG.

0.3

e

L

L0OSS COEFFICIENT
(]
¥

0.1 0.2 0.3 0.4 0.5 0.6 0.7 _o'.a 0.9 1.
DIAMETER RATIO (D,/D,)

Figure 3.2: ‘Loss;Coefficient for Sudden Contraction
_ as a Function of the Diameter Ratio [11].

_80_



OF DIFFERENTIAL HEAD LOST

yA

Figure 3.3:

4

100 -0~

90.

80.

70.

60.

50.

40.

30.

20.

10.

0

-~

0.1 0.2 913 0.4 0.5 0.6 0.7 0.8 0.9 |
OIAMETER RATIO (D,/D,)

Percentage of Differential Head Lost for Various
Orifice Diameter to Pipe Diameter Ratio [13]..

_81-.

.0

JE-JEOPE

Y -



Figure 3.4: Two-dimensional Flow Around Various Objects [14].
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Figure 4.1: Horizontal Flow Patterns [27].

_86_



-_—— = MANDHANE ET AL. v
DUKLER i
DISPERSED

_ " BUBBLE

10
>~
- ok _
o
O
—J
. ELONGATED

" [ BUBBLE |

-]
=~ = | B
O \\‘ ANNULAR
m . DISPERSED
o \ LIQUID
a 0.1 L
D
¥
z STRATIFIED
© SMOOTH

0.01

] 1 | N ] |
0.1 1.0 10.0 100.0

LIQUID SUPERFICIAL VELOCITY

Figure 4.2: Comparison Between Flow Pattern Maps Obtained
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Figure 6.1: Schematic Diagram of the Loop in Experiment A. .
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Figure 6.9: Modification of Spacer Design.
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Figure 8.1: Single-phase Pressure Variation

for the 40% Peripheral Obstruction.
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" Pigure 8.2: Two-phase Pressure Variation
for the 40% Peripheral.Obstruction.
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Figure B8.20: Two-phase Frictional Pressure Losses for Various
Bundles with a 2760 kg/m?s Liquid Mass Flux.
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Figure 8.21: Two-phase Frictional Pressure Losses.for Various
Bundles with a 2210 kg/m?s Liguid Mass Flux,

- 116 -



90."-

80.

70.

(kPa/m)

60.

50.

40.

30.

20.

10.

TWO-PHASE PRESSURE DROP APrricrion

0 ALI. REGULAR

"(® 22.5 REGULAR

4 45.0 REGULAR

+ ALI. STREAMLINED

X +22.5 STREAMLINED & A
(u]

© 45.0 STREAMLINED ¥

X

T T T T

1.2 1.4 1.6 1.8 - 2.0
QUALITY (%)

Figure B8.22: Two-phase Frictional Pressure Losses for Various
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Figure B8.26: Two-phase Pressure Losses in the First Junction
of the Bundles with a 2210 kg/m2s Ligquid Mass Flux.
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F1gure 8.27: Two-phase Pressure Losses in the Second Junction
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Figure 8.30: Two-phase Average Junction Pressure Losses for
the Bundles with a 1660 kg/m?s Liquid Mass Flux.
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Figure 8.35: Two-phase Pressure Losses in the Third Spacer Plane
of the Bundles with a 2210 kg/m?s Liguid Mass Flux.
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Figure 8.36: Two-phase Average Spacer Pressure Losses for

the Bundles with a 2760 kg/m?s Liquid Mass Flux.
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Figure 8.37: Two-phase Average Spacer Pressure Losses for
the Bundles with a 2210 kg/m?s Liquid Mass Flux.
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Figure 8.38: Two-phase Average Spaéef Pressure Losses for
the Bundles with a 1660 kg/m?s Liquid Mass Flux.
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Figure B8.39: Two-phase Spacer Hultgplfers for the Bundles

with a 2760 kg/m2s Liquid Mass Flux. -
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Figure 8.40: Two-phase Spacer Mult1pl1ers for the Bundles

with a 2210 kg/m2s Liquid Mass Flux.
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Flgure B 41: Two-phase Spacer Mult1p11ers for the Bundles

with a 1660 kg/m?s Liquid Mass Flux.
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Figure 8.42: Total Two-phase Pressure Loss of the Bundles
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Fzgure 8.43: Total Two-phase Pressure Loss of the Bundles
with a 2210 kg/m2s Liquid Mass Flux.
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Figure 8.44: Total Two-phase Pressure Loss of the Bundles
with a 1660 kg/m2s Liquid Mass Flux.
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Figure 8.45: Total Two-phase Multipliers for the Bundles

with a 2760 kg/m?s Liquid Mass Flux.
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Fiéuré B.47: Total Two-phase Multipliers for the Bundles

‘'with a 1660 kg/m2s Liquid Mass Flux.
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Appendix A

EXPERIMENTAL DATA OF EXPERIMENT A

FOR SINGLE-PHASE FLOW

- 143 -

[ -

/



- 144 -

¢ Ten tTect v*ocET e et €°%ET L o ¢ v "1
L*%eT 3°9CT Z*16eT Q' e R*GET L*cex 169" 7Y
T*4CT 0°*BET 4Y*IET (R 4 z2*9¢€1 A X { LR
9%'¢CT S*6CT TrZel : LR R L*9¢€1 9° 4T w2l
TS 1°6¢T y*2¢€1 9 nEY oLt [ X £v1 1
6*6CT L*6ET L*zZet R*yET 2'LE T*et T tToe 1
L IC NS LR N 9" ZET T*°6¢CT TULET E*GET T66*"
9°TcY L*93fT 4"0ET T IET E'yeT Z*ZE1 o%b *0
6*Zn91 T*asy Tortegl LA ELR 0°'62t T oY cu*t
€ LnT vreeT T*66T 9% 2eT 0o*zZeT 25T "“16°*0
TLn . "6 %Y E*64T L*eel Z*e 0*¢ 61 %99 *9
LN LN TN 64T veeZel zrzet T*€G61 f1e*0
nsiny P 6%T . 9*64T HARE A g*ze 5*'¢Cst ora°c
T*owl £E*061T 2°9sgT 9 gg1 ¢ 0o"fFC X 6°CGT : a0%*0
grguy 9°0GT L*0971 FANL X 4 9*EE1 LN XA ¢ coz°*o0
T 651 zZ*16T T°19°T UL 4 0*wE1 6*ys5T o0o0*o0
(H3iva) td3Lvym) tHIlva) (EEFRLE idiLlya) (- ENR AN 18313m)

WD LHOTIHE (AD*LHOTIH) IWD*LHOTIH) (AILHOTIH) (AI*LIuO] 34} IWI*LHO T I4) ADNY IS IO

* (S70%)
€*0 c*'o N £*c €°0 €*o "D4 HILva

LNINDIS AN 3IWD3S ANIWS IS LN IND 3S

WOLLD0 401 AYDILHIA IYINOZTIHOH Y MHIHLIYId IvHANTD
5U0T130N138q0 0% 103 ®leg sanssaag mmm:muoamcMm 1ZTY erqey
26T Y*6¢€1 Z*inT AR 4 0Lyl r'9gt LXTRA
L*6CT 9'RET L*owT £ 951 - LN N a"9¢ Y 168°71
Tt*ovt fron T 94T L9 nT [RFACR 0*LET KRN
9°0%1 vrOoYl LD 2°int C*'en S LCT Gwz*t
LR ¢ 21wl P 9491 LR S 9*pN1 prict EYtTeY
0°1v1 AR LR T st LuT vravt 1°% €T ITno°*
T°To1 1 & 1 ytint 0*enT . 6*enY c*ecT - 166 ° 0
6*9€T 6°*5€C1 2° 97T T*LHT 0*IrT T*LET %6 °*0
L*s91 T*8¢Y s°0ct 6°0¢Y 25271 Tt 16t ceZ*l
LA AL ¢ c*ant 9*2Z¢c1 o 8*2aT zZ*og T*f4T1 . “16°0
LI B« TowTY errey T*CST ) LN T 2'EST " LT ]
SN LR ¢ 6*7¢CT Z*eet “*0c €°FsT €190
E*eLnT Z*Trl £*<cT 2°C46T ge0cCY L*EsT oTa*C
€*enl LR | L*ECT 0*%5T £t [*ygt . 900
6wl tAL A AN 3 4 LIRECER 4 RICTY 9" %G1 €070
€°6%1 9°Z%71 9°weT 66T z2eze T°ss5t o0Cc*0
(I EFRLE {y3iLtya) ITHIleny ty31vm) EEFRLY (H3lvw) fE113W)
IWO®LHOIIH) 1AD*LHUDIIH) IAD*LHOTIN) {AD*LHOI3IH) [WIO*LYOTII4) (WIS LMNTIH) "3INYLISIN
. 1579%)
£*0 c*0 €*0 £*0 : € rf*9 014 HIlvys
1
LNIWD IS LN3IA93S IN3AnIS 1vIn03s : *
m0l108 s d0oy AYDl1limdaAa v i wnNZIHOM vy Idd 1l 43 d Tydlinid

SUOT13IdN13SQq0 %5Z 10] BIed IINS531g Iseyd-atburs :1°v¥ Irqel



Appendix B
EXPERIMENTAL DATA OF EXPERIMENT A -
FOR TWO-PHASE FLOW
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Appendix C
EXPERIMENTAL ﬁATA OF EXPERIMENT B

FOR SINGLE-PHASE FLOW
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Appendix D

EXPERIMENTAL DATA OF EXPERIMENT B

FOR TWO-PHASE FLOW
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Experimental Data for 15 USGPM Water Flow Rate

Table D.15
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Apbendilx E
EVALUATION OF RESULTS
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E.l WATER MASS FLOW RATE

E.l.1l Experiment A

The water mass flow rate (wl) was obtained from the scale
provided with the rotameter.

E.1.2 Experiment B ' »

The water flow rate in USGPM was obtained from the scale
provided with the rotameter. The water mass flow rate (wl)
was calculated with eguation E.1. |

) ‘ 3 3 3

W = USGPM(0.00228(ft /s)/USGPM)(0.02831m /ft )

1 . -

3
(pl(kg/m )) B ‘ (E.1)

E.2 AIR MASS FLOW RATE

E.2.1 Experiment A

, The air mass'_flow rate (wg) in percentage of 0.22 kg/s
was obtained from the scal rovided with the rotameter.
Since the flow rate shown in the scale was calibrated at the
pressure of 120 psig, pressure correction was berformed.
The air mass flow rate was calculated with equation E.2,

' 0.5
W = ($)(0.22 kg/s){(PA+14.,7)/(120+14.7)) (E.2)

9 B
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wvhere PA was the air pressure obtained from the Bourdon gage

installed at the exit of the rotameter.

X L 4 .
E.2.2 Experiment B

The scale provided with the’ rotameter used in the
Experiment B was the percentage of 0.02 kg/s air mass flow

rate and was calibrated at the atmospheric pressure. The

air mass flow rate was then calculated with eguation E.3.

- ' 0.5
W.= (%)(0.02 kg/s)({PA+14.7)/14.7) (E.3)
9

E.3 FLOW AREA : : T

E.3.1 Experiment A

The flow area (A) was obtained with equation E.4.

2
A = D /4 {(E.4)
c .

where D is the diameter of the channel.

E.3.2 Experiment B

The channel area was calculated with eguation E.4. The
obstructed area-by thﬁ rods of the bundle was
2 ' ‘ .
A = 4( D /4) ' _ (E.5a)

rod rod )
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The cobstructed area by the central rod of the bundle was
r

2
A = D /4 ¢ (E.5b)}
Crod Crod .
/
The flow area (A) was then obtained by substracting (E.5a)
and (E.5b) from (E.4), i.e. o -

A=A - A - A (E.5)
c rod Crod

.E.4 MASS FLUZ

The mass flux (G) of each phase was obtained from

dividing the mass flow rate by the flow area, i.e.

G = W/A . ' (E.6)

In two-phase flow, the mass flux calculated with equation
E.6 was the superficial mass flux. To evaluate the actual
mass flux, the ‘superffcial mass flux had to be divided by
the void fraction (@) for the gas phase, and the liguid

holdup (1-a) for the liquid phase.

E.5 QUALITY

The quality (x) of a two-phase mixture is the ratio of
the gas phase mass flow rate and the total mass flow rate of

both phases. 1t was calculated with

w

X =W /(W +W ) ' ‘ (E.7)
g 1 g
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- E.6 LOCAL PRESSURE

Id

The local pressure (p) at each pressure tap location was

_evaluated with the pressure head equation. From Figure E.1,

P=p + havy - hay + (ht-hm}vy
ref. water water water
+ hm7y - hty
mano water
or
P=p + hmy - hmy
ref. mano _water . 7N
or ‘ \\
=p .+ {y -y Jhm : .
ref. mano water ‘
‘or |
=p +{s ...y, -y Yhm
ref. mano water water K
or Ve
= p + (s - 1)y hm ’ (E.B)
ref. mano water :
where p. is the local pressure at the reference tap -
. ref. - ) —
S is the specific gravity or the manometric fluid,
~ mano
which is 2,95 for Meriam fluid and 13.6 for mercury;
Y is the specific weight of water; and
water ‘
hm is the height of manometric fluid.
The reference pressure p is calculated with
ref. ‘
P = PG - hgy + 14.7 (E.S)

ref. water

where PG is the gauge pressure obtained from the Bourdon
gage, and hg is the increase 1in elevation of the reference

pressure tap over the Bourdon gage.
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E.7 FRICTION PRESSURE LOSS

-~

The friction pressure loss was evaluated by obtaining the

regression 1line from the local pressure data at. various

locations using the linear regression method. A computing

subroutine had been set up to perform the evaluation,
4

E.8 LOCAL PRESSURE LOSS

]

With the subroutine provided, two local pressure values
in the obstruction location were extrapolated. One of them
{(e.g., Ul)- was "obtained when calculatipg the wupstream
friction pressure loss. The other (say, U2) waé“f0und when
the downstream friction pressure loss was calculated. The
local pressure loss, as defined in Figures.B.l and 8.2, was
found by substracting the extrapolated' value of the
downsfream from the cne obtained from upstream, i.e.

AP = Ul - U2
LOC
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o000 0nNn0O00

slelXy!

OO0

OO0 0000ON00OOO0n

SUBROUTINE LNREG(DIST,PKPA,FTAP,LTAP,SLOP,U,2)

DIST -

PKPA
FTAP
LTAP
SLOP

U
Z -

THE AXIAL DISTANCE OF EACH PRESSURE TAP FROM
THE FIRST PRESSURE TAP.

THE LOCAL PRESSURE AT EACH LOCATION.

THE FIRST TAP TO BE CONSIDERED.

THE LAST TAP TO BE CONSIDERED.

THE SLOPE OF THE REGRESSION LINE (THE
FRICTION PRESSURE LOSS PER METER).

THE DISTANCE OF THE OBSTRUCTION FROM THE
FIRST TAP.

THE EXTRAPOLATED LOCAL PRESSURE AT THE
OBSTRUCTION.

-

DECLARE THE VARIABLES.

INTEGER N,ETAP,LTAP,I

REAL DIST(ZZ) PKPA(ZZ) SLOP,U,2Z,YINT,SX, SY

+ RX,RY,RXY, YMEAN , ZMEAN
YINT - THE ¥-INTERCEPT OF THE REGRESSION LINE.
SX - THE SUM OF ALL X-VALUES,I.E. DIST(I)
SY - THE SUM OF ALL Y-VALUES,I.E. PKPA(I)
XMEAN- THE MEAN VALUE OF THE X VALUES.
YMEAN- THE MEAN VALUE OF THE Y VLAUES.
N - NUMBER OF VALUES.
RX - THE SUM OF THE X-VARIANCE TIMES N
RY - THE SUM OF THE Y-VARIANCE TIMES N
RXY - THE SUM OF THE PRODUCT OF X-DEVIATION AND

Y~DEVIATION.

®INITIALIZE THE VARIABLES TO ZERO.

SX
SY
RX
RY
RXY

COO00O
¢« & s e &

TO CALCULATE THE SUM OF X AND Y.

DO 61 I=FTAP,LTAP
SX = SX + DIST(I)
SY = SY + PKPA(I)

CONTINUE

TO CALCULATE THE MEAN VALUES OF X AND Y.

. N = LTAP - FTAP + 1

XMEAN = SX/N
YMEAN =_SY/N
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oo

64

C:-

TO CALCULATE THE SUM OF THE VARIANCE TIMES N,
DO 64 I=FTAP,LTAP '

RX = RX + (DIST{(i) - XMEAN)}**2
RY = RY + (PKPA(I) - YMEAN)**2 '
RXY = RXY+ (DIST(I) - XMEAN)*(PKPA(I) - YMBAN) -
CONTINUE

TO CALCULATE THE SLOPE, Y-INTERCEPT, AND THE
EXTRAPOLATING POINT AT THE OBSTRUCTION.

SLOP = RXY/RX -
YINT = YMEAN - SLOP * XMEAN

YA = SLOP * U + YINT

RETURN '
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- Figure E.1l: Evaluation of Local Pressure.
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Appendix F

SINGLE-PHASE PRESSURE DISTRIBUTIONS

FOR VARIQUS OBSTRUCTION IN EXPERIMENT A"
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PRESSURE *(kPa)

|
MASS FLUX : WATER 592.1:AIR 0.0 KG/M2S

116.6

g
1
116.2
116.1
M 252 CENTRAL
116.0 | ® 252 PERIPHERAL
A 25% HORIZONTAL
+ 25% YERTICAL
X 25% BOTTOM
& 252 TOP

" 0.2. 0.4 0.6 0.8 1.0 1'.27' 1.4 1.6 1.8 2.
AXIAL DISTANCE M)

Figure F.l: Single-phase Pressure Distributions for the
. 25% Obstructions
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MASS FLUX : WATER 592 iAIR 0.0 KG/M2S

(kPa)

PRESSURE

116.2 | 0O 40% cENTRAL
® 401 PERIPHERAL 8
A 40% HORIZONTAL
+ 40% VERTICAL N
| X 40% BOTTOM
/ & 40X TOP

" 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1'.55' 1.8 2.
> ", AXIAL DISTANCE M)

Figure F.2: Single-phase Pressure Distributions for the
40% Obstructions

A
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Appendix G
TWO-PHASE PRESSURE DISTRIBUTIONS

FOR YARIOUS OBSTRUCTIONS IN EXPERIMENT A
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/ﬁ\\\ MASS FLUX

379.

376.

373.-

370.

(kPa)

364-

PRESSUYRE

361.

358.

\

.
+

WATER 592.1:AIR 126.2KG/M2S

367./ |
\

| D 25X CENTRAL

O 25X PERIPHERAL

1 .4 25X HORTZONTAL
§ + 25X YERTICAL

X 257 BATTOM .

1 & 25X ToP

'022.0:4'0:6r0fé‘1:0'1.2r124'l:6'
AXTAL DISTANCE

T

1.8 2.0 2.2
(M)

Figure G.l: Two-phase Pressure Distributions for the 25%
Obstructions with a 126.2 kg/m?s Air Mass Flux
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MASS FLUX : WATER 592.1:AIR 103.6KG/M?S

334.
331.
328. | . : . ‘ . .
1o}
o 7
-
— 325.
ul i
o
- 4
(]
m 322'
Ll
(0
o
319.
1 @ 25% CENTRAL
316. @ 25X PERIPHERAL
A 25% HORIZONTAL
+ 25% VERTICAL
X 25X B0TTOM
1 & 251 10P

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
AXIAL DISTANCE M)

—

Figure G.2: Two-phase Pressure Distributions for the 25%
Obstructions with a 103.6 kg/m?®s Air Mass Flux
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/

MASS FLUX : WATER 592.1:AIR 82.6 KG/M?S
301. ' '
299.
297 . - -
295. |-
~ )
o 293. |
-
w 291. | \\ s
o . )
> i X5 AR .
m.
w . \
w 289 ) ‘
o v
& - v
287' ‘--\u " 4
\285. '\\\\ ;
[ 251 CENTRAL 3
1 ® 25% PERIPHERAL
583 A 25% HORTZONTAL
1 4+ 252 VERTICAL w
| x 2sx BorTOM
& 251 TOP .

"0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
AXTAL DISTANCE (M)

b}

Figure G.3: Two-phase Pressure Distributions for the 25%
Obstructions with a 82.6 kg/m2s Air Mass Flux -
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MASS FLUX : WATER 592.1:AIR 63.

6 KG/MZ2S

255.
253.
251.
"o
0. 249.
-
Ll
0 247.
D
w
w
Ll
o
o 245.
243.
@ 25% CENTRAL
® 25% PERIPHERAL
241. A 25Z HORIZONTAL
: 4 25X VERTICAL
X 25% BOTTOM
& 25X TOP

" 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.

AXTAL DISTANCE (M)

F1gure G.4: Two-phase Pressure D1str1but10ns for the 25%
Obstruct1ons with a 63.6 kg/m?s Air Mass Flux
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MASS FLUX : WATER 592.1:AIR 43.8 KG/M2S

- 21 0- >
208.
206.
‘®
a
~ 204.
Noae®
Ll
(o
>
v 202.
Py |
w! \
o
o
'200.
@ 25X CENTRAL
198. © 25X PERIPHERAL
A 25 HORTZONTAL
+ 25% VERTICAL
X 252 BOTTOM
& 251 TOP

" 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
AXTAL DISTANCE M)

Figure G.5: Two—ﬁhasg Pres§uré Distributions™for the 25%
Obstructions with a 43.8 kg/m?s air Mass Flux
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MASS FLUX : WATER S592.1:AIR 27.1 KG/M?S

170.
168.
~
[19]
o
.4
~ 166.
J
(5 o
=
(%}
(75} _
L
x 164.
o
]6_2' 0 25% CENTRAL
© 252 PERIPHERAL
A 25X HORIZONTAL
{ + 25% VERTICAL
X 25 BOTTON
® 25% TOP

' 0.2 0.4 0.6 0.8 ‘1?}{1'.2' 1;.4' 1.6 1.8 2.0 2.2
AXIAL DISTANCE (M)

Figure G.6: Two-phase Pressure Distributions for the 25%
Obstructions with a 27.3 kg/m2s Air Mass Flux
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Figure G.7: Two-phase Pressure Distributions for the 40%
Obstructions with a 127.1 kg/m?s Air Mass Flux
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Figure G.8: Two-phase Pressure Distributions for the 40%
Obstructions with a 104.5 kg/m?s Air Mass Flux
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Figure G.9: Two-phase Pressure Distributions for the 40%

Obstructions with a 83.0 kg/m?s Air Mass Flux
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Figure G.10: Two-pﬁasg Pressure Distributions for-the 40%
Obstructions with a 64.3 kg/m2s Air Mass Flux
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Figure G.ll: Two-phase Pressure Distributions for the 40%

Obstructions with a 44.4 kg/m?s Air Mass Flux
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Appendix H

SINGLE—PHASE PRESSURE DISTRIBUTIONS
Il

FOR VARIQUS BUNDLE ARRANGEMENTS IN EXPERIMENT B

22
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Figure H.2: Sinéle—phase Pressure Distributions with a
2760 kg/m?s Liquid Mass Flux
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Figure H.3: Single-phase Pressure Distributions with a

2483 kg/m?s Liquid Mass Flux
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Figure H,4: Single-phase Pressure Distributions with a

2207 kg/m?s Liquid Mass Flux |
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Figure H.5: Single-phase Pressure Distributions with a

1931 kg/m?s Liquid Mass Flux
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Figure H.6: Single-phase Pressure Distributions with a
1655 kg/m?s Liquid Mass Flux
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- Figure H.7: Single-phase Pressure Distributions with a

1434 kg/m?s Liquid Mass Flux
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Figure H.8: Single-phase Pressure Distributions with a
1213 kg/m2s Liquid Mass Flux
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Figure H.9: Single-phase Pressure Distributions with a
993 kg/m?s Liquid Mass Flux -
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Figure H.10: Single-phase Pressure Distributions with a
772 kg/m?s Liquid Mass Flux
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F1gure I.1: Two-phase Pressure D1str1butlons with 2763 kg/m s

Liguid Mass Flux and 13 kg/m2s Air Mass Flux
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" Figure f.2: Two~phase Pressure Distributions with 2763 kg/m s
Liquid Mass Flux and 9.8 kg/m?s Air Mass Flux
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MASS FLUX : WATER 2763.:AIR 7.1 KG/M?3S
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Figure 1.3: Two-phase Pressure Distributions with 2763 kg/m s
Liquid Mass Flux and 7.1 kg/m2s Air Mass Flux
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MASS FLUX : WATER 2763.:AIR 4.5 KG/M3S
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< figure 1.4: Two-phase Pressure Distributions with 2763 kg/m s
' Liquid Mass Flux and 4.5 kg/m?s Air Mass Flux
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Figure I.5: Two-phase Pressure Distributionsvyith 2763 kg/m s
Ligquid Mass Flux and 0.9 kg/m?s Air Mass Flux

- 224 -




140.

MASS FLUX : WATER\2763.:AIR 0.5 KG/M3S

130.]

(kPa)

120.!

PRESSURE

110.]

l
l

¢ X+ OB

AL1. REGULAR
22.5 REGULAR
45.0 REGULAR
AL1. STREAMLINED
22.5 STREAMLINED
45.0 STREAMLINED

0.2 0.4 0.6 0.8 1.0
AXIAL DISTANCE (M)

- Fiéﬁre f;é: Two-phase Pressure Distributions with 2763 kg/m s
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. figure 1.7: Two-phase Pressure Distributions with 2208 kg/m s

Liguid MaSs Flux and 29.4 kg/m2s Air Mass Flux
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Figure 1.8: Two-phase Pressure Distributions with 2208 kg/m s
Liquid Mass Flux and 24.7 kg/m2s Air Mass Flux
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MASS FLUX : WATER 2208.:AIR 20.3 KG/M?S
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' Figure I1.9: Two-phase Pressure Distributions with‘2208 kg/m s
Liquid Mass Flux and 20.3 kg/m2s Air Mass Flux -
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Figure 1.10: Two-phase Pressure Distributions with 2208 kg/m s
Liquid Mass Flux and 15.9 kg/m?s Air Mass Flux.
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Figure 1.12: Two-phase Pressure Distributions with 2208 -kg/m s
Liguid Mass Flux and 8.5 kg/m?s Air Mass Flux
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Figure 1.13: Two-phase Pressure Distributions with 2208 kg/m s
) Liquid Mass Flux and 5.4 kg/m?s Air Mass Flux
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F1gure I.14: Two-phase Pressure Distributions with 2208 kg/m s
Liguid Mass Flux and 3.1 kg/m?s Air Mass Flux
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Figure 1.15: Two-phase Pressure Distributions with 1658 kg/m s

Liguid Mass Flux and 36.8 kg/m?s Air Mass Flux
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Figure I.16: Two-phase Pressure Distributions with 1658 kg/m s
Liquid Mass Flux and 31.7 kg/m?s Air Mass Flux
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Figure 1.17: Two-phase Pressure Distributions with 1658 kg/m s
_ Liquid Mass Flux and 27.2 kg/m?s Air Mass Flux
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Figure 1.18: Two-phase Pressure D15tr1but1ons with 1658 kg/m s
. ' Liquid Mass Flux and 22 8 kg/m2s Air Mass Flux
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F:gure I .19: Two-phase Pressure Dlstrlbutlons with 1658 kg/m s
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MASS FLUX : WATER 1658.;AIR 14.7 KG/M?S
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Figure 1.20: Two-phage Pressure Distributions with 1658 kg/m s .
~ Liquid Mass Flux and 14.7 kg/m?s Air Mass Flux
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Appen&ix J
EXPERIMENTAL RESULTS OF EXPERIMENT A

FOR SINGLE-PHASE FLOW -.
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Appendix K
EXPERIMENTAL RESULTS OF EXPERIMENT A

FOR TWO-PHASE FLOW
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Appendix L
EXPERIMENTAL RESULTS OF EXPERIMENT B

' FOR SINGLE-PHASE FLOW .
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