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ABSTRACT

The developmernt of experimental correlations and t.heoreti(;a,l models for the
accurate prediction of the flow rate and quality during two-phase discharge through
small branches in pipes has received considerable attention in ‘he recent literature.
This interest is due to the relevance of this topic to many industrial applications,
such as the flow distribution in the cooling headers of CANDU nuclear reactors
( CANDU is derived from CANada, Deuterium and Uranium) during postulated
Loss-Of-Coolant Accidents (LOC A).

A few experimental investigations for the onsets of gas and liquid entrainment,
mass flux and quality have been reported for the case of a single discharge (e.g.,
Smoglie and Reimann, 1986; Schrock et al., 1986; Yonomoto and Tasaka, 1988 and
1991). Experimental data and correlations were also developed for the onsets of
gas and liquid entrainment during dual discharge from a large reservoir {Parrott et
al., 1991; Armstrong et al., 1992). However, no information exists currently on the
mass flux and quality during dual discharge. For three or more branches, design
information is completely lacking.

In the present investigation, extensive data were generated for the mass flow
rate and quality of two-phase (air-water) discharge from a large stratified region (
at a pressure F,) through small side branches (d = 6.35 mm). Four groups of data

were generated; each group corresponds to a particular branch configuration. Group

v



no.1 contains the data for a single side branch, group no. 2 corresponds to two side
brauches separated by a distance L center-to-center with the centerlines in the sale
horizontal plane. and group no. 3 corresponds to two side branches separatecd hy a
distance L center-to-center with centerlines in the same vertical plane. All branclics
iy group nos. 1 to 3 were mounted on a flat vertical wall with their axes horizoutal
and parallel to each other. Group no. 4 colresponds to three side branches iustalied
on a semicirenlar wall. Dimensions of the wall-branchos assembly 1 group no. 4
were selected to be in direct proportion to the CANDU Leader-feeder systenr, The
test matrix in this group was designed to melude data of a single discharge. dual
discharge and triple discharge. The cases of dual and triple discharge in group nos.
2-4 were investigated under the conditions of equal hvdraulic resistance R for the
brauches and equal pressure drop AP across the brauches.

In each of the four groups, the mass flow rate 1y p and quality & were measured
at different liquid levels within the range giving two-phase flow in the branches. The
independent variables P,, AP, R and L/d (if applicable} were varied in a systematic
fashion in order to isolate the influence of each variable. The following ranges were
covered: P, =316 and 516 kPa, AP =37 to 229 kPa, Lid=1.5,2,3and 8 and R =
900 to 3000 (kg.m)~'/?. Normalized plots are shown to be capable of absorbing the
effects of some independent variables within the tested range of operating conditions.
Empirical relations were developed for mrp and z ( in group nos. 1 to 3) in terms

of normalized parameters. These relations agree well with the experimental data.
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A theoretical model was developed for predicting the critical height at the on-
set of liquid entrainment during dual discharge from a stratified two-phase region
through branches of finite size mounted on an inclined flat wall, A previous analysis
by Armstrong et al. {1992), in which the branches were simulated by point sinks on
a vertical wall, has been extended to account for the finite size of the branches and
the wall inclination. The present model approaches the correct limit for the onset of
liquid entrainment at low values of Froude number at the upper and lower branches,
Fry and Fry, respectively and it converges to the Armstrong et al.’s predictions
at high Fry and Fry. The present analysis applies to any two immiscible fuids
with the term " liquid entrainment” referring to the appearance of the heavier fluid
through the lower branch. Some experimental verification of the present theoretical

trend is also provided.
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NOMENCLATURE

coefficient, defined by Equation (2.18)

coefficient, defined by Equation (2.21)

Bond number, defined by Equation (2.12)

empirical parameter used in Equations (2.6) and (2.11)
specific heat at constant pressure, J/kg - K

coeflicient, defined by Equation (2.22)

branch diameter, m

diameter of semicircular surface for data group no. 4, m
Froude number, defined by Equations {2.4) and (2.3)

Froude number, defined by Equation (5.3)

gravitational acceleration, m/s?

vertical distance between the flat part of the water surface and
the centerline of a branch, m

liquid level, defined in Figures 4.36 and 4.33, m

critical height at the BLE or BGE used in Equations (2.6)
and (2.11), m

liquid level, defined by Equation (2.26), m

critical height at the BLE obtained from Equation (5.2), used

in Figures 5.5 and 3.6, m
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H normalized liquid level, defined by Equation (4.1)

k ratio of specific heats

L distance between the centerlines of two branches, m

m mass flow rate, kg/s

M normalized mass flow rate, defined by Equation (4.2

N, viscosity number, defined by Equation {2.12)

P pressure, Pa

r coefficient, defined by Equation (2.7)

R hydraulic resistance given by Equation (3.1), (kg - m)~1/2

R ideal gas constant, J/kg- K

s distance, defined in Figure (5.1), m

t deflection of the interface, m

T temperature, K

T quality

X Y. Z coordinates in the Cartesian system used in Chapter 5, m

v specific volume, m?/kgq

Vv velocity, m/s

Vi mean velocity of the continuous phase through the branch (which is the gas
during BLE and the liquid during BGE), m/s

vy mean liquid velocity in the main pipe (downstream from the branch) used



in Equation (2.29), m/s

Greek Letters

a void fraction

6( ) uncertainty in { )

& meniscis height used in Equation (2.30), m

7 wall inclination angle, defined in Figure 5.1

i dynamic viscosity, N - s/m?

P density, kg/m?

O homogeneous density, defined in Equation (2.27), kg/m?

g surface tension, N/m

Subscripts

1,2 lower or upper branch during dual discharge {used in Chapter 5)

A,Bor C branches A,B or C
BGE beginning of gas entrainment

BLE beginning of liquid entrainment
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c choking conditions

G gas phase

L hiquid phase

o large reservoir condition

8 separator condition

TP two phase

Ty, z components in X-, Y- and Z-directions, respectively, used in Chapter 5
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CHAPTER 1

INTRODUCTION

Several industrial applications involve two-phase flow discharging from a strat-
ified region through single or muitiple branches. Examples of these applications
include the flow through small breaks in horizontal cooling channels of nuclear re-
actors during postulated loss-of-coolant accidents, the flow distributién in CANDU
header-feeder systems (multiple branches) during accident scenarios and two-phase
distribution headers in general, where a certain incoming stream fed into a large
header is divided among a number of discharging streams. Knowledge of the flow
phenomena involved, as well as the mass flow rate and quality of all discharging
streams is obviously essential for the design and Jor performance prediction of such
systems.

For the case of single discharge from a large flow channel under stratified flow
conditions, Zuber {1980} pointed out that during such flows two distinct phenomena
may occur, depending on the location of the gas-liquid interface relative to the
branch. If the interface is located above the branch, gas can be entrained (by vortex
or vortex-free motion) into the predominantly liquid fiow through the branch. On

the other hand, if the interface is located below the branch, liquid may be entrained




into the predominantly gas flow. He proposed simplified correlations for the onsets
of these phenomena in terms of relevant system parameters and branch orientation
(top, bottom or side). Later, detailed experiments were reported on the onsets
of gas and liquid entrainment, two-phase mass flux and quality during discharge
from a large stratified region (with or without main flow) through a single branch
with different orientations {e.g., Smoglie and Reimann, 1986, Schrock et al., 1986;
Yonomoto and Tasﬁka, 1988 and 1991; Micaelli and Memponteil, 1989).

In situations where multiple discharge takes place simultaneously from several
branches, the existing single-branch correlations may not apply. Initial steps to-
wards understanding these systems were undertaken by Parrott et al. {1991) and
Armstrong et al. (1992) who investigated the onsets of gas and liquid entrainment,
respectively, during discharge from stratified two-phase regions through two side
branches. However, no information exists currently on the mass flux and quali-
ty during dual discharge. For three or more branches . information is completely
lacking.

The objective of this thesis is to address the current deficiency in the literature
by taking a number of steps towards creating new knowledge that would ultimately
lead to the proper design of two-phase headers with multiple discharge. In more

explicit terms, the objectives of the present study are:

1. To develop experimental data and correlations for determining the two-phase

mass flux and quality during single and dual discharge from a large stratified
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region through small branches mounted on a vertical flat wall. For the dual
discharge case, the centerlines of the branches are to be located in either (i) a

horizontal plane, or (ii} a vertical plane.

. To develop experimental data for determining the two-phase mass flux and
quality during discharge from a large stratified region through small branches
mounted on a semicircular wall. Dimensions of the wall-branches assembly
were chosen to be in direct proportion to the CANDU header-feeder system,
The test matrix was designed to include data of single discharge, dual discharge

and triple discharge.

. To perform a visual study of the different flow phenomena (such as the onset
of gas entrainment, the onset of liquid entrainment, or a combination of both)
that may occur during dual and triple discharge. The flow loop was designed

to facilitate this investigation.

- To develop a theoretical model for determining the onset, of liquid entrainment
during dual discharge from a large stratified region through small side branches
mounted on an inclined flat wall. The derivation technique used in this study
may help in the future for modeling similar flow phenomena that may occur

during multiple two-phase discharge.




CHAPTER 2

LITERATURE REVIEW

2.1 Single-Discharge Investigations

Studies of two-phase flow through small branches in horizontal pipes under
stratified-flow conditions have gained importance due to their relevance to many
enginecring applications. The importance of this problem has motivated significant
research, conducted mostly during the past ten years. Smoglie and Reimann { 1986)
performed experiments using stratified air-water flow at 200 to 500 & Pa n a horizon-
tal pipe (20.6 cm in diameter) with different branch sizes (d =6, 8,12 and 20 mm)
and different orientations (top, bottom or side) for each branch. The branches were
simulated by pipe stubs (0.033 m in length) with sharp-edged entrances and the
flow through the branch was controlled by a throttle valve. These results indicated
an insignificant effect of the branch size on the onsets of gas and liquid entrainment
and the quality at the branch. The onsets of entrainment were detected by the noise
in the differential-pressure signals across the branch.

Correlations were developed by Smoglie and Reimann (1986) based on their

experimental data to predict the onsets of entrainment and quality of discharge. For



the side- and bottom-orientation cases {(most relevant cases for the present worl),
the critical heights corresponding to the Onset or Beginning of Gas Entrainment
(BGE) and the Beginning of Liquid Entrainment (BLE) were given in terms of
Froude number as follows:

For the side-orientation case,

h'B;E = 0.681 Frii, (2.1)
h
and ’id“ﬂ = 0.626 Frlt,. (2.2)

For the bottom-orientation case,

hB(fE = 1816 Frii,, for vortex flow,
= 0.626 Frii., for vortex-free flow, (2.3)
: ‘ 4 1y peE .
with Frpee = = (2.4}
m/9dpLlpr — pc)
e
and FTBLE = MG.BLE (25)

T /9d®ps(pr — pe)

where £ is the vertical distance between the water surface and the centerline of the
branch (positive in the upward direction), pg is the density of the gas, pr is the
density of the liquid, ¢ is the gravitational acceleration, and s is the mass flow rate
at the onset.

The quality of discharge was correlated for the region hprp < h < hpap

( hsre = 0 for the bottom branch). For the side branch, it was given by

5 A 0.5
r = r(l'[)“ %) {1.0 0.5 (f—) (1.0 + hﬁ) r(l'o_‘?)J : (2.6)

b b

)



1.15

r= (2.7)
1.0+ /2

with

where ¢ = 1.09, hy = hpep when A > 0, and ¢ = 1.00, hy = IhBLgl when h < 0.

For the bottom branch, the quality was given by

h 0.5
) (1.0+ - )rﬁ-o-h /"BGE)} . (2.8)

BGE

r = r@5h/kscE) {E.O -0.5 (
BGE

Schrock et al. {1986) perforned experiments using both air-water and steam-
water as the working fluids. The experiments were performed at system pressures up
to 1.07 M Pa in a horizontal pipe (10.2 ¢m in diameter) with different branch sizes
(d =4, 6 and 10 mm) and different orientations for each branch. The branches were
simulated by tubes 123 mm in length. Viewing windows were placed at the branch
section andrin the pipe just upstream and downstream of the branch to allow visual
observation of the flow phenomena. They concluded that the BGE (side and bottom
orientations) was affected by surface tension and viscosity in addition to Froude
number. The BGE data for the side orientation did not agree with the data of
Smoglie and Reimann (1986). No explanation was given for this disagreement. Their
data on discharge quality, together with data from other studies were correlated in
terms of a normalized interface level. The correlations for hece, harp and r of side

branches were given by

hBG'E _ s 1 ‘ 2 ar—05 0.476
d Y gd2Ap (40.6F’BGEBO N ) ’ (29)

|herE
d

=0.624 Fr¥i. (2.10)




and

r:@.(}ﬁ(l‘e*ﬁ)w {1.0—-c<£) (1.0+£)J, (2.11)

hy Fy

A ] 1 (gAp)020 .
with Bo=d /=L, and N, = HLl920) 7 , (2.12)
o U 0'0'[5,0%3

where Bo is the Bond number, N, is the viscosity number, ¢ is the surface tension,
Ap is the density difference between the phases, . s the liquid viscosity, (¢ = 0.3,
hy = hpgp) when h > 0 and (¢ = 0, by, = |hpre]) when h < 0. For bottom branches,

hpce and x were given by

hoce _ [_° (IFT A&?o?\f-ﬂ-f')e'454 (2.13)
d — \gd?Ap \19.4~ "BEECY '

27 3.5
h h '
and r = [1.0 - (hBG‘E) J erp [—-3.1 (h-BGEH . (2.14)

Yonomoto and Tasaka (1988) developed a simple analytical model to study two-

phase flow through small branches. Air-water experiments at a maximum pressure
of 700 kPa were also conducted. A horizontal, square duct (19 em x 19 em) was
used in the experiments instead of a round pipe. The branch was simulated by a
sharp-edged junction: {d = 10 and 20 mm). The characterization of BGE and BLE
was determined by visual observation. Their model defined a two-phase interface
profile having a conical shape near the branch. Therefore, the mass flow rate and

quality of the two-phase discharge through the branch were expressed as a function



of the void fraction «, defined as a ratio of gas flow area to total flow area in this

conical region
mrp = a Mmgper + (1.0 — o) My per

a Mg pGE
and T = T
mrp

The void fraction « for the side branch was given hy

h
o = (l.O—a.a)( ) + q, for h <0
hprE
h
and a = -—a, ( ) + g for h > 0,
hrce
wh a 1.0
‘here o = . ,
m BLE
1O+ (mf.agca) V ,%
hBGE =068 F G.4 d 'hBLEI —n == 0.4
7 =0 TEGE an y =0.338 Frygip
For the bottom branch, a was given by
o = 0.96,, for0< b, <086
and a = 1155, —0.15, for 0.6 < b, < 1.0,

where

_ Lo\ 25 0.5
ba =10 |co + [ co? + CBLE p—"‘( )
mr,BcE \ Pc \ hpoE
i no\ 2
with co = 0.5 (1.0 — GBLE [PL ( )
mr.esE Y pa/) \hece

8

(2.13)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)



h
and f;ﬁ = 0.909 Frii,. (2.23)

Good agreement was obtained between their model and their experimental data for
discharge quality on the liquid- entrainment side (k < 0) and an empirical correction
factor was incorporated in the model on the gas-entrainment side (A > 0). A
modified mathematical model was developed later by Yonomoto and Tasaka (1991)
which improved the agreement with the experimental data.

Micaelli and Memponteil (1989} performed experiments using steam-water mix-
tures. A wide range of parameters was covered (system pressures of 2 to 7 MPa,
main pipe diameters of 80 and 135 mm, and branch diameters of 12 and 20 mm).
The correlations for the BGE and BLE were based on their experimental data
as well as those of Smoglie and Reimann (1986), and Schrock et al. (1986). A
semi-empirical correlation was developed for the branch quality based on simple
theoretical approaches adjusted by their own experimental data as well as other
experimental data in the literature.

In their final correlation, the quality z for the side-branch case was given as a
function of the void fraction a at the branch inlet over the whole range hprp < h <

hper as follows:

z= ° 2,24
_a'+‘/§—é-(1.0-—a)’ (224)



where

2
a = 1.0-05 (1.0+£) for h < 0
hi
h 2
and a = (0.5 (1.{) —~ F) , for h > 0, (2.23)
b
mg (.2
with hy = 0.69 [-«——U’m—} (2.26)
gpm(pr — pg)

and pp, is the homogeneous density given by

v —1
= [i +.._(1'0—“’)} . (2.27)
e oL

For the bottom branch,  was also correlated by Equation {2.24) with a given by

h

o =1.0- r—— (2.28)
Vo 0.4 ?ﬁ-2 0.2
and hpce = [1.0— ( f) J [——ﬁﬂ—J : (2.29)
Vy grL(pL — pa)

where V; and V}* are the mean liquid velocities in the branch and in the main pipe

(downstream from the branch), respectively.

2.2  Multiple-Discharge Investigations

The common feature among the Investigations mentioned above is that fluid
discharge was always induced through one branck ( top, bottom or side). In sit-

uations where discharge takes place simultaneously from multiple branches at the

10




same cross-section, such as the case with the flow distribution headers of CANDU
nuclear reactors or two-phase distribution headers in general, these existing models
of single discharge may not apply.

Kowalski and Krishnan (1987) reported experiments with steam-water flow in
a test section typical of the CANDU header-feeder system. In general, the CAN-
DU heat-transport system contains large horizontal headers, approximately 10 to
12m in length and 0.3 to 0.4m in diameter, connected to the fuel channels by a
number of feeders, typically 50.8 mm in diameter, attached to the side walls of the
header. Normally, the feeders are arranged in banks at different cross-sections a-
long the header with five feeders in each bank. Kowalski and Krishnan found that
the experimental values of the critical heights at BGE and BLE were significantly
underpredicted by the correlations of Smoglie and Reimann (1986) .

Initial steps towards understanding the reasons for the disagreement between the
single and multiple discharge results were taken by Parrott (1993). He investigated
experimentally the phenomena of BGE and BLE for the condition of simultaneous
discharge from two small branches oriented vertically with respect to each other on
the side of a high -pressure reservoir containing a stratified air-water mixture. The
study was performed with system pressures of 0.5 M Pa during BGE experiments
and 0.3 MPa during BLE experiments. Both onsets were determined by visual
observation. Parrott concluded that the critical heights corresponding to the onsets

can be strongly influenced by the vertical distance separating the centerlines of the
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branches.
Parrott et al. (1991) developed an empirical correlation for the eritical height

for BGE at the upper branch during dual discharge given by

0.334

u L 11
—‘_hBGEd—i_ d = (.887 [FTI + Fry exp (—2.52 (E) FT;O‘QQFTQ_O.lﬁ)} . (2.30)

where hpgr is the vertical distance between the flat interface and the centerline of
the upper branch, Fry and Fr, are the Froude numbers at the upper and lower
branches and 6* is the meniscus height { estimated to be about 3.3 mm). Since
correlation (2.30) is purely empirical, its use was recommended only for geometries
fluid properties and flow conditions similar to those considered i their experimental
investigation.

Foliowing Parrott et al. (1991), Armstrong et al. (1992) developed a theoret-
ical model to predict the critical height for BLE during dual discharge. In their
simplified theoretical analysis, Armstrong et al. {1992} neglected the effects of vis-
cosity and surface tension, assumed potential flow throughout the field and treated
each branch as a point sink. With these simplifications, hgpr/L was obtained as
a function of Fry (5) 20 and Fry (%) WM. The model will be discussed further in
Chapter 3.

The above review shows that some information exists in the literature on the

flow phenomena and eritical heights for the BGE and BLE during dual discharge.

However, no information exists currently on the mass flux and quality during dual
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discharge. For multiple discharge, design information is completely lacking. The
objective of this thesis is to address the current deficiency in the literature by taking
a number of steps towards creating new knowledge that would ultimately lead to

the proper design of two-phase headers with multiple discharge.
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

3.1 Scope

The data taken in this investigation are categorized into four groups. Each
group corresponds to a particular branch configuration. Group no. 1 presents the
data of a single branch (diameter d); group no. 2 correspornds to two side branches
of equal diameter d and a horizontal separating distance [ center-to-center; group
no. 3 corresponds to two side branches of equal diameter d and a vertical separating
distance L center-to-center. All branches in group nos. I to 3 were mounted on a flat
vertical surface with their centerlines horizontal, as shown in Figure 3.1, Group no.4
corresponds to three side branches of equal diameter 4 installed on a semicircular
surface. Dimensions of the semicircular surface and branches were chosen to be in
direct proportion to those of the CANDU header-feeder system.

The experiments of dua) and triple discharge were conducted under the condi-
tions that the branches have the same hydraulic resistance R, and the pressure drop

1s the same across the branches.
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Figure 3.1: Branch geometries for group nos. | to 4




Group nos. 1 to 4 could serve as benchmark data for testing safety codes of
CANDU nuclear reactors and in general would guide future research on two-phase

distribution headers.

3.2 Experimental Parameters

The geometrical and flow parameters relevant to the most elaborate case of triple
discharge are shown in Figure 3.2. The modifications applicable to the other cases
of single and dual discharge are given at the end of this section.

Figure 3.2 shows a semicircular surface with three branches (A, B and C) of
equal internal diameter d placed on the side of a large reservoir containing stratified
layers of air and water at a pressure P,. One stream (could be 4, B or C) was
directed to a measuring separator where air and water flow rates were measured
downstream, and the remaining two streams were directed to an auxiliary (non-
measuring) separator. Both separators were kept at Fy; thus the pressure drop across
all branches, AP, was kept the same. Even though each experiment would have to
be repeated three times in order to measure the flow from all three branches, this
was found preferable to using three separators due to the difficulty in maintaining
all separators at a preset pressure throughout testing. Another condition that was

imposed in this study is equal hydraulic resistance R for all branches. The hydraulic

resistance of a branch was based on single-phase liquid flow conditions, as defined
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later.

Under these conditions, the mass flow rate and quality of the three discharging
streams are expected to depend on P,, AP, R and the location of the air-water
interface relative to the branches. For fixed values of F,, AP and R, let us consider
the dependence of flow from the three branches on the location of the interface.
At high interface levels above branch A, the discharge from the three branches
will be in the form of single-phase lquid with essentially equal mass flow rates,
mp4 = mpp = mpc. Lowering the interface level, a critical height is reached
where the BGE ocecurs at branch 4 (hy = hpce.a and myp 4 = MpGE.4). For
ha > hpgre s, the four quantities MLBGEA. ML 4, My p and myc are essentially

equal. The hydraulic resistance for any branch is defined as

o _ VAP

= — (3.1)
M BGE

A further lowering of the interface results in a two-phase discharge at branch A4

at a rate mrp 4, while the single-phase liquid flow at branches B and € remains

unchanged. The two-phase flow from branch A is split in the measuring separator

into liquid and gas components, whereby

Mmrpa = My 4+ hga (3.2)
and the quality is given by
7
T4 m et (3.3}
mrpa ‘




As h decreases, mhrp, decreases while x4 increases. Four other onsets are en-
countered with further lowering of the interface: (1) the BLE at branch A cor-
responding to Ay = hprpa, z4 = 1.0 and Mg a = Mg prea (although on low-
ering the interface level, at any BLE the flow changes from there being liquid
entrained in the branch to there being no liquid entrained in the branch, the ter-
m "onset” or "beginning” is used, rather than "end”, in keeping with the exist-
ing literature), (2) the BGE at branch B corresponding to hy = hpeep and
mpp = typcen, (3) the BLE at branch B with hp = hBLE,Ba rg = 1.0
and g p = Mg prep and (4) the BGE at branch ¢ with he = Rhpgpe and
mpc = myppee,c. The order in which these onsets are encountered as the inter-
face is lowered depends on the values of P,, AP and R. Finally at he = 0.0, the
discharge from the three branches will be in the form of single-phase gas with flow
rates Mme.a = Mme.p = Mee = Me,pLEA = MG BLER = MG BLEC-

In the case of experiments with a single discharge in group nos. 1 and 4, the
active branch was directed to the measuring separator and the auxiliary separator
was left inactive. Two onsets were encountered, and the independent parameters for
mass flow rate and quality were P,, AP, R and h. For the dual discharge experiments
in group nos. 2 to 4, four onsets were encountered, and the independent parameters
were F,, AP, R, h as well as the configuration of the two branches. The geometrical
parameters relevant to group nos. 1 to 3 are shown in Figure 3.1. Both separators

were activated as measuring separators in the experiments of group nos. 2 and 3.
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The objective of this investigation is to focus on the two-phase discharge region
between the two extreme onsets and to investigate the behavior of mhpp and z within
this region. The experimental data were sought in a systematic fashion so that the

influence of each independent parameter could be assessed individually.

3.3 Experimental Test Facility

3.3.1 Flow Loop

A schematic diagram of the flow loop is shown in Figure 3.3. An immersion-type
circulating pump was used to supply distilled water to the test section at a rate
adjusted by a by-pass line. The temperature of the water was held steady during
the experiment by a cooling coil, as shown in Figure 3.3. The large reservoir was
connected to an air supply equipped with a feed-back pressure confroller which
maintained a steady pressure P, in the test section throughout the experiment.
The two-phase flows leaving the test section through the branches were directed
to their respective separators where the air and water were split by centrifugal
action. The flow rates of air and water leaving the measuring separator(s) were
each measured by a bank of four variable-area-type flowmeters with overlapping
ranges. Each of these flow-measuring stations covered the range of 15 cm3/min to
0.0415 m®/min on the water side and 198 em?®/min to 1.3 m3/min at standard

conditions on the air side.
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The temperature and pressure within the large reservoir, as well as other loca-
tions within the loop, were recorded during the experiment. All flow meters, ther-
mocouples and pressure gauges were calibrated before testing began (see Appendix

A,

3.3.2 Two-Phase Reservoir

Details of the large reservoir are shown in Figure 3.4 with water entering through the
bottom flange, air entering through the left flange and discharge through the right
flange. The geometrical design of the reservoir is similar to that used by Parrott et
al. (1991). The reservoir was manufactured from type 304 stainless-steel sections,
except for a clear acrylic pipe section near the outlet flange for visual observation of
the flow phenomena.- The acrylic pipe was held firmly between two machined fanges
by four tie-rods and sealed with an O-ring at each end. The air and water entering
through the reservoir were dispersed into a number of streams to prevent anyv waves
or ripples on the gas-liquid interface. The attainment of a smooth interface was
essential in eliminating fluctuations in fhe differential pressure transducer signal
used to measure the liquid level height. Details of the inlet air and water dispersers
are shown in Figures 3.5 and 3.6, respectively. Each disperser was mounted onto

the inner face of the corresponding flange.
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3.3.3 Test Sections

A schematic diagram of a test section used in group nos. 1 to 3 is shown in Figure
3.7 . 'The first part of the discharge branches were holes , 6.35 mm in diameter
and 127 mm long, machined in a brass block and bolted to the stainless-steel outlet
flange. Thus, each branch had a straight length of 20 diameters before any bends
or area changes were incorporated. Two brass blocks were machined to provide L/d
= 1.5, 2, 3 and 8. A surveying transit was used to ensure that the faces of the outlet
flange and the brass block were vertical and that the centerlines of the test branches
fell on a straight (horizontal in group no. 2 and vertical in group no. 3) line. Of
course, only one branch was active in group no. 1 experiments.

The test section used in group no. 4 is shown in Figure 3.8. A semicircular
shape of diameter 50.8 mm and length 30.8 mm was machined in a brass block
and three branches were drilled and connected to the semicircular surfaces at angles
0, 45° and 90° from the horizontal, as shown in the figure. The branches started
out with a diameter d = 6.35 mm, were maintained at this size for a length of
at least 4 diameters and were subsequently enlarged to a diameter 9.53 mm, as
shown in Figure 3.8. The brass block was bolted to a stainless-steel blind flange and
the semicircular surface and branches were exposed to a large, stratified, air-water
region.

In the early stages of the investigation, consideration was given to a circular (full
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header) test section with 3 branches. However, a careful analysis of the expected
flow conditions revealed that the flow rates leaving the hranches would have to be
kept fairly small if stratified conditions were to be maintained in the header. Due
to the interest in a wide range of branch flow rates, a semicircular (half header)
test section that is open to a large volume was adopted instead. Of course, certain
conditions would have to be satisfied if the results of the semicircular section are
to be considered applicable to the circular geometry. As shown later in Section 4.4,
the flow out of branch C (see Figure 3.2) was found to be essentially independent
of whether or not there was flow out of branches 4 and B within the tested range,
Therefore, it is unlikely that the two missing branches from the circular section
would affect the results of branch C in a circular section. As well, the two missing
branches would have been too far from branches A and B to cause significant effects
there. As a result, the data from the present test section should be representative

of those for a full-header geometry.

3.3.4 Separation Tanks

The two-phase flows leaving the test section through the branches were directed
to separators where the air and water were split by centrifugal action. This was
achieved by forcing the flow through two 60.0 mm diameter nozzles angled to dis-
charge the flow in a downward spiraling direction, as shown in Figure 3.9. Water

exiting from the nozzles flowed along the tank wall where it drained downward.
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The air flowed out through the top of the separation tank. A baffle located above
the gas-liquid interface isolated the interface from the flow above it. The baffle, a
circular disk perforated with many small holes, 5.5 mm in diameter, has a diameter
slightly smaller than that of the separation tank; this left a gap of about 4 mm on
the tank wall.

The tank incorporated abrupt changes in cross-sectional area as shown in Figure
3.9. If the lquid flow rate was too low, the gas-liquid interface in the tank was
maintained in the smallest diameter cross-section. On the other hand, for the high
liquid flow rate, the interface was maintained in the largest diameter cross-section.
This procedure decreased the errors resulting from small changes in the height of
the interface with time.

Each separation tank was constructed from type 304 stainless-steel sections with
flanges welded and bolted to each end. A 640 mm long-sight-glass was used to
observe visually the liquid level in the tank. A pressure tap was installed on the
alr side of each separator and connected to a differential pressure transducer, The
reading of this transducer during the dual and triple discharge experiments was
monitored continuously and adjustments were made (if necessary) for the outlet
flow rates in order to ensure that the pressure difference between the two separators

was at or near zero.
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3.3.5 Liquid Level Measurement

Two pressure taps, as shown in Figure 3.10, one on the air side and the other on the
water side, were installed on the outlet flange and connected to a differential pressure
transducer (Rosemount model 1151 DP) in order to measure the liquid height in the
test section from which the value of k was determined. A 24 VDC power supply was
connected to the transducer which produced an electrical current that varied linearly
with the differential pressure. The current was passed through a resistor and the
voltage drop across the resistor was measured with a digital voltmeter. Calibration
of the transducer ( see Appendix A) provided a measurement of 0 to 254 mm water
height over the range of 2 to 10 volts as measured by a voltmeter with a resolution

of ImV" . Therefore, very small changes in the liquid level could be easily detected.

3.4 Experimental Procedure

A total of 100 data sets were collected in this investigation, Fourteen data sets
for group no. 1, thirty-two data sets for group no. 2, thirty-two data sets for group
no. 3 and twenty-two data sets for group no. 4. Each set corresponds to a certain
combination of P,, AP, R as well as the configuration of the branch{es). Before
starting the experiments with a new branch configuration, the hydraulic resistances
of the connecting lines were set nearly equal (not necessary for single discharge

experiments in group nos. 1 and 4). This was done by performing adjustments

31



Reservoir Outlet Flange

Water Ra

nge

Resistor

___W_O‘

Wet leg

45

Datum

Voltmeter

Pressure Transducer

24 vDC

Dry leg

Figure 3.10: Installation for liquid-level measurement




on one or all lines until the deviation between the single-phase liquid flow rates
from all branches was 3 % (all sets) or less. The deviation between the single-phase
gas flow rates from the all branches was 6.8 % or less for data set nos. 3-3, 4-21
and 4-22, while for the other 97 data sets, it was 4.3 % or less. After adjusting
R for a given configuration, appropriate values of P, and AP were fixed and an
experimental procedure was followed in collecting the data of each group. Following
is the procedure followed for dual-discharge experiments {branches one above the
other) in group no. 3 (see Figure 3.1) and group no.4 (could be branches A and
B, A and C or B and C}; the modifications for the single-discharge experiments in
group nos. 1 and 4, dual discharge experiments (branches side by side) in group no.
2, and the triple discharge experiments in group no. 4 are pointed out at the end of

this section:

1. The conditions at the BGE at the upper branch ( interface level and mass
flow rate) were established first. The air-water interface location {height) was
set at a high value and was reduced in small steps, at which the liquid flow
rate was measured under steady conditions. As the onset was approached, the
liquid level was slowly lowered further until gas was suddenly entrained at the
branch; this onset was observed visually through the transparent part of the
test section. The steady-state flow rate just before the onset and the reading

of the pressure transducer immediately following the onset were recorded.
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2. Knowing that the magnitudes of the critical height for BGE at the upper
branch and the critical height for theBLE at the lower branch are roughly
equal, the vertical distance between these two locations was divided into a
number (in the range of 20 to 30) of equal intervals. The experiment was
then conducted at decreasing values of . At each A, the liquid level was
held constant for a sufficient period of time that allowed the flow into each

separator to be split and measured accurately.

3. Three other onsets were encountered with decreasing h: these were the BLE at
the upper branch, and the BGE and the BLE at the lower branch. All these
onsets were detected visually. As each one of these onsets was approached, the
1iquid level was lowered in fine increments so that the corresponding h and m
were accurately determined. With the water level just slightly above that for
the condition of the BLE at either branch, a stream of water was seen to be
pulled up from the interface through the branch. Decreasing the level caused

this stream to become thinner until it suddenly disappeared at the "onset”.

For single-discharge experiments in group nos. 1 and 4, the procedure was
similar, except for the fact that two onsets were present in this case. [n dual-
discharge experiments in group no. 2 (branches side by side), identical conditions
were measured for both branches at the BGE and also at the BLE due to symmetry

{(same AP, same R and same distance from the interface). Therefore, only two onsets
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were relevant to tests in group no. 2, as in group no. 1.

For triple discharge experiments in group no. 4, as pointed out earlier, one
stream (could be A, B or C) was directed to a measuring separator where air and
water were measured downstream, and the remaining two streams were directed
to the auxiliary separator. Each experiment was repeated three times in order to
measure the flow from all three branches. The experimental procedure was similar
to that of dual discharge, except for the fact that measurements were made only

between the two onsets of a given branch.

3.5 Data Reduction

The recorded data for each test run included the air and water flow rates, the
liquid level, the stagnation conditions within the large reservoir, P, and T}, as well
as the pressure and temperature in the separators and other locations within the
loop. Strictly speaking, there was some finite air velocity in the large reservoir;
however, the cross-sectional area was so large that this velocity was below 0.6 m/s
at the highest discharge rates. All parameters presented in the following chapter
are based on directly measured quantities, except for Frpre. In order to determine
Frpre, the inlet conditions at the branch(es) had to be determined. This was done

by applying the following procedure (similar to that used by Armstrong et al., 1992):



1. Treating the air as an ideal gas, assuming isentropic flow and applying an
energy balance between the stagnation conditions and the branch inlet, we
get

1%

eoTy = T + Td (3.4)

where ¢, is the constant-pressure specific heat, T is the temperature at branch

inlet and Vj is the mean discharge velocity.
. From mass conservation, we have
Me.sie = Td0aVa, (3)
where the density pg is given by
PG = S (3.6)
P is the pressure at the branch inlet and R’ is the ideal gas constant for air.

. The isentropic expansion from the stagnation conditions to the branck inlet is

given by

% _ (g)—k_ (3.7)

where % is the ratio of specific heats.

Equations (3.4) to (3.7) were solved iteratively (with T}, and mg grp as known) for

the values of P, T, pg and V. Equation (2.3) was then used for the evaluation of

36



Frprp. The assumption of isentropic expansion was carefully assessed by Parrott
(1993). It was found that this assumption had a small influence on the value of

Frprp, mainly because the differences (I' - T,) and (P - P,) were small.

3.6 Experimental Uncertainty

An estimate of the uncertainties in the independent and dependent variables was
made in the fashion described by Moffat (1988), and Kline and McClintock (1953).
All uncertainties quoted here are at "odds” of 20 to 1. The uncertaintieé are meant to
accommodate: the accuracy of the calibrating device, the error in fitting an equation
{for computer data reduction) to the calibration data, discrimination uncertainties
in the measuring instrunients and unsteadiness in the process. Pressure gauges were
calibrated using a deadweight tester, thermocouples using a standard mercury-in-
glass thermometer, gas rotameters using wet test meters and venturi meters (in
turn the calibrations of which were traceable to National Institute of Standards and
Technology) and liquid rotameters using a weigh- and-time method. The pressure
transmitter used for measuring h was calibrated against a micromanometer and
the digital voltmeter used in the calibration was subsequently used in the normal
running of the experiments; for both calibration and subsequent experiments the
sensitivity was approximately 35 mV per mm of water; the discrimination on the

digital voltmeter was 1 mV.
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The results of the uncertainty analysis vary slightly among the four groups and
the highest uncertainties for each variable are given here. The uncertainty in P,
(absolute pressure) was £0.9 %; the uncertainty in AP for data sets with AP = 40
kPa (the smallest AP) was +£7.9 %, while for the other data sets (higher AP) it
was +3.9 % or less. The maximum uncertainty in the flow rates g, my and mpp
was £4.0 %, £2.5 % and +4.7 %, respectively. The uncertainty in temperature
measurements was £0.25°C. The maximum uncertainty in the quality r was +4.7 %.
The maximum uncertainty in R was 4.7 %. The maximum absolute uncertainties
in h, hpgr and hprp were £0.15 mm, £0.38 mm and +0.38 min, respectively.

For the dimensionless quantity H {defined later in Chapter 4, used in the analysis
of the data of group nos. 1 to 3 and having a range of 0 to 1), in the range
0.2 < H <1, the maximum uncertainty in 6H/H was £8.0 % ; the uncertainty in
6H/H increased with decreasing H, was a maximum of +13.5% at H = 0.1 and
increased to large values as H approached zero. For the dimensionless quantity Af
(defined later in Chapter 4, used in the analysis of the data of group nos. 1 to 3 and
haviﬁg a range of 0 to 1), 6M varied between approximately +0.003 and +0.038,
smaller values being associated with small M and larger values being associated with
large A; in the range of 0.1 < A/ < 1, the maximum uncertainty in 63/ /M was +6
%; the uncertainty in §M/M increased with decreasing M and at the smallest finite

M (=0.05) was £10%.
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CHAPTER 4

EXPERIMENTAL RESULTS AND

DISCUSSION

4.1 Single Discharge from a Branch on a Flat, Vertical

Wall

4.1.1 Presentation of Data and Trends

The operating conditions for the fourteen sets of experimental data generated in
this group are listed in Table 4.1. It is obvious from this table that the independent
variables P;, AP and R were varied in a systematic fashion whereby the influence of
each independent parameter was considered separately while the other two variables
were held constant. Set nos. 1-1 to 1-3 and set nos. 1-4 to 1-6 explore the effect of
AP at fixed values of P, and R. The influence of R at fixed values of P, and AP
can be examined using set nos. 1-1, 1-11 and 1-12, or set nos. 1-4, 1-13 and 1-14.
Finally, the influence of P, at fixed values of AP and B can be examined from set
nos. 1-7 to 1-10. A complete tabulation of all experimental data in this group can

be found in Appendix B.
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Table 4.1: Nominal operating conditions for group no. |

(single discharge)

Data Set P, AP R 1
No. (kPa) (kPa) (kg.m)
i-1 316 123 1000
1-2 82
1-3 40
1-4 517 235
1-5 166
1-6 97
1-7 316 127
1-8 378
1-9 448
1-10 517
1-11 316 123 1660
1-12 3000
1-13 517 235 1600
1-14 3000
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Figures 4.1 and 4.2 show typical results for myp and z, respectively. Within
each data set (fixed P,, AP, and R), mrp decreases from mip sgEe t0 Mg prp and
7 increases from 0 to 1 as h decreases from hpce to hprp. As the independent
parameters Py, AP and R were varied during the experimental program, significant
effects were noted on the measured dependent parameters. Increasing R at the
same P, and AP gave decreasing in ™Mi BGE: MG,BLE, hpce, and |hg,p|, as shown
in Figure 4.3; similar trends were obtained on decreasing AP at the same P, and R.
Increasing P, at the same AP and R had essentially no effect on hggp and MI.BGE
while me pre and lhgre| increased, as shown in Figure 4.4,

Normalized plots are shown in Figures 4.5 to 4.10 using the following definitions

for the normalized liquid level and the normalized mass flow rate, respectively:

h—hgrp
Hs ———— 1.1
heee — hpre (4:1)
and
M= Mrp — MG,BLE (1.2)

ML BGE =~ Mg BLE

Figures 4.5 to 4.10 show that when the present data are plotted in terms of AL
versus ff and r versus H, the effects of P, AP, and R are largely absorbed within
the present tested range of parameters. This observation is based on experimental
data corresponding to a finite range of parameters and thus, should not be extended
outside the present range without considerable thought. For example, Figure 4.10
suggests a very small but consistent effect of P, on z. This effect may become more
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visible if the range of P, is considerably widened.

4.1.2 Comparisons with Existing Correlations

Comparisons were conducted between the present results and those of previous
investigations. Figures 4.11 and 4.12 relate to the height of the interface at the BGE
and BLE | respectively (correlations used in these figures are given in Chapter 2,
except for that of Armstrong et al. which is given in Chapter 3). These critical
heights are correlated in terms of Frgesp and Frgre given by Equations (2.4) and
{2.5), respectively. Significant deviations can be seen among different correlations
for the case of hpgr in Figure 4.11, where the present results appear to be closest to
those of Micaelli and Memponteil (1989) and Parrott et al. (1991). The correlation
by Schrock et al. (1986) includes viscosity and Bond numbers (in addition to Froude
number) which were evaluated at the present experimental conditions.

The deviations between the present hg;p results (Figure 4.12) and the correla-
tions are not very significant. The manner by which the experiment is conducted
can influence hprg . In the present experiment, all values of kg, were measured
with a slowly decreasing liquid level whereby the area of the metal face between the
interface and the branch was wet. Additional results were obtained with a slowly
rising liquid level {i.e., dry face of test section) and they are shown in  Figure 4.12.
Some deviation appears between the two sets of experimental results; however,

these deviations are small, as well as the deviations among the different
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correlations for hg; k.

The present values of z were compared with existing correlations and a repre-
sentative sample of the results is shown in Figures 4.13 t0 4.15 for data set no. 1-4
(where the mass flow rates are highest). Figures 4.13 and 4.14 show significant devi-
atlons among the correlations of Smoglie and Reimann (1986), Schrock et al. (1986),
and Yonomoto and Tasaka (1988), given by (2.6), (2.11) and (2.16), respectively.
As well, the data are underpredicted by the correlations at high values of 2 and
overpredicted at low values of z. These three correlations provide r as a function of
h/hpce for h > 0 and h/|hgpp| for h < 0.

The best agreement was obtained with the correlation of Micaelli and Mempon-
teil (1989), given by (2.24). In this correlation, the quality = was given as a function
of h/h; over the whole range hprp < h < hgge. Figure 4.15 shows good agreement
between data set no. 1-4 and the correlation of Micaelli and Memponteil throughout
the whole range of z. The trends illustrated in Figures 4.13 to 4.15 for set no. 1-4
were found to be the same for all the other data sets.

Although the correlation of Micaelli and Memponteil (1989) has the widest data
base among all existing correlations, and it resulted in the best agreement with the
present data, this correlation is not in a suitable form for predicting . This is
because of the dependence on hf (given by Equation (2.26)), which in turn, requires
a knowledge of mrp |, a quantity not known «a priori. Rather than requiring rrp

for the determination of z, it would be useful to provide separate correlations for
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determining mrp and x independently.

4.1.3 Correlation of Present Data

Correlations were developed based on the present experimental data. They consist

of the following relations:

hBa?E =0.57 Frii,, (4.3)
|th”' =0.87 Frydl, (4.4)
1-11.67H
r = 0.2 erp [6 H(_].——_ﬁ(_)J
042 1"

1.3
0.8 (1-H? -0.0122 + ———— 4.5
( ) [ 1.0+ ELJ (4:5)

oG
and
o ” 0y 1.318

M= ez:p[—l.&*l H (10 - H?) } (4.6)

For given values of p;, pg, d, b, Py, R and AP (from which corresponding values of
My e and thg prp can be determined for the particular system under considera-
tion), e and x can be easily determined from the above relations.

Equation (4.3) correlates the present data of hpce within £3 % and its pre-
dictions are very close to those of Parrott et al. (1991), as can be seen in Figure
4.11. Equation (4.4) correlates the present data of / srE {for decreasing liquid level)

within +£5 % and its predictions are close to those of existing correlations, as shown
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in Figure 4.12. Equations (4.3) and (4.6) converge to the appropriate limits at & =
0 and 1. They are consistent with the trends shown in Figures 4.5-4.10, whereby z
and A are functions of H with a slight dependence of = on P, or (pr/pog).

Figures 4.16 and 4.17 show comparisons between all the data in group no. 1
and the correlating equations for z and M, respectively. Very good agreement can
be seen in these figures. Quantitatively, the experimental values of z were predicted
with a root-mean-square error of 8.1 % over the range .00l < z < 1. As well, the
experumental values of M were predicted with a rooi-mean-square error of 13.2 %
over the range 0.001 < M < 1.0 and a root-mean-square error of 8.2 % over the
range 0.01 < M < 1.0. It should be emphasized that these correlating equations are
empirical and thus, their accuracy can only be assured within the range of conditions

covered in this investigation.

4.1.4 Comparison with Critical Two-Phase Models

In order to know the type of flow (suberitical or supercritical) through the branches,
a comparison was made between the experimental data of mrp and the results of
two models available in the literature for predicting the critical myp. These two
models are the "homogeneous frozen model” and the Henry-Fauske model. The first

model is that given by Whalley ( 1987) for homogeneous frozen flow as follows:

) ﬁ2d4Pok( 9 )Gﬂ)

Mg . =
The k+1

IGL’G,OI (4[)
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where mirp, is the critical two-phase flow rate, z is the quality {constant within the
pipe) and P, and vg, are the pressure and gas specific volume at the stagnation
conditions upstream of the choking plane.

The second model is that given by Henry and Fauske (1971) for non-

homogeneous flow, as follows:

9 ?T?(ﬁ‘ (1 - I)UL,O(-PO - Pc) + (%_%") (PoUG,o - PcUG,c)
“ 8 (1= 2)vp, +706,)
with
Pc -1/k
VG e = UG!O[]—D-] , {4.9)

where vy, is the liquid specific volume at the stagnation conditions upstream of the
choking piéne, P, and vy, are the the pressure and the gas specific volume at the
choking plane.

The measured values of riyp were compared with the predictions of Equations
(4.7) and (4.8) at the present operating conditions. The pressure and temperature
in the large reservoir were taken as the stagnation conditions in Equations (4.7)
and (4.8), while the pressure in the separation tank was assumed to be the choking
pressure. These assumptions will give the lowest prediction for the two-phase critical
flow at the present values of P, and P,. Figures 4.18 and 4.19 show the comparison
for data set nos. 1-1 and 1-4 ( where the mass flow rates are highest at two different
values of P,). It is clear from these figures that the present values of mrp are
smaller than predicted critical values at the same conditions. An  experimental
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check was conducted for the limiting case of single-phase air flow by increasing
AP beyond the maximum value otherwise used in the experiments and no choking
occurred. These trends, showing subcritical flow, were found to be the same for the

remaining data sets in the present group as well as in the other three groups.

4.2  Dual Discharge from Branches on a Flat Side Wall,

the Centerlines Lying in a Horizontal Plane

The operating conditions for the 32 da.ta sets generated in this group are listed
in Table 4.2. For L/d = 1.5, set nos. 2-1 to 2-3 and set nos. 2-6 to 2-8 explore
the effect of AP at fixed P, and R. The influence of R at fixed b, and AP can be
examined from set nos. 2-1, 2-4 and 2-5, or set nos. 2-6, 2-9 and 2-10. A similar
test matrix was followed for L/d = 2. However, for L/d = 3 and 8, it was decided
not to include the influence of R at fixed P, and AP because suffcient information
on this effect had been gained from the results of L/d = 1.5 and 2. Values of P,,
AP and R used in this investigation are practically identical to those used in group
no. 1 {see Table 4.1) ; therefore, influences of the discharge at the second branch
can be clearly isolated. A complete tabulation of the data in this group is given in

Appendix C.
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Table 4.2 Nominal operating conditions for group no. 2

(dual discharge-branch centerlines lying in a horizontal plane)

Set No. Lid P, AP R »
(kPa) (kPa) (kg.m)
2-1 1.5 316 123 1000
2-2 82
2-3 40
2-4 123 1670
%g 3000
- 517 235
27 6 1000
2-8 97
2-9 1670
2-10 235 3%00
2-11 2.0 316 123 1000
2-12 82
2-13 40
2-14 123 1670
2-15 3000
2-16 517 235 1000
2-17 166
2-18 97
2-19 235 1670
2-20 3000
2-21 3.0 316 123 1000
2-22 82
2-23 40
2-24 517 235
2-25 166
2-26 97
2-27 8.0 316 123 1000
2-28 82
2-29 40
2-30 517 235
2-31 166
2-32 97




4.2.1 Flow Phenomena

The flow phenomena will be described in terms of the mass flow rate of each phase
at each branch (Figure 4.20) and the appearance of the interface (Figure 4.21); these
are functions of h {the vertical distance measured upward from the centerlines of the
branches to the flat part of the interface, as shown in Figure 4.21(b}). The interface
shape will be sketched approximately to scale for L/d = 8 (simple case)and L/d = 2
(complex case) , both with large AP and small R. The term "simple case” means
that the branches act essentially independensly of each other; this situation arises
for some combination of large L/d and/or small AP and/or large . The term
"complex case”, means that there is interaction between the two branches and it
arises with the opposite combination of L/d (small), AP (large) and R (small).
The sketches marked “side elevation” in Figure 4.21 depict the interface outline
an observer would see from the side of the test section and perpendicular to the
centerlines of the branches ( for the simple case, the sketches then show the interface
along a vertical plane through the centerline of one of the two branches; this is not
the situation for the complex case).

The Simple Case:

h > hpge (see region 1 in Figure 4.20)

Let us begin with an interface level well above the two branches. Each branch will

be flowing liquid only, 7z, and the interface will be flat, as shown in Figure 4.21(a).
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As hislowered and approaches hpgp , two ” dimples” begin to form in the interface
{Figure 4.21(b)). These depressions become more pronounced (Figure 4.21(c})) and
cone-like until the tips of the two cones suddenly extend to the branches; this is the
BGE at the branches (Figure 4.21{d)), the corresponding 4 is hpgp and the flow
rate is 7y = My pee. Identical conditions of entrainment in this region (as well, in
the all other regions) were observed at both branches due to symmetry (same AP,

same R and same distance from the interface).

hpce > h > hprp (see region 2 in Figure 4.20)

In this range, as h decreases, the liquid mass flow rate decreases and the gas mass
flow rate increases at each branch. The interface shape is shown through Figures
4.21(e) and (f) until at (g) liquid is no longer entrained at the two branches (this is
the BLE at the branches)ie., iy = 0 and h = hgrp while the corresponding gas

flow rate at each branch is MG BLE-

h < hprp (see region 3 in Figure 4.20)

In this range, the interface shape would be as depicted in Figure 4.21(h); when ||
is sufficiently large the interface is flat. The flow rate in this region at each branch

Is Mg = MG BLE-

The Complex Case:

h > hpgr (see region 1 in Figure 4.20)
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As h is lowered and approaches hggr, a “dimple” begins to form in the middle of
the interface between the two branches (Figure 4.21(i)). This depression becomes
more pronounced with decreasing h (Figure 4.21(j)) and cone-like until the bottom
of the cone is suddenly divided into two small cones, each extending to a branch as
shown in Figure 4.21(k). This is the BGE at the branches, the corresponding 4 is
hper (larger than that of simple case) and the flow rate is m; = mr peE {(same as

for the simple case).

hpge > h > hppp (see region 2 in Figure 4.20)

As with the simple case, in this range as h decreases, 1, decreases and rig increases
at each branch, The interface shapes are shown in Figure 4.21(1) and (m); for 2 > 0
gas is fed to both branches from a single region ahove and between the two branches;
for h < 0 liquid is fed to both branches from a single region below and between the
two branches. As h approaches hp; g, the streams feeding liquid to both branches
become thinner until the flow of liquid into both branches ceases (my = 0); this is
at hprrp (larger in magnitude than that of the simple case) with the interface shown

in Figure 4.21(n) and mg = me,prE (same as for the simple case).

h < hpre (see region 3 in Figure 4.20)

The interface shapes are depicted in Figure 4.21{o); when |A| is sufficiently large the
interface is flat. The flow rate in this region at each branch is g = Me.sLE (same

as for the simple case).
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4.2.2 Onsets of Gas and Liquid Entrainment

The critical heights correspon&ing to the BGE and BLE at both branches were
measured in each of the 32 data sets. A segment of these results corresponding to
L/d = 1.5, 3 and 8 is shown in Figures 4.22 and 4.23. Since the critical heights
measured at both branches were nearly identical, only the results from one of the
two branches are shown in Figures 4.22 and 4.23. These results are correlated in
terms of their respective Froude numbers as defined in Equations (2.4) and {2.5).

Two lines corresponding to the limiting cases L/d = 0 and oo are also shown
in Figures 4.22 and 4.23. For L/d = o0, the flow situation reduces to that of a
single side branch for which the critical heights at the onsets may be correlated by
Equations (4.3) and (4.4). For the limiting case L/d = 0, the flow situation again
reduces to that of a single branch with double the amount of flow discharge. Thus,
the lines marked L/d = 0 in Figures 4.22 and 4.23 were also obtained from Equations
(4.3) and (4.4), respectively, by doubling the values of Froude number.

It is clear from Figures 4.22 and 4.23 that the lines of L/d =0 and oc form an
envelope for the present data if we allow for the expected experimental errors. The
magnitudes of the critical heights for both onsets increase as L/d decreases. The
data for L/d = 8 are very close to the line L/d = oo, suggesting that at L/d = 8,
th.e branches are practically behaving as two independent single branches.

Empirical relations were developed based on the present data for 1.5 < L/d < 8.
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These relations are given by

hB;E = 0357 ( A Frgge)'? ' (4.10)
and '—h%ﬂﬁ—’ = 0.87 (B Frpgp)™, (4.11)
where A = 10 + e:rp[—O.GlS (3)1'5 (FTBGE)“MOJ (4.12)
and B = 10+ e.rp{—~2.06 (%)2-54 (FT‘BLE)_I'?}. (4.13)

Equations (4.10) to (4.13) converge to the correct limits at L/d=0and co. As well,
these equations predict the data with root-mean-square errors of 1.8 % in hpgp and

3.77 % in h‘BLE‘

4.2.3 Mass Flow Rate and Quality

In order to explain the trends from the current results, the presentation is made
first in terms of dimensional quantities. Measured values of rg, my, mrp and 2
for data set no. 2-6 are presented in Figures 4.24 10 4.27, respectively. This data
set corresponds to thle highest P, and AP and the lowest R, a combination that
results in the highest gas and liquid flow rates. In addition, this set corresponds to
the smallest L/d; therefore, the effects due to dual discharge seen in Figures 4.24
to 4.27 are the most pronounced in this study. Results from group no. 1 for single
discharge at the same P,, AP and R (set no. 1-4) are shown for comparison.
Figures 4.24 to 4.27 confirm the geometrical and flow symmetry applied at the

two branches in the present study by showing that all results of mass flow rate

67




i, , kg/min

l-nG s kg/miﬂ

0.4 QO@Olé T T T
© &
6]
¢ @
O 1)
0.1 F < ® -
© ®
&
O Right branch o
A Left branch
<& Single branch
o ®
001 | | ! ]
' 0 5 10 15 20 25
h, mm
2 T I T T
@ o
OO
<&
R o
g o
1 = g O O -
2o
@ o
B
O Right branch g o
A Left branch Y
< Single branch e
0.4 | | | |
-25 -20 -15 -10 -5 0
h, mm
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and quality are nearly identical for the two branches. However, there is significant
deviation between the present dual-discharge results and those of group no. 1 for
a single discharge. For h > 0, Figure 4.24 shows that mg is generally higher for
the dual-discharge case at any given h. This increase in mg is accompanied by a
decrease in 7z , as shown in Figure 4.25 for b > 0. These opposite trends are in fact
consistent and can be explained by observing that all the data (of single and dual
discharge) in Figures 4.24 to 4.27 correspond to the same AP and thus, an increase
in g would require a decrease in rm; . For h < 0 , these trends reverse, i.e., rg
decreases and iy increases for the dual-discharge case. The results of mryp and x
for data set no. 2-6 shown in Figures 4.26 and 4.27 follow easlly from the data in
Figures 4.24 and 4.23.

The trends shown in Figures 4.24 to 4.27 for data set no. 2-6 are typical of all
data sets. The ﬁlagnitude of the deviation between the results of single and dual
discharge were found to decrease with an increase in L/dor R, or a decrease in AP,
For data set nos. 2-27 to 2-32 corresponding to L/d = 8, insignificant differences
between single- aﬁd dual-discharge results were obtained for all values of P, AP
and R tested in this study,

An attempt was made to plot the data in a normalized fashion in order to
absorb the deviations seen in the dimensional plots of Figures 4.24 to 4.27. This
was done using the normalized liquid level and the normalized mass flow rate defined
in Equations (4.1) and (4.2). |
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Figures 4.28 and 4.29 show that the data of quality and mass flow rate, re-
spectively, from set no. 2-6 collapse on the respective single-discharge results from
group no. 1 at the same P,, AP and R. This is very significant since the results for
data set no. 2-6 deviated the most from the single-discharge results for the same
conditions (as seen in Figures 4.24 to 4.27).

The ability of the normalized parameters of Equations (4.1) and {4.2) to absorb
the effects of other independent parameters is shown in Figures 4.30 and 4.31.
Sixteen data sets corresponding to P, = 316 kPa with all tested combinations of
AP, R and L/d are shown to be largely collapsed in these plots. The same behavior
was also found for the other half of the data (P, = 517 kPa). However, one small
effect remains due to the system pressure P,. Figure 4.32 shows a slight increase in
z with P, at the same AP, R and L/d. On the other hand, the effect of FP,on M
was found to be insignificant, as illustrated in Figure 4.33.

Similar trends were reported in Section 4.1 for the case of single-branch discharge
whereby M was found to be a function of & only (for all P,, AP and R tested) and
x was found to be dependent on H and P, (for all AP and R tested),

In view of the similarity in trends between the present data and those in group
no. 1 and the data collapse shown in Figures 4.28 and 4.29, it was decided to test
the validity of Equations {4.5) and (4.6) for the present data. This comparison
resulted in excellent agreement, as shown in Figures 4.34 and 4.35. Qﬁantitatively,

the quality x was predicted with a root-mean-square error of 8.5 % over the range
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0.001 < z < 1. The dimensionless two-phase discharge M was predicted with a
root-mean-square error of 14.2 % over the range 0.01 < M < 1 and the accuracy of
prediction improved significantly if very low values of M were not considered. For
example, the root-mean-square error reduces to 7 % in the range 0.05 < M < 1.
Since correlations (4.5) and (4.6) are empirical, their accuracy can only be assured

within the range of conditions covered in this investigation.

4.3  Dual Discharge from Branches on a Flat Side Wall,

the Centerlines Lying in a Vertical Plane

The operating conditions for the 32 data sets generated in this group are listed
in Table 4.4. The test matrix was purposely designed to be identical to that of
group no. 2 in order to isolate the effect of orientation of the branches. A complete

tabulation of the data in this group is given in Appendix D.

4.3.1 Flow Phenomena

The flow phenomena are described in terms of the mass flow rate of each
phase and the appearance of the interface, these as a function of h*, where h* is the
distance of the flat part of the interface above some datum located arbitrarily well
below the lower branch; this definition of A* is shown in Figure 4.36(a). The terms

"simple case” and "complex case” are used  and mean those situations where
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Table 4.3: Nominal operating conditions for group no. 3

(dual discharge-branch centerlines lying in a vertical plane)

Set No. L/d Po AP R 172
(kPa) (kPa) (kg.m)
3-1 1.5 316 123 1000
32 82
3-3 40
34 123 1670
3.5 3000
3-6 517 235 1000
3-7 166
3-8 97
3-9 1670
3-10 235 3000
3-11 2.0 316 123 1000
3-12 82
3-13 40
3-14 123 1670
3-15 3000
3-16 517 235 1000
3-17 166
3-18 97
3-19 235 1670
3-20 3000
3-21 3.0 316 123 1000
3-22 82
3-23 40
3-24 517 235
3-25 166
3-26 97
3-27 8.0 316 123 1000
3-28 82
3-29 40
3-30 517 235
3-31 166
3.32 97
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PBre4 > Rpsrp and hsrea < Rpepp. respectively, where subscript A refers to
the upper branch and subscript B refers to the lower branch. The interface shape
will be sketched approximately to scale for L/d = & (simple case) and L/d = 2
(cornplex case) , both with large AP and small R.

The Slmple C&Se (h*BLE,A > h’EGE,B):

h™ 2 hpgp 4 (see region 1 in Figure 4.37(a))

Let us begin with an interface level well above the upper branch. Both branches
will be flowing liquid only, the flow rates of which will be essentially the same, i.e.,
mp .4 =y p as shown in Figure 4.37(a), and the interface will be flat as shown in
Figure 4.36(a). As h* is lowered and approaches hsGE.4, a "dimple” begins to form
in the interface (Figure 4.36(b)). This dimple depression becomes more pronounced
(Figure 4.36(c)) and cone-like until the bottom of the cone suddenly extends to
the upper branch; this is the BGE at the upper branch BGE, A (Figure 4.36(d));
the corresponding h* is hpea and the flow rates are mpa=mrp = ML BGE A
In Figure 4.36, sketches marked "side elevation” are taken along a vertical plane

through the centerlines of the two branches.

hBgp.a > h* > hypp 4 (see Tegion 2 in Figure 4.37(a))

In this range, the lower branch continues to flow only liquid at the rate rn LB =
mMp.BGE,A. At the upper branch mp 4 decreases and mg 4 increases as h* decreases,
The interface shape is shown through Figure 4.36(e) and (f) until at (g) liquid is
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no longer entrained at the upper branch, i.e. mr,a = 0and 2" = hg;p , while the

corresponding gas flow rate at the upper branch is MG BLE,A-

Rprea > R 2 hiepp (see region 3 in Figure 4.37(a))

As h” is reduced below hbrp.a, the upper branch flows only gas at the rate of
mGa = Mmrprea. The lower branch continues to Sow only liquid at the rate of
mip = My ecea. With decreasing h*, the interface is depicted in Figure 4.36(h)
and (i), In (i) a dimple in the interface has begun to form, becomes more pronounced
and cone-like and finally the tip of the cone extends to the lower branch, as depicted
in Figure 4.36(j). This is the BGE at the lower branch; the h” is hpgp 5 and

the various flow rates are Mea = Mg erpa, Mia = 0, meg,s = 0 (onset} and

My,p =My pcen (= M pcE4)

heces > 1" > hyrp g (see region 4 in Figure 4.37(a))

In this range, the interface shape would be as depicted in Figure 4.36{e}, (f} and (g},
excepting, of course, at the lower branch. The BLE, B is at Pyrep at which the
various flow rates are ThG,A = mG‘BLE’A ,T?'ZL,A = (), mG,B = mG,BLE,B (Z ThG,BLE,A),

mr g = 0 (onset).

h™ < hp;py (see region 5 in Figure 4.37(a))

In this range, the interface shape would be as depicted in Figure 4.36(k); when h*

is sufﬁcientiy small the interface is flat. The flow rates in this region are Me,4 =
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MG.p = MGBLEA = Mo prEp and 1hy 4 = mpp = 0.

The Complex Case (W15 4 < Rygpp):

h™ > Wpgp 4 {see region 1 in Figure 4.37(h))

The description is the same as for the simple case, mcluding references to the sketches
(except for the distance between the branches and hpeE 4 being larger in the present

case).

56,4 > N 2 Pyop g (see region 2 in Figure 4.37(b))

In this range, the lower branch continues to fiow only liquid at the rate m; 3 =
mr.8GE,4 wWhile at the upper branch My 4 decreases (frm_n a value of my pep 1) and
mg 4 increases as h* decreases. The interface shape is shown in Figure 4.36(1), (m)
and (n) with a cone being formed at the lower values of h* until at (o) the tip of

the cone extends to the lower branch when h* = RuGER-

BGEB > N > Rprp 4 (see region 3 in Figure 4.37(b))

In this range, both branches are flowing a two-phase mixture. As h* is lowered,
the liquid flow rate m; 4 and gas flow rate Mg 4 at the upper branch continue to
decrease and increase, respectively. Similarly, for the lower branch m 5 decreases
while ¢ 5 increases. Liquid is fed to the upper branch in two streams from the
sides of the branch. A "trough” of gas feeds gas to the lower branch. The interface

shapes are sketched in Figure 4.36(p) and (gq). The streams feeding liquid to the
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upper branch become thinner as h* is decreased until the flow of liquid into the
upper branch ceases {my 4 = 0) : this is at hprp 4 and the interface is sketched in

Figure 4.36(r); at this point mg 4 = ™G BLE 4, the maximum g 4.

BLEA > R 2 hpp g (see region 4 in Figure 4.37(b))

Here the upper branch is flowing gas only at meg,.4 = Mg BLEa While the lower is
flowing a two-phase mixture. The interface shapes are shown in Figure 4.36(s) to {v)
as 1" is decreased. The liquid sucked up the wall as in (v) diminishes to zero as h*
is decreased to A p p: this is shown in Figure 4.36(w) at which point ~m,;,3 = 0 and

MG,p = Mg BLEB(= Me.prE,4), the maximum gas flow rate in the lower branch.

h* < B, p.p (see region 5 in Figure 4.37(b))

Here both branches are flowing gas only and the various flow rates are m L4 =
mrp = 0 and mea = Mgp = mprea = Mprep. The interface shapes are

essentially as shown in Figure 4.36(k).

4.3.2 Onsets of Gas and Liquid Entrainment

The critical heights at the BGE and BLE were measured for both branches in
each of the 32 data sets. A sample of these results is shown in Figure 4.38 {gas
entrainment) and Figure 4.39 (liquid entrainment). Data for L/d =15 and 8 are

shown in both figures; the trend for intermediate values of L/d is monotonic. The
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predicted values of hpgp 4 from the empirical correlation of Parrott et al. (1991),
given by Equation {2.30), are shown in Figure 4.38 and the predicted values of
hprep from the theoretical analysis of Armstrong et al. (1992), given later by
Equation (5.2), are shown in Figure 4.39. The results in Figures 4.38 and 4.39
are presented in terms of Frpgr and Frgpp defined by Equations (2.4) and (2.3),
respectively,

Figure 4.38 shows that hpce.4 and hpepp are nearly identical for Lid =8,
which suggests very little interaction between the branches at this separating dis-
tance. The interaction between the branches intensifies as L/d decreases and as a
consequence, hpgp 4 increases while hpg e.p decreases. This trend is consistent with
the observation that just before the BGE at the upper branch, both branches are
fully submerged in liquid and the lower branch would thus assist the upper branch in
entraining gas from higher interface locations, while on the other hand, just before
the BGE at the lower branch, only the lower branch is fully submerged in liquid
and thus the upper branch competes with (rather than assists) the lower branch for
gas flow. The deviation between A BGE,a and hpop p increases continuously up to
the values shown in Figure 4.38 for L/d = 1.5. The correlation of Parrott et al.
(1991) is in excellent agreement with the present data of hpge 4 for L/d = 1.5 and
8 (as well as for L/d = 2 and 3),

Figure 4.39 also shows that the interaction between the branches is small at L/d

= 8 with nearly identical values of h BrLE,a and hprp . The deviation between thege

88




two critical heights increases continuously as L/d decreases. However, the trend in
this case is for |hgrp 4| to decrease and \hprEp| to increase as L/d decreases. This
trend is also consistent with the observation that just before the BLE at the lower
branch, both branches are receiving pure gas flow and the upper branch wouid thus
assist the lower branch in entraining liquid from deeper interface locations, while on
the other hand, just after the BLE at the upper branch, only the upper branch is
receiving pure gas flow and thus the lower branch competes with the upper branch
for liquid flow. The theoretical predictions of Armstrong et al. (1992) are in good
agreement with the present data of hprpp for L/d = 1.5 and 8 (as well as for
L/d =2 and 3).

Empirical correlations were developed for the critical heights at all four onsets
based on the present data. These correlations, obtained by least square fitting, are

given by the following relasions:

k.
B—Z'ﬁﬁ = 037 (A Frpep)®™, (4.14)

hBGE,B

T = 057 (Frpep)™, (4.13)

h
I—B‘Lff—ﬂl = 0.87 (FTBLE)Aa (416)

h
and LPE—E@ = 0.87 (44 Frp;p)*® (4.17)

where,

1.2
A = 1.o+e.:cp[—1.96 (g) (FTBGE)_O'SQJ, (4.18)
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1.5
Ay = 0.4-0223 exp{—0.415 (g) (FTBGE)_UQ;J, (4.19)

T 1.5
As = 031-013 exp[-0.209 (E) (FTBLE)“O-Q} (4.20)

1.2
and Ay = 1.0+e:rp{——2.27 (E) (FTBLE)_OBQ}. (4.21)

The above relations converge to the correct limits at the two extremes of L /d. For
Ljd = o0, we get A; = Ay = 1, Ay = 0.4 and Az = 0.31, and Equations (4.14) to
{4.17) converge to the single-branch relations given by Equations (4.3) and (4.4).
For L/d = 0, we get 4, = Ay = 2, and Equations {4.14) and {4.17) reduce to the
single-branch relations with twice the values of Froude aumber; i.e., a single branch
with twice the flow rate.

The predictive relations given by Equations {4.14) to (4.17) are in excellent
agreement with the present data. The root-mean-square values of the deviation
between the present data and (4.14) to (£.17) are 1.9 %, 4.4 %, 3.8 % and 2.9 %,

respectively.

4.3.3 Mass Flow Rate and Quality

In order to explain the trends from the current results, the presentation is made first
in terms of dimensional quantities. Measured values of mg, My, mrp and x for data
set no. 3-6 are presented in Figures 4.40 to 4.43, respectively. For the dual discharge
case, the h of the abscissa on these figures is ha for the upper branch and hy for

the lower branch ( k4 and kg are defined as the distances from the centerlines of
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upper and lower branches, respectively, to the flat part of the interface, as shown in
Figure 4.36(c). This data set corresponds to the highest P, and AP and lowest R, a
combination that results in the highest gas and liquid flow rates. In addition, this set
corresponds to the smallest L/d; therefore, the effects due to dual discharge seen in
Figures 4.40 to 4.43 are the most pronounced in this study. Results from group no.
1 for single discharge at the same P,, AP and R are shown for comparison. Figure
4.40 shows an increase in air flow rate at the upper branch and a decrease at the
lower branch relative to the single-branch case. Figure 4.41 shows that i, follows
an opposite trend to that of 7. These opposite trends are in fact consistent and
can be explained by observing that all the data in Figures 4.40 and 4.41 correspond
to the same AP and thus, an increase in me 2t one branch would require a decrease
in ™y at the same branch. The results in Figures 4.42 and 4.43 follow easily from
those in Figures 4.40 and 4.41. Tt is clear from Figures 4.40 to 4.43 that the results
for dual discharge cannot be predicted from those of single discharge and thus the
need for the present data is justified,

The trends shown in Figures 4.40 to 4.43 for data set no. 3-6 are typical of all
data sets. The magnitude of the deviation between the results at the upper and lower
branches were found to decrease with an increase in L/d or R, or a decrease in AP.
For data set nos. 3-27 to 3-32 corresponding to L/d = 8, insignificant differences
between upper, lower and single branch results were obtained for all values of P,

AP and R tested in this study.

93




An attempt was made to plot the data in a normalized fashion as in the case
where the two branch centerlines lie in a horizontal plane so that the influences of
some independent variables may be absorbed. This was done using the previous
definitions (4.1) and (4.2) for the normalized liquid level and the normalized mass
flow rate for the results of each branch (eg, Hy = (ha=hprEa)/(hace.a— hprea)).
The discharge quality at the upper branch for set nos. 3-6 to 8-10 is shown in Figure
4.44 and the normalized two-phase flow rate from the lower branch for set nos. 3-1
to 3-3 is shown in Figure 4.45. These results show that the infuences of AP and R
can be absorbed (within the tested range) by plotting x versus H and M versus H.
However, the collapsed data in both figures deviate from the single-branch results.

It must be pointed out that for any value of L/d, the results for x and M at
both branches should approach the single-branch results at sufficiently low values
of AP and/or high values of R. As pointed out earlier in Sectim‘l 4.3.1, the two
branches will behave essentially as two independent single branches if the onset of
liquid entrainment at the ﬁpper branch corresponds to a higher interface level than
that for the BGE at the lower branch. However, for the results in Figures 4.44 and
445 (L/d = 1.5), this would require a very low AP of approximately 0.1 kPqa at
P, = 517 de and R = 1000 (kg.m)=%/2, All the results in data set nos. 3-1 to
3-26 correspond to sufficiently high values of AP for which the interface level at the
BLE at the upper branch is lower than the interface level at the BGE at the lower

branch. Thus, these data sets correspond to the condition where there is mutual
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interaction between the upper and lower branches. The trends in Figures 4.44 and
4.45 showing the collapse of data for various AP and R are typical of all data in set
nos. 3-1 to 3-26.

An effect that could not be absorbed by these normalized plots is that of L/d.
Figures 4.46 and 4.47 show normalized plots of discharge quality and mass fow
rate, respectively, for data set no. 3-1 corresponding to L/d = 1.5. Very significant
differences can be seen between the results for the upper branch and those for the
lower branch. The upper-branch results converge o those of a single branch at high
H and the lower-branch results converge to those of a single branch at low H. The
difference between upper and lower branch results was found to decrease as I, /d was
increased while maintaining the same P,, AP and R. Figures 4.48 and 4.49 show
that the results for both branches in data set no. 3-30 (L/d = 8) collapse on top of
the single-branch data. This behavior is typical of all data in set nos. 3-27 to 3-39.
All these data correspond to the condition where the BLE at the upper branch
occurs at a considerably higher interface level than that for the BGE at the lower

branch and the two branches function as independent single branches.
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4.3.4 Correlation of Present Data

An attempt was made to develop empirical relations for the prediction of z and Af

at both branches resulting in the following relations:

1- | | |
24 =02 exp [ 6 Hy (m-ﬂ‘l)] +08(1- 1) (BEYA, (422)
1~ Hy
25 =02 exp { 6 Hp (ﬂ)} +0.8(1—H3) " (GEE,  (4.23)
: 1~ Hp
[2+Ba(]—H3)] 9 2 1.318
My=H, ' erp (184 H} (1.0 - HY) (4.24)
and
Mg = H exp [—1.84 Hy (10— HE—,)CSJ , | (4.25)
where,

L 3

B, = 11.67—09.67 exp [—0.01 (E) } (4.26)
/L
B, = 14092 exp [—0.70 (EH (4.97)
L 4

By = 6.68 exp [mo.(m (E) } (4.28)

L 3
G, = 11.67—3.03 exp {uo.om (E) } (4.29)

| L

Cy = 1-0.71 exp {—0.03 (E) } , (4.30)

L 2
C; = 13184578 exp [—0.37 (5) } (4.31)
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and

-1

E = ~0.0122 + 0.42 (1 + 2B} (4.32)
PG

At the limit L/d = oo, the above relations converge to By = Cy = 11.67, By = C,
=1, By = 0 and C3 = 1.318 and consequently, Equations {4.22) to (4.23) converge
to the single-branch relations for z and M reported earlier in Section 4.1. Within
the range 1.5 < L/d < 8, the above empirical model is in good agreement with the
present data, as exemplified in Figures 4.50 and 4.51, Quantitatively, the discharge
quality at the upper branch is predicted with a root-mean-square error of 16.7 % over
the range 0.001 < x4 < 1, the discharge quality at the lower branch is predicted with
a root-mean-square error of 18.1 % over the range L001 < x5 < 1, the normalized
two-phase discharge at the upper branch is predicted with a root-mean-square error
of 23.3 % over the range 0.01 < M4 <1 and the normalized two-phase discharge at
the lower branch is predicted with a root-mean-square error of 11.3 % over the range
0.01 < Mp < 1. All errors were found to decrease considerably when the segment

of data corresponding to the smallest values of £ and M was not considered.
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4.4 Single, Dual and Triple Discharge from Branches on a

Semicircular Side Wall

The motivation for this part of the experimental investigation was discussed
earlier in Chapter 3 and the results presented here apply to the specific geometry
shown in Figure 3.2. The test matrix performed in this part (data group no. 4}
consists of 22 data sets, as given in Table 4.7.

Data set nos. 4-1 to 4-3 correspond to a single discharge from a side branch.
Comparisons between these three sets and the corresponding data from group no. 1
can demonstrate the effect of wall curvature. For dual discharge, the effect of wall
curvature can be explored through comparisons between set nos. 4-10 to 4-12 and
the corresponding data from group no. 3. Data set nos. 4-7 to 4-9 for & single
discharge from the bottom branch correspond to a previously tested geometry (e.g.,
Smoglie and Reimann, 1986; Schrock et al., 1986; Yonomoto and Tasaka, 1991) with
the difference being no superimposed main flow in the present study. However, all
the present data of dual and triple discharge, as well as single discharge from branch
B, correspond to new (and previously untested) branch geometries.

No attempt was made at correlating the data in this section. Wider ranges of
geometries and operating conditions need to be covered before reliable correlations
can be developed. However, the present data are very valuable as they can serve the

following purposes: (a) investigating the effect of wall curvature, {b) demonstrating
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Table 4.4: Nominal operating conditions for group no. 4

Set. Activated B AP R
No. line(s) kPa (kPa) 112
(kPa) (kg.m)

4-1 A only 316 123 1000
4-2 40

4-3 517 235

4-4 B only 316 123

4-5 40

4-6 517 235

4-7 C only 316 123

4-8 40

4-9 517 235

4-10 Aand B 316 123

4-11 40

4-12 517 235

4-13 AandC 316 123

414 40

4-15 517 235
4-16 Cand B 316 123

4-17 40

4-18 517 235
4-19 A,Band C 316 123

4-20 82

4-21 40

4-22 517 123
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the effects of additional discharge(s) on the flow from a particular branch, and
{c) providing a data base for validation of existing thermal- hydraulics codes. A

complete tabulation of all data in this section can be found in Appendix E.

4.4.1 Flow Phenomena

In the present section, the flow phenomena will be described for the triple discharge
case, The interface shape will be sketched approximately to scale for data set no.
4-19 as a function of A* (h* in this case is measured upward from the bottom of
the semicircular test section, as shown in Figure 4.52(b). The other three data sets
of triple discharge (set nos. 4-20 to 4-22) have similar sketches for the interface
shape and similar order in which the onsets were encountered as in set no. 4-19.
The sketches marked "side elevation” in Figure 4.52 depict the interface outline
an observer would see from the side of the test section and perpendicular to the
centerlines of the branches ( except for the flat interface surface far away from the

plane of the centerline toward or away from the observer).

h™ 2 hpgr,a (see region 1 in Figure 4.53)

Let us begin with an interface level well above branch A. The three branches will be
flowing liquid only , the flow rates will be essentially the same, i.e. Mpa=mrLp =
mprc as shown in Figure 4.33, and the interface will be flat as shown in Figure

4.52(a). As h* is lowered and approaches Rpce.a @ "dimple” begins to form in the

interface (Figure 4.52(b)). This depression becomes more pronounced and cone-like
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until the tip of the cone suddenly extends to branch Aj; this is the BGE at branch

A (Figure 4.52(c)); the corresponding A* is hpor,.a and the flow rates are my 4 =

MLp = Mpc = ML peeA.-

hygea > B 2 Rypgp g (see region 2 in Figure 4.53)

In this range the two branches B and C continue to flow liquid at the rate m; 5 =
Mmpc = Mppee.a. At branch A, my 4 decreases (from a value My BGE,A) and mg 4
increases as h* decreases. The interface shape is shown in Figure 4.52(d). As h™ is
lowered and approaches A%, g5 two cones begin to form above branch B (Figure
4.52(e)) and become more pronounced until their tips suddenly extend to branch B

(Figure 4.52(f)); this is the BGE at branch B.

hbees > W > hhep ¢ (see region 3 in Figure 4.53)

In this range branch C continues to flow only liquid at the rate mpc = M BGE.A
= myz pge,p While branches A and C are flowing a two-phase mixture. As A" is
lowered, the liquid flow rate my 4 and gas flow rate mg.4 at branch A continue to
decrease and increase, respectively. Similarly for branch B, m 1,5 decreases while
Mg, increases. A "trough” of gas feeds gas to branch B, around which at the wall,
the water lows up at each side to branch A. As 4* is lowered further and approaches
PBaE,cy a cone begins to form above branch C from the bottom of the trough. as
shown in Figure 4.52(g). This cone becomes more pronounced as h* decreases until

its'tip suddenly extends to branch C. This is the BGE at branch C (Figure 4.52(k)).
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BoECc > 17 2 hprp 4 ( see region 4 in Figure 4.53)

In this range, the three branches are flowing a two-phase mixture. A trough feeds
gas to branch B while a cone from the bottom of the trough feeds gas to C. At the
wall 2 dry spot begins to form between branches 4 and B with liquid being fed to
the branch A in two streams from the sides ; the two streams become thinner as
h™ decreases until the flow of liquid into branch A ceases (mr,4 = 0). This is the

hprea (Figure 4.52(1)); at this point MgG,.4 = Mg prE 4, the maximum me 4.

herea > 2" 2 hyp o ( see region 5 in Figure 4.53)

Here, branch A is flowing gas only at Mg = Mg pLE 4 while branches B and C are
flowing a two-phase mixture . A trough feeds gas to branch B while a cone from the
bottom of the trough feeds gas to branch C (Figure 4.52(g)). As h* is decreased,
a dry spot form between B and C at the wall. Liquid is fed to branch B through
two streams (Figure 4.52(k)) and these become thinner until the flow of liquid into
branches B ceases (mz.p = 0); this is the BLE at branch B. Within the present
conditions, the BLE at branch B and the BLE at branch C occurred at the same

liquid level (hp o = here.p: mrc = 0). This occurs at A* = 0.

h* < hpppc (see region 6 in Figure 4.53)

Here, the three branches are flowing gas only and the various flow rates are A=

Mip =mpec =0and mg4 = mgp = mge = "MG.BLE,A = MG,BLER = G BLEC.
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It should be pointed out that the order in which the onsets in triple discharge
are encountered as the interface is lowered depends on the values of AP and R.
At small values of AP and/or large values of R, branch A could act independently
of the other two branches B and C (i.e., hpees < RBre.a), or the three branches
could act independently of each other (i.e., hWoces < Pprp.s and hpep o < PhiER)-

However, such conditions were never ohserved at the present values of P,, AP and

R.

4.4.2 Single Discharge

The effect of wall curvature on two-phase discharge from a single side branch is
explored in Figure 4.54 by comparing data set no. 4-3 (semicircular wall) with
data set no. 1-4 (flat wall). Both sets correspond to the highest P, and AP, and
the lowest R, a combination that gives the highest gas and liquid flow rates. The
deviation between the two sets is fairly small, as shown in Figure 4.54. Comparisons
between set nos. 4-1 and 4-2, and the corresponding data from group no. 1 produced
even smaller deviations due to curvature. There is no need to compare set nos. 4-1
to 4-3 against existing correlations from the literature, since comparisons were made
in Section 4.1.2 against the data of single side discharge from a fiat wall, and the
wall curvature is shown to have little effect for branch A

A comparison between the present data of a single discharge from branch ¢ and

existing correlations is shown in Figure 4.35 (for the BGE) and Figure 4.56 {for
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the dischérge quality}. These results show that significant deviation can be found
among the existing correlations. The present data of discharge quality agree best
with the correlation of Smoglie and Reimann ( 1986). In the present experiments, it
was not possible to confirm whether the flow mode at BGE was vortex or vortex
free. However, it is easy to state that the superimposed velocity in the tank was
nsignificant. Figure 4.55 shows that the present data of hpce are in best agreement
with Smoglie and Reimann (1986) for vortex-free Alow with no superimposed velocity.

A comparison between the data of a single discharge from branches 4, B and C
is shown in Figure 4.57. For the same value of h {location of the interface relative to
the branch centerline), the data suggest significant deviations among the flow rates
and qualities measured at the three branches. The value of hpgE increases as we go
around the branches from A to B to . As well, mhg .at the same h increases from A
to B to C. The opposite is true for the critical height for liquid entraimﬁent and myp
. For branch C, the BLE has no physical meaning (hprr = 0) and for branch B,
the onset of liquid entrainment coincided with » dry-out” conditions at the bottom of
the semicircular cross-section. The term "dry-out” refers to the condition when the
flat part of the water surface is that the same level as the bottom of the semicircular
test section.

The results in Figure 4.57 indicate that it is easier for the gas to reach hranches
B and C than it is to reach branch A. This trend has some bearing on the following

results where discharge from more than one branch is activated simultaneously.
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4.4.3 Dual and Triple Discharge

Figure 4.58 shows a comparison between data of dual discharge from branches 4 and
B (semicircular wall} and data of dual discharge from group no. 3 (flat vertical wall).
‘The vertical separating distance between branches 4 and B is 2.78 d; therefor_e, the
comparisons are made using data of L/d = 2 and 3 from group no. 3; the main
objective of this comparison is to explore the effect of wall curvature.

The effect of pipe curvature at the upper branch appears to be small. Figure
4.58 shows that Valﬁes of mrp and z at the upper branch in data set no. 4-12 are
bounded by data set no. 3-16 (L/d = 2) and data set no. 3-24 (L/d = 3). However,
at the lower branch, more significant effects of wall curvature can be seen. The
BGE in set no. 4-12 occurs at higher interface levels than in set nos. 3-16 and
3-24. Following the onset of gas entrainment, the lower branch in the semicircular
section continues to receive higher quality and lower mypp than the lower branch in
the flat-wall case all the way until the BLE.

The critical height for the BLE at the lower branch is significantly different
between set no. 4-12 and set no. 3-16 (or 3-24). However, it must be pointed out
that the onset of liquid entrainment for branch B in set no. 4-12 coincided with
dry-out conditions at the bottom of the pipe. Therefore, it is fair to conclude that
the results at or near this limit may be affected by the pipe-to-branch diameter

ratio.




911

Mmop , kg/min

m ., , kg/min

50 f T T i T T T T T
O Data set no. 4-12 gﬁ
O Data set no. 3-16 8@
A Data set no. 3-24 @AE]
10 o0 ]
2%
A
A ~E
of
&pp @EO
i F 3
1 1 ] 1 I i ! 1 1
-25 -15 50 5 15 25
h, mm
10— T T i T T T ¥ T
42 P
2350
D'%EAOO
10 A O -
r %[E O
A 0
A O
z2 ©
[ﬂm O
Caa 0 O Data set no. 4-12
1 L O Datasetno. 3-16
c A Data set no. 3-24
I i 1 1 I ! ! ] I
-25 -15 -5 0 5 15 25

h, mm

Branch A

Branch B

0.1

0.01 ¢

0.001

0.1 ¢

0.01

0.001

2 m%g 3
; e
[ N
A
| AAD .
- O Data set no. 4-12 [ E
O Data set no. 3-16 E’
A Data set no. 3-24
1 1 ] ] : i |
-25 -15 5000 5 15 25
h, mm
T i T T i I 1
= D3A O =
i 4 O ]
[ﬁfﬁé\ o
O
Ja
L Oa O |
Oa O 3
obd O
n® ©
A
E O Datasetno. 4-12 o o E
F [ Datasetno. 3-16 ke
| A Data setno. 3-24 O
| 1 1 1 i i
-25 -15 500 5 | 353 25
h, mm

Figure 4.58: Effect of wall curvature on dual discharge from side branches




Figures 4.59 to 4.61 were prepared in order to cast some light on the possibie
influences on the different flow parameters as we go from a single to a dual to
a triple flow discharge. For example, Figure 4.59 compares single discharge from
branch A with discharge from A while branch B is active, discharge from A4 while
C' is active, and discharge from A while B and C are active. Tt is clear from this
figure that flow from B has a strong effect on the flow from A, while the flow from
C has a small effect on the flow from A. The results indicate also that, when branch
B is already activated, whether or not branch C is active does not have significant
effects on the flow from branch A. Activating branch B resulted in more gas and
less liquid at branch 4. This trend is similar to that in group no. 3,

Another interesting examination of trends is shown in Figure 4.60. In this figure,
a comparison in made between single discharge from branch B and discharge from
B while A is active, discharge from B while C is active and dischérge from B
while A and C are active. The four data sets produce significantly different results.
Activating A pulls the gas away from B while activating C brings more gas into
B. The opposite is true for the liquid. Again, these trends are similar to those
observed in group no. 3 for the flat vertical wall. The deviations seen in Figure 4.60
among single, dual and triple discharge are a clear demonstration of the need for
the present data. |

Finally, Figure 4.61 illustrates the effects of additional discharges on the flow

from branch C. It is clear that the addition of discharges from A, or B, or A and
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B does not change the flow parameters at by appreciable amounts.
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CHAPTER 5

THEORETICAL ANALYSIS OF THE ONSET
OF LIQUID ENTRAINMENT DURING
DISCHARGE FROM TWO BRANCHES ON

AN INCLINED, FLAT SIDE WALL

5.1 Introductory Remarks

‘T'wo important phenomena were identified in Chapter 4 that can have a strong
influence on the discharging' flow through branches; these are the BGE and BLE
phgnomena. For the case of single discharge, a few theoretical formulae were report-
ed recently to predict these two phenomena as well as the discharging flow rate and
quality (see literature review).

In situations where multiple discharge takes place simultaneously from several
branches, there is only one model in the literature developed by Armstrong et al.
{1992). The model predicts the BLE during dual discharge from two small branches
located on a vertical wall of a large reservoir. In their simplified theoretical analysis,

Armstrong et al. neglected the effects of viscosity and surface tension, assumed
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potential flow throughout the fleld and treated each branch as a point sink. With

these simplifications, the following relations were obtained:

} = 32 (5.1)

Fry Fr; } Fr; Fr;
(/L) (s/L+1) [(S/L)3+(S/L+1)3

Fri/(s/LY*+ Fr3/(s/L + 1)2} |

Fri/(sfL)®+ Fry/{s/L +1)3 (5.2)

1
and hBLE/LZS/L'%‘E[

where hgpp is the critical height at the BLE at the lower branch (treated as a
positive quantity throughout this chapter), s is the corresponding distance between
the tip of the deflected interface and the branch centerline {(as shown in Figure 5.1)
and Fr* is given by

4m

Fries ——mae—
" T gpApL®

(5.3)

During dual discharge, for any values of Fry and Frj, the corresponding hpre/L
and s/L values can be obtained from Equations (5.1) and (3.2). At the limit Fr} =0
and Frj = 0, Equations (5.1) and (5.2} predict h = s = 0, Evidently, these are not
the appropriate limits since the physics of the problem suggest hgyp = s = d/2 at
Fri = Fry = 0. Therefore, the accuracy of Equations (5.1} and (5.2) is doubtful
at low values of Fr{ and Frj. Also, Equations (5.1) and (5.2) predict hgrp when
the side wall is a vertical plane (ie., # = 0). For applications corresponding to
0 <@ < 90° no analysis has been proposed yet.

The points of concern raised above provided the motivation to continue the
analysis of BLE phenomenon. The main objectives are to determine the boundary
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beyond which Equations {5.1) and (5.2) can provide good accuracy and to determine
the effect of reservoir wall inclination on the BLE at the lower branch. In doing so, a
more complete three dimensional model has been developed following the Armstrong
et al. (1992} approach while eliminating the point-sink assumption and adding the
effect of reservoir wall inclination. The present analysis applies to any two immiscible
fluids with the term "BLE” referring to the appearance of the heavier Aluid in the

predominantly lighter fluid through the lower branch.

5.2 Analysis

'The configuration under consideration in the present analysis is shown in Figure
5.1. Stratified layers of immiscible fluids wish densities p and p + Ap are contained
in a large reservoir with two side bra11cﬂes of square cross section (dxd) separated
by a distance L center-to-center. The dominant forces are the inertia and gravity
forces, while the effects of viscosity and surface tension are assumed to be negligible.
The flow in the lighter fluid is assumed to be steady incompressible potential fiow,
and equilibrium of the interface is controlled by a balance between inertia and
gravity forces. In the present analysis, as in the Armstrong et al.(1992) approach,
equilibrium of the interface and the velocity field in the lighter fluid are initially
determined. Equality of the velocity and its gradient at linking point E, shown in

Figure 5.1 are later imposed as conditions for the BLE at the lower branch.
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5.2.1 Equilibrium of the Interface

Equilibrium of the interface is controiled by a balance between inertia and gravity
forces. Therefore, by applying the Bernoulli equation on a streamline coincident

with the interface from botk sides of the lighter and heavier fluids, we get

72
v _A,Eg t, (5.4)
2

2]

where V' is the local velocity along the interface and ¢ is the local deflection measured

from the flat interface. Point E, shown in Figure 3.1, is the linking point between

the interface and the reservoir wall, This point corresponds to ¢ = h — s, therefore
VE A
== —fg(h ~s). (5.3)

9.2.2  Velocity Field in the Lighter Fluid

In developing the velocity field in the lighter fiuid, the presence of the stationary
heavier fluid is ignored. The flow field in the medium extends over § < X < oo,
—00 €Y <ocand oc € 7 < o0, as shown in Figure 5.1. Flow within the medium
is caused by discharges with uniform velocities, Va, from the lower branch (situated
at X =0,V = +£d/2 and Z = £d/2) and Vg, from the upper bré,nch (situated at
X=0Y=~L+d/2and Z = +d/2). Consequently there is a three-dimensional
problem with 1, V, and V, representing the velocity components in the X-, Y- and
Z-direction, respectively. Based on the assumptions stated earlier, the flow field

within the medium can be derived from the potential flow theory.
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Applying the continuity equation, we get

ov. AV, oV,

5x ey taz =0 | (56)

Introducing a scalar potential function @, such that

0d 0o do
Vi = — = — d V, === 5.7
*Tex Ty amd Ve=g7 (5:7)
we get the well known Laplace equation
¢ 9% 3% .
ax? Tavr Tap =0 (5:8)
Equation (3.8) is subject to the following list of boundary conditions:
at X = 0 99 ~V 4y <8 4z 4
I ax a 2 =7 =0 2 =772
d d —~d d
= -V - L-—-<¥V<-— - — <7< =
2 R A
= 0 other values of Y and Z (5.9)
¢ '
1 = — == -
at Z 0 27 0 (5.10)
atX — o0 or Y — o0 or Z — oo, ¢ 1is finite. (5.11)

Based on the method of separation of variables, a solution for Equation (5.8) satis-

fying boundary conditions (5.10) and (5.11) can be written as

f f {@,8)cos(aY) + Bla, 3)sin (aY)] o

cos(32) exp (—-1/0'2 + 32 X) da d3, (5.12)
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where A(a, §) and B(a,3) are arbitrary functions . In order to determine Ala, 3)
and B{a, 3}, we substitute the remaining boundary conditions from Equation (5.9)
into Equation (5.12) as follows:

The derivative of ¢ with respect to X at X = 0 can be written as
a@ 1 o0 foo "
“ax = 5 [ Ver+ Pl s o)
+ Bla,8)sin{aY)]cos(3Z) da dS. (5.13)
Adopting the definition
f " o + 57]A(a, ) cos(aY) + Bla, ) sin (a¥)] da = f(¥,a' 3) (5.14)
0

and substituting from Equation (5.14) into Equation (5.13) using the Fourier cosine

transformation, we get
FY, 0, 8) = fx 5; cos(37) dZ (5.15)

In order to determine f(Y,a, 8), we substitute Equation (3.9} into Equation (5.15)

and do the necessary integration. Thus

2Va d —d d
Yo 3 = g — <Y <=
fMa8) = Zsin(55) LY <s
Ve ., d d d
= q— — - - <YV < = -
3 sm(ﬁz) L 2_} < L+2
= 0 other values of Y, {(5.16)

Now, A(a, 8) and B(a, 8) can be determined by applying Fourier sine and cosine

transforms to Equation (5.14) as follows:
Ala, Sfa2 + 52 = —/ f(Y,e, 8)cos(aY) dY
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and Bla. /a2 + 32 = :1?/,,(, F(¥.a.8)sin(a)") dY" (5.17)

Substituting Equation (5.16} into Equation (3.17) and doing the necessarv integra-

tlons, we can write the arbitrary funetions Afa. 7Y and Ba. 1) as

. _ 1 gy o dd ad g o Id . ad .
Ala, 3V = JE [ o 5111(?)5111(?} + — 5111(?}5111(?)((15((112)

1 —4V . d L Looad .
Bila, ) = 7 [ — snz(_—zn)sin((ll)mn(—:—i) . (3.18)

Now, substituting Equation (5.18) into Equation (5.12), we get the following final
formulation of the potential funetion within the fluid

vd il
”1")(‘(35(_-f2)5i11($)Sill(;:zjn) +

e e 4 ,

o = /U fﬂ ﬂ_v_g“;))m [Idl(()s( >
4 3d

he sl )""i“(%)Si“(%)ﬂ%(n(ﬂ+1'))J esp (=ya?+ 2 X) da a3 (5.00)

The quantity that we are primarily interested in is the velocity component V along
the wall (at X = Z = 0 }. This can he obtained by substituting Equation (5.19)

into Equation (5.7), thus:

Vilx=z=0 = /GOG fomW\/ﬁ_—r—{-—fﬁ_ [Vlﬂ Sill(aY)sin(%q)sin(g—d)
+ Vi sin(%(—i)sin(%i) sin{o{ L + Y))} da df. (5.20)

Using tables of integral transforms by Bateman (1954) and performing the necessary
integrations, we can obtain the integral of Equation (5.20) in the following closed

form;
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Vilx=z=0 —
2

Vol2(5) [y L AL 1 3 2y 2L )“2
= (7 7+03) e e RCREE
Vv L = 1 1 3 2y 2L -2
— (= +205) LR [z o2 2 _(E % . (301
(a’+.d Oa) “Fl(z' 5 (a’+d ) )} (3:21)

where o F(a, b, ¢; w)is the complex hypergeometric function of variable w with the
parameters a, b, and ¢. The function is the solution of the hypergeometric equation

(Press et al., 1992), given by

(92 (gF}) a (Q-Fl) -
w{l — w) e =abF)—[c—(a+ b+ 1)u] S (5.22)
Equation (5.22) has three singular points at w = 0, 1, and oc which correspond

to Y = o0, imaginary value, and +(d/2) or (~L +d/2) (the edges of the two
branches), respectively which fortunately, do not pose any problem in the subsequent.
analysis.

Using the velocity profile given by Equation (5.21), we can determine the kinetic

energy V£/2 at linking point £, located at X = Z = QandY = § — 5/cosh.

Therefore,
Val*(3) [rS ..\ 113 /2 =
Bz = SR |(G403) R (5o B - (B )




9.3 The Critical Height at the BLE

We now have two expressions for Ve?/2, obtainable from Equations (5.5) and
(3.23), applicable at point E which links the interface with the wall of the reservoir.
Figure 5.2 shows a graphical representation of these two expressions for fixed values
of Vi v Vi, , 9 ,L, d, 8, pand Ap. Under these conditions Equation (5.23) provides
a specific relation between V2/2 and s represented by the curve in Figure 5.2, while
Equation (5.5) produces a series of parallel straight lines depending on the values
of h. For large values of k, the straight Hine and the curve do not intersect, while
two points of intersection are possible with small values of 2. There is one value of
h that produces a single intersection with the straight line given by Equation {5.5)
forming a tangent to the curve given by Equation (5.23). The hypothesis in this
analysis (similar to Armstrong et al., 1992: Soliman and Sims, 1992) is that this
value of 2 corresponding to the eritical height for the BLE can be determined by
equating VZ/2 given by Equations (5.5) and (5.23) and their first derivative with
respect to s. Therefore, the BLE is characterized by the following two equations:

A
= g (hBLE—S) =

LVal®(5) [rS " (113 (25 2

Q{T (G+05) A3 5 -(F+1)
S\ 1

- (5- o.a) oF (-2-,

5

2
Val2(3) (/s L\ 1
A (E '5*0-0) Fiig



N
N
N Equation {5.23)
~
~
\\
V2 \\ Equation (5.5)
_E AN ~
2 AN
~
N
N
N
\

" - . 172
Figure 5.2: Behavior of —= versus s
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where
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as

S =s/cosb,
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Introducing Froude number given by Equation { 2.5} and knowing that for a square

branch m = pd?Vy, we get



Using Equation (5.26), we can write Equations (5.24) and (5.23) as:

heLE s FriI*(3) (5 _)-1 /1 1 3 (25 )
- m=oi—2 {Z 0. e A et
d 2{ o a 708 Rl

and
=[G Frl 4+ ¢ Fry Fry + Gy Fr2 ], (5.28)

where Cy, Co, and Cy are given by the following equations:

2713\ 2 4
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Equations (5.27) and (5.28) provide the necessary relations for determining hp;p /d

and s/d corresponding to any given values of Fry, Fry, L/d and 6. For given values
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of Fri, Fry, L/d and 8, an iteration procedure is necessary for determining s/d
from Equation (5.28), which is then substituted in Equation (5.27) for evaluating
hare/d.

During the iteration procedure, the hypergeometric function 2F7(a, b, ¢ w)
at Jw| < 1/2 can be caleulated from the following hypergeometric series which in

general converges rapidly in this range (the series converge only within lwj < 1)

ab w ala+1)b(b+1) w?

o s w)=14+— — or T
QF_‘[(G, b, c, U“) + o 1|+ C(C+}-) 2! + *
e — ot - ‘YJ
alatl) -(at - Dib+1) (b1 w (5.29)
cle+1) - (e+J—1) J!

Otherwise (|w] > 1/2), the hypergeometric function was evaluated by integrating
Equation (3.22) in the complex plane. A detailed discussion with computer subrou-
tines for the integration procedure can be found in the Numerical Recipes by Press

et al. (1992),

5.4 Results and Discussion

The objectives of this section are to compare the results of the present model at
.8 = 0 with those of Armstrong et al. (1992) in order to determine quantitively the
values of Fry , Fry, and L/d beyond which Equations (5.1) and (5.2} are applicable,

and to study the effect of 8 on hgy .
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Figure 5.3 shows the velocity profile along the reservoir wall beneath the lower
branch for L/d = 2,6 = 0, Fry = 5 and different values of Fry. The profiles given
by the present model approach infinity at the edge of the branch and they converge
to the point sink profile away from the branch. From Figure 5.3, it is clear that the
two models give practically identical results beyond Y/d > 2.5. Other cases show
the same trend. Figure 5.4 shows the prediction of hprp/d at L/d = 2, 8 = 0 and
different values of Fry and Fry.

The present prediction of hgrp/d approaches the apprepriate limit of 0.5 as £ry
and Fry approach zero and the respective prediction from Armstrong et al, {1992)
1s approached at high Fr; and/or Fry. When Fry = 0, the deviation between the
present predictions of hprp/d and those of Armstrong et al. is 101% at Fr, = .1.
26.5% at Fry = 0.5, 13.5% at Fr; = 1.0, and 1.5% at Fr; = 30.0. This deviation
between the two models at Fry = 0 decreases with Increasing F'ry at the same [ /d
and F'ry, as shown in Figure 5.4. On the other hand, as shown in Figures 5.5 and 5.6
, the deviation between the two models in terms of {hgrp — hpreo)}/hBLE O, Where
hpreo is the value obtained from Equation (5.1}, was found to decrease as Ljd
was decreased while maintaining the same F 1, and Fro. Experimentally, over the
range of 0 < L/d < 0o, 0 < Fry €100, 0.01 < Fry < 100, and 8 = 0, the deviation
between the two models is probably large enough to be detected only within the
range of Fry < 30, especially at large values of L/d and/or small values of Frs.

The behavior of s/hprr for the cases presented in Figure 5.4 is illustrated in
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Figure 5.7. The present predictions of s/hpre approach the appropriate limit of
s/h = 1.0 as Fry and Fr, approach zero. At large values of Fr; and Fr,, the
present model converges to the model given by Armstrong et al. (1992) . Similar
trends were observed in other cases. It should be pointed out, that the shape of
branch cross-section was found to produce insignificant effects on the results. This
can be observed in Figure 5.8 where the present results of single discharge from a
square branch are ‘compared with those results from a circular branch developed
by Soliman and Sims (1992). The two models give nearly identical results over the
whole range of Fr;.

Figures 5.9 and 5.10 show the prediction of hprp/d with 8 at L/d = 2.0 and
different values of Fr, and Fry. With increasing 6, hgp g /d decreases and approaches

the physical appropriate limit of hpre/d =0 at 6 = 90°,

5.5 Comparison with Experimental Data

In order to support the present theoretical model at low Fry and Fry values,
the experiment of dual discharge in Chapter 3 was extended for test-section pressure
ranging from 203 to 516 kPa. A range of discharge flow rates corresponding to
0.05 < Fr; < 60 at fixed values of Fro = 1lat L/d = 1.5 and Fro = 5.0 at
L/d = 3.0 were covered {see Table 5.1). As well, experimental data available in

the literature which were developed at relatively high values of Froude numbers
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Table 5.1: Experimental data for BLE at the lower branch

41

I/d =15 and Fr, = 1.0 L/d =3.0 andFr, = 5.5
F, To Fr, hp g /d B, To Fr, hp g /d

[kPa]l | | °Ci [kKPal | [ °C]

204 22.9 0.07 0.63 204 21.7 0.04 0.62

23.2 0.17 0.64 21.9 0.07 0.61

23.2 0.31 0.69 21.9 0.14 0.64

23.5 0.50 0.74 22.2 0.37 0.71

23.9 1.20 0.82 22.2 0.63 0.77

24.9 2.77 1.02 22.3 1.59 0.82

24.3 4.58 1.10 22.5 2.76 0.92

24.5 7.21 1.34 22.6 5.58 1.23

24.8 13.45 1.75 22.7 8.38 1.36

24.8 27.29 2.94 22.7 13.40 1.72

517 25.4 25.79 291 227 19.81 1.97

25.4 30.58 2.38 227 25.72 2.19

25.4 41.71 266 517 22.8 27.19 2.22

22.8 30.49 2.37

22.8 41.52 2.63




were used in the comparison. Figures 5.11 to 3.14 show the comparison between the
present analysis at § = 0 and the experimental data. The trend 11_1 the experimental
data follows the present theoretical predictions while a significant deviation between
the experimental data and the model of Armstrong et al. (1992) can be detected
at low Fr; and Fre, as shown in Figures 5.13 and 5.14. For 6 > 0, as far as we
know, the only experimental data available to compare with are those present data
in set nos. 4-4 to 4-6 for single discharge (branch B) and set nos. 4-10 to 4-12
for dual discharge (branches A and B). Unfortunately, the BLE in the these data
sets coincided with the dry-out conditions at the bottom of the pipe as shown in
Figures 5.15 and 5.16. Further experiments are recommended to validate the model

at @ > 0.
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CHAPTER 6

CONCLUSIONS

Experimental data are reported on the onsets of gas and liquid entrainment,
mass flow rate and quality during discharge from a large stratified region through
small side branches (d = 6.35 mm). Four groups of data were generated; each group
corresponds to a particular branch configuration. Group no.l contains the data of
a single side branch, group no. 2 corresponds to two side branches separated by a
distan_ce L center-to-center with the centerlines in the same horizontal plane, group
no. 3 corresponds to two side branches separated by a distance L center-to-center
with centerlines in the same vertical plane with the centerlines perpendicular to the
wall. All branches in group nos. 1-3 were mounted on a fat vertical wall. Group no.
4 corresponds to three side branches installed on a semicircular wall. Dimensions of
~the wall-branches assembly in group no. 4 were selected to be in direct proportion
to the CANDU header-feeder system. The test matrix in this group was designed
to include data of single discharge, dual discharge and triple discharge. The cases of
dual and triple discharge in group nos. 2-4 were investigated under the conditions
of equal hydraulic resistance R for the branches and equal pressure drop AP across

the branches.
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One hundred data sets were collected in group nos. 1-4 covering the ranges
of 316 < P, < 517 kPa, 40 < AP < 235 kPa, 10600 < R < 3000 (kg.m)~1/2,
and different branch configurations. The independent variables were varied in a

systematic fashion in order to facilitate the study of the influence of each variable

separately. The following conclusions were drawn from group nos. 1-3:

¢ The results of rivrp and « for dual discharge (group nos. 2 and 3} can deviate
significantly from the corresponding values for single discharge. This deviation

increases with an increase in AP and/or a decrease in R or Ljd.

e Influences of AP and R are shown to be largely absorbed (within the present
test range} when normalized parameters are used in presenting the data. How-
ever, L/d in group 1no.3 remains as a parameter in these normalized plots.
Within the present test range, deviations between dual discharge and single
discharge are noted for L/d = 1.5, 2 and 3, while for L/d = 8, the results for

dual discharge collapse on those of single discharge.

o‘ Empirical relations were developed for the prediction of the onsets of gas and
liquid entrainment, the two-phase mass flow rate and quality using normalized
parameters. Cpmparisons between these relations and the experimental data
base resulted in very good agreement. However, these correlating equations
are empirical and thus, their accuracy can only be assured within the range

of conditions covered in this investigation.
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The experimental investigation of group no.4 revealed some important results. From

these results the following conclusions are drawn:

* A comparison between the data of a single discharge and dual discharge { group
no.3 ) from a flat wall and the corresponding data from a semicircular wall
showed that the pipe curvature has an insignificant effect on the values of
mrp and r for single discharge; for dual discharge, it has a small effect on the
results at the upper branch and a significant effect on the results at the lower
branch. It should be pointed out that the BLE at the lower branch of the
semicircular wall coincided with dry-out conditions at the bottom of the pipe.
Therefore, it is fair to conclude that the results at or near this limit (BLE)

may be affected by pipe-to-branch diameter ratio.

_The flow out of branch 4 (see Figure 3.2) was found to be dependent on the
flow out at B and/or C. The flow from B has a strong effect on the flow from
A, while the flow from C has a small effect on the flow from A. The present
resuits indicate also, that, when branch B is already activated, adding branch

C' does not have significant effects on the flow from A.

Additional discharge from A and/or C to the flow from B produce significantly
different results. Additional discharge from A pulls the gas away from B, while
additional discharge from C brings more gas into B. The opposite is true for

the liquid (similar trends to those observed in group 1no.3).
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¢ The flow out of branch € was found to be essentially independent of whether or
not there was flow out of branches A and B within the tested range. Therefore,
it 1s unlikely that the two missing branches from the cirenlar section would
affect the results of branch C in a circular section. As well, the two missing
branches would have been too far from branches A and B to cause significant
effects there. As a result, the data from the present test section in group
no.4 should be representative of those for a full-header geometry in CANDU

reactors.

No attempt was made at correlating the data in group no.4 . Wider ranges of ge-
ometries and operéting conditions need to be covered before reliable correlations can
be developed. However, the present data are very valuable as they could serve the
following purposes: (a) investigating the effect of wall curvature, (b) demonstrating
the effects of additional discharge(s) on the flow from a particular branch, and {c)
providing a data base for validation of existing thermal-hydraulics codes.

The phenomenon of the onset of liguid entrainment was investigated theoreti-
cally for the condition of simultaneous discharge from a stratified two-phase region
through finite size branches mounted on an inclined flat wall. A previous analysis by
Armstrong et al. (1992), in which the branches were simulated by point sinks on a
vertical wall, has been extended to account for the finite size of the branches and the
wall inclination. According to the present analysis, the critical height correspond-

ing to the onset of liquid entrainment at the lower branch is found to be dependent
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upon the two discharge rates, the distance separating the centerline of the branches
and reservoir wall inclination. Numerical results for vertical walls show that the
present model approaches the correct limit for the onset of liquid entrainment at
low values of Froude number at the upper and lower branches and it converges to
the predictions of Armstrong et al. at high Froude numbers. The present analysis
applies to any two immiscible fluids with the term ™ liquid entrainment” referring
to the appearance of the heavier fluid through the lower branch. Some experimental

verification of the present theoretical trend is also provided.
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APPENDIX A

Instrument Calibration

A.1  Pressure Gauges

Four Bourdon gauges were used in the experiment to give the pressure
in the test section, the two separation tanks and the air outlet header {see Figure
3.3). Each pressure gauge was calibrated throughout the entire range (5- 100 psig)
using a dead-weight tester. Pressures were imposed by adding weights in increments
equivalent to 5 or 10 psig and the gauge readings were recorded along with the actual
pressures. After reaching the maximum pressure, the weights were removed in the
same increments and the gauge readings were also recorded. The average of the
gauge readings was then correlated with the actual pressure. Figures A.1 and A2
show the calibration results of two gauges. The other two gauges produced similar

results.

A2 Pressure Transducers

Two pressure transducers, Rosemount model 1151 DP, were used in
the experiment to measure the liquid leve! in the test section and the pressure
difference between the two separators. FBach pressure transducer was calibrated

against a micromanometer, as shown in F igure A.3. The digital voltmeter used in
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the calibration was subsequently used in the normal running of the experiments; for
both calibration and experiments the sensitivity was approximately 35 ul” per mm
of water; the discrimination on the digital voltmeter was +1 pV . Calibration results
of the test-section transducer are shown in Figure A.4. Tke other transducer had

similar results.

A.3 Water Flowmeters

All water flowmeters were calibrated using a weigh-and-time method.
Bach flowmeter was calibrated between 10 and 100 percent of full scale inclusive,
in ascending and descending increments of 10 percent. At each scale reading, an
amount of water was collected over a period of time (8 to 15 minutes) while the
float remained steady throughout the period. The average actual flow rates were
then correlated with the flowmeter scale readings. Figures A.5 and A.6 show the

calibration results of two flowmeters. The other flowmeters gave similar results,

A.4 Air Flowmeters

In order to calibrate the air Aowmeters over their entire range, a com-
bination of two wet test meters and two venturi meters were used. The two wet
test meters {maximum capacity 0.6 and 15 standard m? /hr) were manufactured by
Elster, and the two venturi meters (throat diameter equal to 0.375 and 0.65 in.)
were manufactured by Fox Valve Development Corp. with calibration traceable to
National Institute of Standards and Technology. Comparison between the present

calibration and those provided by the manufacturer showed very good agreement,
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Figure A.6: Calibration results for a water flowmeter (0 - 4.0 L/min)
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Deviations were a maximum of about +6 % at the lowest Aow rates, but were usu-
ally within £3 7%. Therefore, the present calibrations were used in the reduction
of all data. Figures A.7 and A.8 show the calibration results of two air flowmeters.

The other flowmeters had similar results.
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APPENDIX B

Experimental Data for Single Discharge



Table B.1: Experimental data for single discharge

Set No.1-—1 Set No.1-—2

Py = 318 kPa F, = 318 kPa

AP = 123 kPa AP = 82 kPa

R = 1028 (kg.m)~'/2 R = 1029 (kg.m) /2
h T e Ty h 75 e thy,
[rm] | °C] | [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] | [kg/min]
16.33 | 20.2 | 0.00E+00 | 2.05E401 14.93 } 19.3 | 0.00E+00 | 1.67E+01
14.86 | 20.3 | 28.16E-03 | 1.82E+01 13.46 | 20.1 | 8.91E-03 | 1.43E+01
13.92 1 20.4 | 1.53E-02 | 1.56E~+01 {| 12.30 | 20.2 | 1.93E-02 1.21E4-01
12.97 | 20.1 | 2.50E-02 | 1.40E+01 11.26 | 20.3 ; 2.77E-02 | 1.07TE+01
11.75 | 19.9 | 3.99E-02 | 1.20E-+01 10.07 ; 20.2 | 4.09E-02 | 9.13E+00
10.49 | 19.7 | 5.24E-02 | 1.05E401 9.08 | 20.1 | 5.34E-02 | 7.91E-+00
9.26 | 19.5 | 7.11E-02 | 9.21E+00 7.58 | 20.0 | 7.19E-02 | 7.09E+00
8.07 | 18.8 | B.79E-02 | 8.27E+00 6.36 | 19.9 | 9.00E-02 | 6.35E4-00
6.46 | 184 i 1.19E-01 | 7.17E~-00 4.95 1 19.7 { 1.15E-01 | 5.56E+00
4.75 | 18.1 | 1.52E-01 | 6.35E+00 3.52 1 19.5 | 1.46E-01 | 5.09E+00
3.35 | 18.0 | 1.78E-01 | 5.76E-+00 2.22 | 19.5 | 1.75E-01 | 4.70E4+00
1.60 | 17.8 | 1.88E-01 | 5.05E+00 0.82 | 18.9 i 1.98E-01 | 4.19E400
0.20 | 17.7 | 2.43E-01 | 4.47E+00 -0.68 | 18.8 | 2.33E-01 | 3.63E400
-0.99 1 17.6 | 2.81E-01 | 4.15E400 -2.01 { 18.7 | 2.61E-01 | 3.22E+400
-2.57 | 17.6 { 3.21E-01 | 3.51E+00 -3.23 | 18.5 | 2.93E-01 | 2.84E+00
-3.76 | 17.5 | 3.53E-01 | 3.07E+00 -4.49 | 18.2 | 3.27E-01 | 2.43E400
-4.81 | 17.5 | 3.87E-01 | 2.78E+00 -5.75 | 18.1 | 3.61E-01 | 2.06E+00
-5.89 | 17.5 | 4.24E-01 | 2.43E+00 -7.12 | 18.0 | 4.06E-01 | 1.68E+00
-6.91 | 17.7 | 4.58E-01 | 2.14E+00 -8.38 | 17.9 | 4.689E-01 | 1.31E+400
-8.17 [ 17.8 | 5.07E-01 | 1.79E+00 -9.88 1 17.9 | 5.11E-01 | 9.27E-01
-9.50 1 18.2 | 5.60E-01 | 1.36E+400 | -11.18 | 17.8 5.68E-01 | 6.66E-01
-10.62 | 18.3 | 6.06E-01 | 1.09E+00 || -12.54 17.8 | 6.30E-01 | 4.13E-01
-12.05 | 18.3 | 6.72E-01 7.48E-01 || -13.42 | 17.9 | 6.77E-01 3.05E-01
-13.28 | 18.4 | 7.32E-01 | 4.31E-01 || -14.33 18.0 | 7.45E-01 | 1.75E-01
-14.29 | 18.5 | 8.01E-01 | 3.05E-01 (| -15.02 | 18.0 7.97E-01 | 9.62E-02
-15.41 [ 18.5 | 8.78E-01 | 1.28E-01 || -15.97 18.0 { 8.78E-01 | 0.00E+00
-16.74 | 18.4 | 9.88E-01 | 0.00E4-00
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Table B.1: Experimental data for single discharge (cont.)

Set No.1-3 Set No.1-4

Fo = 316 kPa Py = 517 kPa

AP = 40 kPa AP = 235 kPaq
R = 984 (kgm)"1/2 R = 1010 (kg.m)~l/2

h T e TR h T meg my,

[mm] | [°C] | lkg/min] | [kg/min] || [mm] | [°C] | [kg/min] | [kg/min)]
12.94 § 18,5 } 0.00E+0G0 | 1.22E+-01 18.80 | 19.7 | 0.00E4+00 | 2.88E+01
11.51 | 19.5 | 9.07E-03 | 9.87E+400 || 17.39 | 21.9 | 1.28E-02 | 2.62E+01
10.28 { 20.1 | 1.533E-02 | 8.31E+00 || 16.09 | 22.9 | 2.39E-02 | 2.30E~+01
9.09 | 20.4 | 2.64E-02 | 6.93E400 || 14.72 | 23.4 | 4.74E-02 | 2.05E+01
7.90 | 20.5 § 3.56E-02 | 6.15E4+00 || 13.38 | 24.0 | 7.36E-02 | 1.81E-+01
6.71 | 20.6 | 5.04E-02 | 5.21E4+00 || 11.90 { 24.1 | 1.01E-01 | 1.62E+01
5.27 1 20.7 | 6.81E-02 | 4.74E+00 || 10.61 | 24.1 | 1.30E-01 | 1.43E+01
3.94 | 20.9 | 9.25E-02 | 4.35E+-00 9.27 | 24.2 | 1.67E-01 | 1.22E+01
2.75 | 20.8 ! 1.13E-01 | 3.71E+00 7.73 | 23.8 | 2.07E-01 | 1.10E+01
1.38 | 20.7 | 1.37E-01 | 3.44E400 6.29 ; 23.4 | 2.40E-01 | 9.48E+00
0.09 | 20.5 | 1.65E-01 | 3.01E+00 440 | 23.2 | 2.93E-01 | 8.38E400
-1.07 ] 20.6 | 1.90E-01 | 2.69E+00 2.96 | 22.7 | 3.29E-01 | 7.91E400
-2.65 | 20.7 ¢ 2.13E-01 | 2.28E+00 2.02 | 22.2 ; 3.78E-01 | 7.33E+00
-4.01 | 21.0 | 2.44E-01 | 1.85E400 0.79 § 21.8 | 4.24E-01 | 6.74E400
-5.38 | 21.1 | 2.67E-01 | 1.55E+00 -0.89 | 21.3 | 4.96E-01 | 5.76E+00
-6.78 | 21.3 | 3.07E-01 | 1.23E~+00 -2.71 | 19.8 | 5.78E-01 | 4.98E-+00
-7.90 | 21.4 ; 3.36E-01 | 9.63E-01 -4.53 | 19.4 | 6.59E-01 | 4.39E+00
-8.71 1 21.7 | 3.77E-01 | 7.51E-01 -6.18 1 19.3 | 7.29E-01 | 3.51E400
-9.97 | 21.7 | 4.24E-01 | 5.71E-01 -7.65 | 19.2 | 8.00E-01 | 3.14E400
-11.09 | 21.6 | 4.76E-01 | 4.42E-01 -9.09 | 19.1 | 8.85E-01 | 2.49E-+00
-12.31 | 21.6  5.29E-01 | 2.54E-01 || -10.53 | 19.0 | 9.64E-01 | 1.97E+00
-13.36 | 21.5 | 5.78E-01 | 1.12E-01 || -11.93 { 19.0 | 1.06E+00 | 1.44E+00
-15.04 | 21.7 | 6.72E-01 | 1.00E-04 || -13.33 | 18.9 | 1.16E+00 | 1.12E~+00
-14.28 | 18.9 | 1.27E400 | 8.37E-01
-15.12 1 18.7 | 1.36E+400 | 5.71E-01
-16.48 | 18.8 | 1.48E+00 | 3.27E-01
-17.18 { 19.2 | 1.57E+00 | 1.76E-01
-19.82 | 19.3 ; 1.76E4+00 | 0.00E4+00
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Table B.1: Experimental data for single discharge (cont.)

Set No.1-5 Set No.1-6
Fy, = 517 kPa Py = 517 EPa
AP = 166 kPa AP = 97 kPa
R = 1006 (kg.m) /2 R = 1005 (kg.m)~1/?
h T, me mr, h T, e 1Ly,
) | °C] | [kg/min] | {kg/min] | {mm] | 1°C] | [kg/min) | [kgfmin
17.24 | 22.8 | 0.00E+00 | 2.43E+01 || 15.61 | 20.8 | 0.00E+00 | 1.86E+01
15.94 } 23.1 | 1.35E-02 | 2.17E+61 14.56 | 21.0 { 1.31E-02 | 1.69E~-01
14,99 | 23.1 | 1.95E-02 | 1.97E+01 13.64 | 21.4 | 1.67E-02 | 1.53E+01
13.45 { 22.9 | 4.98E-02 | 1.73E+01 12.48 | 21.8 | 3.44E-02 | 1.35E+01
12.43 | 22.7 | 7.01E-02 | 1.54E+-01 11.32 | 21.9 | 5.44E-02 | 1.20E401
11.17 § 22,5 | 9.42E-02 | 1.38E+01 10.23 | 21.8 | 7.19E-02 | 1.05E+01
10.12 | 20.7 | 1.14E-01 | 1.18E+401 9.18 1 21.6 | 9.21E-02 | 9.48E-+00
8.57 | 20.4 { 1.45E-01 | 1.07TE+01 7.92 | 21.4 | 1.15E-01 | 8.31E+400
7.49 1 20.3 | 1.75E-01 | 9.68E+00 6.76 | 21.2 | 1.43E-01 | 7.52E+00
6.43 | 20.2 | 2.02E-01 | B.88E-+00 5.15 | 21.0 | 1.82E-01 | 6.54F+00
5.21 | 20.1 { 2.24E-01 | 8.11E+00 3.67 | 20.6 | 2.08E-01 | 5.76E+00
4.02 |1 20.1 | 2.61E-01 ! 7.52E~+-00 2.24 | 20.3 | 2.50E-01 | 5.37E400
2.44 | 20.0 | 3.07E-01 | 6.74E+00 0.76 | 19.8 | 2.93E-01 | 4.78E+00
1.21 1 189 | 3.51E-01 | 5.95E+00 -0.74 1 19.7 | 3.40E-01 | 4.31E+400
-0.50 | 19.8 | 4.17E-01 ! 5.25E4+00 -2.25 1 19.3 | 4.098-01 | 3.84E400
-1.84 | 19.7 | 4.82E-01 | 4.90E+00 -3.41 | 18.9 | 4.54E-01 | 3.55E-+00
-3.41 ; 19.3 | 5.45E-01 | 4.19E+00 -4.77 | 18.5 | 5.01E-01 | 2.93E+00
-5.02 ] 19.2 | 6.06E-01 ! 3.76E+00 -6.45 | 18.4 | 5.85E-01 | 2.45E+00
-6.28 | 19.0 | 6.64E-01 | 2.99E+00 -7.79 | 18.3 | 6.37E-01 | 2.06E-+00
-8.00 { 19.0 | 7.55E-01 | 2.57E+00 -9.12 | 18.2 § 7.00E-01 | 1.60E+00
-9.26 | 19.0 | 8.13E-01 | 2.14E4+00  -10.28 | 18.1 | 7.64E-01 1.25E+00
| -10.49 | 18.9 | 8.78E-01 | 1.70E4+00 || -11.23 | 18.5 | 8.37E-01 8.91E-01
-11.61 | 18.8 | 9.49E-01 | 1.43E+00 || -12.21 | 185 { 8.91E-01 7.30E-01
-12.77 | 18.7 | L.OSE400 | 1.02E+00 i -13.58 | 18.4 | 9.78E-01 | 4.76E-01
-13.66 | 19.2 | 1.11E400 | 8.01E-01 || -14.57 | 17.3 1.04E+00 | 2.84E-01
-14.53 | 19.2 | L.17E400 | 5.53E-01 || -15.40 | 18.4 1.16E+00 | 1.63E-01
-15.23 | 19.3 | 1.27TE+00 | 4.31E-01 [ -17.26 | 18.4 1.32E400 | 0.00E+00
-15.96 § 19.3 ; 1.36E+00 | 2.84E-01
-16.80 | 19.2 | 1.44E+00 | 1.39E-01
-18.31 | 19.2 | 1.60E+00 | 0.00E+00
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Table B.1: Experimental data for single discharge {cont.)

Set No.1-7 Set No.1-18

Py = 316 kPa Py = 378 kPa

AP = 130 kPa AP = 123 kPa

R = 1017 (kgm)~V/2 R = 990 (kg.m)~1/2
h T, e iy, h T, e g
[mm] § [°C] | [kg/min] | {kg/min] || [mm] | °C] | [kg/min] | [kg/min]
16.46 | 22.6 | 0.00E+00 | 2.13E+01 || 16.53 | 20.8 | 0.00E+00 | 2.13E+01
14.99 | 22.5 | 8.01E-03 | 1.86E+01 || 15.26 | 20.6 | 8.31E-03 | 1.89E+01
13.73 | 22.1 | 1.80E-02 | 1.58E+01 || 14.00 | 20.9 | 1.57E-02 | 1.65E+01
12.44 1 22.1 | 3.22B-02 | 1.37E+01 || 12.84 | 21.2 | 3.26E-02 | 1.46E+01
1111 | 22.1 | 4.80E-02 | 1.16E+01 /| 11.58 | 21.7 | 4.86E-02 | 1.26E+01
9.88 | 22.1 | 6.28E-02 | 1.01E+01 || 10.32 | 21.9 | 6.44E-02 | 1.10E401
8.48 1 21.5 | 8.38E-02 | 8.81E+00 | 9.06 | 22.2 | 8.32E-02 | 9.68E+00
7.15 1 21.2 | 1.06E-01 | 7.72E+00 || 7.87 | 22.5 | 1.06E-01 ! 8.70E=00
561 | 21.0 | 1.37E-01 | 6.93E+0C || 6.60 | 22.7 | 1.28E-01 | 7.72E+00
4.32 1 20.7 | L.B1E-01 | 6.23E+00 || 5.17 | 22.8 | 1.61E-01 | 6.74E-+00
2.88 | 20.5 | 1.88E-01 | 5.72E+00 | 3.76 | 22.7 | 1.96E-01 ! 6.35E--00
1.59 | 20.1 | 2.16E-01 | 5.09E+00 || 2.36 | 22.6 | 2.22B-01 | 5.72E-+00
0.22 £ 19.8 | 2.50E-01 | 4.66E+00 | 1.00 | 22.4 | 2.54E-01 | 4.98E+00
-1.07 | 19.7 | 2.87E-01 | 4.19E+00 || -0.44 | 22.0 | 2.98E-01 | 4.51E+00
-2.50 | 19.5 | 3.32E-01 | 3.74E+00 | -2.40 | 21.9 | 3.67E-01 | 3.97E100
-3.76 1 19.3 | 3.65E-01 | 3.26E++00 || -3.59 | 21.6 | 4.06E-01 | 3.53E-L00
-4.92 1 19.2 | 4.03E-01 | 2.86E+00 || -5.02 { 21.5 | 4.61E-01 | 3.01E-+00
-6.25 1 18.1 | 4.54E-01 | 2.34E+00 || -6.53 | 21.2 | 5.16E-01 | 2.49E+00
-7.79 | 19.0 | 5.11E-01 | 1.93E+00 ;i -7.96 | 21.0 | 5.75B-01 | 2.01E+00
-9.08 | 18.9 | 5.54E-01 | L59E400 || -9.50 | 20.7 | 6.34E-01 | 1.55E4-00
-10.52 [ 18.9 | 6.06E-01 | 1.17E+00 || -10.66 | 20.5 | 6.85E-01 | 1.23E--00
-11.85 | 18.9 | 6.67E-01 | 7.90E-01 || -12.02 | 20.4 | 7.64E-01 | 8.55E-01
-13.17 1 19.1 | 7.35B-01 | 5.08E-01 | -13.35 | 20.3 | 8.42E-01 | 5.53E-01
-14.19 | 19.1 | 8.03E-01 | 3.13E-01 }} -14.09 | 20.0 | 8.86E-01 | 4.38E-0]
-15.13 | 19.7 | 8.62E-01 | 1.95E-01 | -15.07 [ 19.4 | 9.66E-01 | 2.31F-01
-15.98 1 20.7 | 9.18E-01 | 8.05E-02 || -15.76 | 19.3 | 1.02E+00 | 1.36E-01
-16.96 | 20.6 | L.OLE+00 | 0.00E+00 | -17.41 | 19.3 | 1.14E+00 | 0.00E=00
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Table B.1: Experimental data for single discharge (cont.)

Set No.1-9 Set No.1-10
Fo = 448 kPa Py = 517 EPa
AP = 128 kPa AP = 128 kPa
R = 1006 (kg.m)~1/2 R = 1006 (kg.m)~1/2
h To ThG ThL h To ?’hG Ti"LL
[mm] | [°C] | [kg/min] | [kg/min] || [mm)] PC) | [kg/min] | [kg/min]
16.57 | 21.4 | 0.00E+00 | 2.13E+01 || 16.69 | 19.2 | 0.00E+00 | 2.13E+01
15.48 | 21.2 | 9.37E-03 | 1.96E+01 | 15.29 | 19.3 | 1.34FE-02 | 1.93E<01
14.60 1 20.7 | 1.53E-02 | 1.74B+01 || 14.06 { 19.4 | 2.56E-02 | 1.69E+01
13.30 | 20.4 | 3.85E-02 | 1.51E+01 || 12.83 | 19.7 | 4.84E-02 | 1.49E+01
12.29 | 20.4 | 5.14E-02 | 1.40E+01 11.32 | 19.9 | 7.25E-02 | 1.29E+01
10.95 | 20.2 | 6.87E-02 | 1.22E+01 9.88 | 20.9 | 1.04E-01 | 1.10E+401
9.80 1 20.2 | 8.96E-02 | 1.07E+01 8.37 | 20.4 | 1.33E-01 | 9.48E+00
8.46 | 20.4 | 1.15E-01 | 9.44E+00 7.00 | 20.5 | 1.70E-01 | 8.31E+00
7.10 | 20.5 | 1.43E-01 | 8.42E+00 5.60 | 20.3 | 1.96E-01 | 7.56E+-00
3.87 | 21.0 { 1.73E-01 | 7.52E+00 4.29 | 20.5 | 2.22B-01 | 7.09E+00
443 | 21.0 | 2.01E-01 | 6.82E+00 2.75 1 20.0 | 2.71E-01 | 5.99E-+00
3.21 | 21.0 | 2.24E-01 | 6.31E+00 1.46 | 19.8 | 3.13E-01 | 5.56E+00
1.73 | 21.2 | 2.67TE-01 | 5.36E+00 | -0.01 | 19.7 | 3.65E-01 | 5.13E+00
0.33 | 214 | 3.10E-01 | 5.17E+00 -1.42 1 19.7 | 4.21E-01 | 4.66E+00
-0.71 1 19.1 | 3.53E-01 | 4.70E+00 | -2.85 | 19.5 | 4.87E-01 | 4.15E-L00
-2.11 | 19.2 | 4.05E-01 | 4.19E+00 || -4.15 | 19.4 | 5.37E-01 | 3.67E+00
-3.38 | 19.4 | 4.45E-01 | 3.74E+00 || -5.62 | 19.4 | 5.91E-01 | 3.14E--00
-4.61 | 19.8 | 4.96E-01 | 3.32E-+00 | -7.02 | 19.3 | 6.58E-01 | 2.59E-00
-6.19 [ 20.0 | 5.60E-01 | 2.78E400 || -8.28 | 19.2 | 7.16E-01 2.16E400
-7.59 1 20.1 | 6.27B-01 | 2.32E400 || -9.72 | 19.2 | 7.97E-01 1.72E+00
-8.95 1 20.2 | 6.93E-01 | 1.91E+400 || -11.07 | 21.2 | 8.83F-01 1.28E+00
-9.90 | 20.2 | 7.39E-01 | 1.60E+00 || -12.30 | 21.1 | 9.58E-01 | 9.99F-01
-11.30 | 20.2 | 8.13B-01 | 1.18E+400 ! -13.70 | 21.1 | 1.05E+00 6.52E-01
-12.84 | 20.1 | 9.05E-01 | 7.58E-01 || -15.17 | 21.2 | 1.17E+00 3.38E-01
-14.13 | 19.9 | 1.00E400 | 4.66E-01 || -16.40 | 21.1 | 1.28E+00 1.39E-01
-14.98 1 19.9 | 1.06E+00 | 3.35E-01 | -17.69 | 21.0 { 1.41E+400 0.00E-+00
-15.71 1 19.8 | 1.13E+00 | 2.03E-01
-16.27 } 19.7 | 1.18E+00 | 1.12E-01
-17.78 | 19.6 | 1.30E400 | 0.00E+00
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Table B.1: Experimental data for single discharge (cont.}

Set No.1-—11 Set No.1-12
Py = 316 kPa Py = 316 kPa
AP = 123 kPa AP = 123 kPa
R = 1657 (kg.m)~1/2 R = 2051 (kg.m)~1/2
h T, Mg my, h T, e iy,
[mm] | [°C] | [kg/min] | lkg/min] || [mm] °C) | [kg/min] | [kg/min]
13.14 | 21.8 | 0.00E+00 | 1.27E+01 || 10.38 | 20.5 | 0.00E-+00 | 7.13E-+00
11.50 | 22.2 } 9.37E-03 | 1.03E+01 9.05 | 19.7 | 5.40E-03 | 5.76E--00
10.17 § 22.2 | 2.77E-02 | 8.31E+00 7.65 | 19.8 | 1.29E-02 | 4.70E+00
8.80 | 22.6 | 3.12E-02 | 7.05E400 6.21 | 21.5 | 2.46E-02 | 4.00E+00
7.33 | 22.8 | 4.94E-02 | 5.95E+00 4.88 | 21.5 | 3.56E-02 | 3.38E+00
5.89 1 23.0 | 6.77E-02 | 5.17E+00 3.45 | 21.8 | 4.88E-02 | 2.81E400
4.59 | 23.1 | 8.90E-02 | 4.55E+00 1.97 | 22.1 | 6.42E-02 | 2.29E+00
3.19 | 23.0 | 1.08E-01 | 4.04E--00 0.61 ] 22.5 | 7.95E-02 | 1.91E+00
1.83 1 22.7 | 1.30E-01 | 3.59E+00 -0.87 | 23.2 | 1.00E-01 | 1.51E400
0.46 | 22.7 | 1.37E-01 | 3.13E-+00 -2.16 | 23.2 | 1.17E-01 | 1.22E+00
-0.97 | 22.6 | 1.82E-01 | 2.66E+00 || -3.56 | 23.2 | 1.37E-01 | 9.63E-01
-2.37 ;1 21.6 | 2.05E-01 | 2.24E+00 -5.00 | 23.1 | 1.61E-01 | 7.12E-01
-3.73 | 20.7 | 2.30E-01 | 1.85E+00 -6.40 | 23.1 | 1.87E-01 | 5.52E-01
-5.03 | 20.1 | 2.64E-01 | 1.55E-+00 -7.76 | 23.0 | 2.10E-01 | 3.87E-01
-6.22 | 20.0 | 2.93E-01 | 1.24E+00 -9.23 | 22.9 | 2.51E-01 | 2.23E-01
-7.69 | 19.9 | 3.36E-01 | 9.55E-01 | -10.46 | 22.8 | 2.98E-01 1.16E-01
-9.15 1 19.6 { 3.87E-01 | 6.24E-01 || -12.55 | 22.1 | 3.70E-01 | 4.60E-04
-10.48 | 19.1 | 4.45E-01 | 4.88E-01
-11.25 | 18.6 | 4.82E-01 | 3.71E-01
-12.37 | 18,5 | 5.40BE-01 | 2.15E-01
-13.28 | 18.4 | 5.85E-01 | 1.04E-01
-14.85 | 18.2 | 6.53E-01 | 0.00E+00

170




Table B.1: Experimental data for single discharge (cont.)

Set No.1-13 Set No.1-14

P = 517 kPa P, = 517 kPa

AP = 235 kPa AP = 235 kPa

R = 1605 (kg.m)~1/2 R = 3006 (kg.m) i/2
h T e mr h T me Ty,
mm] | [°C) | [kg/min] | [kg/min] | [mm] | [°C] | lkg/min] | (kg/min]
15.56 | 20.2 | 0.00E400 | 1.81E+01 11.82 } 19.6 | 0.00E4+00 | 9.68E+00
14.06 | 19.4 | 1.22E-02 | 1.58E+01 10.45 | 19.4 | 1.06E-02 | 7.91E4+00
12,72 1 18.9 | 2.79E-02 | 1.34E+01 9.15 { 194 | 2.09E-02 | 6.54E+00
11.32 | 18.6 | 4.94E-02 | 1.14E+401 7.85 1194 | 3.75E-02 | 5.56E+00
8.99 [ 182 | 7.11E-02 | 9.68E-+00 6.38 | 19.5 | 5.78B-02 | 4.90E+00
8.38 ; 18.0 | 9.83E-02 | 8.31E~+00 4.87 | 19.8 | 7.77TE-02 | 4.19E+00
7.01 | 17.8 | 1.26B-01 | 7.33E400 3.46 1 19.9 | 9.79E-02 | 3.59E+00
5.64 | 19.3 | 1.55E-01 | 6.50E+00 2.02 | 20.2 | 1.20E-01 | 3.08E+00
4.30 { 19.2 | 1.80E-01 | 5.88E+00 0.65 | 20.5 | 1.42E-01 | 2.58E-+00
2.90 | 19.1 | 2.05E-01 | 5.29E+00 -0.72 1 21.7 | 1.69E-01 | 2.10E+00
1.46 | 19.1 ; 2.39E-01 | 4.70E--00 -2.20 | 21.7 | 1.98E-01 | 1.75E+00
0.06 ; 19.2 | 2.77E-01 | 4.15E+00 -3.60 | 21.8  2.15E-01 | 1.38E-+00
-1.27 1 19.2 | 3.11E-01 | 3.55E+00 -4.90 ; 22.0 | 2.47E-01 | 1.10E+00
-2.75 | 19.2 1 3.59E-01 | 3.11E+400 -6.27 | 22.0 | 2.81E-01 | 8.48E-01
-4.11 | 19.2 | 4.09E-01 | 2.81E+00 -7.88 | 22.0 ; 3.36E-01 53.60E-01
-5.48 | 19.0 | 4.63E-01 | 2.22E4+00 -9.29 1 22.1 | 3.96E-01 | 4.08E-01
-6.99 § 19.0 | 5.25E-01 | 1.80E+00 || -10.37 | 22.0 | 4.54E-01 2.80E-01
-8.35 | 18.9 | 5.88E-01 | 1.44E+00 || -11.46 | 21.0 5.14E-01 1.63E-01
-9.79 | 18.9 | 6.61E-01 | 1.09E+00 || -13.56 | 21.8 6.27E-01 | 2.40E-04
-11.26 | 18.9 | 7.48E-01 | 7.48E-01
-12.74 | 18.8 | 8.45E-01 | 4.41E-01
-13.79 | 188 | 9.14E-01 | 2.84E-01
-14.73 | 18.9 | 9.86E-01 1.24F-01
-15.92 | 18.9 | 1.06E4+00 | 0.00E+00
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APPENDIX C

Experimental Data for Dual Discharge
(Centerlines of Branches in the Same Horizontal

Plane)



Table C.1: Experimental data for dual discharge
(Centerlines of branches in the same horizontal plane)

Set No. 2-1
Lid= 1.5
Py, = 318 kPa

AP = 123 kPa

R = 1004 (kg.m)~1/2
Right Branch Left Branch
h Ts e Ty, me Ty,

[mm] | [°C] | [kg/mun] | [kg/min] | [kg/min] | [kg/min]

21.37 | 23.2 | 0.00E400 | 2.06E+01 | 0.00E4+00 | 2.13E+01
19.24 1 23.5 | 7.55E-03 | 1.80E+01 | 7.55E-03 | 1.83E+01
16.75 | 23.4 | 2.40E-02 | 147E401 | 2.55E-02 | 1.45E+01
14.58 | 23.5 | 4.30E-02 | 1.18E+01 | 4.29E-02 | 1.20E+01
12.51 | 23.5 | 6.33E-02 | 9.72E+400 | 6.22E-02 | 9.83E+00
10.45 | 23.5 | 8.51E-02 | 8.27E~+00 | 8.41E-02 | 8.34E+00
8.32 1 20.0 | 1.13E-01 | 7.17TE+00 | 1.12E-01 | 7.24E+00
6.22 | 20.6 | 1.42E-01 | 6.35E+00 | 1.44E-01 | 6.30E+00
4.19 | 21.0 | 1.81E-01 | 5.36E+4+00 ; 1.81E-01 | 5.52E+00
2.05 | 21.3 | 2.10E-01 | 4.82E+00 | 2.24E-01 | 4.98E--00
-0.05 | 21.4 | 2.50E-01 | 4.35E+00 | 2.66E-01 | 4.35E+00
-2.19 | 21.6 | 2.93E-01 | 3.67E+00 | 3.07E-01 | 3.74E-+00
-4.26 1 22.1 ; 3.37E-01 | 3.13E+00 | 3.56E-01 | 3.15E+00
-6.39 | 22.6 | 3.92E-01 | 2.57E4+00 | 3.97E-01 { 2.63E=+00
-8.49 | 22.8 | 4.52E-01 | 2.0YE+00 | 4.72E-01 | 2.14E-+00
-10.59 { 23.0 | 4.99E-01 | 1.57E-+00 | 5.29E-01 | 1.64E+00
-12.73 | 23.0 | 5.79E-01 | 1.13E+4006 | 6.11E-01 | 1.13E+00
-14.79 | 22.9 | 6.63E-01 | 7.19B-01 | 7.01E-01 | 7.00E-01
-17.59  22.8 | 7.83E-01 | 3.54E-01 | 8.50E-01 | 2.81E-01
-21.01 | 22.3 | 1.01E4+00 | 0.00BE+400 | 1.05E+00 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No. 22
L/d= 15
P, = 316 kPa
AP = 82 kPa
R = 1004 (kg.m)1/2
Right Branch Left Branch
h T, e iy, me my
[mm] | [°C) | [kg/min] | [kg/min] | [kg/min] | [kg/min]
19.63 | 20.8 | 0.00E+00 | 1.70E+01 | 0.00E+00 | 1.71E401
17.53 | 22.1 | 8.16E-03 | 1.46E-+01 | 6.63E-03 | 1.49E-+01
14.97 | 22.5 | 2.74E-02 | 1.15E+01 | 2.50E-02 | 1.15E401
(1287 ] 22.6 | 4.46E-02 | 9.40E400 | 4.09E-02 | 9.32E+00
10.77 1 22.7 | 6.66E-02 | 7.84E400 | 6.11E-02 | 7.75E+00
8.67 | 22.6 | 8.94E-02 | 6.66E+00 | 8.51E-02 | 6.58E+00
6.53 | 22.5 | 1.13E-01 | 5.68E+400 | 1.12E-01 | 5.68E+00
4.50 [ 22.9 | 1.45E-01 | 5.13E4+00 | 1.42E-01 | 5.02E+00
2.36 | 23.1 | 1.83E-01 | 4.43E+00 | 1.82E-01 4.43E+00
-0.09 | 23.3 | 2.22E-01 | 3.86E400 | 2.36E-01 | 3.87E+00
-2.23 | 23.3 | 2.75E-01 | 3.28E+00 | 2.64E-01 3.26154+00
-4.29 1 23.3 | 3.07E-01 | 2.81E+00 | 3.21E-01 | 2.81E-+00
-6.39 | 23.3 | 3.53E-01 | 2.25E+00 | 3.74E-01 2.24E400
-8.49 | 23.4 | 4.24B-01 | 1.78E400 | 4.09E-01 | 1.81E+00
-10.56 | 23.5 | 4.69E-01 | 1.33E+00 | 4.84E-01 1.32E+00
-12.69 | 23.6 | 5.29E-01 | 9.27E-01 | 5.45E-01 | 9.04E-01
-14.79 1 23.6 | 6.03E-01 | 5.53E-01 | 6.23E-01 | 4.98F-01
-16.82 | 23.5 | 7.14E-01 | 3.01E-01 | 7.54E-01 2.21E-01
-19.97 | 23.3 | 9.14E-01 | 0.00E+00 ! 9.32E-01 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.}
{Centerlines of branches in the same horizontal plane)

Set No. 2-3
Lid= 1.5
Fob = 316 kPa
AP = 40 kPa
R = 983 (kg.m)1/2
Right Branch Left Branch
h 7, e 178 me L
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min) {kg/min]
16.86 | 21.6 | 0.00E400 | 1.21E4+01 | 0.00E+00 | 1.23E+01
14.72 | 22.9 | 8.16E-03 | 9.87E+00 | 7.40E-03 | 9.87E+00
12.58 | 22.9 | 2.16E-02 | 7.91E+400 | 2.02E-02 | 7.87E+00
10.43 1 19.9 | 3.85E-02 | 6.39E-+00 3.62E-02 : 6.38E+00
8.36 | 20.1 | 5.54E-02 | 5.20E+00 | 5.32E-02 | 5.33E400
6.29 1 20.7 | 7.79E-02 | 4.55E4+00 | 7.56E-02 | 4.55E4+00
3.84 | 21.4 | 1.12E-01 | 3.83E400 | 1.10E-01 | 3.82E-+00
1.70 | 21.9 | 1.42E-01 | 3.27E+00 | 1.40E-01 | 3.95E+00
-0.40 | 23.1 | 1.81E-01 ; 2.82E+00 | 1.83E-01 2.84E400
-2.54 | 23.3 | 2.09E-01 | 2.33E+00 | 2.22E-01 | 2.35E+00
-4.61 1 23.4 | 2.48E-01 | 1.89E+00 | 2.58E-01 1.90E+00
-6.74 | 23.4 | 2.93E-01 | 1.50E400 | 3.06E-01 | 1.51E400
-8.84 | 23.4 | 3.36E-01 | 1.11E+00 | 3.51E-01 | 1.10E+00
-10.94 1 23.3 | 3.90E-01 | 7.16E-01 | 4.05E-01 | 7.14E.01
-13.04 | 23.2 | 4.67E-01 | 4.80E-01 | 4.85B-01 | 4.53E-01
-15.11 | 23.0 | 5.31E-01 | 2.03E-01 | 5.57E-01 | 1.81FE-01
-17.83 | 22.7 | 6.77E-01 [ 0.00E400 ! 6.97B-01 ! 0.00E--00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2—-4
Lid= 15
Fy = 316 EPa
AP = 123 kPa
R = 1618 (kg.m)~1/2
Right Branch Left Branch
h To Tf?.G mL Tﬁ.G ThL
[mm] | {°C] | [kg/min] | [kg/min] | [kg/min] | [kg/min]
17.28 | 22.5 | 0.00E+00 | 1.32E+01 | 0.00E+400 | 1.28E+01
15.01 1 23.0 | 8.01E-03 | 1.06E+01 | 5.87E-03 | 1.04E+01
12.90 | 23.3 | 1.95E-02 | 8.31E+00 | 1.91E-02 | 8.26E+00
10.80 | 23.4 | 3.71E-02 | 6.74E4-00 | 3.67E-02 | 6.77E+00
8.67 | 21.3 | 5.80E-02 | 5.72E+00 | 5.76E-02 | 5.68E400
6.60 | 21.5 | 8.13E-02 | 4.86E+00 | 7.63E-02 | 4.86E+00
3.80 | 21.8 | 1.13B-01 | 3.90E-+00 | 1.12E-01 | 3.87E+00
1.73 1222 | 1.37E-01 | 3.20BE+00 | 1.41E-01 | 3.19E+00
-0.44 1 22,5 | 1.67E-01 | 2.60E-400 | 1.69E-01 | 2.66E-+00
-2.57 | 22.4 | 2.01E-01 | 2.10E+00 | 2.06E-01 | 2.17E+00
-4.60 | 21.1 | 2.24E-01 | 1.70E+00 | 2.33E-01 | 1.73E+00
-6.70 | 21.1 | 2.66E-01 | 1.32E400 | 2.73E-01 | 1.35E+00
-8.84 [ 21.2 | 3.10B-01 | 9.55E-01 | 3.21E-01 | 9.87E-01
-10.94 | 21.3 | 3.68E-01 | 6.24B-01 | 3.80E-01 | 6.29E-01
-13.07 | 21.3 | 4.49B-01 | 4.08E-01 | 4.57E-01 | $.93E-01
-15.13 | 21.4 | 5.28E-01 | 1.79E-01 | 5.45E-01 | 1.62E-01
-17.12 1 21.3 | 6.25E-01 | 0.00E+00 | 6.33E-01 | 0.00E<+00
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Table C.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same horizontal plane)

Set No. 2-35
Lid= 8.0
Py = 316
AP = 123
R = 2926

kPa
kPa
(kg.m)~1/2

Left Branch

Right Branch

h Ts et - g e ey,
fmm] | [°C) | [kg/min} | [kg/min] kg/min] | [kg/min]
13.11 | 22.2 } 0.00E400 | 7.21E4-00 | 0.00E400 | 7.16E+00
10.98 | 23.3 | 6.33E-03 | 5.56E+00 | 5.71E-03 | 5.56E4-00

8.91 1 24.0 | 1.58E-02 | 4.35E4+00 | 1.44E-02 | 4.24E-00

6.77 | 24.4 | 3.16E-02 | 3.46E+00 | 3.02E-02 | 3.46E-+00

4.64 | 25.1 | 4.74E-02 | 2.76E+00 | 4.61E-02 2.77E4006

2.53 | 25.3 | 6.75E-02 | 2.20E+00 | 6.54E-02 | 2.20E+00

0.47 { 25.0 | 9.21E-02 | 1.73E4+00 | 8.59E-02 | 1.75E--00
-1.63 | 25.0 } 1.12E-01 | 1.35E4+00 | 1.10E-01 | 1.36E-00
-3.77 | 25.1 | 1.41E-01 | 9.99E-01 1.39E-01 | 1.00E+00
-5.87 1 25.1 ] 1.73E-01 6.94E-01 1.69E-01 7.07E-01
-7.97 1 25.0 | 2.01E-01 | 4.84E-01 | 2.10E-01 | 4.84E-01

-10.77 | 24.9 1 2.684E-01 1.99E-01 2.75E-01 1.93E-01
-14.05 | 24.5 | 3.67E-01 | 0.00E+00 | 3.78E-01 | 0.00E--00
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Table C.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-6
L/d= 15
Py = 517 EkPa
AP = 235 kPa
R = 993 (kgm)~1/2
Right Branch Left Branch
h T e, my, e ™y
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min] | [kg/min]
24.77 1 17.9 | 0.00E+00 | 2.91E401 | 0.00E400 | 2.94E+01
22.63 | 18.5 | 1.41E-02 | 2.60E+01 | 1.34E-02 | 2.65E+01
20.49 | 19.2 | 3.63E-02 | 2.22E+01 | 3.31E-02 | 2.23E+01
18.38  19.7 | 6.88E-02 | 1.91E+401 | 6.28B-02 | 1.91E+01
16.27 | 19.8 | 9.95E-02 | 1.63E+01 | 9.50E-02 1.64E+01
14.15 | 20.0 | 1.30E-01 | 1.42E+01 | 1.26E-01 | 1.41E+01
12.37 1 20.2 | 1.539E-01 | 1.27E+401 | 1.53E-01 | 1.26E+01
10.23 | 20.2 | 2.01E-01 | 1.09E+01 | 1.97E-01 | 1.08E-401
8.05 | 20.2 | 2.36E-01 | 9.48E400 | 2.46E-01 | 9.36E+00
5.94 1 204 | 2.83E-01 | 8.38E+00 ! 2.91E-01 | 8.26E-+00
3.80 | 20.4 | 3.48E-01 | 7.52E+00 | 3.48E-01 | 7.44E+00
1.73 120.5 | 4.15E-01 | 6.74E4+00 | 4.09E-01 | 6.62E-00
-0.41 | 20.5 | 4.84E-01 | 5.95E+00 | 4.84E-01 | 5.80E+00
-2.52 | 20.6 | 5.46E-01 | 5.21E+00 | 5.42E-01 | 5.09E+00
-4.56 1 20.8 | 6.16E-01 | 4.70E400 | 6.06E-01 | 4.55E400
-7.05 | 20.9 | 7.31E-01 | 3.87E400 | 7.28E-01 | 3.75E+00
-9.15 | 21.1 | 8.02E-01 | 3.11E400 | &.14E-01 | 3.10E+00
-11.33 | 21.1 | B.87E-01 | 2.43E+00 | 9.25E-01 | 2.47E+00
-13.40 [ 21.1 | 9.93E-01 | 1.87E+00 { 1.04E+00 | 1.90E-+00
-15.46 1 20.7 | 1.09E+00 | 1.36E4-00 | 1.15E-+00 | 1.34E+-00
-17.64 | 20.7 | 1.23E+00 | 9.45E-01 | 1.31E400 | 7.96E-01
-24.27 | 20.8 | 1.77TE+00 | 0.00E-+00 | 1.80E4-00 0.00E+00
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Table C.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-7

Lid= 15

Py = 317 kPa

AP = 166 kPa

R = 990 (kg.m)~1/2

Right Branch Left Branch
h T, e mr ™meg my
[mm) | [°C] | [kg/min] | [kg/min] | hg/min] | lkg/min]
22.94 1 19.5 | 0.00E+00 | 2.46E4-01 | 0.00E+00 | 2.47E401
20.80 | 19.8 | 1.56E-02 | 2.18E+01 | 1.26E-02 | 2.21E+01
18.69 | 20.1 | 3.73E-02 | 1.86E+01 | 3.56E-02 | 1.84E+01
16.58 | 20.3 | 6.95E-02 | 1.58E+01 | 6.55E-02 | 1.57E401
14.54 1 20.5 | 1.03E-01 | 1.35E4+01 | 9.44E-02 | 1.35E+01
12.40 | 20.7 | 1.31E-01 | 1.18E+01 | 1.23E-01 | 1.16E401
10.26 | 20.7 | 1.68E-01 | 9.95E+00 | 1.63E-01 | 9.79E-+00
8.22 ] 20.7 | 1.99E-01 | 8.70E+00 | 2.07E-01 | 8.62E+00
6.12 { 20.7 | 2.44E-01 | 7.72E+00 | 2.47E-01 | 7.56E+0Q0
3.97 1 20.8 | 2.93E-01 | 6.74E+00 | 3.00E-01 | 6.81E--00
1.90 | 20.7 | 3.51E-01 ; 5.99E+00 | 3.55E-01 | 6.03E-00
-0.20 | 20.8 | 4.23E-01 | 5.41E+00 | 4.26B-01 ! 5.41E+00
-2.35 | 20.9 | 4.85E-01 | 4.78E+00 | 4.85E-01 | 4.70E-+00
-4.45 | 20.9 | 5.49E-01 | 415E4+00 | 5.49E-01 | 4.16E400
-6.56 | 20.9 | 6.32E-01 | 3.46E-+00 | 6.37E-01 | 3.46E+00
-8.63 | 20.9 | 7.06E-01 | 2.91E+00 | 7.20E-01 | 2.86E+00
-10.73 | 20.8 | 7.98E-01 | 2.30E+00 | 8.12E-01 | 2.32E4-00
-12.91 | 20.8 | 8.85E-01 | 1.72BE+400 | 9.15E-01 ! 1.73E+00
-15.01 | 20.8 | 9.91E-01 | 1.22E+400 | 1.04E+00 | 1.16E+00
-17.08 | 20.7 | 1.13E400 | 8.01E-01 | 1.19E+00 | 6.71E-01
-23.29 | 20.6 | 1.63E+00 | 0.00E4-00 | 1.67E+00 | 0.00E400
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Table C.1: Experimental data for dual discharge {cont.}
(Centerlines of branches in the same horizontal plane)

Set No.2-8
Lid= 15
Fy = 517 kPa
AP = 97 kPa
R = 996 (kg.m)"1/?
Right Branch Left Branch
h Ty mg my, me my,

(mm] | [°C) | lkg/min] | [kg/min] | [kg/min] [kg/min]

20.37 | 19.6 | 0.00E+00 | 1.86E+01 | 0.00E+00 ! 1.88E--01
18.20 } 19.9 | 1.56E-02 | 1.62E+01 | 1.31E-02 | 1.64E+01
-16.09 | 20.2 | 4.15E-02 | 1.40E+401 | 3.89E-02 | 1.39E+01
13.98 | 20.6 | 6.75E-02 | 1.14E+01 | 6.16E-02 | 1.15E+01
11.84 1 20.9 | 9.77E-02 | 9.60E+00 | 9.21E-02 | 9.48E+00
9.77 | 20.8 | 1.28E-01 ! 8.31E400 | 1.20E-01 | 8.14E+00
7.66 | 20.8 | 1.67E-01 | 7.13E+00 | 1.61E-01 | 6.97E-00
9.55 | 20.9 | 2.06E-01 | 6.27E+00 | 2.01E-01 | 6.19E+00
3.45 1 20.9 | 2.40BE-01 | 5.56E4+00 | 2.53E-01 | 5.41E+00
1.31 | 21.0 / 3.07E-01 | 4.94E400 | 2.96E-01 | 4.94E+00
-0.76 | 20.9 | 3.58E-01 | 4.55E+00 | 3.64E-01 | 4.43E+00
-2.87 | 20.9 | 4.12BE-01 | 3.83E+00 | 4.23E-01 | 3.72E+00
-7.05 | 21.0 | 5.52E-01 | 2.65E4+00 | 5.45E-01 | 2.65E+00
-9.19 | 21.1 | 6.22E-01 | 2,08E+00 | 6.40E-01 | 2.08E+00
-11.33 | 21.2 | 6.99BE-01 | 1.57E+400 | 7.25E-0f | 1.58E+00
-13.40 | 21.2 | 8.07E-01 | 1.14E+400 | 8.21E-01 | 1.11E400
-15.50 | 21.3 | 9.05E-01 | 7.12E-01 | 9.26E-01 | 6.36E-01
-21.33 | 21.2 | 1.36E+00 | 0.00E+00 | 1.39E+00 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-9
Lid= 1.5
Py = 517 kPa
AP = 235 kPa
R = 1600 (kg.m)~1/2
Right Branch Left Branch
h Ts e 139 e my,
[mm] | [°C] | {kg/min] | [kg/min] | [kg/min] | [kg/min]
19.95 | 21.9 | 0.00E4+00 | 1.83E+01 | 0.00E+00 { 1.80E+01
17.87 | 22.6 | 1.45E-02 | 1.556E+01 | 1.09E-02 | 1.53E+01
15.77 | 22.7 | 3.31E-02 | 1.30E+01 | 2.87E-02 | 1.28E+01
13.62 § 22.7 | 5.78E-02 | 1.07E+01 | 5.41E-02 | 1.05E+01
11.54 | 22.7 | 8.38E-02 | 9.01E~+-00 | 8.29E-02 | 8.93E+00
9.41 1226 ; 1.17E-01 | 7.60E+00 | 1.14E-01 | 7.60E4-00
7.33 1 22.4 | 1.52E-01 | 6.42E400 | 1.50E-01 | 6.42E+00
5.23 | 22.4 | 1.85E-01 | 5.56E+00 | 1.85E-01 | 5.56E-+00
3.12 1 22,7 | 2.19E-01 | 4.82E+400 | 2.29E-01 | 4.86E+00
0.98 1 22.5 | 2.61E-01 | 4.2TE4+00 | 2.73E-01 | 4.24E4+00
-1.13 | 22.7 | 3.04E-01 | 3.55E+4+00 | 3.16E-01 | 3.65E+00
-3.22 | 21.0 | 3.53E-01 | 2.96E+00 | 3.66E-01 | 2.99E400
-5.29 1 21.0 | 4.08E-01 | 2.41E4+00 | 4.23E-01 | 2.43E+00
-7.44 | 21.2 | 4.72E-01 | 1.91E+00 | 4.84E-01 | 1.94E-+00
-9.51 | 21.4 | 5.42E-01 | 1.46E+00 | 5.45E-01 | 1.40E+00
-10.91 ¢ 21.8 | 5.91E-01 | 1.21E400 | 6.03E-01 { 1.21E+00
-13.05 | 22.0 | 6.69E-01 | 8.37E-01 | 6.96E-01 | 8.32E-01
-15.12 | 22.1 | 8.07E-01 | 4.94E-01 | 8.44E-01 | 4.45FE-01
-19.49 1 22.1 | 9.25E-01 | 0.00E4-00 | 9.43E-01 { 0.00E-+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-10
Lid= 1.5
Py, = 317 kPa
AP = 235 kPa
R = 2852 (kg.m)~1/2
Right Branch Left Branch
h T, e My, e Ty,
(mm) | [°C | [kg/min] | [kg/min] | [kg/min] | [kg/min]
15.16 | 22.5 | 0.00E+00 | 1.03E+01 | 0.00E+00 | 1.01E+01
13.06 | 24.9 | 1.18E-02 | 8.03E+00 | 1.06E-02 ! 8.14E+00
10.95 | 25.3 | 2.72E-02 | 6.35E400 | 2.39E-02 | 6.27E+00
8.87 1 25.6 | 4.74E-02 | 5.17E4+00 | 4.39E-02 | 5.06E+00
6.77 | 25.7 | T.15E-02 | 4.39E400 | 6.83E-02 | 4.24E+00
4.62 | 25.6 | 9.71E-02 | 3.58E+00 | 9.43E-02 | 3.52E+00
253 {21.1 | 1.28E-01 | 2.89E+00 ! 1.25E-01 2.90E+00
0.46 | 21.3 | 1.57E-01 | 2.37E+00 | 1.56E-01 | 2.36E-00
-1.68 1 214 | 1.01E-01 | 1.87E-+00 | 1.92E-01 | 1.86E--00
-3.82 1 21.5 | 2.22E-01 | 1.45E+00 { 2.33E-01 1.45E+00
-5.83 1 21.6 | 2.66E-01 | 1.IIE+00 | 2.75E-01 | 1.10E--00
-8.00 | 21.6 | 3.13E-01 | 7.41E-01 | 3.23E-01 | 7.43E-01
-10.21 } 21.5 | 3.81E-0L | 5.18E-01 | 3.95E-01 | 4.99E-01
-13.15 | 21.5 | 4.96E-01 | 1.91E-01 | 5.14E-01 | 1.89F-01
-15.53 | 21.5 | 6.14E-01 | 0.00E+00 | 6.22E-01 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-11
Lid= 2.0
Fy = 316 FkPa
AP = 123 kPa
R = 998 (kg.m)-1/2
Right Branch Left Branch
h To MG Ty, il My
[mm] } [°C] | [kg/min] | [kg/min] | [kg/min] | [kg/ min]
20.87 | 26.5 | 0.00E4+00 | 2.13E401 | 0.00E+00 | 2.09E+01
18.60 | 26.5 | 9.52E-03 | 1.79E+01 | 8.91E-03 | 1.78E401
16.50 | 26.5 | 2.38E-02 | 1.46E+401 | 2.11E-02 | 1.45E+01
14.40 | 26.5 | 4.15E-02 | 1.20E+401 | 3.80E-02 | 1.19E-+01
12.30 | 26.5 | 5.94E-02 | 9.72E+00 | 5.71E-02 | 9.60E+00
10.20 | 25.7 | 8.28E-02 | 8.31E400 | 8.09E-02 | 8.14E+00
8.10 | 25.7 | 1.16E-01 | 7.13E+00 | 1.09E-01 | 6.97E+00
6.00 | 25.9 | 1.48E-01 | 6.31E-+00 | 1.41E-01 | 6.15E400
3.90 | 26.1 | 1.87E-01 | 5.56E+00 | 1.81E-01 | 5.41E+00
1.80 | 26.2 | 2.19E-01 | 4.78E+400 | 2.22E-01 | 4.63E+00
-0.31 | 26.0 | 2.54E-01 | 4.19E+00 | 2.61E-01 | 4.08E4-00
-2.41 | 26.0 | 3.01E-01 | 3.531E4+00 | 3.03E-01 3.44E400
-4.51 | 25.9 | 3.51E-01 | 2.81E400 | 3.53E-01 | 2.81E+00
-6.61 | 25.8 | 4.00E-01 | 2.34E400 | 4.06B-01 | 2.30E400
-8.70 | 25.6 | 4.67E-01 | 1.83E+00 | 4.73E-01 | 1.81E+00
-10.80 | 25.6 | 5.28E-01 | 1.54E4-00 { 5.29E-01 | 1.51E+00
-12.90 | 25.4 | 6.00E-01 | 9.19E-01 | 6.09E-01 | 9.69E-01
-15.00 | 25.0 | 6.75E-01 | 5.36B-01 | 7.04E-01 | 5.12E-01
-16.39 ;1 23.9 | 7.32E-01 | 4.17E-01 | 7.69E-01 | 3.85E-01
-20.13 | 23.8 | 9.71E-01 | 0.00E400 | 9.785-01 | 0.00E-+00
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Table C.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same horizontal plane)

Set No. 2-—-12
Lid= 20
Py = 316 kPa
AP = 82 kPa
R = 1003 (kg.m)~1/2
Right Branch Left Branch

h 1, me mg e my
[mm] | [°C] | [kg/min] | [kg/min] lkg/min] | [kg/min]

19.06 | 25.4 | 0.00E+00 | 1.73E4+01 | 0.00E+00 { 1.68E401
16.89 1 25.6 | 9.67E-03 | 1.44E401 | 9.37E-03 | 1.45E+01
- 14.96 | 25.6 | 2.15E-02 | 1.18E+01 | 1.97E-02 | 1.18E401
12.82 | 25.7 | 3.87E-02 | 9.52E+00 | 3.58E-02 | 9.40E--00
10.72 1 25.7 | 5.86E-02 | 7.91E+00 | 5.50E-02 | 7.79E+00
8.66 | 25.2 | 8.37E-02 | 6.70E+00 | 7.94E-02 | 6.54E4-00
6.52 | 25.4 | 1.17E-01 | 5.84E+00 | 1.09E-01 | 5.64E-+00
442 1255 | 1.52E-01 | 5.13E400 | 1.43E-01 | 4.94E-00
2.36 | 25.6 | 1.86E-01 | 4.39E+00 | 1.78E-01 | 4.20E+00
0.22 ] 25.7 | 2.15E-01 | 3.80E+00 | 2.20E-01 | 3.65E+00
-1.88 | 26.1 | 2.53E-01 | 3.14E+00 | 2.56E-01 | 3.10E+00
-3.98 | 25.6 | 2.96E-01 | 2.58E+00 | 3.03E-G1 | 2.55E4+00
-6.08 1 25.5 | 3.48E-01 | 2.09E+00 | 3.51E-01 | 2.05E+00
-8.18 | 25.4 | 4.05E-01 | 1.61E+00 | 4.11E-01 | 1.60E+00
-10.28 | 25.3 | 4.72B-01 | 1.17E+00 | 4.82E-01 | 1.16E+00
-12.38 | 25.0 | 5.40E-01 | 7.65E-01 | 5.51E-01 | 7.43E-01
-15.44 | 21.2 | 6.85E-01 | 3.67E-01 | 7.14E-01 | 3.43E-01
-19.15 | 21.3 | 9.39E-01 | 0.00E+00 | 9.41E-01 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-13
Lid= 2.0
Py = 316 kPa
AP = 40 kPa
R = 995 (kgm)~V/?
Right Branch Left Branch
h T, mg my, e Ty,
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min] | [kg/min]
16.09 | 22.5 | 0.00E+00 | 1.22E+01 | 0.00E4+00 | 1.20E+401
11.99 | 23.8 | 2.12E-02 | 7.60E4+00 | 2.00E-02 | 7.56E+00
9.82 | 24.0 | 3.75E-02 | 6.11E+00 | 3.62E-02 | 5.99E+00
7.76 | 24.1 | 5.99E-02 | 5.17E+00 | 5.73E-02 | 5.02E+00
5.76 | 24.2 | 8.53E-02 | 4.39E+00 | 7.93E-02 | 4.24E+00
3.45 1 243 | 1L.17E-01 : 3.76E+00 | 1.10E-01 | 3.62E+00
1.42 1 24.3 | 147E-01 | 3.14E400 | 1.40E-01 | 3.01E+00
-0.65 | 24.4 | 1.78E-01 | 2.62E+00 | 1.74E-01 | 2.53E--00
-2.74 1 22.2 | 2.19E-01 ; 2.20E400 | 2.22E-01 | 2.15E+00
-4.84 | 22.5 | 2.53B-01 | 1.74E+00 | 2.61E-01 | 1.68E4-00
-6.91 | 22.6 | 3.00E-01 | 1.31E4+00 | 3.07E-01 | 1.30E-+00
-9.04 ; 22.6 | 3.52E-01 | 9.09E-01 | 3.65E-01 | 9.18E-01
-11.14 | 22.7 | 4.18E-01 | 5.57E-01 | 4.30E-01 | 5.79E-01
-14.15 | 22.7 | 5.23E-01 | 2.23E-01 | 5.48E-01 | 2.01E-01
-16.74 1 22.3 | 6.94E-01 | 0.00E+00 | 6.94E-01 | 0.00E--00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No. 214

Ljid= 2.0

Fy = 316 EkPa

AP = 123 kPa

R = 1552 (kg.m)~1/2

Right Branch

Left Branch

h 75 Ve my, e iy
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min) | [kg/min]
16.68 : 26.2 | 0.00E400 | 1.38E+01 | 0.00E+400 | 1.33E+01
14.51 | 26.4 | 9.22E-03 | 1.07TE401 | 9.22E-03 | 1.08E-+01
12.62 | 40.0 | 2.07E-02 | 8.50E400 ! 2.07TE-02 8.54E+00
10.56 | 23.1 | 3.95E-02 | 7.13E+400 | 3.95E-02 | 6.97E-+00

8.49 | 23.4 | 6.16E-02 | 5.80E400 | 6.16E-02 | 5.68E-+00

6.46 | 23.4 | 8.30E-02 | 4.988400 | 8.30E-02 | 4.90E+00

4.36 | 23.6 | 1.10E-01 | 4.23E+00 | 1.10E-01 | 4.16E+00 |

2.26 | 23.8 | 1.39E-01 | 3.51E+00 | 1.39E-01 | 3.38E+00

0.16 | 24.1 | 1.65E-01 | 2.81E+400 | 1.65E-01 | 2.75E+00
-1.98 | 24.4 | 1.96E-01 | 2.26E+00 | 1.96E-01 | 2.24E+00
-4.05 | 24.8 | 2.22B-01 | 1.T77E+00 | 2.22E-01 | 1.75E+00
-6.29 ] 25.2 | 2.67E-01 | 1.34E+00 | 2.67E-01 | 1.35E400
-8.35 | 25.3 | 3.19E-01 | 9.73E-01 | 3.19E-01 | 9.69E-01

-10.45 | 25.4 | 3.81E-01 | 6.31E-01 | 3.81E-01 | 6.29E-01
-12.55 § 25.5 | 4.63E-01 | 4.21E-01 | 4.63E-01 | 4.27E-01
-14.68 | 25.2 | 5.45E-01 | 1.71E-01 | 5.45E-01 | 1.54E-01
-17.06 | 24.2 | 6.74E-01 | 0.00E+00 | 6.73E-01 | 0.00E-+00
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Table C.1: Experimental data for dual discharge (cont.)
{Centerlines of branches in the same horizontal plane}

Set No. 2-15
L/id= 2.0
Py, = 316 kPa
AP = 123 kPa
R = 2878 (kg.m)~1/2
Right Branch Left Branch
h T, g Ty, e Ty,
mm] | [°C) | (kg/min] | [kg/min] | [kg/min] | [kg/min)
12.63 | 21.6 | 0.00E--00 | 7.33E4+00 | 0.00E-+00 | 7.28E+00
10.53 | 22.8 | 7.09E-03 | 5.52E+00 | 6.94E-03 | 5.41E+00
8.50 | 23.1 | 1.60E-02 | 4.35E+00 | 1.64E-02 | 4.24E+00
6.43 | 23.6 | 3.14E-02 | 3.38E+00 ! 3.13E-02 | 3.34E+400
4.26 | 23.3 | 4.82E-02 | 2.68E+00 | 4.74E-02 | 2.67E-+00
2.19 1 23.6 | 6.75E-02 | 2.08E+00 | 6.77E-02 | 2.09E<00
0.06 | 23.7 | 9.04E-02 | 1.58E+00 | 9.04E-02 | 1.60E+00
-2.08 | 23.8 | 1.16E-01 | 1.20E400 | 1.17E-01 | 1.18E-+00
-4.15 1 23.9 | 1.47E-01 | 8.73E-01 | 1.45E-01 | 861E-01
-6.28 | 23.9 | 1.86E-01 | 5.46BE-01 | 1.82E-01 | 5.47BE-01
-8.35 | 23.8 | 2.22E-01 | 3.50E-01 | 2.31E-01 | 3.30E-01
-10.48 | 23.7 | 2.78E-01 | 1.43E-01 | 2.91E-01 | 1.54E-01
-13.17 | 22.8 | 3.65E-01 | 0.00E+00 | 3.80E-01 i 0.00E-+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-16
Lid= 20
Py = 517 kPa
AP = 235 kPa
R = 982 (kg.m)~1/2
Right Branch Left Branch
h 15 e Thy, me L
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min] | lkg/min]
23.83 | 22.9 | 0.00E+00 | 2.98E4+01 | 0.00E+00 | 2.94E+401
21.69 | 23.8 | 2.02E-02 | 2.56E+01 | 1.71E-02 | 2.57E+01
19.58 | 23.9 | 4.15E-02 | 2.16E+01 | 3.81E-02 | 2.17E+01
17.47 | 24.0 | 7.05E-02 | 1.81E+01 | 6.56E-02 | 1.80E+01
15.33 | 24.1 | 9.92E-02 | 1.57TE+01 | 9.41E-02 | 1.56E+01
13.26 | 24.1 | 1.33E-01 | 1.34E+401 | 1.28E-01 | 1.338E+01
11.17 { 22.0 | 1.67E-01 | 1.24E+01 | 1.61E-01 | 1.14E+01
9.02 | 22.5 | 2.05E-01 | 9.87E+00 | 2.08B-01 | 9.76E+00
6.92 | 22.6 | 2.50E-01 | 8.66E+00 | 2.50E-01 | 8.54E+00
4.81 | 23.0 | 3.03E-01 | 7.60E+00 | 3.03E-01 | 7.48E-++00
2.73 1 23.2 | 3.56E-01 | 6.74E+00 | 3.58E-01 | 6.58E+00
0.63 | 23.3 | 4.24E-01 | 5.95E4-00 | 4.21E-01 | 5.80E+00
-1.51 | 23.5 | 4.90E-01 | 5.21E+00 | 4.88E-01 | 5.06E400
-3.62 | 23.5 | 5.55E-01 | 4.55E400 | 5.54E-01 | 4.43E+00
-5.76 | 23.6 | 6.56E-01 | 3.93E+400 | 6.48E-01 | 3.79E+00
-7.86 | 23.6 | 7.38E-01 ; 3.26E4+00 | 7.40E-01 | 3.15E+00
-9.90 | 23.8 | 8.30E-01 | 2.55E+00 | 8.26E-01 | 2.57E+400
-12.04 | 23.6 | 9.32E-01 | 2.09E+400 | 9.44E-01 | 2.01E+00
-14.18 | 23.6 | 1.05E+00 | 1.55E4+00 | 1.08E+00 | 1.48E+00
-16.21 | 23.6 | 1.18E400 | 1.05E4+00 | 1.23E+00 | 9.58E-01
-23.92 1 23.3 | 1.84E+00 | 0.00E+00 | 1.83E400 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No. 2 -17

Lid= 20

Fy, = 517 kPa

AP = 166 kPa

R = 981 (kg.m)"1/2

Right Branch Left Branch
h To e mr me my,
[mem] | [°C] | [kg/min] | Tkg/min] | [hg/min] | [kg/min)
22.10 | 24.1 | 0.00E+00 | 2.50E+4-01 | 0.00BE+400 | 2.48E+01
19.96 | 24.3 | 1.97E-02 | 2.13E401 | 1.70BE-02 | 2.15E+01
17.86 | 24.5 | 4.15E-02 | 1.77E+01 | 3.75E-02 | 1.79E+01
15.86 | 24.5 | 6.71E-02 | 1.53E+01 | 6.28E-02 | 1.53E+01
13.72 | 24.7 | 9.67E-02 | 1.30E+01 | 7.26E-02 | 1.29E+401
11.68 | 24.8 | 1.29E-01 | 1.09E+401 | 1.24E-01 | 1.09E+01
9.50 | 24.8 | 1.67E-01 | 9.40E+00 | 1.62E-01 | 9.32E+00
7.53 | 25.1 | 2.03E-01 | 8.31E+00 | 2.00E-01 | 8.11E+00
9.34 1 22.2 | 2.50E-01 | 7.13E400 | 2.51E-01 | 7.05E+00
3.23 | 22.3 | 3.06E-01 | 6.35E+00 | 3.07E-01 | 6.19E+00
1.12 | 22.8 \ 3.61E-01 | 5.56E400 | 3.64E-01 | 5.45E+00
-0.99 1 23.1 | 4.24E-01 | 4.90E+00 | 4.24E-01 | 4.74E+00
-3.09 | 23.4 | 4.85E-01 | 4.31E+00 ! 4.92E-01 | 4.20E+00
-5.16 | 23.4 | 5.60E-01 | 3.61E400 | 5.60E-01 | 3.50E--00
-7.30 | 23.3 | 6.61E-01 | 3.03E+00 | 6.58E-01 | 2.94E+00
-9.41 1 23.3 | 7.43E-01 | 2.43E4+00 | 7.40E-01 | 2.37E+00
-11.51 | 23.2 | 8.46E-01 | 1.90E+00 | 8.60E-01 | 1.84E+00
-13.61 | 23.2 ; 9.59E-01 | 1.35E+00 | 9.64E-01 | 1.30E+00
-15.72 1 23.0 | 1.08E4+00 | 9.12E-01 | 1.13E-+00 | 8.32BE-01
-17.81 | 22.7 | 1.23E+00 | 5.32E-01 | 1.30E+00 | 4.24E-01
-22.76 | 22.5 | 1.68E400 | 0.00E+400 | 1.67E400 | 0.00E4-00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No. 2 —18
Lid= 20
PU = 517 kPa
AP = 97 kPa
R = 990 (kg.m)~1/2
Right Branch Left Branch
h 7 The my, iTe iy
(] | [°CY | [ka/min] | [kg/min] | (kg/min] | [kg/min]
19.62 | 23.2 | 0.00E+00 | 1.90E401 | 0.00E+00 | 1.86E--01
17.48 | 23.5 | 1.90E-02 | 1.60E401 | 1.70E-02 | 1.61E~+01
15.37 } 23.7 | 4.20E-02 : 1.33E+01 | 3.97E-02 | 1.33E-+01
0 13.23 | 23.9 | 6.75E-02 | 1.10E+01 | 6.38E-02 | 1.09E+01
11.12 | 24.0 | 9.58E-02 | 9.05E400 | 9.04E-02 | 8.93E+00
9.05 | 24.1 | 1.31E-01 | 7.72E+00 | 1.25E-01 | 7.63E+00
6.91 | 24.2 | 1.75E-01 | 6.74E+00 ! 1.65E-01 | 6.58E-+00
4.81 1226 | 2.08E-01 | 5.95E~+00 | 2.15E-01 | 5.80E+00
2.67 | 22.6 | 2.54E-01 | 5.1TE+00 | 2.56E-01 | 4.98E+00
0.60 | 22.6 | 3.09E-01 | 4.55E+00 ! 3.07E-01 | 4.35E+00
-1.62 | 23.1 | 3.68E-01 | 3.95E+00 | 3.68E-01 | 3.80E--00
-3.72 1 23.2 | 4.36E-01 | 3.28B+4+00 | 4.38E-01 | 3.21E+00
-5.86 | 23.3 | 5.02E-01 | 2.69E4+00 | 5.04E-01 | 2.63E+00
-8.00 | 23.4 | 5.75E-01 { 2.16E+00 | 5.75E-01 | 2.10E+00
-10.11 | 23.4 | 6.68E-01 | 1.63E+00 | 6.79E-01 | 1.59E-+00
-12.18 | 23.5 | 7.65B-01 | 1.I7E+00 | 7.69E-01 | 1.13E-+00
-14.32 | 23.4 | 8.80E-01 | 7.48E-01 | 8.90E-01 ! 7.00E-01
-17.08 | 23.0 | 1.0OTE4+00 | 3.67E-01 ;| 1.12E+00 | 2.53E-01
-21.74 1 22.9 | 1.42E+00 { 0.00E+00 | 1.41E-400 | 0.00E+00
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Table C.1: Experimental data for dual discharge {cont.)
{Centerlines of branches in the same horizontal plane)

Set No.2-19
Lid= 20
Fy = 517 kPa
AP = 235 kPa
R = 1528 (kg.m)~Y/2
Right Branch Left Branch
h To e T, me Ty,
fmm] | C] | [kg/min) | hg/min] | lrg/min] | [kg/min]
19.51 | 23.6 | 0.00E4+00 | 1.93E401 | 0.00E+00 | 1.87E+01
17.37 | 23.8 | 1.50E-02 | 1.58E+01 | 1.41E-02 | 1.57E+01
15.23 | 23.9 | 3.38E-02 | 1.30E+01 | 3.30E-02 | 1.29E+01
13.16 | 24.0 | 6.18E-02 | 1.07E--01 | 5.90E-02 | 1.05E+01
11.05 | 24.0 | 9.02E-02 ! 9.05E400 { 8.71E-02 | 8.93E+00
8.88 | 24.0 | 1.28B-01 | 7.52E+00 | 1.24E-01 | 7.36E+00
6.77 | 24.0 | 1.65E-01 | 6.42E+00 | 1.61E-01 | 6.38E+00
4.65 1 204 | 2.05E-01 | 5.60E+00 | 2.01E-01 | 5.41E+00
2,54 | 21.0 | 2.36E-01 | 4.78E4+00 | 2.47E-01 | 4.67E+00
043 | 21.4 | 2.78E-01 | 4.04E+00 | 2.88E-01 | 4.00E+00
-1.68 | 21.9 | 3.21E-01 | 3.34E400 | 3.36E-01 | 3.38E-+00
-3.79 1 22.5 | 3.75E-01 | 2.79E+00 | 3.92E-01 | 2.79E+00
-5.90 | 22.9 | 4.39E-01 ; 2.63E4+00 | 4.54E-01 | 2.63E+00
-8.01 | 23.1 | 5.11E-01 | 1.74E+00 | 5.17E-01 | 1.75E4-00
-10.08 | 23.2 | 6.13E-01 | 1.46E+00 | 6.05E-01 | 1.49E-+00
-12.18 | 23.3 | 6.98E-01 | 9.09E-01 ! 7.21E-01 | 9.04E-01
-14.31 | 23.3 | 8.11E-01 | 5.32E-01 | 8.42E-01 | 5.19E-01
-16.41 ] 23.2 | 9.49E-01 | 3.01E-01 | 9.99E-01 | 2.21E-01
-19.04 | 21.1 | 1.14E+400 | 0.00E+00 | 1.14E+00 | 0.00E~+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No. 2 —20
Lid= 20
Py = 517
AP = 235

R = 2863

kPa
kPa
(kg.m)~1/2

Right Branch

Left Branch

h T, e mr me mr
[mm] | [°C] | [kg/min] | [kg/min] | [kg/ min] | [kg/min]
14.71 | 23.6 | 0.00E+00 | 1.02E4+01 | 0.00E-+00 { 1.01E4+01
12,50 | 23.6 | 1.04E-02 | 7.91E+00 | 1.09E-02 8.07TE+00
10.25 1 24.2 1 2.71E-02 | 5.95E+400 | 2.74E-02 | 6.03E+00

8.14 | 24.3 | 4.76E-02 | 4.82E-400 | 4.91E-02 4.90E+00

6.04 | 243 | 7.15E-02 | 4.00E+00 | 7.25E-02 4.00E+00

3.90 | 24.3 | 9.92E-02 | 3.30E4+00 | 9.88E-02 3.29E+00 +

1.84 | 21.3 | 1.32E-01 | 2.65E+00 | 1.34E-01 2.67E+00
-0.23 | 21.5 | 1.65E-01 | 2.11E+00 | 1.68E-01 2.11E+00
-2.38 | 22.1 | 2.02E-01 | 1.64E+00 | 2.05E-01 1.66E+00
-4.49 | 22,4 } 2.39E-01 { 1.24E+00 | 2.50E-01 1.23E400
-6.58 : 22.7 | 2.88E-01 8.73E-01 2.98E-01 | 8.68E-01
-8.70 | 23.0 | 3.49E-01 | 5.53E-01 | 3.58E-01 | 5.47E-01

-10.77 | 23.1 | 4.24E-01 | 3.46E-01 | 4.39E-01 | 3.26E-01
-12.87 | 23.1 | 5.17E-01 1.32E-01 | 5.43E-01 1.15E-01
-14.75 | 23.1 | 6.40E-01 | 0.00E+00 | 6.48E-01 (0.00B+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No. 2-21

Lid= 3.0

Py = 316 kPa

AP = 123 kPa

R = 968 (kgm) 1/2

Right Branch Left Branch
h To g 133 g my,
mom] | 1°C] | thg/min] | (kg/min | [kg/min] | (kg/min]
19.58 | 22.0 | 0.00E+00 | 2.18E+4-01 | 0.00E+00 ! 2.17E+01
17.17 { 20.4 | 1.06E-02 | 1.82E+401 ; 9.52E-03 | 1.81E401
15.07 | 20.9 ! 2.97E-02 | 1.51E+01 | 2.81E-02 | 1.49E+01
12.93 | 21.4 | 5.09E-02 | 1.23E+01 | 4.80E-02 | 1.21E+01
10.86 | 23.3 | 7.15E-02 | 1.03E+01 | 6.83E-02 | 9.95E+00
8.76 [ 23.7 | 1.07TE-01 | 8.66E+00 | 1.00E-01 | 8.42E+00
6.66 | 23.8 | 1.43E-01 | 7.84E+00 | 1.36B-01 ! 7.52E+00
4.62 | 23.8 | 1.78E-01 | 6.31E4+00 | 1.74E-01 | 6.15E-+00
2.45 | 23.6 | 2.10E-01 | 5.37E+00 | 2.22E-01 | 5.21E+00
0.35 | 23.5 | 2.51E-01 | 4.70E+00 ! 2.63E-01 | 4.51E+00
-2.10 | 23.5 | 3.0TE-01 ! 3.84E400 | 3.16E-01 | 3.76E+00
-4.20 | 23.4 | 3.58E-01 | 3.16E+00 | 3.68E-01 | 3.10E+00
-6.26 | 23.3 | 4.18E-01 | 2.53E+00 | 4.36E-01 | 2.53E+00
-8.40 | 23.3 | 4.76BE-01 | 1.94E+00 | 4.96E-01 | 1.96E+00
-10.46 | 23.2 | 5.45E-01 | 1.42E4+00 | 5.68E-01 | 1.43E-+00
-12.53 | 23.3 | 6.22E-01 | 9.41E-01 | 6.53E-01 | 9.11E-01
-14.66 | 23.7 | 7.34B-01 | 5.65E-01 | 7.71E-01 | 5.01E-01
-19.31 | 23.4 | 1.04E+00 | 0.00E400 | 1.06E+00 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
{Centerlines of branches in the same horizontal plane)

Set No.2-22
Lid= 3.0
Fo = 316 kPa
AP = 82 kPa
R = 980 (kgm)"1/2
Right Branch Left Branch
h T, e My me mr
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min] | [kg/ min]
17.51 | 23.3 | 0.00E+00 | 1.76E-+01 ! 0.00E+00 | 1.73E-+01
15.41 1 24.2 | 9.82E-03 | 1.50E+01 | 9.37E-03 | 1.49E+01
13.31 ) 24.9 | 2.91E-02 | 1.21E+01 | 2.77E-02 | 1.20E+01
11.20 | 25.2 | 4.94E-02 | 9.80E+00 | 4.58E-02 | 9.68E4-00
9.10 | 254 | 7.79E-02 | 8.07E+00 | 7.28E-02 | 7.75E++00
7.04 1 24.7 | 1.07E-01 | 6.74E+00 | 1.00E-01 | 6.58E+00
4.97 | 24.7 | 1.39E-01 | 5.68E+00 | 1.34E-01 | 5.52E-+00
2.84 | 246 | 1.74E-01 | 4.86E+00 | 1.74E-01 ! 4.70E+00
0.74 | 24.4 | 2.09E-01 | 4.58E+400 | 2.22E-01 4.51E4-00
-1.40 | 24.4 | 2.51E-01 | 3.53E-+00 ! 2.64E-01 | 3.44E+00
-3.47 | 24.2 | 2.97E-01 | 2.85E400 | 3.09E-01 | 2.84E+00
-5.63 | 23.4 | 3.55E-01 | 2.33E+400 | 3.71E-01 | 2.32E-+00
~7.73 1 23.3 | 4.11E-01 { 1.79E+400 | 4.35E-01 | 1.79E+00
-9.76 | 23.2 | 4.84E-01 | 1.27E4+00 | 5.02E-01 | 1.28E400
-11.86 | 23.2 | 5.48E-01 | 8.15E-01 | 5.75E-01 | 7.96E-01
-13.96 | 23.6 | 6.34B-01 | 4.54E-01 | 6.69E-01 | 4.19E-01
-18.26 | 21.8 | 9.41E-01 | 0.00E+00 | 9.59E-01 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-—123

L/id= 3.0

Py, = 316 kEPa

AP = 40 kPqa

B = 0960 (kgm) 1/2

Right Branch

Left Branch

h T, me mr, mg Ty,
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min] | [kg/ min|
15.06 | 23.2 | 0.00E+00 | 1.25E+01 | 0.00E+00 | 1.25E401
12.96 | 23.6 | 8.91E-03 | 1.01E4+01 | 8$.61BE-03 | 1.01E+01
10.58 | 24.3 | 3.00E-02 | 7.87E+00 | 2.68E-02 | 7.75E+00

8.41 | 24.2 | 5.23E-02 | 6.23E+00 | 5.04E-02 | 6.11E+00

6.38 | 24.1 ) 7.68E-02 | 5.17E+00 | 7.56E-02 | 5.06E400

4.24 1 24.1 | 1.07E-01 | £.39E400 | 1.06E-01 | 4.28E--00

2.10 | 23.9 | 1.43E-01 | 3.71E+00 | 1.41E-01 | 3.64E+00

0.04 | 23.7 | 1.83E-01 | 3.07E4+00 | 1.83E-01 | 3.08E+00
-2.06 | 23.5 | 2.15BE-01 | 2.51E4-00 | 2.27E-01 | 2.48E-+00
-4.20 | 22.8 | 2.58E-01 | 1.98E+00 | 2.74E-01 | 2.00E4-00
-6.30 | 22.9 | 3.07E-01 | 1.50E+00 | 3.09E-01 | 1.51E400
-8.40 | 22.8 | 3.64E-01 | 1.04E400 | 3.81E-01 | 1.06E+00

-10.46 | 23.7 | 4.23E-01 | 6.06E-01 | 4.43E-01 | 6.00E-01
-12.98 | 23.4 7 5.23E-01 | 3.05E-01 | 5.51B-01 | 2.77E-01
-16.27 | 23.3 | 6.97E-01 { 0.00E~+00 | 6.99E-01 0.00E+400
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Table C.1: Experimental data for dual discharge (cont.)
{Centerlines of branches in the same horizontal plane)

Set No.2-—24
Lid= 3.0
Fy = 317 kPa
AP = 235 kPa
R = 975 (kgm)~ V2
Right Branch Left Branch
h T, me MLy, e my,
[mm] } [°C] | [kg/min] | [kg/min] | [kg/min] | [kg/min]
22.41 | 23.5 | 0.00E+00 | 2.99E+01 | 0.00E4+00 | 2.97E+01
20.41 | 23.5 | 2.04E-02 | 2.56E+01 | 2.01E-02 ! 2.59E+01
18.30 | 23.8 | 5.06E-02 | 2.21E4+01 | 4.72E-02 | 2.20E+01
16.16 | 23.8 | 8.59E-02 | 1.86E+01 | 8.07E-02 | 1.81E~01
$14.05 |} 23.7 | 1.22E-01 | 1.59E+01 | 1.14E-01 | 1.55E+01
11.98 | 23.7 | 1.57E-01 | 1.34E+01 | 1.50E-01 | 1.33E-+01
9.88 | 23.5 | 1.97E-01 | 1.16E+01 | 1.92E-01 | 1.15E+01
7.77 1 23.4 | 241E-01 | 1.01E+01 | 2.47E-01 | 9.91E+00
5.68 | 21.7 | 2.90E-01 | 9.01E4+00 | 2.98E-01 | 8.81E+00
3.57 1 22.1 | 3.51E-01 | 7.87E+00 | 3.62E-01 | 7.67E+00
1.46 | 22.3 | 4.23E-01 | 6.82E+00 | 4.24E-01 | 6.62E+00
-0.64 1 22.4 | 4.87E-01 | 5.95E+00 | 4.88E-01 | 5.80E<+00
-2.75 1 22,5 | 5.79E-01 | 5.17E<+00 | 5.79E-01 | 5.02E-+00
-4.85 | 22.5 | 6.52E-01 | 4.35E400 | 6.52E-01 | 4.24E+00
-6.96 1 22.5 | 7.37E-01 | 3.59E+00 | 7.50E-01 | 3.50E-+00
-9.00 | 22.5 | 8.43E-01 | 2.89E400 | 8.46E-01 | 2.83E+00
-11.17 | 22.5 | 9.43E-01 | 2.21E400 | 9.87E-01 | 2.20E+00
-13.30 1 22.2 | 1.05E+00 | 1.64E--00 | 1.09E400 | 1.61E+00
-15.41 | 22.2 | 1.19E400 ; 1.09E400 | 1.24E+00 | 1.03E400
-17.16 | 22.2 | 1.34E+00 | 7.30E-01 | 1.43E+00 | 5.76E-01
-22.25 { 22.2 | 1.80E+00 | 0.00E+00 | 1.81E+00 | 0.00E<00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-25
Lld= 3.0
Py = 517 kPa
AP = 166 kPa
R = 974 (kgm) /2
Right Branch Left Branch
h To me mr, v my,
[mm] | [°C] | lkg/man] | [kg/min] | [kg/min] | [kg/min]
20.71 | 20.1 | 0.00E400 | 2.52E4-01 | 0.00E+00 | 2.49E+01
18.64 | 20.4 | 1.93E-02 | 2.16E401 | 2.07E-02 | 2.15E+01
16.53 | 20.6 | 5.28E-02 | 1.81E+01 | 5.01E-02 | 1.78E+01
14.39 | 20.7 | 8.59E-02 | 1.52E+01 | B.03E-02 | 1.51E+01
12.32 | 20.7 | 1.22E-01 ; 1.30E4+01 | 1.14E-01 | 1.29E+01
10.23 | 22.4 | 1.60E-01 | 1.10E+01 | 1.52E-01 | 1.09E+01
8.13 1 22.4 1 1.96E-01 | 9.56E+00 | 2.20BE-01 | 9.36E--00
6.02 | 22.3 | 2.51E-01 | 8.31E+00 | 2.54E-01 | &14E-+00
3.88 | 22.3 ; 3.07E-01 | 7.21E400 | 3.07E-01 | 7.01E+00
1.78 1 22.2 | 3.65E-01 | 6.42E+00 | 3.65E-01 | 6.19E-+00
-0.33 | 22.2 | 4.27E-01 | 5.49E+00 | 4.36E-01 | 5.41E+00
-2.47 1 22.3 | 4.99E-01 | 4.74E4+00 | 5.02E-01 | 4.63E--00
-4.54 | 22.1 | 5.87E-01 | 4.04E+00 | 5.92E-01 | 3.93E+00
-6.64 | 22.1 | 6.67E-01 | 3.30E+00 | 6.75E-01 | 3.30E+00
-8.71 1 22.0 | 7.51E-01 | 2.57E+00 | 7.56E-01 | 2.59E400
-10.81 | 22.0 | 8.52E-01 | 1.99E400 | 8.83E-01 | 1.98E+00
-12.99 1 22.0 | 9.60E-01 | 1.38E4-00 | 1.00E+00 | 1.36E400
-15.06 | 23.1 | 1.10E400 | 9.73E-01 | 1.15E+00 | 8.68E-01
-17.13 | 23.1 { 1.25E400 | 4.97E-01 | 1.33E+00 | 4.27E-01
-21.66 | 23.3 | 1.66E+00 | 0.00E+00 ! 1.68E+00 | 0.00E4-00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-—26
Lid= 3.0
Py = 517 kPa
AP = 97 kPa
R = 984 (kgm) /2
Right Branch Left Branch
h T meg My MG my,
[mm] | [°C] | [kg/min] | [kg/min] (kg/min] | [kg/min]
18.60 } 20.7 | 0.00E+00 | 1.90E+01 | 0.00E+00 { 1.80E+01
16.35 | 20.9 | 1.81E-02 | 1.64E401 | 1.80E-02 | 1.66E-+01
14.25 | 21.2 | 4.79E-02 | 1.38E+401 | 4.48E-02 | 1.37E+01
12.14 | 21.3 | 8.09E-02 | 1.14E401 | 7.56E-02 1.13E401
10.03 | 21.3 | 1.18E-01 | 9.48E+00 | 1.11E-01 { 9.32E-+00
7.93 | 21.4 | 1.56E-01 | 8.19E+00 | 1.52E-01 | 8.03E+00
5.82 1214 | 2.06E-01 | 7.05E+00 | 1.96E-01 | 6.89E+00
3.75 | 21.5 | 2.43E-01 | 6.03E400 | 2.48E-01 | 5.84E+00 |
1.61 | 21.6 | 2.96E-01 | 5.17E4+00 | 3.01E-01 ! 5.02E+00
-0.50 | 21.6 | 3.51E-01 | 4.55E+00 | 3.62E-01 4.47E+00
-2.74 | 21.6 | 4.21E-01 | 3.78E+00 | 4.36E-01 3.71E+00
-4.85 | 21.6 | 4.98E-01 | 3.14E-+00 ! 5.13E-01 { 3.10E+00
-7.02 1 21.5 | 5.95E-01 | 2.53E400 | 6.06E-01 | 2.49E+00
-9.09 | 21.5 | 6.72E-01 | 1.92E400 | 6.92E-01 | 1.90E+00
-10.69 | 21.4 ; 7.52E-01 | 1.35E+00 | 7.73E-01 1.37E+00
-13.13 | 21.3 | 8.64E-01 | 8.73E-01 | 8.95E-01 8.86E-01
-15.23 | 21.3 | 1.00E+00 | 5.18E-01 | 1.04E400 ! 4.53B-01
-19.83 | 21.4 | 1.42E4+00 | 0.00E+00 { 1.42E+00 0.00E+060
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Table C.1: Experimental data for dual discharge

(Centerlines of branches in the same horizontal plane)

Set No. 227
Lid= 8.0
P, = 316 kPa
AP = 123 kPa
R = 997 (kgm)~l/2
Right Branch Left Branch
h To '."I"LG T’;’LL mG ?’.;?,L
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min] | [kg/min]
16.81 | 25.6 | 0.00E4+00 | 2.12E401 | 0.00E+00 | 2.09E+01
14.71 | 25.8 y 1.29E-02 ! 1.73E+01 | 1.13E-02 | 1.77E+401
12.51 | 25.8 | 3.55E-02 | 1.34E+01 | 3.16E-02 | 1.37E+01
10.30 | 25.9 | 5.56E-02 | 1.06E4+01 | 5.86E-02 | 1.07E+01
8.16 | 25.8 | 9.21E-02 | 8.46E4+00 | 8.71E-02 | 8.62E-+00
6.17 | 24.3 | 1.23E-01 | 7.13E400 | 1.18E-01 | 7.16E+00
4.07 | 24.5 | 1.68E-01 | 5.95E+00 | 1.65E-01 ; 5.87E+00
1.97 | 24.6 | 2.36E-01 | 5.17E4+00 | 2.43E-01 | 5.02E+00
-0.13 | 24.7 | 2.61E-01 | 4.47E+00 | 2.64E-01 | 4.32E+400
-2.27 1 24.9 | 3.23E-01 | 3.67E+00 { 3.23E-01 | 3.69E-+00
-4.37 1 25.0 | 3.87E-01 | 2.98E+00 | 3.89E-01 | 2.98E+00
-6.47 | 25.0 1 4.60E-01 | 2.32E400 | 4.54E-01 | 2.31E+00
-8.60 ; 24.9 | 5.40E-01 | 1.61E+4+00 | 5.29E-01 | 1.64E-+00
-10.67 | 24.8 | 6.40E-01 | 1.09E4+00 | 6.29E-01 | 1.07E+00
-12.76 | 22.6 | 7.41E-01 | 5.53E-01 | 7.35B-01 | 5.83E-01
-14.85 | 22.5 | 8.83E-01 | 2.44E-01 | 8.92E-01 | 2.41E-01
-16.77 ¢ 22.4 | 1.05E+00 | 0.00E+00 | 1.06E+00 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
{Centerlines of branches in the same horizontal plane)

Set No.2-—28
Lid= 80
Po = 316 kPa
AP = 82 kPa
R = 995 (kg.m)"1/2
Right Branch Left Branch
h T, Mme my, me Ty,
[mm] | [°C] | [kg/man] | [kg/min] | [kg/min] | [kg/min]
15.49 1 23.9 | 0.00E+00 | 1.73E4-01 | 0.00E4+00 | 1.71E+01
13.32 | 24.1 1 1.37E-02 | 1.38E+01 | 1.10E-02 | 1.42E+01
11.22 | 245 | 3.36E-02 | 1.06E+01 | 2.97E-02 | 1.07E+01
9.12 | 24.5 | 5.52E-02 | 8.27TE+00 | 5.29E-02 | 8.38E+00
7.01 | 247 | 8.59E-02 | 6.74E400 ;| 8.13E-02 | 6.66E+00
4.88 | 24.6 | 1.23E-01 | 5.64E4+00 | 1.19E-01 | 5.56E+00
2.74 | 24.7 | 1.65E-01 | 4.82E4-006 | 1.61E-01 | 4.74E+00
0.71 | 24.6 | 2.05E-01 | 4.15E+400 ! 2.10E-01 | 4.08E+00
-1.38 | 22.6 | 2.53E-01 | 3.46E400 | 2.63E-01 | 3.46E+00
-3.49 | 22.8 | 3.07E-01 | 2.77E4+00 | 3.11E-01 | 2.79E-+00
-5.09 | 23.0 | 3.81E-01 | 2.14E+00 | 3.81E-01 | 2.13E+00
-7.69 | 23.2 | 4.54E-01 | 1.56E~-00 | 4.52E-01 | 1.56E+00
-9.79 | 23.3 | 5.29E-01 | 1.02E-+00 | 5.25E-01 | 1.01E+00
-12.06 | 23.3 ;| 6.20E-01 | 4.90E-01 | 6.19E-01 | 5.12E-01
-14.16 | 23.4 | 7.69E-01 | 2.03E-01 | 7.70E-01 | 1.97E-01
-15.97 | 22.6 | 9.23E-01 | 0.00E+00 | 9.29E-01 | 0.00E400
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-29
Lid= 80
P = 318 kPa
AP = 40 EPa
R = 98 (kg.m)~1/2
Right Branch Left Branch
h T, e my, Tha Ty,
[mm] | [°C] | [kg/min] | [kg/min] | lkg/min] | [kg/min)
13.32 | 22.8 | 0.00E+00 | 1.22E401 | 0.00E4+00 | 1.21E+401
9.15 | 23.6 | 2.77E-02 | 6.89E+00 | 2.52E-02 | 6.97E+00
6.98 | 23.7 | 5.34E-02 | 5.52E400 | 5.04E-02 | 5.52E+00
4.92 ;1 23.9 i 8.32E-02 | 4.74E+00 | 7.91E-02 | 4.63E+00
2.82 {238 | 1.17E-01 | 3.92E+00 | 1.13E-01 ! 3.81E~+00
0.71 | 23.7 | 1.58E-01 | 3.24E+00 | 1.55E-01 | 3.22E+00
-1.39 | 23.6 | 2.00E-01 | 2.54E+00 | 1.98E-01 | 2.55E-+00
-3.49 | 23.6 | 2.47E-01 | 2.04E+00 | 2.51E-01 | 2.07E4+00
-5.59 | 23.5 | 3.04E-01 | 1.5TE+00 | 3.07E-01 | 1.60E+00
-7.69 | 23.4 | 3.62E-01 | 1.05E+00 | 3.67BE-01 | 1.07E+00
-9.79 | 23.2 | 4.38E-01 | 5.85E-01 | 4.45E-01 | 6.18E-01
-11.84 | 21.6 | 5.16E-01 | 2.96E-01 | 5.26E-01 | 3.10E-01
-14.57 | 21.6 | 6.69E-01 | 0.00E+400 | 6.77E-01 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2—30
Lid= 8.0
Py, = B17 kPa
AP = 235 kPa
R = 98 (kg.m)~1/2
Right Branch Left Branch
h T, i’e, mr g my,
fmm] | 1°C] | Thgfmin] | (kg/min] | (kajmin] | (kg/min]
19.50 | 24.7 | 0.00E+4-00 | 2.97E4+01 | 0.00E+00 | 2.93E--01
17.29 | 25.1 | 1.87E-02 | 2.56E+01 | 1.87E-02 | 2.59E+01
15.00 | 25.3 | 5.92E-02 | 2.06E+401 | 5.92E-02 | 2.09E+01
-12.89 1 25.4 | 9.84E-02 | 1.69E+01 | 9.84E-02 | 1.68E+01
10.79 | 25.4 | 1.39E-01 | 1.43E+01 | 1.39E-01 ! 1.41E401
8.68 | 25.3 | 1.86E-01 | 1.21E4+01 | 1.86E-01 | 1.20E+01
6.57 | 25.2 | 2.31E-01 | 1.01E401 | 2.31E-01 | 9.99E+00
4.48 | 22.0 | 2.97E-01 | 8.70E4+00 | 2.97E-01 | 8.54E+00
2.38 | 22.2 | 3.42E-01 | 7.48E+00 | 3.42E-01 | 7.36E-+00
0.27 | 22.4 | 4.54E-01 | 6.35E4+00 | 4.54E-01 | 6.27E400
-1.84 | 22.4 | 5.45E-01 | 5.41E400 | 5.45E-01 | 5.25E+00
-3.94 | 22.5 | 6.46E-01 | 4.51E+00 | 6.46E-01 | 4.39E+00
-6.05 | 22.6 | 7.46E-01 | 3.66E+00 | 7.46E-01 | 3.58E+00
-8.15 | 22.6 | 8.62E-01 | 2.81E4+00 | 8.62E-01 | 2.80E-+00
-10.26 | 23.0 | 1.01E+00 | 2.06E+00 | 1.01E+00 | 2.09E+00
-12.36 | 22.9 | 1.14E4+00 | 1.35E+00 | 1.14E+00 | 1.38E+00
-14.46 | 22.8 | 1.32E+00 ; 7.51E-01 | 1.32E--00 | 7.61E-01
-16.56 | 23.0 | 1.52E+00 | 3.46E-01 | 1.52E+00 | 3.43E-01
-10.54 | 22.9 | 1.79E400 | 0.00E+00 | 1.79E+00 | 0.00E400
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Table C.1: Experimental data for dual discharge (cont.)
{Centerlines of branches in the same horizontal plane)

Set No.2-31
Lid= 8.0
Py = 3517 kPa
AP = 166 kPa
R = 992 (kgm)~1/2
Right Branch Left Branch
h T me mr mea my
[mm] | [°C] | [kg/min] | [kg/min] | [kg/min] | [kg/min] .
17.79 | 22.7 | 0.00E+00 | 2.48E+01 | 0.00E+00 | 2.44E+01
15.89 | 23.1 | 1.95E-02 | 2.09E+01 | 1.71E-02 | 2.14E--01
13.78 | 23.2 | 5.78E-02 | 1.73E4+01 | 4.74E-02 | 1.73E401
11.72 | 21.4 | 9.21E-02 | 1.40E+01 | 8.30E-02 | 1.41E+01
9.96 | 22.0 | 1.28E-01 | 1.21E+401 | 1.19E-0! | 1.21E+01
7.82 1224 1 1.76E-01 | 9.99E+00 | 1.68E-01 | 9.91E400
5.74 | 22.7 | 2.22E-01 | 8.38E+00 | 2.24E-01 | 8.34E+00
3.60 | 23.3 | 2.81E-01 | 7.25E400 | 2.91E-01 | 7.16E-+00
1.49 | 23.4 | 3.56E-01 | 6.27E+00 | 3.61E-01 | 6.19E+00
-0.62 } 23.5 | 4.35E-01 | 5.33E+00 | 4.38E-01 | 5.33E+00
2,60 | 23.5 | 5.16E-01 [ 4.58E+00 | 5.16B-01 | 4.55E4-00
-4.83 | 23.6 | 6.30E-01 | 3.76E+00 | 6.24E-01 | 3.67E-+00
-6.97 | 23.6 | 7.28E-01 | 2.80E+00 | 7.07E-01 | 2.85E400
-9.07 | 23.6 | 8.38E-01 | 2.10E+400 | 8.14E-01 [ 2.12E400
-11.14 | 23.5 | 9.66E-01 | 1.46E400 | 9.48E-01 | 1.48E+00
-13.24 1 23.5 | 1.13E+00 | 8.76E-01 | 1.13E4+00 ! 9.04E-01
-15.34 } 21.9 | 1.32E+00 | 4.88E-01 | 1.34E+00 | 4.79E-01
-18.84 | 21.9 | 1.61E4-00 | 0.00E400 | 1.62E+00 | 0.00E+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-32

Lid= 8.0

Fy, = 517 kPa

AP = 97 kPa

R = 996 (kgm)~1/?

Right Branch

Left Branch

h T e my, ViTe mr
[mm] | [°CT | [kg/min] | [kg/min] | [kg/min] | [kg/min)]
15.99 | 23.9 | 0.00E+00 | 1.89E+01 | 0.00E+00 | 1.86E+01
14.13 | 23.9 | 1.7T1E-02 | 1.62E+-01 | 1.53E-02 | 1.64E+01
12.03 | 23.9 | 5.34E-02 | 1.30E+01 | 4.66E-02 | 1.31E+01

9.95 1 23.9 ; 8.68E-02 | 1.04E401 | 8.15E-02 | 1.05E+01

7.85 1 22.3 | 1.26E-01 | 8.42E4+00 | 1.19E-01 i 8.50E+00

5.71 1 22.5 | 1.75E-01 | 7.13E+00 | 1.69E-01 | 7.05E+00

3.60 | 22.6 | 2.20E-01 | 5.95E+00 | 2.23E-01 | 5.91E+00 |

1.46 | 22.7 | 2.80E-01 | 5.17E+00 | 2.86E-01 | 5.06E+400
-0.61 ] 22.8 | 3.81E-01 | 4.39E4+00 | 3.84E-01 | 4.24E+00
-2.75 | 22.9 | 4.26E-01 | 3.63E+00 | 4.42E-01 | 3.67E+00
-4.82 1 23.1 | 4.87E-01 | 2.96E+00 | 4.99E-01 | 2.94E+400
-6.93 | 23.0 | 6.19E-01 | 2.30E+00 | 6.22E-01 | 2.28E-400
-9.07 | 23.0 | 7.31E-G1 { 1.60E~+00 | 7.26E-01 | 1.63E4-00

-11.17 1 22.9 | 8.43E-01 | 9.81E-01 | 8.30E-01 | 1.00E+00
-13.24 | 22.7 | 1.01E400 | 5.15E-01 | 1.00E+00 | 5.40E-01
-15.33 | 22.2 | 1.18E+00 | 2.03E-01 | 1.19E+00 | 2.02E-01
-17.11 | 21.1 § 1.37E+00 | 0.00E+00 | 1.39E+00 | 0.00E+00
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APPENDIX D

Experimental Data for Dual Discharge
(Centerlines of Branches in the Same Vertical

Plane)



Table D.1: Experimental data for dual discharge
(Centerlines of branches in the same vertical plane)

Set No.3-1
Lid= 15
Po = 316 kPa
AP = 123 kPa
R = 1028 (kg.m)"1/2
Upper Branch Lower Branch
ha s 7 My hgp 75 meg mr
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] [kg/min] | [kg/min]
18.79 | 25.0 | 0.00E+00 | 2.04E+01 9.92 | 21.6 ; 0.00E+00 | 2.05E+01
16.83 : 244 | 1.21E-02 | 1.63E+02 7.95 | 23.1 | 3.38E-03 | 1.90E+01
14.73 | 23.8 | 4.74E-02 | 1.26E+01 6.03 | 23.3 | 6.48E-03 | 1.60E+01
12,65 | 23.5 ; 8.79E-02 | 9.48E400 3.94 | 23.1 | 2.42E-02 | 1.33E4+01
10.46 | 22.9 | 1.41E-01 | 7.13E+00 2.05 | 22.8 | 4.27E-02 | 1.09E+01
8.33 | 22.6 | 1.99E-01 | 5.56E+00 0.00 | 22.6 | 6.85E-02 | 8.93E+00
6.30 1 23.0 | 2.7T1E-01 | 4.19E+00 || -2.02 | 24.4 | 1.12B-01 | 6.93E+00
413 | 23.3 | 3.65E-01 | 2.88E+00 | -4.12 | 24.2 | 1.83E-01 | 5.02E+00
2.07 | 22.3 | 4.81E-01 | 1.64E400 ii -6.22 | 24.0 | 2.67E-01 | 3.80E-00
0.85 | 19.7 | 5.66E-01 | 9.99E-01 -8.33 | 23.8 | 3.54E-01 | 2.90E4-00
-1.25 ] 23.1 | 7.00E-01 | 5.01E-01 || -10.43 | 23.5 | 4.55E-01 | 1.94E+00
-3.18 | 23.3 | 7.37E-01 | 3.46E-01 i -13.19 | 23.2 | 6.14E-01 | 9.51E-01
-5.27 | 23.1 | 8.26E-01 | 1.91E-01 || -15.33 | 22.8 | 7.49E-01 | 4.45E-01
-7.16 1 22.8 | 8.86E-01 | 9.22E-02 | -17.08 | 22.5 | 9.21E-01 | 1.129E-01
-10.95 | 24.4 | 9.94E-01 | 0.00E+00 }} -17.95 | 21.6 | 1.00E-+00 | 0.00E--00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-2
Lid= 1.5
Py = 316 kPa
AP = 82 kPa
R = 1046 (kg.m)~1/2
Upper Branch Lower Branch
ha T, e mr, hp T me mr
[mm] | [°C] | [kg/min] | [kg/min} || [mm] | °C] | [kg/min] | [kg/min]
17.06 | 19.2 | 0.00E40G | 1.63E+01 9.12 { 20.6 | 0.00E400 | 1.64E+01
15.17 | 18.8 | 1.18E-02 | 1.31E+01 7.09 | 20.1 | 4.63E-03 | 1.49E+01
13.14 | 18.9 ; 4.30E-02 | 9.87E4+00 4.99 | 20.0 | 1.22E-02 | 1.21E+01
11.39 | 18.8 | 7.07E-02 | 8.19E-+00 2.86 | 20,0 | 2.9TE-D2 | 9.99E+00
9.26 | 20.7 | 1.20E-01 | 5.88E400 1.29 1 19.9 | 4.55E-02 | 8.22E+00
7.15 1 20.9 | 1.74E-01 | 4.70E400 || -0.78 | 19.7 | 7.15E-02 | 6.77E+00
5.05 | 20.7 | 2.39E-01 | 3.46E400 -2.89 | 20.0 | 1.25E-01 | 4.94E400
2.95 1 20.7 | 3.24E-01 | 2.26E+00 || -4.99 | 20.0 | 1.95E-01 | 3.78E+00
0.82 | 20.6 | 4.46E-01 | 1.27E+00 § -7.05 | 20.0 | 2.78E-01 | 2.75E+00
-0.72 | 20.6 | 5.23E-01 | 6.27E-01 -9.19 | 19.9 | 3.65E-01 | 1.94E+00
-2.12 1 20,1 | 6.06E-01 | 4.71E-01 || -11.29 | 19.8 | 4.83E-01 | 1.26E400
-4.21 | 20.0 | 6.69E-01 | 3.05E-01 || -13.39 | 19.8 | 5.93E-01 | 6.22E-01
-6.35 | 20.0 | 7.37E-01 | 1.55E-01 || -15.49 { 19.7 | 7.33E-01 | 2.41E-01
-11.11 ] 19.6 ; 8.75E-01 | 0.00E+00 || -16.47 | 19.6 | 8.45E-01 | 5.82E-02
-17.10 | 19.0 ; 9.00E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-3
Lid= 15
Py = 316 kPa
AP = 40 kPa
R = 1017 (kgm)~1/2
Upper Branch Lower Branch
ha T, e my, hp T, i Te) Ty
(mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | [kg/ min) | [kg/min)
14.54 | 20.8 | 0.00E+00 | 1.18E+01 7.51 | 20.3 | 0.00E+00 | 1.18E+01
12.44 { 21.9 | 1.60E-02 | 8.85E-+00 5.51 1 19.9 | 6.17TE-03 | 9.68E+00
10.34 | 22.0 | 3.85E-02 | 6.39E+00 3.42 | 19.7 | 1.83E-02 | 7.79E+00
8.24 1 22.1 | 7.36E-02 | 5.05E+00 1.49 | 19.5 | 3.32E-02 | 6.19E+00
6.10 | 22.0 | 1.23E-01 | 3.96E+00 || -0.64 ; 19.5 | 5.96E-02 | 4.74E-00
4.00 | 21.7 | 1.84E-01 | 3.40E+00 || -2.71 | 19.5 | 1.11E-01 | 3.39E-+00
1.90 { 20.9 ; 2.50E-01 | 1.91E+00 -4.84 | 19.5 | 1.78E-01 | 2.45E+00
-0.20 | 20.5 | 3.49E-01 | 1.10E+00 || -6.95 | 19.5 { 2.50E-01 | 1.86E--00
-2.33 | 20.2 | 4.43E-01 | 4.71E-01 -9.02 | 19.9 | 3.20E-01 | 1.21E+00
-3.69 | 19.9 ; 4.84E-01 | 3.42E-0L } -11.12 | 19.9 | 4.08E-01 | 7.25E-01
-5.79 ] 19.7 | 5.48E-01 | 1.75E-01 | -13.22 | 19.8 | 5.13E-01 | 3.30E-01
<772 | 19.5 | 6.09E-01 | 6.88E-02 || -14.62 | 19.7 | 6.06E-01 | 8.14%-02
-11.18 | 19.4 1 6.70E-01 | 0.00E+00 i} -15.53 | 19.4 | 7.03E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane}

Set No.3-—4
Lid= 1.5
Py = 316 kPa
AP = 123 kPa
R = 1588 (kg.m)~1/?
Upper Branch Lower Branch
ha T e 7, hgy T e my,

[mm] i [°C} | [kg/min] | [kg/min] [mm] | [°C} | [kg/min] | [kg/min]

15.31 | 20.8 | 0.00E+00 | 1.34E+01 8.70 | 20.1 | 0.00E+00 | 1.30E+01
13.31 {1 20.8 | 1.16E-02 | 1.00E+01 6.04 | 19.5 | 8.61E-03 | 1.06E+01
11.14 | 20.7 | 3.75E-02 | 7.21E+00 3.5 | 19.3 | 1.74E-02 | 8.54E+00
9.11 { 20.6 | 7.13E-02 | 5.56E4-00 1.85 | 19.3 | 3.48E-02 | 6.77E4+00
7.01 1205 | 1.11E-01 | 4.23E+00 || -0.25 | 19.2 | 6.38E-02 | 5.09E400
4.84 | 20.4 | 1.63E-01 | 2.97E+00 || -2.35 { 19.1 | 1.09E-01 | 3.85E+-00
2.74 | 20.2 | 2.20E-01 | 1.93E400 § -4.10j19.1 | 1.52E-01 | 2.81E+00
0.68 | 20.2 | 3.07E-01 | 1.13E400 § -6.17 | 19.1 | 2.16E-01 | 1.94E+00
-1.42 | 19.7 | 4.36E-01 | 5.01iE-01 -8.31 § 19.1 | 2.78E-01 | 1.22E400
-3.16 | 19.5 | 4.84E-01 : 3.42E-01 § -10.41 { 19.0 | 3.62E-01 | 6.89E-01
-5.26 | 19.3 | 5.45E-01 | 1.71E-01 i -12.54 ; 19.0 | 4.78E-01 | 3.85E-01
-7.36 | 19.3 | 6.06E-01 | 7.27E-02 || -14.47 | 18.9 | 6.06E-01 | 8.52E-02
-10.93 | 19.1 | 6.50E-01 | 0.00E400 || -15.10 | 18.7 | 6.59E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)

(Centerlines of branches in the same vertical plane)

Set No.3-5

Lid= 1.5

P, = 318 kPaq

AP = 123 kPa

R = 3007 (kg.m)"1/2

Upper Branch Lower Branch

ha T me myr hg T, e, my,
] | (°C1 | Thafmin] | [kg/min] || [mm) | (°C) | (kg min] | [kg/min]
11.39 | 19.5 | 0.00E400 | 7.05E400 7.47 1 19.6 | 0.00E+00 | 6.93E+00
9.40 | 19.5 | 8.31E-03 | 5.33E+00 4.99 | 19.3 | 6.63E-03 | 5.41E400
7.30 | 19.6 | 2.81E-02 | 3.46E+00 3.21 119.1 § 1.41E-02 | 4.43E4+00
5.20 | 19.6 | 4.96E-02 | 2.55E4+00 1.14 1 19.1 | 3.18E-02 | 3.32E+00
3.13 | 19.6 | 8.14E-02 | 1.81E+00 || -0.68 | 19.5 | 5.7T4E-02 | 2.40E+00
1.03 ] 19.7 | 1.26E-01 | 1.13E+00 || -2.71 | 19.5 | 9.31E-02 | 1.60E+00
-1.07 | 19.7 | 1.92E-01 | 5.18E-01 -4.81 | 19.6 | 1.31E-01 | 1.04E+00
-2.85 | 19.5 | 2.37E-01 | 2.44E-01 -6.91 | 19.6 | 1.79E-01 | 5.90B-01
-4.22 119.3 | 2.71E-01 | 1.71E-01 -9.01 | 19.7 ; 2.3TE-01 | 3.39E-01
-6.00 | 19.1 | 3.07E-01 | 7.66B-02 ;i -11.11 | 19.6 | 3.07E-01 | 1.08E-01
-9.88 | 19.5 | 3.68E-01 | 0.00E+00 | -12.37 | 19.5 | 3.71E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)

{Centerlines of branches in the same vertical plane)

Set No. 3 -6

Lid= 15

P() = 517 kPa

AP = 235 kPa

R = 1025 (kg.m)~1/2

Upper Branch Lower Branch

hoa 715 e my hg T e, my
] | °C] | [ka/min] | [ko/min] || [mm] | [°C] | thg/min] | [kg/min]
21.41 ] 22.0 | 0.00E+00 | 2.82E401 10.06 | 22.2 | 0.00E+00 | 2.85E401
19.38 | 22.0 | 1.97E-02 | 2.34E+01 7.86 1 22.1 | 1.16E-02 | 2.65E+01
17.23 | 22.0 | 7.54E-02 | 1.82E401 3.82 | 22.5 | 2.4BE-02 | 2.22E+01
15,55 | 22.1 | 1.26E-01 | 1.51E401 3.65 { 22.6 | 4.98E-02 | 1.85E+01
13.34 | 22.0 | 2.07TE-01 | 1.18E401 1.62 | 22.6 | 8.86E-02 | 1.53E401
11.27 1 22.0 | 2.98E-01 | 9.09E+00 {| -0.52 { 22.6 | 1.29E-01 | 1.28E~01
9.13 | 22.0 { 3.95E-01 | 6.93E4+00 || -2.49 | 22.4 | 1.96E-01 | 1.03E+01
7.06 | 22.3 | 5.26E-01 | 5.45E400 §i -4.75 | 22.9 | 2.98E-01 | 7.20E+00
5.02 + 22.3 | 6.72E-01 | 3.88E+00 || -6.89 | 22.8 | 4.13E-01 | 5.80E-+0C0
2.85 | 22.2 | 8.62E-01 | 2.21E+00 -8.96 ; 224 | 5.55E-01 | 4.47E400
0.86 | 22.2 | 1.08E+00 | 1.05E400 || -11.11 | 22.8 | 6.86E-01 | 3.23E-++00
-1.35 1 22.1 | 1.32E+00 | 5.01E-01 || -13.25 | 22.8 | 8.62E-01 | 2.22E--00
-3.38 | 22.5 | 1.39E400 | 3.67E-01 || -15.32 | 22.8 | 1.06E+00 | 1.38E-+00
-5.56 | 22.6 | 1.48E+00 | 2.11E-01 || -17.46 | 22.8 | 1.29E-+00 | 5.90E-01
-7.59 1 22.6 | 1.57TE400 | 8.83E-02 i -20.97 | 22.5 | 1.72E-+00 | 0.00E-+00
-11.70 | 22.4 | 1.69E400 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-7
Ljd = 1.5
Py = 517 kPa
AP = 166 kPa
R = 1018 (kg.m)~1/2
Upper Branch Lower Branch
ha T, me mr hp T, me my,
mm] | [°C] | [kg/min] | [kg/min} || [mm] | [°C] | [kg/min] | [kg/ minj
19.84 | 21.9 | 0.00E+400 | 2.39E+01 9.00 | 22.4 | 0.00E400 | 2.40E+01
17.59 | 21.9 | 2.57E-02 | 1.89E+01 6.52 | 23.4 | 1.38E-02 | 2.13E401
15.48 1 21.9 | 8.36E-02 | 1.50E+01 4.40 | 21.2 | 3.24E-02 | 1.73E+01
13.38 | 21.9 ] 147E-01 | 1.16E-+01 2.31 | 23.2 | 6.12E-02 | 1.47E+01
11.27 | 21.9 | 2.10E-01 | 9.09E+00 0.21 229 ; 1.00E-01 | 1.21E+0z
9.20 | 21.8 | 2.98E-01 | 8.85E+00 || -1.92 | 22.7 | 1.56E-01 | 9.28E+00
7.06 1 21.4 | 4.17E-01 | 5.49E4+00 i -4.10 | 21.8 | 2.48E-01 | 6.97E+00
4.78 | 21.6 | 5.63E-01 | 3.93E+00 | -6.15 | 21.7 | 3.46E-01 | 5.41E+00
2.71 | 21.8 | 7.16E-01 | 2.37E+00 || -8.25 | 21.6 | 4.84FE-01 | 4.24E+00
0.57 ; 22.1 | 9.11E-01 | 1.25E+00 i -10.43 { 21.6 | 6.26E-01 | 3.06E+00
-1.01 | 23.3 | L.10E+400 | 5.60E-01 | -12.43 | 21.2 | 7.59E-01 | 2.05E+00
-2.69 | 234 | 1.21E400 | 4.50E-01 || -14.61 | 21.1 | 9.46E-01 | 1.28E+00
-4.79 1 20.9 | 1L.31E400 | 2.76E-01 } -16.68 | 21.1 | 1.17E+00 | 5.65E-01
-6.80 | 23.2 | 1.39E4+00 | 1.32E-01 | -18.68 | 21.2 | 1.45E+00 | 1.73E-01
-12.05 | 22.2 | 1L.58E+00 | 0.00E+00 || -20.19 | 21.2 | 1.59E4-00 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-—8
Lid= 1.5
Py = 517 EkPa
AP = 97 kPa
R = 1035 (kg.m) /2
Upper Branch Lower Branch
ho4 T T Iy, hpg T me 7y,
mm] | [°C) | Tha/min] | [kg/min] || imm] | C] | [kg/min] | [kg/min]
17.49 | 21.7 | 0.00E+00 | 1.79E+401 7.78 | 22.4 | 0.00E+00 | 1.81E+01
15,49 | 22.5 | 1.93E-02 | 1.46E+401 5.75 | 22.0 | 1.28E-02 | 1.61E+01
13.41 ; 23.0 | 6.84E-02 | 1.14E+01 3.61 | 21.8 | 2.89E-02 | 1.32E+01
11.27 | 23.2 | 1.24E-01 | 8.70E400 1.58 | 21.6 | 6.34E-02 | 1.08E+01
9.16 | 23.2 | 1.96E-01 | 6.74E4+00 ; -0.56 { 21.5 | 9.69E-02 | 8.54E+00
7.09 | 23.2 ; 2.64E-01 | 5.21E400 | -2.81 | 21.4 | 1.70E-01 | 6.30E+00
499 | 22.8 | 3.75E-01 | 4.00E+00 || -4.79 | 22.1 | 2.50E-01 | 4.70E400
2.88 § 22.7 | 5.05E-01 | 2.77E+00 || -6.89 | 22.0 ! 3.55E-01 | 3.76E+00
0.78 | 22.6 | 6.50E-01 | 1.62E+00 i -8.99 | 22.0 | 4.84E-01 | 2.70E4-00
-1.43 | 22.4 | 8.57E-01 | 6.24E-01 || -11.10 | 22.1 | 6.10E-01 | 1.87E+00
-3.46 | 22.0 | 9.74E-01 | 3.61E-01 || -13.21 | 22.0 | 7.59E-01 | 1.15E+00
-12.01 | 21.4 | 1.31E+00 | 0.00E+00 || -15.35 | 22.0 | 9.41E-01 | 5.12E-01
-17.59 | 22.0 | 1.23E+00 | 8.34E-02
-18.47 | 21.9 | 1.32E400 | 0.00E-+00
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Table D.1: Experimental data for dual discharge (coné.}

(Centerlines of branches in the same vertical plane)

Set No. 3-9
Lid= 15
Py = 317 kPa
AP = 235 kPq
R = 1631 (kg.m) !/2
Upper Branch Lower Branch
ha T, me Thi hg T, mg my
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | [kg/min) | lkg/min)]
17.49 | 20.8 | 0.00E+00 | 1.78E+01 8.45 | 20.9 | 0.00E+00 | 1.78E+01
1552 | 20.9 | 1.83E-02 | 1.45E+01 6.11 | 21.5 | 1.34E-02 | 1.565E+01
13.39 | 21.3 | 5.54E-02  1.0TE+01 4.01 | 21.6 | 3.16E-02 | 1.27TE~+01
11.31 ; 20.9 | 1.06E-01 | 8.11E+00 1.91 | 216 i 6.10E-02 | 1.01E+01
9.17 | 21.0 | 1.67E-01 | 6.15E400 || -0.16 | 21.4 | 1.05E-01 | 7.75E-+00
7.07 1 20.9 | 1.99E-01 | 4.66E+00 || -1.95 | 21.4 | 1.57E-01 | 6.15E+00
4.96 | 20.9 | 3.19E-01 | 3.25E+00 || -4.08 | 21.7 | 2.34E-01 | 4.51E400
2.86 { 20.9 | 4.40E-01 | 2.11E4+00 |} -6.18 | 21.5 | 3.20E-01 | 3.34E-+-00
0.72 | 20.9 | 6.06E-01 | 1.16E+00 || -8.29 ! 21.5 | 4.17E-01 | 2.33E+00
-1.35 | 20.8 | 7.98E-01 | 4.48E-01 |/ -10.36 | 21.4 | 5.40E-01 | 1.53B-+00
-3.10 1 21.5 | 8.62B-01 | 3.42E-01 || -12.50 | 21.4 | 6.77BE-01 | 9.15E-01
-5.20 | 21.6 | 9.43E-01 | 1.75E-01 | -14.64 | 21.4 | 8.60E-01 | 4.07E-01
-7.30 | 21.6 | 1.01E400 | 7.27E-02 || -16.43 | 21.3 | 1.05E+00 | 7.36E-02
-11.16 | 21.4 | 1.06E+00 | 0.00E+00 || -17.03 | 21.2 | 1.11E+00 ! 0.00E4-00
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Table D.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same vertical plane)

Set No. 3-10
Lid= 15
Py, = 517 kPa
AP = 235 kPa
R = 2966 (kg.m)~1/2
Upper Branch Lower Branch
ha Ts meg mr hp T g i
[mm] | [°C] | [kg/min] | Ikg/min] || [mm} | °C] | [kg/min] | [kg/min]
13.31 } 21.2 | 0.00E+00 | 9.87E+00 8.24 | 20.5 | 0.00E+00 | 9.72E-+00
11.31 | 21.2 | 1.21E-02 | 7.25E+400 5.83 | 204 | 7.70E-03 | 8.46E+00
9.20 | 21.1 | 4.18E-02 | 5.17E+00 3.69 | 20.8 | 2.16E-02 | 6.58E+00
7.10 | 20.9 | 8.09E-02 | 4.00E+00 1.55 | 20.8 | 4.44E-02 | 5.02E4-00
4.96 | 20.8 | 1.29E-01 | 2.89E+00 || -0.90 |{ 20.9 | 9.46E-02 | 3.52E+00
2.89 1206 | 1.91E-01 | 1.96E400 || -2.98 | 21.2 | 1.47E-01 | 2.48E+4-00
0.75 | 20.5 | 2.66E-01 | 1.13E+00 || -5.12 | 21.1 | 2.19E-01 ! 1.63E-+00
-1.28 | 20.4 | 3.80E-01 | 4.7T3E-01 -7.19 | 21.1 | 2.73E-01 | 1.07B400
-3.38 | 20.4 | 4.70E-01 | 2.60B-01 -9.33 | 21.1 | 3.49E-01 | 6.11B-01
-5.52 | 20.8 | 5.37E-01 | 1.16E-01 || -11.44 | 21.0 | 4.58E-01 | 2.93E-01
-10.11 | 20.9 | 6.22E-01 | 0.00E+00 || -12.88 | 20.9 | 5.49E-01 | 8.52E-02
-13.69 | 20.9 | 6.22E-01 | 0.00B+00
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Table D.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-—11
Ljd= 2.0
Py = 316 kPa
AP = 123 kPao
R = 1023 (kgm)~/?
Upper Branch Lower Branch
h 4 To mg mhy, hp T, MG my
[mm] | [°CT | [kg/min] | [kg/min] || [mm] | [°C] | lkg/min] | [kg/min]
18.29 | 22.4 { 0.00E400 | 2.06E401 10.38 { 21.1 | 0.00E4+00 | 2.05E~+01
16.39 | 22.4 | 9.82E-03 | 1.68E+01 B.94 | 20.9 | 5.T1E-03 | 1.86E+01
14.36 | 19.9 | 2.99E-02 | 1.29E401 6.70 | 20.8 | 1.84E-02 | 1.49E+01
12.37 | 21.8 | 5.64E-02 | 9.72E+00 4.81 | 21.8 | 3.62E-02 | 1.22E401
10.26 | 20.8 | 9.73E-02 | 7.48E+00 3.13 1 19.7 { 5.50E-02 | 1.01E+01
8.16 | 20.4 | 1.51E-01 | 5.84E+00 1.41 | 19.5 | B.18E-02 ! 8.31E+00
6.41 : 20.1 | 2.06E-01 | 4.78E4+00 -0.65 | 21.2 | 1.26E-01 | 6.46E-+00
4.42 | 20.8 | 2.75E-01 | 3.73E+00 -2.65 | 20.9 | 1.87E-01 | 5.1TE+00
2.46 | 20.9 ¢ 3.53E-01 | 2.58E+00 -4.74 | 20.7 | 2.50E-01 | 4.04E+00
0.89 | 21.1 | 4.42E-01 | 1.71E+00 -6.84 | 20.5 | 3.17E-01 | 3.00E+400
-0.44 | 20.7 | 5.29E-01 | 1.12E+00 -8.94 1 20.2 | 4.10E-01 | 2.15E+00
-1.81 | 21.1 | 6.41E-01 | 6.22E-01 { -11.04 | 20.1 | 5.10E-01 | 1.42E-+00
-3.53 | 20.9 | 7.40E-01 | 3.55E-01 || -13.07 { 19.9 | 6.17E-01 | 8.01E-01
-5.77 ;1 20.8 | 8.29E-01 | 2.21E-01 || -15.13 | 19.7 | 7.77E-01 | 4.04E-01
-7.66 | 17.3 | 8.67E-01 | 1.50E-01 || -16.80 | 19.6 | 9.21E-01 | 1.12E-01
-9.34 | 19.7 ; 9.28E-01 | 6.38E-02 | -17.68 | 19.6 { 1.03E+00 | 0.00E~00
-12.10 § 19.5 | 9.98E-01 | 0.00E+-00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3—12
Lid= 20
Py = 316 kPa
AP = 82 kPa
R = 1025 (kg.m)~1/2
Upper Branch Lower Branch
ha Te maG Ty hp T, ¥e mr
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C} | [kg/min] | [kg/min)
16.29 | 20.7 | 0.00E4+00 | 1.66E+01 9.71 | 18.9 ; 0.00E4+00 | 1.67TE+01
14.47 | 20.1 | 1.18E-02 | 1.32E+01 8.56 | 21.3 | 5.09E-03 | 1.53E+01
12.41 | 20.0 | 3.48E-02 | 9.32E-+00 6.81 ; 21.5 { 1.22E-02 | 1.30E+01
10.24 | 19.8 | 6.42E-02 | 7.16E+00 5.06 | 21.4 | 2.44E-02 | 1.09E+01
8.17 1 19.5 | 1.03E-01 | 5.68E+00 3.31 | 21.1 ; 4.15E-02 | 8.85E+00
6.07 | 19.2 | 1.58E-01 | 4.51E+00 1.38 | 20.2 | 6.75E-02 | 6.9TE+00
4.00 | 19.3 | 2.33E-01 | 3.52E4+00 / -0.37 { 19.9 | 1.08E-01 | 5.60E+00
1.90 | 1.1 | 3.06E-01 | 2.47E4+00 || -2.64 | 19.9 | 1.74E-01 | 4.31E+00
-0.23 | 19.0 | 4.11E-01 | 1.45E400 || -4.70 | 19.5 ! 2.23E-01 | 3.25E+00
-1.95 | 18.9 | 5.23E-01 | 7.68E-01 -6.84 | 19.5 | 2.93E-01 | 2.37E400
-3.91 1 21.3 | 6.06E-01 | 4.45E-01 -8.94 1 19.4 | 3.65E-01 | 1.64E+00
-5.66 | 21.5 ; 6.69E-01 | 2.57E-01 || -10.97 | 19.4 | 4.54E-01 | 1.02E400
-7.41 1 214 | 748E-01 | 1.50E-01 | -12.79 | 19.3 | 5.67E-01 | 4.93E-01
-9.16 | 21.1 | 8.13E-02 7.77E-02 |l -14.85 | 19.2 | 7.10E-01 1.99E-01
-11.68 | 19.9 | 8.91E-01 | 0.00E+00 |} -16.18 | 19.1 | 8.30E-01 | 6.88E-02
-16.74 | 19.1 | 9.07E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.}
{Centerlines of branches in the same vertical plane)

Set No.3-13
Lid= 20
Py = 316 kPa
AP = 40 EPa
R = 984 (kg.m) 1/2
Upper Branch Lower Branch
ha | T rh Thr hy | T, e i
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] | [kg/min]
14.05 | 23.1 | 0.00E+00 | 1.22E+01 8.59 | 19.7 | 0.00E+00 | 1.22E+01
12.02 { 22.8 | 1.26E-02 | 8.58E+00 8.66 | 19.0 ! 0.00E400 | 1.22E+01
9.92 | 22.8 | 3.16E-02 | 6.23E+00 6.81 | 19.0 | 8.46E-03 | 9.56E+00
7.84 [ 22,5 | 5.90E-02 | 4.82E+400 5.06 ; 18.9 | 1.66E-02 | 7.91E+00
5.89 | 22.2 | 9.42E-02 | 3.9TE400 3.31 | 18.8 | 3.16E-02 | 6.39E400
3.79 { 21.7 | 145E-01 | 3.10E+00 1.21 | 18.7 ; 6.08E-02 | 4.90E+4-00
1.69 | 204 | 2.10E-01 | 2.16E+00 || -0.89 | 20.8 | 1.05E-01 | 3.71E-+00
-0.23 | 19.9 | 2.98E-01 | 1.52E+00 -2.99 | 20.6 | 1.63E-01 | 2.87E+00
-2.30 | 19.9 | 3.68E-01 | 7.96E-01 -5.09 | 20.5 | 2.08E-01 | 2.10E4-00
-3.56 | 19.7 | 4.54E-01 | 4.42E-01 -7.12 | 20.4 | 2.61E-01 | 1.48E+400
-6.66 | 19.0 | 5.25E-01 | 2.17E-01 -9.12 1 20.3 | 3.21E-01 } 9.63E-01
-7.41 | 18.9 | 5.82E-01 | 1.35E-01 || -11.25 | 20.1 | 4.15E-01 | 5.98E-01
-11.61 | 18.9 | 6.85E-01 | 0.00E+00 || -13.14 | 20.0 | 5.07E-01 | 2.80E-01
-14.50 | 19.9 | 5.86E-01 | 8.44E-02
-15.24 1 19.9 | 6.85E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same vertical plane)

Set No. 3-14
L/id= 20
Py = 316 kPa
AP = 123 kPa
R = 1580 (kg.m)~Y/2
Upper Branch Lower Branch
hA To ﬁlG ?’.'FIL hB To ?’;’LG ??'IL
[mm] | [°C] | [kg/min} | [kg/min] | [mm] | [°C] | [kg/min] | [kg/min]
14.65 | 22.3 | 0.00E+00 | 1.33E+01 9.29 | 22.6 | 0.00E+00 ; 1.33E401
12.58 | 22.4 | 1.153E-02 | 9.83E+00 7.51 | 21.6 | 6.33E-03 | 1.11E4-01
10.45 | 22,5 | 3.17E-02 | 7.32E400 5.41 | 21.9 | 1.53E-02 | 8.70E+00
8.38 | 22.4 | 5.92E-02 | 5.45E+400 3.31 ] 22.0 ; 3.25E-02 | 6.74E+00
6.21 | 22.6 | 1.00E-01 | 4.24E+00 1.17 | 22.7 | 6.75E-02 | 4.94E+00
4.21 | 22.7 | 1.37E-01 | 3.27E+00 || -0.90 | 22.6 | 1.07E-01 | 3.84E+00
201|226 | 1.95E-01 | 2.28E+00 || -3.00 | 22.6 | 1.54E-01 | 2.77E+00
-0.02 | 22.7 | 2.67E-01 | 1.41E+00 i -5.10 | 22.6 | 2.05E-01 | 2.01E+00
-2.09 1 227 | 3.74E-01 | 7.03E-01 -7.20 § 22.6 | 2.48E-01 | 1.40E+-00
-3.59 | 20.9 | 4.70E-01 | 3.89E-01 -9.30 | 22.6 | 3.20E-01 | 8.66E-01
-4.96 | 21.6 | 5.08E-01 | 3.02E-01 | -11.43 | 22.5 | 4.16E-01 | 4.83E-01
-10.84 | 22.3 | 6.56E-01 | 0.00E+00 i -13.50 | 22.5 | 5.38E-01 | 2.41E-01
-14.79 } 22.3 | 6.63E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)

(Centerlines of branches in the same vertical plane)

Set No.3-15
Lid= 2.0
Py = 318 kPa
AP = 123 kPa
R = 2983 (kg.m)~1/2
Upper Branch Lower Branch
h 4 T, e rhy, hp T, e my
[mm] | [°C} | [kg/min] | [kg/min] || Imm] | [°C] tkg/min] | [kg/min]
11.00 | 22.1 | 0.00E+00 ! 6.97E+00 8.24 | 23.3 | 0.00E+00 | 7.13E400
8.90 | 22.2 | 9.97E-03 | 4.98E+00 6.14 | 21.9 | 6.33E-03 | 5.56E+00
6.80 | 22.4 | 2.60E-02 | 3.58E+00 3.97 | 22.0 | 1.63E-02 | 4.19E+0Q0
4.67 1 22.6 | 4.95E-02 | 2.72E+00 1.90 | 22.6 | 3.90E-02 | 3.05E-+00
2.92 1 23.0 | T.28E-02 | 2.09E+00 || -0.20 | 22.7 | 6.81E-02 2.18E400
0.81 | 23.1 | 1.03E-01 | 1.51E+00 -2.30 | 22,7 ; 9.55E-02 | 1.49E+00
-1.29 | 23.2 | 1.43E-01 | 9.04E-01 -4.43 1 22.7 | 1.36E-01 | 1.05E+00
-3.42 | 23.3 | 2.22B-01 | 4.03E-01 -6.53 | 22.7 | 1.75E-01 | 6.41E-01
-5.45 | 23.3 | 2.90E-01 | 2.32E-01 -8.60 | 22.8 | 2.19E-01 | 3.61E-01
-9.40 1 22.1 | 3.86E-01 | 0.00E+400 { -10.73 | 22.5 | 2.80E-01 | 2.10E-01
-12.48 | 22.5 | 3.70E-01 | 0.00E~+00
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Table D.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same vertical plane)

Set No. 3-16
Ljd= 20
P = 517 kPa
AP = 235 kPa
R = 1008 (kg.m)~1/?
Upper Branch Lower Branch
ha T meg my, hp T, e 139
[mm] | [°C] | kg/min] | [kg/min] || {mm] | [°C] | [kg/min] | [kg/min]
20.76 | 23.2 | 0.00E+00 | 2.89E+01 11.22 | 22.9 } 0.00E+00 | 2.88E-+01
18.69 | 23.4 | 2.14E-02 | 2.39E-+01 8.97 | 22.6 | 1.25E-02 | 2.62E+01
16.51 | 23.5 | 6.30E-02 | 1.85E+01 6.51 | 24.6 | 3.56E-02 | 2.11E+01
14,40 | 23.5 | 1.17E-01 | 1.47TE401 4.37 1 245 | 6.79E-02 | 1.75E401
12.33 | 23.5 | 1.81E-01 | 1.153E+Q2 2.30 | 24.3 | 1.10E-01 | 1.42E+01
10.19 | 23.3 | 2.64E-01 ! 8.93E+00 0.54 { 24.1 | 1.56E-01 | 1.19E+01
8.12 | 23.3 | 3.65E-01 | 7.16E+400 -1.57 | 24.0 | 2.25E-01 | 8.89E+00
6.01 | 23.2 | 4.98E-01 | 5.41E+00 -3.71 | 24.0 ;| 3.21E-01 | 7.09E-+00
3.91 ] 23.1 | 6.34E-01 | 4.16E+00 -5.78 1 23.8 | 4.42E-01 | 5.56E+00
1.73 | 23.1 § 8.13E-01 | 2.38E+400 -7.83 | 23.7 | 5.66E-01 | 4.39E+00
-0.30 | 23.0 | 1.O3E+00 | 1.36E+00 || -10.02 | 23.6 | 6.98E-01 | 3.26E+00
-2.46 | 25.0 | 1.34E+400 | 5.12E-01 || -12.12 | 23.5 | 8.43E-01 2.28E400
-4.55 | 23.1 | 1.39E+00 | 4.62E-01 | -14.18 | 21.6 | 1.02E4+00 | 1.51E+00
-5.96 | 24.6 | 1.50E4+00 | 3.12E-01 || -16.32 | 21.5 | 1.23E+00 | 8.19E-01
-11.93 | 24.1 | 1.78E400 | 0.00E+00 || -20.73 | 21.2 | 1.80E-+00 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.}

(Centerlines of branches in the same vertical plane)

Set No. 3-17
L/id= 20
Py = 817 kPa
AP = 168 kPa
R = 1016 (kg.m)~1/?
Upper Branch Lower Branch
ha T me my, hp To e Ty,
[mm] | [°C] i [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] | [kg/min)
19.25 | 21.9 | 0.00E400 | 2.40E+01 10.42 ; 22.2 | 0.00E+00 | 2.40E401
17.22 1 221 | 2.01E-02 ! 2.00E401 8.35 | 21.0 | 1.38E-02 | 2.1TE+01
15.11 | 22.1 7 5.82E-02 | 1.57E+01 6.21 ; 21.6 | 2.97E-02 | 1.85E+01
12.94 | 22.2 | 1.09E-0% | 1.20E+01 4.06 | 22.0 | 6.08E-02 | 1.50E+01
10.83 | 22.3 | 1.72E-01 | 9.28E+400 1.89 | 22.2 | 9.87TE-02 | 1.22E+01
8.76 | 22.3 | 2.50E-01 | 7.36E+00 -0.05 § 22.6 | 1.52E-01 | 9.48E+00
6.62 | 22.2 | 3.51E-01 | 5.84E+00 -2.26 | 22.8 | 2.26E-01 | 7.1TE+00
4.58 | 22.3 | 4.72E-01 | 4.59E+400 -4.37 1 22,8 | 3.26E-01 | 5.76E+00
2.48 1 22.3 | 6.06E-01 | 3.33E-+00 -6.47 | 22.7 | 4.34E-01 | 4.55E+00
0.34 | 22.3 | 7.67E-01 | 1.99E400 -7.84 1227 | 5.19E-01 | 3.81E400
-2.05 | 22.2 | 1.06E+00 | 7.61E-01 -9.91 | 22.7 | 6.35E-01 | 2.79E+00
-4.12 | 21.0 | 1.21E400 | 4.42E-01 || -12.09 | 22.7 | 7.92E-01 | 1.94E+00
-6.26 | 21.6 | 1.35E+00 | 3.02E-01 | -13.45 | 22.8 ! 9.04E-01 ! 1.44E~+00
-12.13 | 22.6 | 1.62E4-00 | 0.00E+00 || -15.56 | 22.6 | 1.09E+400 | 8.01E-01
-17.73 | 22.5 | 1.36E+00 | 3.27E-01
-20.07 | 22.3 | 1.64E400 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)

(Centerlines of branches in the same vertical plane)

Set No.3—18
Lid= 20
Py = 517 LPa
AP = 97 kPa
R = 981 (kgm)~1/2
Upper Branch Lower Branch
b Ty MG Ty, hp 75 me 1y,
[mm] © [°C] | [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] | [kg/min]
16.97 | 22.7 | 0.00E+400 | 1.8:E+01 9.25 | 23.1 | 0.00E+00 | 1.82E+01
14.76 | 22.6 { 2.39E-02 | 1.47E+01 7.22 1233 | 1.34E-02 | 1.65E4+01
12.65 | 22.7 | 6.09E-02 | 1.09E+01 9.11 | 23.4 | 3.34E-02 | 1.34E+01
10.58 | 22.8 | 1.07E-01 | 8.18E+00 3.04 1 23.5 | 6.19E-02 | 1.09E+01
8.44 | 22.8 | 1.69E-01 | 6.54E+00 0.97 | 23.6 | 9.91E-02 | 8.62E-00
6.40 | 22.3 | 2.44E-01 | 5.17E4+00 § -1.22 | 25.0 | 1.65E-01 | 6.35E+00
4.30 | 22.5 | 3.33E-01 | 4.24E4+00 || -3.34 | 22.0 | 2.42E-01 | 4.98E+00
2.12 | 22.7 | 4.51E-01 | 3.14E400 -3.41 | 22.0 | 3.37E-01 | 4.00E+00
0.08 | 22.9 | 5.75E-01 | 2.13E4+00 || -7.42 | 22.2 | 4.45E-01 | 3.00E-+00
-2.02 | 23.0 | 7.48E-01 | 1.OSE+00 || -9.52 | 22.2 | 5.55E-01 | 2.13E+00
-3.49 | 23.1 | 9.14E-01 | 4.77E-01 || -11.66 | 22.2 | 6.78E-01 1.41E+4400
-5.25 1 23.3 { L.O3E4+00 | 3.51E-01 || -13.77 | 22.2 | 8.48E-01 | 7.04E-01
-12.34 | 23.6 | 1.35E+00 | 0.00E+00  -15.90 | 22.2 | 1.05E-+00 | 3.44E-01
-18.18 | 22.0 | 1.35E400 | 0.00E+00
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Table D.1: Experimental data for dual discharge {cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-19
L/d= 2.0
Py = 517 kPa
AP = 235 kPa
R = 1592 (kgm)~1/2
Upper Branch Lower Branch
ha T, e Ty, hi T, me mr,

[mm) ["CD'] [kg/min] | [kg/min] i [mm] | [°C] | Tkg/min) lkg/min]

16.90 | 22.3 | 0.00E+00 | 1.80E+01 9.72 1 21.5 | 0.00E400 | 1.85E+01
14.87 | 22.4 | 1.86E-02 | 1.45E401 7.64 | 22.6 | 1.28E-02 | 1.62E401
12,69 | 22.4 | 5.22E-02 | 1.07TE+0Q1 5.46 | 23.1 | 3.02E-02 | 1.27E+01
10.55 | 22.4 | 9.62E-02 | 8.22E400 3.39 | 23.4 | 5.93E-02 | 1.01E+01
8.44 | 22.5 | 1.52E-01 | 6.38E400 1.00 ; 24.4 | 1.13E-01 | 7.52E+00
6.34 | 22.5 | 2.22BE-01 | 5.02E4+00 || -1.14 | 25.0 | 1.77E-01 | 5.60E+00
4.27 1 22.5 | 2.98E-01 | 3.81E+00 || -3.29 | 25.0 | 2.40E-01 | 4.33E~+00
2.09 | 22.5 | 4.00E-01 | 2.39E+00 || -5.43 { 25.0 | 3.22E-01 | 3.23E400
0.06 | 21.0 | 5.42E-01 | 1.60E-+00 || -7.54 | 24.9 | 4.16E-01 2.35E-+00
-2.08 | 21.3 | 7.16E-01 | 7.78E-01 -9.64 | 24.9 | 5.22E-01 | 1.64E+00
-4.16 | 22.5 | 8.95E-01 | 3.37E-01 || -11.75 | 24.8 | 6.51E-01 | 1.05E+00
-11.47 | 24.4 { 1.13E4+00 | 0.00E+00 | -13.85 | 24.5 | 8.14E-01 | 5.18E-01
-15.98 | 24.4 | 1.01E+400 | 1.36E-01
-17.05 | 23.8 | 1.13E4+00 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)

(Centerlines of branches in the same vertical plane)

Set No.3-20
Lid= 2.0
Py, = 517 kPa
AP = 235 kPa
R = 2925 (kg.m)~V/?
Upper Branch Lower Branch
hA To Th.G 'ﬁ?.L hB To ?‘h(;’ ThL
(mmj | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | {kg/min] [kg/min]
12.73 | 21.9 | 0.00E+00 | 9.79E+00 8.97 | 23.1 | 0.00E+00 | 1.01E+01
10,65 | 22.1 | 1.56E-02 | 7.32E+00 6.86 | 23.0 | 9.82E-03 | 8.31E+00
8.48 1 22.4 | 4.44E-02 | 5.37E4+00 4.72 | 23.3 | 2.37E-02 | 6.35E4+00
6.34 | 22.5 | 7.91E-02 | 4.16E400 2.68 ; 23.5 | 4.67TE-02 | 4.78E+00
4.20 | 22.6 | 1.23E-01 | 3.14E+00 0.54 | 24.8 | 9.21E-02 | 3.57E+00
2.00 122.7 | 1.74E-01 | 2.26E400 || -1.57 | 24.3 | 1.40E-01 | 2.60E+00
0.02 | 22.8 | 2.39E-01 | 1.45E+00 || -3.67 | 24.3 | 1.87E-01 | 1.83E+00
-2.09 | 22.9 ; 3.03E-01 | 7.11E-01 -5.81 | 24.3 | 2.39E-01 | 1.46E+00
-3.49 1 23.1 | 4.24E-01 | 3.72E-01 -7.88 | 24.3 | 3.04E-01 | 7.90E-01
-5.60 | 23.0 | 5.14E-01 | 2.36E-01 -9.28 | 24.2 | 3.57E-01 | 5.18B-01
-10.10 | 23.8 | 6.37E-01 | 0.00E+00 || -11.42 | 24.2 | 4.72E-01 | 2.85E-01
-13.93 | 23.9 | 6.39E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)

(Centerlines of branches in the same vertical plane}

Set No. 3-21
Lid= 3.0
Py, = 316 kPa
AP = 123 kPa
R = 1024 (kg.m)"1/2
Upper Branch Lower Branch
ha T, me ™y hpg T, me My
from] | [°C1 | [kg/min] | [kg/min] || [mm] | [°C] | (kg/min] | [kg/min]
17.46 | 25.3 | 0.00E+00 | 2.06E+01 || 11.84 | 23.8 | 0.00E+00 | 2.05E<01
15.64 | 25.4 | 5.25E-03 | 1.66E4+01 || 10.26 | 23.4 | 9.26E-03 | 1.78E<4-01
13.54 ; 25.2 | 3.28E-02 ; 1.35E+01 8.23 | 23.2 | 2.7T5E-02 | 1.42E+01
11.40 | 24.7 | 6.10E-02 | 1.02E+01 6.21 | 24.0 | 5.34E-02 | 1.09E+01
9.27 | 24.3 | 9.6TE-02 | 8.14E+00 4.11 | 23.8 | 9.68E-02 | 8.15E400
7.17 | 24.0 { 1.40E-01 | 6.62E+00 2.01 | 23.5 | 1.49E-01 | 6.50E+00
5.03 | 23.7 | 1.93E-01 | 5.45E+00 || -0.09 | 23.2 { 2.08E-01 | 5.25E+00
2.93 1 25.3 | 2.51E-01 | 4.39E+00 || -2.19 { 22.9 | 2.61E-01 | 4.39E400
0.86 | 25.3 ;| 3.16E-01 | 3.57E400 || -4.29 | 22.7 | 3.22E-01 | 3.51E+00
-1.20 1 25.2 | 4.02E-01 | 2.65E400 || -6.39 | 21.4 | 3.91E-01 | 2.69E+Q0
-3.30 | 25.1 | 5.07E-01 | 1.69E+00 || -8.49 | 22.3 | 4.72E-01 | 1.94E-+00
-5.06 | 25.0 | 6.11E-01 | 9.40E-01 | -10.55 | 22.2 | 5.56E-01 | 1.27E400
-6.60 § 24.3 | T45E-01 | 3.97E-01 || -12.72 | 22.0 | 6.77BE-01 | 6.94E-01
-8.56 | 23.4 | B.98E-01 | 1.38E-01 || -14.78 | 21.7 { 8.13E-01 | 2.80E-01
-11.53 | 24.2 | 1.02E400 | 0.00E+00 i -16.18 { 21.5 | 9.51E-01 | 6.88E-02
-16.66 | 20.8 | 1.02E+00 | 0.00E-+00
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Table D.1: Experimental data for dual discharge (cont.)

(Centerlines of branches in the same vertical plane)

Set No. 3 - 22

Lid= 3.0
Fy = 318 kPa
AP = 82 kPa
R = 1029 (kgm)™'/2
Upper Branch Lower Branch
ha T me Ty, hg T e Thy,
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | lkg/min] | [kg/min]
16.36 | 18.9 | 0.00E+00 | 1.67E+01 11.48 ] 18.6 ;{ 0.00E+00 | 1.65E+01
14.37 1 19.1 | 1.13E-02 | 1.37E+01 || 10.43 | 18.8 | 5.56E-03 | 1.52E+01
12.23 | 19.0 | 3.16E-02 | 1.06E+01 9.06 | 18.8 | 1.37E-02 | 1.30E401
10.17 | 19.0 ; 5.72E-02 | 8.14E-+0Q0 6.96 | 19.0 | 3.32E-02 | 1.O3E+01
8.07 | 18.9 | 8.97E-02 | 6.58E+00 4.83 1 19.0 | 6.67E-02 | 7.33E+00
5.97 1 18.9 | 1.32E-01 | 5.33E+00 2.76 | 18.9 | 1.09E-01 | 5.84E+00
3.90 | 18.9 | 1.79E-01 | 4.55E+00 0.59 | 18.8 | 1.65E-01 | 4.82E+00
1.80 1 18.9 | 2.36E-01 | 3.77E+00 || -1.47 | 18.7 | 2.03E-01 | 4.00E+00
0.01 | 18.8 | 2.93E-01 | 3.03E400 -3.57 ; 18.6 | 2.57E-01 | 3.11E+400
-2.05 | 18.4 | 3.T0E-01 | 2.24E+00 || -5.67 | 18.5 | 3.27E-01 | 2.39E-+00
-4.19 | 18.4 ; 4.66E-01 | 1.37TE+00 -7.77 | 185 | 3.97E-01 | 1.75E+400
-6.22 | 18.7 | 5.88E-01 | 5.93E-01 -9.87 | 18,5 { 4.77E-01 | 1.12E+00
-8.39 | 18.8 | 7.34E-01 | 2.01E-01 || -11.97 [ 18.5 | 5.73E-01 | 6.17E-01
-9.75 1 18.8 | 7.98E-01 | 1.00E-01 || -13.93 | 18.4 | 7.00E-01 | 2.44E-01
-12.17 | 18.9 | 8.91E-01 | 0.00E+00 i} -15.19 | 18.3 | 8.10E-01 | 7.27E-02
-16.03 ; 18.4 | 8.89E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.}
(Centerlines of branches in the same vertical plane)

Set No. 323
L/id= 3.0
Fo = 316 kPa
AP = 40 kPa
R = 997 (kg.m)~1/2
Upper Branch Lower Branch
ha T e my, hg T, e my,
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C} | [kg/min] [kg/min]
13.77 | 19.1 | 0.00E+00 | 1.21E+01 || 10.46 | 19.3 { 0.00E4+00 i 1.20E+01
11.67 { 18.9 | 1.40E-02 | 8.89E+00 8.96 | 19.0 | 7.09E-03 | 9.87TE400
9.57 | 18.8 | 3.39E-02 | 6.70E400 6.86 | 19.0 | 2.42E-02 | 7.44E+00
7.64 | 18.9 | 5.61E-02 | 5.41E+00 4.79 1 19.0 { 5.16E-02 | 5.45E400
9.64 | 18.9 | 8.77E-02 | 4.39E400 3.11 | 19.1 | 8.09E-02 | 4.43E+00
3.48 | 18.8 | 1.27E-01 | 3.61E400 1.64 ;1 19.1 | 1.22E-01 | 3.71E+00
1.41 | 18.8 | 1.77E-01 | 2.98E400 || -1.09 | 19.1 | 1.65E-01 ! 2.97E+00
-0.72 1 19.2 | 2.22E-01 | 2.30E+00 -3.19 : 19.1 | 2.08E-01 | 2.26E400
-2.79 | 19.4 | 2.78E-01 | 1.64E+00 || -5.20 { 19.0 | 2.51E-01 | 1.73E=+00
-4.89 | 19.4 | 3.48E-01 | 1.05E+00 {| -7.39 | 19.0 ! 3.09E-01 | 1.18E+Q0
-6.99 | 19.3 | 4.54E-01 | 4.49E-01 -9.49 | 18.9 | 3.80E-01 | 6.87E-01
-9.16 | 19.0 | 6.05E-01 | 8.24E-02 || -11.41 { 18.7 | 4.69E-01 | 4.17E-01
-11.65 | 19.0 | 6.85E-01 | 0.00E400 || -13.34 | 18.6 | 5.74E-01 ! 1.04F-01
-14.66 | 18.2 | 6.81E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No. 3 -—24

Lid= 30
Py = 517 kPa
AP = 235 kPa
R = 1008 (kgm)"1/?
Upper Branch Lower Branch
hoa T, me my, hp T, me my,
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | lkg/min] | [kg/min]
20.08 | 23.6 | 0.00E400 | 2.90E+01 || 13.17 | 23.9 ; 0.00E400 | 2.87E+01
17.97 1 24.4 | 2.16E-02 | 2.43E401 |} 1145 | 23.5 | 1.35E-02 | 2.60E+01
15.86 | 24.7 { 5.54E-02 | 1.98E+01 9.34 | 23.2 | 3.71E-02 | 2.17TE+01
13.79 | 25.1 | 1.04E-01 | 1.59E+01 7.24 | 23.1 | 8.03E-02 | 1.84E+01
11.65 ¢ 25.2 | 1.56E-01 | 1.33E401 5.14 | 23,5 | 1.38E-01 | 1.47E+01
9.54 | 25.3 | 2.23E-01 | 1.05E~+01 3.10 | 23.7 | 2.12E-01 | 1.15E+01
7.44 | 25.6 | 3.04E-01 | 8.81E+00 0.89 : 23.7 | 2.77E-01 | 8.89E+00
5.37 | 25,5 7 3.92E-01 | 7.16E400 i -1.18 | 23.8 | 3.74E-01 | 7.21E+00
3.26 | 25.4 | 4.99E-01 | 5.72E400 -3.21 | 23.7 | 4.76E-01 | 6.07E+00
1.09 § 25.2 | 6.22E-01 | 4.51E400 -5.28 | 23.6 | 5.83E-01 | 4.94E+00
-0.98 | 25.0 | 7.64E-01 | 3.18E+00 || -7.42 | 23.5 | 6.95E-01 | 4.00E+00
-3.13 | 24.1 | 9.61E-01 | 1.92E+00 -0.56 | 23.4 | 8.13E-01 | 2.89E+00
-5.20 | 24.1 | 1.20E400 | 8.97E-01 | -11.70 | 23.2 | 9.55E-01 | 1.99E+00
-7.37 | 23.5 | 1.45E+00 | 3.76E-01 || -13.77 | 23.0 | 1.10E+00 | 1.25E+00
-9.47 | 23.2 | 1.60E+00 | 1.38E-01 | -15.79 | 22.7 { 1.30E+00 | 6.10E-0:
-12.84 | 23.3 | 1.77E+00 | 0.00E+00 || -17.75 | 22.6 | 1.55E+00 | 2.15E-01
-19.61 | 22.5 | 1.76E4-00 | 0.00E+00

229




Table D.1: Experimental data for dual discharge (cont.)
{Centerlines of branches in the same vertical plane)

Set No. 3-25
Lid= 3.0
Py, = 517 kPa
AP = 166 kPa
R = 1006 (kg.m)~1/?
Upper Branch Lower Branch
ha Ty me my hp T e ™y,
imm} | 1°C] | [kg/min] | [kg/min] || fmm} | [°C] | {kg/min] | [kg/min]
18.69 | 22.4 | 0.00E+00 | 2.44E+401 {j 12.34 | 21.6 { 0.00E+00 | 2.41E4+01
16.58 { 22.5 | 2.14E-02 | 2.06E4+01 || 10.30 | 22.0 | 1.62E-02 | 2.14E+01
14.44 | 22.5 | 5.94E-02 | 1.62E401 8.20 1213 | 4.57E-02 | 1.76E+01
12.40 | 22.4 | 1.01E-01 | 1.32E+01 6.10 | 21.2 | 9.02E-02 | 1.45E+01
10.26 | 22.3 | 1.57E-01 | 1.07E+01 3.99 | 21.1 | 1.54E-01 | 1.11E+(02
8.09 | 22.2 } 2.24E-01 | 8.73E400 1.92 1 22.2 | 2.12E-01 | 8.85E4-00
3.81 | 22.0 | 3.09E-01 | 7.01E400 ; -0.25 | 21.5 | 2.98E-01 | 6.89B+00
3.81 | 22.0 | 3.89E-01 | 5.87E+00 ;i -2.36 | 21.5 ¢ 3.87E-01 | 5.64F+400
1.70 1 21.9 | 4.90E-01 | 4.63E400 || -4.43 | 21.7 | 4.82E-01 | 4.70BE+400
-0.44 | 21.7 | 3.95E-01 | 3.63E400 || -6.54 | 21.8 | 5.75E-01 | 3.79E400
-2.35 | 21.7T | 7.32E-01 | 2.43E+00 || -8.58 | 24.0 | 7.03E-01 | 2.81E+00
-4.62 { 21.6 | 9.11E-01 | 1.38E4-00 || -10.79 | 23.5 | 8.19E-01 | 1.96E-+00
-6.48 | 21.6 | 1.13E4+00 | 5.47E-01 || -12.83 | 23.4 | 9.62E-01 | 1.27E+00
-8.52 | 22.0 | 1.33E+00 | 2.81E-01 § -15.00 | 23.3 | 1.16E4+00 : 6.06E-01
-13.67 | 21.1 | 1.61E+00 | 0.00E+00 || -17.06 ] 23.1 | 1.39E4+00 | 1.95E-01
-19.06 | 22.9 | 1.62E400 | 0.00E+00
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Table D.1: Experimental data for dual discharge {cont.)

(Centerlines of branches in the same vertical plane)

Set No.3—26
Lid= 3.0
Py = 517 kPa
AP = 97 EPa
R = 1024 (kg.m)~1/?
Upper Branch Lower Branch
hA To 'n"I,G mL hB Ta ?’;?.G TT:’&L
mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] [kg/min] | [kg/min}
16.33 | 25.9 | 0.00E400 | 1.82E401 § 11.20 | 22.3 | 0.00E+00 | 1.82E+01
14.32 } 26.2 | 1.95B-02 | 1.53E+01 8.90 | 22,5 | 2.01E-02 ! 1.54E+01
12,22 | 26,4 ; 5.56E-02 | 1.18E+01 6.76 | 22.5 | 5.33E-02 | 1.27E+01
10.15 : 26.6 | 9.98E-02 | 9.36E400 4.69 { 22.5 | 1.06E-01 | 9.80E+00
8.40 | 22.8 | 1.47E-01 | 7.75E+00 2.58 | 22.1 | 1.57E-01 | 7.68E+00
6.19 | 22.8 | 2.13E-01 | 6.58E+400 0.48 | 22.1 { 2.26B-01 | 6.11E400
413 ] 22.8 | 2.75E-01 | 5.41E4+00 -1.66 | 22.1 | 3.02E-01 | 5.13E+400
2.05 | 22.8 | 3.49E-01 | 4.4TE+00 -3.77 | 22.1 | 3.89E-01 | 4.04E4-00
-0.02 | 22.8 | 4.46E-01 | 3.58E+00 -5.81 | 21.9 | 4.82E-01 { 3.18E+00
-2.16 | 22.7 | 5.46E-01 | 2.59E+00 -8.02 | 22.5 | 5.87E-01 | 2.27E+00
-4.27 | 22.6 | 6.7TE-01 | 1.64E+00 || -10.09 | 22.5 | 6.91E-01 | 1.62E-+00
-6.34 | 22.4 | 8.63E-01 | 7.86E-01 || -12.19 | 22.4 | 8.10E-01 1.00E+4Q0
-8.17 ] 22.6 { 1.08E+00 | 2.93E-01 | -14.29 | 22.3 | 9.90E-01 4.80E-01
-9.92 | 22.5 | 1.21E400 | 1.38E-01 |l -18.25 | 21.9 | 1.34E+-00 0.00E+00
-13.57 | 22.5 | 1.40E+00 | 0.00E+00
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Table D.1: Experimental data for dual discharge

(Centerlines of branches in the same vertical plane)

Set No. 3 - 27
Lid= 80
Fy = 316 kPa
AP = 123 kPa
R = 1027 (kgm) /2
Upper Branch Lower Branch
ha4 To e mr he T, mea my,
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | lkg/min] | [kg/min]
16.58 | 22.7 | 0.00E4+00 | 2.06E4+01 | 16.77 | 19.4 | 0.00E400 | 2.05E+01
14.80 | 22.9 | 7.85E-03 | 1.72E+01 15.09 | 19.1 | 9.37E-03 | 1.75E+01
13.54 | 22.4 | 2.44E-02 | 1.43E401 | 12.99 | 21.9 | 2.70E-02 | 1.35E+01
11.89 | 21.7 | 4.26E-02 | 1.17TE+01 || 11.24 | 22.0 | 4.19E-02 | 1.17E+01
9.86 | 21.0 | 6.71E-02 | 9.40E+400 9.38 | 23.1 | 6.46E-02 | 9.09E4-00
7.83 | 20.6 | 9.73E-02 | 7.T5E+00 7.66 { 23.1 | 8.79E-02 | 7.76E+00
5.80 | 20.2 | 1.36E-01 | 6.58E+00 5.74 | 23.1 | 1.20E-01 | 6.74E400
3.84 { 18.8 | 1.81E-01 | 5.68E+00 406 | 23.0 | 1.53E-01 | 5.88E+00
2.02 | 18.5 | 2.22E-01 | 4.98E4+00 227 | 22.9 { 1.98BE-01 | 5.09E400
0.03 1179 ] 2.71E-01 ; 4.24E+00 0.45 | 22.7 | 2.29E-01 | 4.395E+00
-2.11 1 17.9 | 3.33E-01 | 3.52E--00 -1.37 | 22,5 | 2.80E-01 | 3.80E+400
-4.21 1 20.6 | 3.95E-01 | 2.99E+400 | -3.12 | 21.9 | 3.29E-01 | 3.24E--00
-6.24 1 20.5 | 4.5TE-01 | 2.28E400 §i -5.04 | 21.8 | 3.91E-01 | 2.61E+00
-8.34 | 20.5 | 5.29E-01 | 1.64E+00 || -6.96 | 21.8 | 4.55E-01 | 2.10E-+-00
-10.47 | 20.1 | 6.22E-01 | 1.02E+00 || -8.75 | 21.7 | 5.24E-01 | 1.55E4-00
-12.08 | 20.1 | 6.93E-01 | 6.00E-01 || -10.46 | 21.6 | 6.04E-01 | 1.07E--00
-13.42 | 20.1 ] 7.67E-01 | 3.64E-01 || -12.00 | 21.6 | 6.76E-01 | 6.87E-01
-14.57 ; 20.0 | 8.49E-01 | 1.81E-01 || -13.43 | 21.5 | 7.51E-01 | 4.63E-01
-15.87 | 21.6 | 9.93E-01 | 0.00E+00 || -14.97 | 21.4 | 8.71BE-01 | 1.91E-01
-15.67 | 21.2 | 9.32E-01 | 1.00E-01
-16.54 | 21.0 | 1.02E+00 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No. 328
Lid= 8.0
PD = 316 kPa
AP = 82  kPa
R = 1025 (kg.m)~1/?
Upper Branch Lower Branch
ha T, e mr. hg T e my,
[mm] | [°C) | [kg/min] | lkg/min] || [mm] | [°C] | [kg/min] | [kg/min)
15.82 | 21.8 | G.00E+00 | 1.66E+01 15.41 | 18.2 | 0.00E+00 | 1.67TE+01
13.75 1 20.3 | 1.35E-02 | 1.32E+01 §} 13.70 | 18.1 | 1.09E-02 | 1.40E+01
11.89 | 20.1 | 3.22E-02 | 1.05E4+01 j| 11.53 | 18.1 | 2.83B-02 | 1.05E+01
§.86 | 19.9 | 5.30E-02 | 8.34E+00 9.30 { 18.0 | 4.82E-02 | 8.23E+00
7.93 | 19.8 | 7.8TE-02 | 6.9TE+00 7.68 | 18.0 | 7.17TE-02 | 6.82E+00
5.83 | 19.6 | 1.14E-01 | 5.80E+00 5.58 | 17.9 | 1.05E-01 | 5.76E+400
3.87 1 19.6 | 1.53E-01 | 5.02E+00 3.41 | 17.9 | 1.42E-01 | 4.90E+00
1.70 | 19.5 | 1.97E-01 | 4.32E400 1.38 ; 17.8 | 1.81E-01 | 4.15E+-00
-0.31 { 19.2 | 2.43E-01 | 3.61E-+00 -0.72 | 17.8 | 2.23E-01 | 3.49E+G0
-2.31 | 20.0 | 2.93E-01 | 3.08E400 -2.82 | 18.0 | 2.73E-01 | 2.7T9E400
-4.23 1 203 | 3.51E-01 | 2.43E+400 § -4.92 | 18.4 | 3.30BE-01 | 2.20E+00
-6.26 | 20.3 | 4.06E-01 | 1.82E400 || -7.02 ; 18.6 | 3.95E-01 | 1.61E+00
-8.29 | 19.6 | 4.84E-01 | 1.27E+00 {| -9.09 | 18.9 | 4.99E-01 | 1.10E--00
-10.36 | 18.9 | 5.60E-01 | 7.25E-01 | -11.08 | 18.9 | 5.84E-01 | 6.59E-01
-11.90 | 18.7 | 6.37E-01 | 4.92E-01 3 -12.62 | 19.0 ! 6.66E-01 | 4.21E-01
-13.51 | 18.5 | 7.31E-01 | 2.17E-01 | -14.47 ; 19.0 | 8.01E-01 | 1.20E-0%
-15.58 | 19.5 | 8.86E-01 | 0.00E+00 {| -15.45 | 19.0 | 8.99E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No. 3-—129
L/d= 8.0
Py = 316 kEPa
AP = 4D kPa
R = 996 (kgm) /2
Upper Branch Lower Branch
hy T mea mr, hg T e Thy
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] | [kg/min]
13.96 | 21.5 | 0.00E+00 | 1.21E+01 || 13.33 | 19.8 | 0.00E+00 | 1.20E+01
12,28 | 20.8 | 7.85E-03 | 9.76E-+00 || 11.34 | 19.7 i 1.22E-02 | 9.09E400
10.18 | 20.6 | 2.54E-02 | 7.561B+00 9.24 | 19.7 | 2.77E-02 | 6.74E+00
8.07 | 20.3 | 4.55E-02 | 5.87E+00 731 | 19.7 | 4.74E-02 | 5.37E+00
6.32 ; 20.1 | 6.48E-02 | 4.94E+00 5.30 ] 19.6 | 7.05E-02 | 4.58E+00
4.36 1 19.8 | 9.62E-02 | 4.20E+400 3.33 | 19.5 | 1.05E-01 | 3.96E+00
233 | 22.3 | 1.32E-01 | 3.67TE+0Q0 1.33 | 19.6 | 1.36E-01 | 3.21E4-00
0.51 ] 21.6 | 1.67E-01 | 3.02E+00 || -0.35 | 19.5 | 1.74E-01 | 2.74E+00
-1.45 | 21.3 | 2.17E-01 | 2.43E+00 || -2.41 | 19.5 { 2.08E-01 | 2.27E+00
-3.44 | 21.0 ; 2.57E-01 | 1.96E400 || -4.34 | 19.5 | 2.50E-01 | 1.69E+00
-5.54 1 204 | 3.07E-01 | 1.45E4+00 || -6.33 | 19.5 | 3.00E-01 | 1.24E+00
-6.87 | 20.2 | 3.65E-01 | 9.69E-01 -8.32 | 19.5 | 3.62E-01 | 8.01E-01
-9.04 1 20.0 | 4.29E-01 | 6.18E-01 || -10.11 | 19.6 | 4.26E-01 | 4.76E-0:
-10.73 | 19.8 | 4.92E-01 | 4.10E-01 || -11.59 | 22.4 ! 4.95E-01 | 3.25E-01
-12.09 | 19.7 ; 5.54E-01 | 2.03E-01 }} -12.88 | 22.4 | 5.81E-01 | 1.36E-01
-13.21 | 19.6 | 6.09E-01 | 8.52E-02 | -14.21 { 22.4 | 6.92E-01 | 0.00E+00
-14.47 | 19.6 | 6.81E-01 | 0.00E+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No. 3-—30
Lid= 80
Py = 517 kPa
AP = 235 kPa
R = 1013 (kgm)~}/?
Upper Branch Lower Branch
ha To me Ty, hg To me my,
[mm] } [°C] | kg/min] | [kg/min] || [mm] | [°C] | [kg/min] | [kg/min]
18.81 | 23.2 : 0.00E4-00 | 2.85E4+01 }| 18.66 | 23.5 | 0.00E400 | 2.89E+01
12.56 | 24.2 | 9.21E-02 | 1.58E+01 || 16.63 | 23.8 | 2.26E-02 | 2.44E+01
10.47 1 22.6 | 1.39E-01 | 1.30E+01 || 14.56 | 23.9 | 5.55E-02 | 2.00E-+01
8.20 | 23.0 | 1.87E-01 | 1.09E+01 || 12.24 | 23.9 | 9.31E-02 | 1.62E401
6.22 | 23.3 | 2.50E-01 | 9.32E400 || 10.31 | 23.9 | 1.36E-01 | 1.34E-+01
4.11 | 23.5 | 3.10E-01 | 7.79E+00 8.24 1 23.9 { 1.86E-01 ! 1.12E+01
2.04 | 23.6 | 3.87E-01 | 6.73E4-00 6.06 | 23.7 | 2.28E-01 | 9.36E+00
-0.10 | 23.7 | 4.79E-01 | 5.80E+00 3.92 | 23.7 | 2.93E-01 | 8.07TE+00
-2.20 | 23.7 | 5.62E-01 | 4.90E+00 1.85 | 23.7 | 3.66E-01 | 6.89E+00
-4.31 | 23.2 | 6.61E-01 | 4.16E+00 -0.29 | 23.7 | 4.44E-01 | 5.92E400
-6.42 | 23.5 | 7.45E-01 | 3.21E+400 | -2.36 | 23.5 | 5.40E-01 | 5.05E--00
-8.53 | 23.4 | 8.58E-01 | 2.51E+00 || -4.47 | 23.5 | 6.36E-01 4.19E4-00
-10.60 | 23.5 | 9.78E-01 | 1.81E+00 || -6.54 | 23.5 | 7.34E-01 | 3.42E-+00
-12.74 | 23.6 | 1.17E400 | 1.14E+00 || -8.68 | 23.5 | 8.62E-01 | 2.63E+00
-14.84 + 23.7 | 1.36E+00 | 5.83E-01 || -10.79 | 23.6 | 9.99E-01 | 1.96E+00
-18.00 | 23.2 | 1.76E-+00 | 0.00E+00 | -12.92 | 23.6 | 1.17E+00 | 1.31E+00
-14.92 | 23.6 | 1.34E+00 | 6.94E-01
-16.74 | 23.6 | 1.55E+00 | 2.76E-01
-18.69 | 23.2 | 1.78E+00 | 0.00E400
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Table D.1: Experimental data for dual discharge (cont.)

(Centerlines of branches in the same vertical plane)

Set No.3—31
Lid= 80
Fo = 517 kPe
AP = 166 kPa
R = 1020 (kgm)~1/2
Upper Branch Lower Branch
ha To meG my hg T g mr
[mm] | [°C] | [kg/min] | (kg/min] || [mm] | [°C] | [kg/min] | [kg/min]
17.56 | 21.2 | 0.00E+00 | 2.37TE+01 || 17.52 | 22.2 | 0.00E-+00 | 2.41E+01
15.56 | 21.5 | 1.90E-02 | 2.00E+01 || 15.23 | 22.7 | 2.58E-02 | 2.00E+401
13.46 | 21.9 | 5.32E-02 | 1.61E-+01 || 13.13 | 22.7 | 6.02E-02 | 1.62E+01
11.39 0 22.1 | 8.79E-02 | 1.35E+01 || 11.02 | 22.2 | 9.61E-02 | 1.34E+01
9.21 | 22.2 | 1.32E-01 | 1.08E+01 8.95 | 22.6 | 1.36E-01 | 1.10E+01
7.11 | 22.4 | 1.84E-01 | 8.85E+00 6.84 | 22.6 | 1.87E-01 | 9.09E+00
5.07 | 22.5 ; 2.41E-01 | 7.56E+00 4.63 | 22.6 | 2.36E-01 | 7.60E4-00
2.89 | 22,5 | 3.07E-01 | 6.46E+00 252 | 22.6 | 297E-01 | 6.54E+00
0.72 | 22.4 | 3.80E-01 | 5.48E+00 0.42 | 23.4 | 3.67E-01 | 5.56E+00
-1.32 1 22.3 | 4.69E-01 | 4.70E400 || -1.62 | 22.5 | 4.46E-01 | 4.78E-+00
-3.46 | 22.3 ; 6.60E-01 | 4.04E+00 || -3.79 | 22.5 | 5.46E-01 | 4.08E+00
-0.53 | 22.3 | 6.50E-01 | 3.22E+00 | -5.90 | 22.3 | 6.39E-01 | 3.22E+00
-7.64 | 22.2 | 7.45E-01 | 2.45E+00 || -7.97 | 22.2 | 7.45E-01 | 2.51E4+00
-9.81 1 22.2 | 8.75E-01 | 1.79E+400 || -10.07 | 22.1 | 8.70E-01 | 1.83E-+00
-11.83 | 20.8 § 9.00E-01 | 1.12E+00 | -12.18 | 22.1 | 1.03E+00 | 1.22E+4-00
-13.95 |1 20.9 | 1.19E400 | 6.18E-01 || -14.28 | 22.1 | 1.20E+00 | 6.24E-01
-16.06 | 21.2 | 1.40E+00 | 2.33E-01 || -16.34 | 22.0 | 1.42E+00 | 2.78E-01
-17.25 | 21.8 | 1.61E+00 | 0.00E400 | -17.99 | 22.0 | 1.59E4+00 | 0.00E-00
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Table D.1: Experimental data for dual discharge (cont.)

(Centerlines of branches in the same vertical plane)

Set No.3-32
L/id= 8.0
Py = 517 kPa
AP = 97 kPa
R = 1020 (kg.m)~1/?
Upper Branch Lower Branch
ha T tle Ty, hg Ts me Ty
[mm] | [°C1 | [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] | [kg/min]
15.66 } 22.8 | 0.00E+00 | 1.80E+01 || 15.73 | 21.2 { 0.00E+00 | 1.85E+01
13.97 [ 22.8 | 1.88E-02 | 1.56E401 || 13.66 | 21.2 | 2.07E-02 | 1.53E+01
11.83 | 22.6 | 5.14E-02 | 1.24E+401 11.52 | 21.1 | 5.22E-02 | 1.22E+01
9.94 | 22.4 | B.18E-02 | 9.52E+00 9.42 1 19.9 | 8.34E-G2 | 9.72E+00
7.83 ] 224 1.22E-01 | 7.87E+400 728 | 199 | 1.27E-01 | 7.87TE+00
5.73 | 22.4 | 1.69E-01 | 6.73E4+00 5.10 { 20.0 | 1.76E-01 | 6.62B+00
3.61 | 18.4 | 2.29E-01 | 5.60E+00 3.03 | 20.1 | 2:18E-01 | 5.56E400
1.50 | 20.7 | 2.78E-01 | 4.82E+00 0.85 | 20.3 | 2.77E-01 | 4.74E+00
-0.61 | 20.7 | 3.58E-01 | 4.08E+00 i -1.19 ! 20.5 | 3.43E-01 | 4.04E+00
-2.71 | 21.0 | 4.39E-01 | 3.40E+400 || -3.29 | 20.6 | 4.31E-01 | 3.34E400
-4.85 | 21.1 | 5.28E-01 | 2.75E+00 || -5.50 | 20.7 | 5.23E-01 | 2.66E+00
-6.97 | 21.2 | 6.06E-01 | 2.14E400 i| -7.51 | 20.8 | 6.17E-01 ! 2.03E+00
-9.04 | 21.4 | 7.07TE-01 | 1.54E+400 || -9.58 { 20.8 | 7.13E-01 | 1.43E+00
-11.14 | 21.4 | 8.27E-01 | 9.69E-01 || -11.78 | 20.8 | 8&.68E-01 | 8.76E-01
-13.22 1 214 ; 9.78E-01 | 4.66E-01 || -13.89 | 20.9 | 1.04E+00 | 4.25E-01
-15.36 | 21.2 | 1.13E+00 | 1.54E-01 | -15.60 | 20.8 | 1.23E400 | 1.04E-01
-16.30 | 21.1 | 1.33E+00 | 0.00E+400 || -16.44 | 20.6 | 1.34E--00 | 0.00E~+00
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APPENDIX E

Experimental Data for the Semicircular Duct



6ec

Tahle E.1: Experimental data for the semicircular duct

Set No.4-1 Set No. 4-2 Set No.4-3
Branch A Only Branch A Only Branch A Only
PR = 316 kPa Py = 316 kPa Py = 517 kPa
AP = 123 kPa AP = 40 kEPa AP = 235 kPa
R = 1016 (kg.m)~'/? R = 1000 (kgm)~'/? R = 1003 (kg.m) /%
ha T, e .y, ha T, e .y, fea T, meg iy,
[mm] | [°C] | [kg/min] | {kg/min] || [mm] | [°C) [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] [kg/min]
15.93 | 22.1 | 0.00E+00 | 2.07E+01 12,46 | 24.2 | 0.00E400 | 1.20E+01 18.00 | 25.7 | 0.00E4G0 | 2.90E+4+01
13.93 1 219 [ 1.53E-02 | 1.66E+01 10,36 | 24.3 | 1.50E-02 | 9.13E+00 15.79 | 26.1 | 2.39E-02 | 2.53E+401
11.80 | 22.5 | 4.34E-02 | 1.38E401 837 | 24.3 | 3.36E-02 | 7.05E+00 13.69 1 26.4 | 6.75E-02 | 2.07TE+01
9.66 | 22.0 | 8.38E-02 | 1L.17TE401 6.20 | 245 { 6.54E-02 | 5.84E+00 11.62 | 26.7 | 1.24B-01 | L.72E401
7.59 | 22.7 | 1.29E-01 | 9.83E+00 413 | 24.7 | LOSE-01 | 5.02E+00 9.51 | 26.6 | 1.92E-01 | 1.47E+01
5.49 | 22.7 | 1L.78E-01 | 8.34E+00 1.96 | 25.0 | L.58E-01 | 4.35E400 737 | 26.3 | 2.64E-01 | 1.32E401
3.46 | 22.7 | 2.33E-01 | 6.97E+00 -0.07 | 26.2 | 2.00E-01 | 3.65E4+00 9.26 [ 26.3 | 343E-01 | 1.11E+M
140 | 22.7 | 2.81E-01 | 5.99E4+00 -2.24 | 25.3 | 2.64E-01 | 2.92E400 3.16 | 26.1 | 4.35E-01 | 0.44E4+00
-0.81 | 22.7 | 3.48E-01 | 4.94E400 -4.31 | 25.4 | 3.10E-01 | 2.20E4-00 1.06 | 25.8 | 5.19E-01 | 7.83E+00
-3.05 | 22.8 | 4.14E-01 | 3.91E400 -6.41 | 25.5 | 3.65E-01 | 1.51E400 -1.05 | 25.7 | 6.15E-01 | 6.58E4-00
-5.18 { 22.9 | 4.83E-01 | 2.96E400 -8.51 | 25.6 | 4.39E-01 | 1.01E4+00 -3.12 | 25.5 | T.20E-01 | 5.41E400
-7.29 | 22.8 | 5.44E-01 | 2.17E-4+00 || -10.61 | 25.8 | 5.03E-01 | 6.54E-01 -5.23 | 25.5 | T.94E-01 | 4.24E400
-9.49 | 223 | 6.26E-01 | 1.42E400 | -12.71 | 25.8 | 6.00E-01 | 2.09E-01 -7.37 | 25.2 1 9.05E-01 | 3.28E400
-11.56 | 22.8 | 7.20E-01 | 8.86E-01 [l -15.86 | 25.8 | 6.75E-01 { 0.00K-+00 -9.44 1 25.1 | 1.03E+400 | 2.41E400
-13.83 | 22.7 | 8.50E-01 | 4.23E-01 -11.62 | 24.9 | LITE400 | 1.64E-400
-18.31 | 22.6 { L.03E400 | 0.00E4-00 -13.69 | 24.7 | L32E400 | 9.94F-01
-15.83 | 24.6 | 1.48E4+00 | 4.49E-01
-17.55 | 24.4 | 1.62E4-00 | 1.66E-01
-20.71 | 24.0 | L.72E-+00 | 0.00E400
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Table E.1: Experimental data for the semicircular duct (cont.)

Set No.4-—4 Set No.4-5 Set No. 4 -6
Branch B Only Branch B Only Branch B Only
Py = 316 kPa Iy = 316 kPa Py = 517  kPa
AP = 123 kPa AP = 40 kPa AP = 235 kPa
R = 1012 (kg.m)~!/? R = 1000 (kg.m) 1/2 R = 1003 (kg.m)~1/2
h.B Tc, T;’L(; m I h,r,' Ta Ti’i,a m I, h B To Th(;' m I
[mm] | [°C] | [kg/min} | [kg/min] || [mm] | [° Cl | [kg/min) | [kg/min] || [mm] | [ Cl | [kg/min] | [kg/min]
19.24 1 23.2 § 0.00E+00 | 2.08E+01 || 15.02 | 22.5 | 0.00E+4-00 1.20E401 || 21.82 | 24.6 | 0.0OE+00 | 2.90E401
17.15 1 23.1 | 1.98E-02 | 1.68E+01 [l 12.96 | 22.5 [ 1.95B-02 | 8.93E+00 || 19.71 [ 25.2 3.39E-02 | 2.47E401
15.05 | 22.9 | 5.98E-02 | 1.37E4+01 || 10.82 | 22.5 | 5.06E-02 | 6.70E+00 i 17.60 | 26.3 1.05E-01 | 2.05E+01
12.91 § 23.2 | 1.30E-01 | 1.13E+01 8.76 | 22.9 | 1.05E-01 | 5.41E400 [ 15.53 | 26.4 | 1.96E-01 1.70E4+01
10.85 | 23.0 | 2.08E-01 | 9.28E+00 6.69 | 23.3 | 1.83E-01 | 4.63E+00 || 13.36 | 26.5 | 2.94E-01 | 1.49E+01
8.75 | 23.0 | 2.78E-01 | 7.56E+00 || 4.55 | 23.4 | 2.50E-01 | 3.70E+00 || 11.32 | 26.6 3.96E-01 | 1.25E+01
6.65 | 23.2 | 3.53E-01 | 6.07E+00 245 1 23.6 | 3.08E-01 | 2.71E400 || 9.18 | 26.8 | 5.07E-01 | 1.01E+01
4.58 | 23.0 | 4.36E-01 | 4.86E+00 | 0.32 | 24.0 | 3.80E-01 | 1.94E+00 || 7.08 1 26.9 6.21E-01 | 8.07E400
241 1 23.2 | 5.13E-01 | 3.75E400 || -1.78 | 24.0 | 4.65E-01 | 1.27E+00 || 4.97 | 26.9 7.36E-01 | 6.38E+00
0.38 | 22.9 | 6.09E-01 | 2.81E+00 || -3.81 | 24.1 | 5.41E-01 | 6.96E-01 2.86 | 26.5 | 8.56E-01 | 5.02E+00
-L721 229 1 7.04E-01 | L.B1E+00 || -5.95 | 24.2 | 6.40E-01 | 2.29E-01 0.79 | 26.4 | 1.01E4+00 | 3.83E+00
-3.86 | 22.8 | 8.13E-01 | 1.O1IE+00 || -7.35 | 24.2 | 7.04E-01 | 0.00E-+00 || -1.35 | 26.3 LI7E400 | 2.73E400
-5.92 1 22.7 | 9.45E-01 | 3.30E-01 -3.56 | 26.3 | L.ME400 | 1L.58E+00
-7.44 | 22.7 | 1.0AE+00 | 0.00E+00 -5.91 | 26.1 | 1L.54E+400 | 547E-01
-7.44 + 25.9 | 1.74E400 | 0.00E+00
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Table E.1: Experimental data for the semicircular duct {cont.)

Set No. 4-17 Set No. 4 -8 Set No.4-9

Branch C Only Branch C Only Branch C Only

Py = 316 kPa Py = 316 kPa Py = 517  kPa

AP = 123  kPa AP = 40 EPa AP = 235 kPa

R = 1017 (kg.m)~1/? R = 992 (kg.m)~1/? R = 1010 (kg.m)"!/?
h(; To Th(; m I h,(j TO 'ri?.(; m A hc Ta ﬂ"L(; il I
o] | 1°CT | [ka/min] | [kg/min] || (mm] | [°C] | [kgfmin] | [kofmin] | (mm] | °C1 | Tkg/min] | [rofmin]
20.74 | 22.6 | 0.00E4-00 | 2.07E4+01 || 15.14 | 25.4 | 0.00E4+00 | 1.21E4+01 || 22.59 | 26.3 | 0.00E4-00 | 2.88E-+01
17.97 | 23.5 | 7.40E-03 | 1.88E+4+01 || 13.04 | 25.4 | 1.61E-02 | 9.32E400 || 20.48 | 26.1 | 1.70E-02 | 2.61E401
15.84 | 24.0 | 3.71E-02 | 1.49E401 || 10.24 { 25.9 | 8.79E-02 | 6.19E4+00 || 18.38 | 26.0 | 6.14E-02 | 2.10E+01
13.74 | 24.3 | 1.05E-01 | 1.17E401 8.11 { 25.9 | 1.90E-01 | 4.59E+00 || 16.27 | 26.0 | 1.52E-01 | 1.68E4-01
11.60 | 24.5 | 2.06E-01 | 8.81E4+00 6.04 1 27.2 [ 2.78E-01 | 3.12E+00 || 14.17 | 26.0 | 2.65E-01 | 1.41E+01
9.57 | 24.6 | 3.08E-01 | 6.58E400 3.94 1 26.0 | 3.83E-01 | 1.71E400 || 12.10 | 26.1 | 4.26E-01 | 1.06E401
7.50 | 244 | 4.26E-01 | 4.63E400 2,191 26.1 | 4.98E-01 7.43E-01 9.99 [ 26.1 | 6.09E-01 | 7.99E+00
5.33 | 24.5 | 5.47E-01 | 2.94E400 0.65 | 26.3 | 6.09E-01 | 1.31E-01 7.89 | 26.1 | 7.68E-01 | 5.80E400
3.23 | 244 | 6.91E-01 | 1.45E400 0.00 | 26.3 | 7.04E-01 | 0.00E4-00 5.71 | 26.2 § 9.64E-01 | 3.80E400
1.24 | 243 | 8.42E-01 | 3.60E-01 3.67 | 26.1 ¢ L.1GE400 | 2.20E+4-00
0.00 | 24.2 | 1.04E400 | 0.00E400 1.46 | 26.2 | 1.40E400 | 7.25E-1

0.00 | 26.2 | 1.73E4+00 | 0.00E400




Table E.1: Experinental data for the semicircular duct {cont.)

Set No. 410
Brunches A and B Active
Py = 316 EPua
AP = 123 kP
Draneh A Branch B
R = 1026 (kg.m)~'/? R = 1026 (kg.m)~'/?

Iy T, e iy hi T, th e g
Imm] { °C) | (kg/min] | {kg/oein) D} | 9C) | [Rgfmin] | [kgfmin]
17.53 | 23.6 | 0.00E400 | 2.05E+401 §{ 17.18 | 23.5 | 0.00E+00 | 2.05E+01
15.32 | 23.6 | 1.76E-02 | 1.62E+401 || 15.00 | 24.0 | 1.68E-02 | 1.80E401
13,15 1 23.7 | 5.38E-02 | 1.35E401 [} 1294 | 25.0 | 4.27E-02 | 1.49E+01
11.12 | 23.7 | 1.05E-01 | 1.OYE+0L || 10.81 | 23.8 | 9.06E-02 | 1.25E4+01

899 | 23.7 1 1.65E-01 | 8.77E+400 .46 | 24.5 | 2.38E-01 | 8.14E400

6.89 1 242§ 2.33E-01 | 6.97E+00 4.54 | 24.1 | 3.10E-01 | 6.50E-+00

4.82 | 23.6 | 3.07E-01 § 5415400 247 | 241 | 3.98E-01 | 4.82E400

2.65 | 23.9 | 4.06E-01 | 3.73E+400 0.30 [ 24.1 | 4.89E-01 | 3.64E4-00

0.55 | 23.6 | 5.31E-01 | 2.17E-+00 ¢ -1.80 | 24.1 | 5.87E-01 | 2.49E+00
-1.13 | 23.5 | 6.72BE-01 | 1.OSE400 § -5.93 ; 23.6 | 8.24E-01 | 5.83E-01
-2.96 | 24.0 | 7.52BE-01 { 7.61E-OL || -7.44 | 23.8 | 9.76E-01 | 0.00E4+00
-5.02 | 25.0 | 8.45E-01 4.49E-01

-7.15 | 23.8 | 9.17E-01 2.09E-01
-11.50 | 23.9 | 1.02E+400 | 0.00E400
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Table E.1: Experimental data for the sensicirenlar duct (cont.)

Set No.o 4 —~11
Branehes A and B Active

Py = 316 kP
AP = 40 kPa
Brawneh A DBranch B
R =992  (kgm) '/ B = 976 (kg.m) V"
Iy I, e iy hp T, e myp
] [ [CT | Vg /min] | [hgfmin] Al [man] | [°C | (kg/min] | [kg/min]
14.12 | 20.3 | 0.00E400 | 1.2IE401 || 14.07 | 22.8 | 0.00E+00 | 1.23E+01
12,12 | 20,7 | 1L18E-02 | 9.79E+00 || 11.00 | 22.4 | 1.68E-02 | 1.01E401
10.05 | 21.0 ¢ 3.48E-02 | 7.71E+00 9.80 | 226  3.97E-02 | 7.75E4+00
8.02 | 21.2 | G6.71E-02 | G.0TE400 V.67 | 22,7 | 8.01E-02 | 6.19E+00
5.85 1 214 | 1.24E-01 | 5.06E4-00 5.57 | 22.7 | 1.33E-01 | 4.63E+4-00
3.40 § 22.1 | 1.86E-01 | 4.16E~+00 3.47 | 24.3 | 2.37E-01 | 4.16E400
1.30 | 22.1 | 2.3GE-01 | 3.30E+00 144 + 249 | 3.0GE-01 | 3.06E4-00
-0.81 | 22,3 | 3.08E-01 | 2.228400 § -0.67 | 25.2 | 3.75E-01 | 2.09E+00
-2.95 | 22.8 | 3.9YE-01 | 1.0vE400 || -2.80 | 25.3 | 4.62E-01 | 1.32E400
-5.01 | 23.2 | 5.24E-01 : 4.Y0E-01 -4.97 | 27.2 | 5.49E-01 | 5.83E-01
-711 [ 224 | 5.94E-01 | 2.65E-01 -6.76 | 25.5 | 6.46E-01 1.23E-01
-11.84 | 204 § 6.77TE-01 | 0.00E4+00 {| -7.44 | 25.1 { 6.80E-01 | 0.00BE+00

243




Table E.Z: Experimental data for the semicircular duct (cont.)

Set No. 4-12

Branches A and B Active

L = 517 kPa
AP = 235 kPa
Branch A Braneh B
R o= 1020 (hgan) i/? R o= 1010 {(kg.n)™H*?

Iy T, Wi iy, hp T, Hier iy
] V[CY T {Rgfmin] | [hgfoin] | [nen] L 10CH ] [kg/min] | [kg/min]
20.49 { 23.0 | 0.00E400 | 2.83E401 ) 19.17 | 24.8 | 0.00E400 | 2.88E+01
18.42 1 23.3 ¢ 2.153E-02 | 2.43E401 § 1743 | 23.3 | 1.52FE-02 | 2.55E+01
16.34 | 23.7 | T.56E-02 | 1.96E+01 §| 15.20 | 23.3 | 5.79E-02 | 2.28E401
14.20 | 24.1 | 1.32E-01 | 1.G4E+01 §f 13.22 ) 23.5 | 1.11E-01 | 2.00E401
12,00 | 243 | 2.27E-01 | L.3SE401 || 11.12 § 23.8 | 1L.78E-01 | 1.72E+01
9.95 | 24.5 | 3.26E-01 | 1.14E+401 8.98 | 24.0 | 2.68E-01 i 1.4TE40L
T.87 | 248 | 4.44E-01 | 8.73E4-00 6.91 | 24.1 | 3.78E-01 | 1.21E401
3.76 | 25.0 | 5.93E-01 | 6.42E400 476 | 25.1 | 5.14E-01 | 9.32E4-00
3.66 | 25.2 | 7.55E-01 | 4.43E400 269 254 | 6.50E-01 | 7.13E400

1.52 | 24.3 | 9.71E-01 | 2.43E400 0.58 | 25.6 | 7.86E-01 | 5.29E+00
-0.53 | 23.3 | 1.L10E4-060 | 1.66E400 || -1.56 | 25.7 | 9.50E-01 | 3.79E4-00
-2.67 | 23.3 | 1.26E400 ; 1.03E4+00 || -3.78 | 25.6 | 1L.13E400 | 2.24E400
-4.74 | 23.5 | 1.39E+-00 | 5.47E-01 -6.27 | 25.6 | 1.36E+00 | 7.07E-01
-6.84 ] 23.8 | 1.51E+00 | 2.33E-01 -7.44 ; 25.2 | 1.58E400 | 0.00E4-00
-11.08 | 24.8 | 1.63E+00 | 0.00E400
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Table E.1: Experimental data for the semicireular duct {cont.)

S[’f J\TO. 4-13
Branches 4 and C Active
P = 316 kPu
AP = 123 kPa
Branch A Brunch €
B = 1026 (kg.m)~'/? R = 1007 (kgan)}/?

Iy T, Hiey Hy B T, He: ity
o] [ 1°C) | Thg/min] 4 [kg/min] 1 ] [ [°C] 1§ lhkg/min] Wegfinin
16.65 | 23.6 | 0.00E400 | 2.05E401 §| 20.03 | 25.6 { 0.00E400 | 2.09E401
14.62 | 23.8 | L23E-02 | 1.Y0E+01 || 17.537 | 25.2 | 1.27E-02 | 1.74E+401
12,45 | 23.9 | 4.10E-02 | 1.40E401 || 15.47 § 25.1 | 5.17TE-02 | 1.37TE4+01
10.41 | 24.9 | 8.69E-02 | 1.1TE+01 }| 13.37 | 249 1.16E-01 | 1.12E+-01

8.25 ] 25.8 | 1.30E-01 | 1.O1E401 |} 11.24 | 24.8 | 2.03E-01 | 8.935+00

6.21 | 25.3 | LYSE-01 | 854E400 9.29 | 23.4 | 2.74E-01 | 6.9TE400

4.08 | 25.4 | 2.36E-01 | 7.05E4+00 7.08 | 23.4 | 3.95E-01 | 4.78E4+00

1.98 | 25.9 | 2.90E-01 | 5.80E400 4.98 | 23.1 | 5.18E-01 | 3.20E+400
-h12 | 25.6 | 3.49E-01 | 4.86E400 2,88 1 23.3 1 G.32E-01 | i.64E400
-2.22 1 26.0 | 4.18E-01 | 3.71E400 1.13 | 23.2 | 7.63E-01 | 5.30E-01
-3.94 | 26.0 | 4.86E-01 | 2.93E+400 0.00 | 23.2 | 9.66E-01 | 0.00E+00
-6.08 | 25.5 | 5.81E-01 | 1.55E+4+00

~7.83 | 25.2 | 6.59E-01 | 1.08E-+00

-9.93 | 25.1 | 7.54E-01 ; 7.36E-01
-12.03 | 24.9 | 8.54E-01 | 3.01E-01
-15.52 | 23.4 | 9.80E-01 | 0.00E4-00
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Table E.1: Experimental data for the semicirenlar duct {cont.)

Set No.d-—14
Branches A and C Active

Py = 316 kPa
AP = 40 kPa
Branch A Branch
R o= 1008 (kgan)~ 1/ R = 992 (kg.my /¥

h T, e ity B 7., e iy
Do} | 19C) | {Rg/min) | [kg/min] || [mm) { [2C1 ) [kgfimin] | [kgfmin]
13.38 | 21.9 | 0.00E400 | 1.19E401 [ 15.02 | 26.0 | 0.OOE4+00 | 1.21E4+01
11.24 1 222 | 9.82E-03 | 9.32FE4-00 || 12,99 | 26.1 | 1.46E-02 | 9.72E4-00

9.14 | 22,6 | 3.24BE-02 | 7.36E400 {| 10.90 | 26.2 | 5.56E-02 | 6.97E+00

6.93 | 23.0 | 6.52E-02 | 6.07TE-+00 8.83 | 26.1 | L17E-0L | 5.29E+00

4.83 { 23.5 | 1.03E-01 | 5.06E4-00 G.77 | 26.9 | 2.23E-01 | 3.91E4-00

269 | 24.1 | 1.54E-01 | 4.39E400 4.56 | 26.9 | 3.24E-01 | 2.40BE+400

0.55 | 24.3 | 2.01E-01 | 3.85E+00 250 ¢ 27.1 | 4.24E-01 | 1.07E=-00
-1.48 | 244 1 2.33E-01 | 2.99E+00 0.85 ; 27.1 | 5.33E-01 | 2.81E-01
-3.65 | 24.8 | 2.89E-01 | 2.31E+00 0.00 | 27.1 | 6.67E-01 | 0.00E400
-5.68 | 249 | 3.37E-01 | 1.67E4-00

-7.82 1 253 | 4.03E-01 | 1.10E400

-9.96 1 26.0 | 4.98E-01 ; 547E-01
-12.41 ¢ 26.1 | 6.25E-01 { B8.52E-02
-15.16 | 26.9 | 6.60E-01 | 0.00E+00
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Table E.1: Experimental data for the semicircular duct (cont.)

Set No.4-15
Branches A and (' Active

P, = 517 kPu
AP = 235 kP«
Branch A Branch C
R o= 1010 (kg.m)~'" R o= 1010  {kgau)~1/?

iy T, e i hee T, Hie "y
[V 1°CT | bgfoin] | Tkgfman] || fen] 2 [PCH | [hg/min] | [kg/min]
19.25 1 19.2 | 0.00E400 | 2.88E4+01 || 22.33 1 22.7 | 0.00E+00 | 2.88E+4-01
1718 | 19.6 | 1.87E-02 | 245E401 || 20.12 | 23.6 § 2.84E-02 | 2.45E+01
15.11 | 20,0 | G.14E-02 | 2.03E+401 || 18.01 | 23.8 § 7.21E-02 | 2.03E+01
13.00 | 20.7 | 1.19E-01 | 1.74E401 || 1591 | 24.0 | 1.49E-01 ; 1.70E+01
10.89 | 20.7 | 1.87E-01 | 1.533E+01 || 13.74 | 24.1 | 2.56E-01 | 1.44E+01
878 | 21.1 | 2.51E-01 | 1.33E+01 |} 11.68 | 24.2 | 3.Y1E-01 | L.17E+01
G.67 | 21.5 | 3.89E-01 | L.11E+01 9.65 | 24.2 | 5.00E-01 | 9.13E4-00
4.56 | 21.9 | 4.14E-01 | 9.24E4+00 7.55 | 24.4 | G.63E-01 | 6.58E+00
245 1 22,0 | 53.10E-01 | 7.63E4+00 5.43 | 23.8 | T96E-01 | 4.31E400
0.34 | 22.3 | 6.09E-01 | 5.87E400 3.29 § 25.7 | 9.88E-01 | 2.62E4400
-3.07 | 22.7 |- 8.01E-01 | 3.02E+00 0.72 ] 25.6 | L.25E+400 | 7.25E-01
-5.28 | 23.6 | 9.40E-61 ; 1.99E+00 0.00 : 25.5 § 1.53E+00 | 0.00E4-00
-7.39 { 23.8 | L.OTE+00 | 1.59E+00

-9.49 | 24.0 | 1.22E400 | 1.05E400
-11.66 | 24.1 | 1.38E4+00 | 5.59E-01
-13.72 | 24.2 | 1.52E400 | 1.66E-01
-16.85 | 25.1 | 1.59E+00 | G.00E+00
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Table E.1: Experimental data for the semicirenlar duet (cont.)

Set No. 4 - 16
Branches B and O Active

Py = 316 EPa
AP = 123 F P
Branch B Branch C
B o= 1026 (kg.m)™'/? R = 1012 (hgan)='/?

hp T, me; ) he T, e 1y,
(o] L [9C) | [hg/min | (kg/min] || [mwd | [°C) | {kg/min] | [kg/min)
21.80 | 23.8 { 0.00E400 | 2.03E401 | 21,29 | 23.7 | 0.00E+00 | 2.08E+01
19.56 | 23.8 | 1.61E-02 | 1.64E4+01 §] 18.95 | 23.7 | 1.83E-02 | 1.68E-401
1749 1 23.8 ) 8.63E-02 | 1.27E401 || 16.88 | 23.7 | 5.16E-02 | 1.37TE+01
15.36 | 24.5 | 1.85F-01 | 9.13E400 || 14.78 | 24.0 | 1.12E-01 | 1.15E+01
13.33 | 24.6 | 3.01E-01 | 6.03E400 || 12.68 | 23.9 | 1.91E-01 | 9.32E+00
IL51 | 23.7 ) 3.51E-01 | 5.33E400 || 10.58 | 23.8 | 2.61E-01 | 7.56E+00
9.44 | 23.7 | 4.26E-01 | 4.24E+00 8.52 | 244 | 3.34E-01 : 5.80E+00
7.34 | 24.0 | 5.16E-01 | 3.14E400 6.38 | 23.6 | 4.28E-01 | 4.24E+00
5.24 | 23.9 | 6.25E-01 | 2.1TE4+00 4.35 | 23.5 | 5.27E-01 | 2.98E+00
3.14 } 23.8 ; 7.24FE-01 | 1.41E+400 2.21 §{ 23.4 ) 6.60E-01 | 1.43E+00
1.08 | 24.4 | 8.16E-01 | 8.32E-01 0.43 | 23.1 { 7.88E-01 | 4.06E-01
-1.06 | 23.6 | 9.03E-01 | 4.10E-01 0.00 | 23.4 | 9.59E-01 | 0.00E+00
-5.61 | 23.4 | 9.90E-01 | 0.00E400
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Table E.1: Experimental data for the semicircular duct {cont.)

Set Noo 4-17

Brauches B and ¢ Active

Py = 316 P
AP = 40 hPa

Branch B Branch C
B o= 1000 (hgon)”W* R = 1000 (hg.m)~1/?

ho T, Nies iy he T, s my,
[ D °CTF Thg/min] | [kg/min] || D] L [°CT | [kgfmin] | [kg/min]
17.23 | 20.2 | 0.00E400 | 1.20E+061 §| 16.62 | 22.4 | 0.00E+00 | 1.20E+01
1506 | 21.1 ¢ 1.15E-G2 | 9.76E+00 | 15.14 | 23.0 | 1.23E-02 | 9.72E+00
1296 | 21.8 | 5.74E-02 | T.32E4+00 | 13.00 | 23.3 | 3.96E-02 | 7.60E+00
10.86 | 22.4 | 1.40E-0F | 5.37E400 || 10.94 | 222 | 9.66E-02 | 6.11E400

70| 23.0 | 2.36E-01 | 3.22E400 8.84 | 22.7 | 1LG4E-01 | 4.82E400

3.36 | 23.3 | 292E-01 | 2.32E400 6.35 | 23.3 | 2.64E-01 | 3.46E400

350 | 22.2 ) 3.96E-01 | 1.63E4+00 4.29 | 234 | 3.50E-01 | 2.20E400

1.40 ¢ 22.7 | 4.77E-01 | 9.94E-01 247 1235 | 4.27E-01 | 1.10E+00
-1.09 | 23.3 | 5.63E-01 | 3.97E-01 0.79 § 23.6 | 5.34E-01 | 2.49E-01
-3.15 | 23.4 | 6.29E-01 | 1.00E-01 0.00 | 23.6 | 6.75E-01 | 0.00E--00
-6.12 | 23.6 | 6.57E-01 | 0.00E+00
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Table E.1: Experimental data for the semicireular duct {cont.)

Set No. 4-18
Branclies B and C Active
pn = 317 A'P(l
AP = 235 kPa
Branch B Branch C
P o= 1010 (hg.n)TV/? B o= 1021  ({kgn)~'72

Iy T, e . heo T, 1 Mg
(o) L [9CH) Thgfmdn] | [kgforin] | foem] [ [2C) | Thg/min) | Thg/imin]
25.14 ¢ 245 | 0.00E400 | 2.88E4+01 i 24.38 | 26.3 | 0.00E+00 | 2.83E+01
23.03 1 25.0 } 2.83E-02 | 2.38E401 {i 2256 | 26.4 | 2.53E-02 | 2.50E+01
20.92 | 25.4 | 1.24E-01 | L.81E401 || 20.47 | 25.6 | 6.78E-02 | 2.19E-+01
18.81 | 25.7 1 2.47E-01 | 1.38E+01 || 1832 | 25.6 | 1.37E-01 | 1.81E+01
17.23 | 26.1 | 3.96E-01 | 1.09E+01 || 16.25 | 25.6 | 2.23E-01 | 1.61E+01
1512 ] 26.4 | 53.47E-0G1 | 850E+00 || 14.11 | 25.8 | 3.18E-01 | 1.37E+01
13.03 | 26.6 | 6.48E-01 | 6.73EA4G0 |j i2.04 | 25,9 | 4.15E-01 | 1.13E+401
10.88 1 25.5 | 7.33E-01 : 5.37E+00 9.93 | 26.0 | 5.30E-01 | 9.03E-+00
881 | 25.6 | 8.91E-01 { 4.1GE+00 7.90 | 26.1 | 6.40E-01 | 6.97E+4Q0
6.67 | 25.8 § 1.03E+00 | 3.18E4+00 5.73 | 26.1 | 7.84E-01 | 5.02E400
4.60 | 25.9 | 1.14E+00 | 2.38E+00 3.66 | 26.1 | 9.35E-01 ;| 3.26E4-00
2.49 | 26.0 ; 1.25E+00 | 1.56E+00 0.80 ; 25.9 | 1.20E400 | 1.05E+00
0.46 | 26.1 | 1.35E+00 | 9.76E-01 0.00 | 25.7 | 1.57E400 | 0.00E+00
-1.71§ 26.1 | 1.44E+400 | 4.77E-01

-3.78 | 26.1 | 1.50E+00 | 1.81E-01

-7.44 | 25.7 1 1.54E400 | 0.00E+00
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Table E.1: Experimental data for the semicircular duct {cont.)

Set No.4--19
Branches A, B and C Active
P, = 316 kPa
AP = 123 kPa
Branch A Branch B Branch €
R = 1026 (kg.m)~1/2 R = 1032 (kg.m) /2 Bo= 1007 (kg.m)~1/?
ha T, meg my, hp T, e my, he T, meg my,

[mm] | [°C] | [kg/min] | [kg/min] | lmm] | [°C] [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] {kg/min]
18.30 | 23.2 | 0.00E4+00 | 2.05E401 || 20.19 | 23.5 | 0.00E+00 2.04E401 || 20.28 | 23.2 | 0.00E4+00 | 2.005+01
16.13.1 23.2 | 9.67E-03 | 1.66E+01 || 18.29 | 23.8 | 1.21E-02 L69E401 [ 19.40 | 23.2 | 1.01E-02 | 1.85E401
14.24 | 23.6 | 4.34E-02 | 1L.37TE401 || 16.30 { 24.0 | 5.13E-02 L45E401 |f 17.30 | 23.2 | 3.49E-02 | 1.53E+401
12.10 v 23.3 | 9.42E-02 | 1L.12E+01 | 14.69 | 24.2 | 1.05E-01 { 1.11E+01 || 15.31 23.3 | 7.64E-02 | 1.33E+01
10.07 | 23.4 | 1.52E-01 | 8.93E+00 || 12.59 | 24.0 | 2.00E-01 | 8.34E+00 || 13.35 23.3 | L32E-01 | 1.13E+401
7.94 | 23.4 | 2.36E-01 | 6.93E400 || 10.49 | 23.8 | 2.69E-01 6.77E-4-00 || 11.00 | 23.3 | 2.05E-01 | 9.28E400
5.80 | 23.4 | 3.20E-01 | 5.02E-4-00 8.43 | 23.6 | 3.54E-01 | 5.41E4-00 8.94 | 23.4 | 2.71E-01 | 6.97E+00
3.74 | 243 | 441E-01 | 2.96E400 6.36 | 23.5 | 4.598E-01 | 4.04E+00 6.88 | 23.3 | 349E-01 | 5.41E+400
1.67 | 24.1 | 6.09E-01 | 1.34E+00 419 [ 23.4 | 5.52E-01 | 2.78E+00 5.09 | 23.2 | 4.32E-01 | 4.04E+00
012 7 241 | 7.20E-01 | 8.07E-01 2.09 | 23.5 | 6.63E-01 | 1.83E+00 0.00 | 22.6 | 3.46E-01 | 0.00E-+00

-2.11 | 24.1 | 8.43E-01 | 4.40E-01 .04 | 23.2 § 740E-01 | L.O3E400

-4.32 | 240 | 9.21E-01 | 2.21E-01 -2.11 4 23.1 | 8.25E-01 | 5.47E-01

-8.62 | 23.7 | 9.64E-01 | 0.00E400 || -4.20 | 22.0 | 8.97E-01 | 2.49E-01

-7.44 1 229 | 9.60E-01 | 0.00E+00




Table E.1: Experimental data for the semicirenlar duet (cont.)

474

Set No. 4-20
Branches A, B and C Active
Py = 316  kPa
AP = 82 EPa
Branch A Branch B Branch C
R = 1023 (kg.m)~1/? R = 1022 (kg.m)~1/2 R = 1022 (kg.m)~1/2

h A Tj’?.(; m L h A To Th(; m I h(j TO m ¢ m I
[mm] [kg/min] | [kg/min] || [mm] | [°C] tkg/min} [ [kg/min] | [mm] | [°C] | [kg/min] [kg/min]
16.80 0.00E-+00 | 1.68E--01 || 18.38 | 22.4 | 0.00E+00 | 1.68E+01 || 19.46 | 19.0 0.00E+00 | 1.68E401
14.80 LO6E-02 | 1.40E+401 || 16.52 | 23.1 | 9.72E-03 1.45E+401 (| 17.29 | 18.9 | 1.58E-02 | 1.39E+01
13.05 3.95E-02 | 1.16E+01 || 14.52 | 23.7 | 4.87E-02 LI4E401 || 15.19 | 19.1 | 4.62E-02 | 1.15E+01
11.20 7.56E-02 | 9.64E+00 || 12.42 | 23.6 | 1.31E-01 | 8.14E400 || 13.02 | 195 | 9.50E-02 9.32E-+00

9.13 1.26E-01 | 7.83E+00 || 10.32 | 23.6 | 2.09E-01 | 6.38E+00 {| 10.92 | 19.8 | 1.60E-01 7.79E+00

7.10 1L99E-01 | 6.23E400 || 8.18 | 23.5 | 2.98E-01 | 4.63E+00 || 8.85 | 20.0 2.44E-01 | 6.19E400

4.61 2.93E-01 | 4.50E+00 || 5.95 | 23.1 | 3.91E-01 | 3.42E400 || 675 | 20.3 | 3.26E.01 4.74154-00

2.55 3.80E-01 | 2.88E+00 | 3.85 | 21.9 | 5.05E-01 | 2.22E+00 || 4.62 | 20.6 4.19E-01 | 3.26E+00

0.93 4.99E-01 1 1.56E+00 |[ 1.75 | 21.9 | 6.14E-01 | 1.38E400 || 2.52 | 20.8 | 5.24F.01 1.69E4-00
-1.13 6.40E-01 | 6.18E-01 -0.39 | 22.4 | 6.91E-01 | 7.61E-01 0.77 | 21.0 | 6.83E-01 | 4.14E-01
-3.20 798E-01 | 2.61E-01 || -2.48 | 20.4 | 7.77E-01 | 3.34E-01 0.00 § 21.1 | 8.48E-01 | 0.00E-+00
-10.10 8.82E-01 | 0.00E+00 || -6.08 | 19.2 | 8.47E-01 | 0.00E+00
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Table E.1: Experimental data for the semicircular duct {cont.)

Set No. 4 -21
Branches A, B and C' Active
Po = 316 kPa
AP = 40 kPa
Branch A Branch B Branch C
R = 1000 (kg.m) /? = 1000 (kg.m) /2 R = 992 (kg.m)™1/?

h/\ To ThG m L hB To Th(; m I h(; TU Ti"l.(; h I,
[mm] | [°C] | [kg/min] | [kg/min] || [mm] | [°C] | [kg/min] {kg/min] || [mm] | [°C] | [kg/min]) | [kg/min]
14.14 | 23.4 | 0.00E+00 | 1.20BE401 || 15.13 | 20.8 | 0.00E+00 | 1.20E+01 || 16.51 | 21.7 | 0.00E+00 | 1.21E+01
12.11 1 23.6 | 7.70E-03 | 9.40E400 || 12.81 [ 21.6 { 2.40E-02 | 9.13E-+00 {| 14.37 | 21.9 | 1.74E-02 | 9.28E400

9.34 | 24.1 | 4.58E-02 | 6.93E4+00 || 10.75 | 22.2 | 8.84E-02 | 6.58E400 |} 12.38 | 22.2 | 4.57E-02 | 7.36E+4-00

7.28 | 244 | 8.38E-02 | 5.60E400 8.64 | 226 | 1.77E-01 | 4.24E400 |} 10.20 | 22.5 | 9.44E-02 | 5.80E+00

5.17 | 25.2 | 1.41E-01 | 4.70E400 || 6.58 | 23.0 | 2.40E-01 | 3.30E-00 8.07 | 22.7 | 1.67E-01 | 4.63E+00

3.04 | 25.7 § 2.22E-01 | 3.95E400 4.54 | 23.3 | 3.09E-01 | 2.36E4-00 6.00 1 22.8 | 2.52E-01 | 3.46E-+00

0.94 | 25.7 | 2.87E-01 | 2.83E+00 248 | 23.4 | 3.97E-01 | 1.59E400 3.87 | 23.0 | 3.38E-01 | 2.17E400
-1.17 ] 26.1 | 3.67E-01 | 1L.41E400 [} 0.33 | 19.0 | 5.03E-01 | 8.32E-01 226 | 23.0 | 4.14E-01 | 1.12E400
~3.27 | 26.2 | 5.59E-01 | 3.47E-01 || -1.70 | 18.9 | 5.97E-01 | 3.64E-01 0.72 | 23.0 | 5.21E-01 | 2.81E-01
-5.33 | 26.3 | 6.39E-01 | 9.27E-02 || -5.34 | 18.4 | 6.78E-01 | 0.00E+00 0.00 | 23.0 | 6.44E-01 | 0.00E~400
-9.40 1 26.3 | 6.91E-01 | 0.00E4+00
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Table E.1: Experimental data for the semicircular duct (cont.)

Set No. 4—22
Branches A, B and C Active
Py = 517 kPa
AP = 123 kPa
Branch A Branch B Branch C
R = 1012 (kg.m)~1/2 = 1007 (kg.m)~1/2 B = 993 (kg.m) /2
ha T, e iy, hp T, tha my, he T, T hy,
[mm] { [°C] | [kg/min] [kg/min] || [mm] [ [°C] lkg/min] | [kg/min] [mm] | [°C] | [kg/min] [kg/min]
19.10 | 20.8 | 0.00E+00 | 2.08E+01 || 20.56 217 | 0.00E+00 | 2.00B+01 | 21.12 | 20.3 0.00E4+00 | 2.12E401
17.03 { 21.1 | 1.63E-02 | 1.84E+01 || 18.84 215 | 1.52B-02 | 1.88E+01 || 19.04 | 20.6 2.61E-02 | 1.84E+01
14.96 | 21.4 | 6.14E-02 | 1.51E+01 || 16.73 | 22.2 7.31E-02 | 1.54E401 || 16.97 | 21.2 6.47E-02 | 1.54E4+01
1278 | 21.9 | 1.29E-01 | 1.26E+01 || 14.65 | 22.4 L61E-O1 | 1.18E+01 {( 14.90 | 21.7 | 1.31E-01 1.34E4+01
10.71 | 22.1 | 2.08E-01 | 1.02E+01 || 12.58 | 23.1 2.76E-01 | 8.93E+00 || 12.76 | 22.2 | 2.14E-01 L13E+01
8.63 { 23.4 | 3.10E-01 | 8.14E+00 || 10.40 | 23.1 3.70E-01 | 7.40E400 || 10.62 | 22.7 | 3.14F-01 9.32E+00
6.49 } 23.5 | 4.44E-01 | 5.87E+00 8.26 | 23.1 | 5.01E-01 | 5.72E+4-00 8.59 1 23.2 | 4.04E-01 | 7.36E-+00
4.38 | 23.5 | 6.09E-01 | 3.95E400 6.20 | 23.1 | 6.17E-01 | 4.43E+00 6.48 | 23.4 | 5.02E-01 | 5.48E4-00
231} 23.5 | 817E-01 | 1.73E400 4.13 | 23.1 | 7.59E-01 | 2.99E+400 4.35 | 23.6 | 6.26E-01 | 3.80E+00
0.24 | 23.3 | 9.84B-01 | 9.40E-01 2.03 | 23.1 | 8.66E-01 | 1.94E+00 190 | 23.6 | 7.80E-01 | 1.82E-400
-2.32 |1 23.1 | LI4E400 | 5.10E-01 -0.15 | 23.0 | 9.88E-01 | 1.12E+00 0.77 | 23.6 | 8.85E-01 | 1.07E+400
-4.53 | 22.9 | 1.22E400 | 2.05E-01 -2.21 | 229 | 1.10E400 | 5.62E-01 0.00 | 23.5 | 1.22E400 | 0.00B+00
-8.67 | 20.8 | 1.28E+400 | 0.00E4+00 | -4.27 | 22.5 1198400 | 2.41E-01
-7.44 1 22.5 | 1.22E400 | 0.00E+00




