JAERI - M
86-184

CROSS FLOW RESISTANCE IN AIR-WATER

TWO-PHASE FLOW IN ROD BUNDLE

January 1987

Takamichi IWAMURA, Iliromichi ADACHI
and Makoto SOBAJIMA

H ®* §E F #H W R &
Japan Atomic Energy Research Institute




JAERIM b #— {3, BEREFHHEFIFTELM SR L TR E T,

AFOME LR, AR HFFENRMTERIMER ERER (T30 11FIRERAEIE
B AT, BRLIL(ZS W, 48, It HEEABRTHLESER Y 7 —
(7319 21 FIRE TR AT H AFHF DA CESIZL2EBHAGEB 4T
BN ET,

JAEREM reports are issued irregularly,

Inquiries about availability of the reports should be addressed to Information Division
Department of Technical Information, Japan Atomic Energy Research Institute, Tokai-
mura, Naka-gun, Ibaraki-ken 319-11, Japan.

©Japan Atomic Energy Research Institute, 1986
R FELT B4 EF ik wer
Ef Al vl 5 B CED BT OR




JAERI-M 86-184

Cross Flow Resistance in Air-Water Two-Phase Flow in Rod Bundle
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Japan Atomic Energy Research Institute
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(Received December 10, 1986)

In order to evaluate the cross flow rate during the reflood phase of
a PWR-LOCA, a cross flow resistance of fuel rod bundle was experimentally
obtained in an air-water two-phase flow in a rod bundle. The experimental
ranges are: cross flow velocity at the gap between rods at the inlet and
outlet sides of the bundle 0.224 - 2.99 m/s, vertical superficial water
velocity 0.025 - 0.248 m/s, and void fraction 0 - 0.34. The air cross
flow rate was small in comparison to the air up-flow rate. The cross flow
resistance in the two-phase flow was much higher than that in a single-
phase water flow. The cross flow resistance increased with the void
fraction and decreased with the cross flow velocity up to a certain void
fraction (critical void fraction). A correlation of the cross flow
resistance was propeosed for the void fraction range below the critical
vold fraction as a function of the void fraction and the cross flow
Reynolds number., The critical void fraction increased with the cross
flow and vertical water velocity. Above the critical veid fraction, on
the contrary, the cross flow resistance decreased with the void fraction.
The cross flow attack angle against the bundle lattice had little effect

on the two-phase cross flow resistance.

Keywords: Cross Flow Resistance, Two-phase Flow, Two-dimensional Effect,

Reflood, LOCA, Reactor Safety, Void TFraction
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1. INTRODUCTION

In a large pressurized water reactor (PWR) with a nonuniform
radial power distribution, the two~phase flow during the reflood phase
of a loss—of-coolant accident (LOCA) is considered to concentrate in
the higher peower bundles because steam generation rate and flow rate
are higher in those bundles and a natural convectipn is induced.

The two-dimensional thermo-hydraulic behavior during the reflood
phase has been investigated using Slab Core Test Facility (SCTF)(I)(Z)
which has a full radius slab section of a PWR. Tt has been revealed
from the SCTF test results that the horizontal distribution of water
head in the core was flat under various power profiles. However, the
steep radial power profile gave the higher heat transfer in the higher
power bundles under the same total core heating power(3). The cross
flow inside the core is considered to be the reason of the flow
redistribution and the heat transfer enhancement in the higher power
bundles. 1t has also been found in the SCTF test results that the
-collapsed water level in the upper plenum was higher toward the hot
leg side and the nonuniform water accumulation in the upper plenum

(4). The quench

induced a nonuniform pressure distrlbution in the core
in the upper half of the core was delayed in the outer bundles probably
due to the cross flow caused by the horizontal pressure gradient.
Therefore, the quantitative evaluation of two-dimensional flow is
important for the study of two-dimensional reflood phenomena.

Based on the single-phase air slanting flow experiment by Osakabe
and Adachi(s), the flow-directional pressure loss in the rod bundle can
be divided into two directions, paralliel and ncrmal to the rods, as in
the case of COBRA-IV code(7). Since the cross flow velocity has not
been measured directly in the SCTF tests, the cross flow mass velocity
has been estimated based on a homogeneocus model using a cross flow
resistance as well as measured horizontal differention pressures and
void fractions(6). The cross flow resistance in this calculating has
been tentatively assumed to be 0.5 in accordance with COBRA-~IV code
model(7), which is a value for a water cross flow normal to a rod
bundle in the absence of an axial flow component.

Weisman(g) developed a lateral momentum balance methed for a
single-phase cross flow in the presence of an axial flow component and

presented a correlation which gives the cross flow resistance
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coefficient as a function of the ratio of lateral velocity to axial
velocity. However, the cross flow resistance under two-phase condition
is considered to be affected by the presence of vapor phase. Osakabe
and Adachi(g) carried out a two-phase air-water experiment in which a
two-phase mixture slantingly attacked a rod bundle., TIn their test,
however, the air and water was separated in the test vessel and the
two-phase flow characteristics under the reflcod phase could not he
well simulated.

In the present study, a cross flow experiment is carried out in
an air-water two-phase flow in a bundle geometry. A water cross flow
is overlapped with the two-phase up-flow. Horizontal and wvertical
differential pressures are meagured in this test. The cross flow
resistance is obtained by assuming that only water phase can flow
across the rod bundle with a specified velocity. By investigating the
relation hetween the cross flow resistance and various flow parameters
such as the vertical and horizontal water velocities, the vertical
vapor velocity, the void fraction and the water viscosity, a correla-
tion of cross flow resistance is derived as a function of wveoid
fractlon and cross flow velocity., The effect of cross flow attack
angle against the bundle lattice is also investigated because the

fluid in the core can flow at any direction in an actual PWR.
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Z. TIST FACILITY

2,1 Test Facility

A schematic diagram of the cross flow test facility is shown in
Fig. 2-1. Figure 2-2 shows the test section.

The rod bundle is arranged in 6%16 square array with the pitch of
14.3 mm. The rods are made of acrylic resin. The outer diameter of
each rod is 10.7 mm and the length of the red bundle is 1.0 m. The
top and bottom ends of the rod bundle are fixed with spacers. Two
additional grid spacers are installed in the middle elevations of the
rod bundle, preventing the rods from bowing or moving. The configura-
ticns of the top, bottom, and intermediate spacers are shown in Fig.
2-3. Thé diameter and arrangement pitch of the rod bundle and the
configuration of the intermediate spacers are hased on those for a
15%15 fuel rod bundle of a Westinghouse type PWR.

The rod bundle is 85.8 mm depth and 228.8 mm width. In order to
observe the flow pattern in the test section, the front and back plates
of the test section are made of transparent acrylic resin.

The air injected through the perforated nozzles is mixed with the
water injected through the bottom nczzle and the air-water mixture
vertically flows into the rod bundle. Cross flow water is injected
through the horizontal nozzle attached on the side wall of the test
section and the same amount of water is extracted through the nozzle on
the opposite side as shown in Fig. 2-2. 1In order to establish a local
water cross [low overlapped with the vertical air-water two-phase flow
in the rod bundle, a variable slit is installed along the injection and
extraction sides of the rod bundle. The slit window gap can be varied
from 10 te 180 mm. The configuration of the wariable slit is shown in
Fig. 2-4. The gaps between the slit and acrylic plates are sealed with
rubber plates.

In order to investigate the effect of cross flow attack angle on
the cross flow resistance, two additional test sections with different
arrangement are used. The rod arrangements of test sections A, B and

C are shown in Fig. 2-5. The cross flow attack angles for test sec-

tions A, B and C are 90°, 60° and 45°, respectively,
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2.2 Instrumentation

The measurement items in the present tests are: horizontal and
vertical differential pressures, air injection rate, vertical and
horizontal water injection rates, horizontal water extraction rate and
water temperature. The air and water flow rates were measured with
rotor meters., The differential pressures were measured with strain
gauge type D.P, cells in the tests with the slit width of 60 and 120
mm. In the tests with the slit width of 30 mm, a carbon tetrachloride/
water manometer was used for the horizontal pressure measurement.
Figure 2-6 shows the location and the dimension of pressure taps on
the back plate., The pressure taps were located at the center of gap
between two rods. The measurement spans of horizontal and vertical

differential pressures are 143 mm and 100 ©m, respectively.
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(1) Test Section A
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Fig. 2-5  Arrangement of rods in three test sections with different

cross flow attack angles
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3. TEST RESULTS AND DISCUSSTONS

3.1 Two-Phase Flow Behavior in Rod Bundle

The two-phase flow pattern under the present test conditions was
bubbly flow at low void fractions or slug flow at high veld fractions.
Examples of these two flow patterns are seen in Photos 3-1 and 3-2.

Since the water cross flow was added on the air-water vertical
two-phase flow in the rod bundle, the concentration of air bubbles or
slugs was higher in the cross flow outlet side and lower in the cross
flow inlet side at the elevation of the slit width as seen in Photo
3-2. Figure 3-l shows the horizontal distribution of void fractions
measured at three horizontal locations. As shown in this figure, the
vold fraction is the highest at the cross flow outlet side and the
lowest at the cross flow inlet side. However, it should be noted that
the range of cross flow velocity in the present test was much higher
thar the cross flow velocity range expected in the reflood phase
because the DP cell for the horizontal differential pressure could not
measure the very low differential pressure caused by the low cross
flow velocity. Since the void fraction at the center location well
represents the average void fraction in the measurement range of the
horizontal differential pressure as shown in Fig. 3-1, the void

fractien at this location (APB in Fig. 3-1) is used for the cross flow

v
resistance calculation in Sectdion 3.2.

The two-phase flow pattern in the rod bundle was observed with a
high speed video camera system with 200 frames per second. Based on
this observation, the movement of air bubbles or slugs had a pulsation
especially at higher air flow rates. Figure 3-2 shows some examples of
horizontal and vertical differential pressure transients measured with
DP cells. As shown in this figure, large oscillations of the differen-
tial pressures are observed especially at higher air flow rates. It
was indicated by the slow motion pictures of the two-phase flow that
the frequency of pulsation of flow was about 0.5 Hz and basically
agreed with the frequency of the differential pressure cscillations.

The observations of two-phase flow behaﬁior with the high speed
video camera system show that most of the air bubbles or slugs tend to
flow vertically along the rod bundle, indicating that the air cross
flow rate was negligibly small in comparison to the ﬁertical air flow

rate. The same kind of two-phase flow behavior had been gbserved also in

i 11 .
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the Osakabe and Adachi's experiment(s).

3.2 Cross Flow Resistance in Two-Phase Flow

3.2,1 Calculation Methed

Since the observed air cross flow rate was negligibly small in
comparison to the air vertical flow rate within the present experi-
mental ranges, it can be assumed in the calculation of cross flow
resistance that only water phase can flow transversally across the rods
and all of the air bubbles or slugs flow only vertically. And the void
fraction at the gap between rods is assumed to be 0.0, This assumption
will be reviewed later. In addition, the horizontal differential
pressure is assumed to be expressed with the same type equation as the
single-phase water flow. The above-mentioned assumptions give the
following relation between the horizontal differential pressure and the

cross flow velocity through the gap between rods.

2 T
n -2 “p Py Vo Np (1)

The local water cross flow velocity, in eq. (1) cannot be directly

Vﬂh’
measured in the present test because of the expansion of a cross flow
stream in the bundle. A cross flow expansion factoer, £, is introduced

so as to relate the local cross flow velocity, V to the cross flow

gh?
velocity without flow expansion, VRho’ by -
v
f = —Vgﬂg . {2)
Zh

The cross flow expansion factor, f, is generally larger than the unity.
The horizontal differential pressure under single-phase water

cross flow without flow expansion, APhO, can be related to the Vlho by

AP .. C

ho = ‘ij: ¢ V2 N (3)

s
D"% "tho T

Idel'chik(lo) presented an equation of single phase cross flow resist-
ance. The equation for a square rod array is given by

=]

5
CD = 1.52 (-

-1 )—0.5 R -0.,2 (4)
Drod ' e
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where the cross flow water Reynolds number, Re is defined as

h’

Olvih Drod
Re, = ——— {5)
h Hg

L ineq. (4) is 3 % 10° < Re, < i0®.

In the present experiment, the rod outer diameter is 10.7 mm, the

where the applicable range of Re

square pitch is 14,3 mm, and the water temperature was abcut 20 °C,

Then the c¢ross flow resistance is written as

cj = 0.4097 V;7-* (6)
Figure 3-3 shows the single-phase cross flow resistance calculated
by eq. (6) against the cross flow velocity. As shown in Fig. 3-3, the
cross flow resistance of 0.5 is a good approximation of the calculated
cross flow resistance by eq. (6) within the present experimental range
of cross flow velocities. The single-phase water cross flow resistance

(7).

of 0.5 is also used in COBRA-IV code As also shown in Fig. 3-3,
most of the estimated cross flow velocities in the present experiment
are lower than the lower limit of the applicable range of eq. (6).
Therefore, the single-phase cross flow resistance, Cg, is assumed to be
3.5 in eq. (3).

Since the cross flow stream can expand in the rod bundle, the
local cress flow veleccity, Vlh’ is less than the VRhO and the measured

horizontal differential pressure in the single-phase water cross flow

experiment is given by

= J; 8 2 T 7
bRy =5 Cp Py Van Nr 7
where C; = 0,5 as in eq. (3)

From egs. (3) and (7), the cross flow expansion factor, f, defined

in eq. (2) can be obtained by

T
/up. \Z

f=fum-}£ , (8)
\

where the AP can be calculated by eq. (3) and the APh can be measured

ho
with the DP cell.
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By using the cross flow expansion factor, the cross flow

resistance in eq. (1) can be obtained by

2 % ap
o = h (9)

3] -
< N
PV he ¥r

As menticned before, eq. (1) is based on the assumpticn that noe
alr phase exists at the gap between rods. However, some amount of air
bubbles were observed to flow across the reds though the air cross flow
rate was much less than the vertical air flow rate. In order to
examine the effect of air phase at the gap between rods on the cross
flow resistance, homogeneous flow is assumed as another limiting case.

Thus the horizontal differential pressure is written as

N (10)

. m s
=z C
bF D pm th T

=0
B3| b=

where o, =@ pg'+ (1--oc)o§C (1)

Since pg is much less than oy and a is less than 0.34 in the
present experiment, O is approximately equal to (lwa)pi. Also the
ia eq. (1) by

V . in eq. (10) is related to the V

mh Zh

v o= tn (12)

. . . b .
Then, the cross flow resistance in the homogeneous model, CD, is

expressed by

2 AP, (1-0)?
- h = (1-a) C, (13)

D 3
(1 u)pg Vlh NT

Figure 3-4 shows the comparison of the two cross flow resistances
oEtained from eq. (9) and eq. (13). The actual cross flow resistance
is considered to be between these two values. Since the void fraction
at the gap between rods is considered to be much less than the void
fraction at the subchannel especially for the higher wvoid fraction, the
CD given by eq. (9) is adopted for the cross flow resistance in the
present study. The difference between these two extreams increases
with the void fraction and the maximum difference in the present

experiment is 66 % due to the maximum Vveid fraction of 0.34.




JAERI -M 86 - 184

3.2.2 Cross Flew Expansion Factor

The cross flow expansion factor was obtained by a single-phase
water cross flow experiment under various vertical and horizontal water
velocities using eq. (8), The test results are summarized in Table A-1
in the Appendix. -Listed in Table A-~1 are; water cross flow rate (Qih)’
water cross flow velocity without flow expansion (Vzho)’ heorizontal
differential pressure calculated by eq. (3) (APhO), vertical water flow
rate (sz), vertical water velocity (Vzv)’ measured horizontal differ-
ential pressure (APh), cross flow expansion facter calculated by eq.
(8) (f), and local water cross flow velocity calculated by eq. (2)
(Vo)

Figures 3-5 and 3-6 show the measured horizontal differential
pressures and the calculated cross flow expansion factors, respectively,
as a functicn of the water cross flow velocity without flow expansion
with the vertical water velocity as a parameter. As shown in these
figures, the cross flow expansion factor gradually iIncreases with the
cross flow velocity without flow expansion except over 1.5 m/s in the
slit width of 60 mm, while the horizontal differential pressure is a
strong function of the crouss flow velocity. The higher vertical water
velocity tends to give the higher horizontal differential pressure and
the lower flow expansion factor. The flow expansion factor becomes
lower as the slit width increases.

The cross flow expansion factor listed in Table A-1 were used to
calculate the two-phase cross flow resistance by eq. (9) for the condi-
tions of the same horizontal and vertical water velocities and the slit

width as the single-phase flow experiment,

3.2.3 <Cross Flow Resistance in Two-Phase Flow

The ranges of test conditions of the two-phase cross flow experi-
ments are listed in Tablie 3-1. The test results are listed in Tables
A-Z through A-4 in the Appendix for the tests with the slit width of
30, 60 and 120 mm, respectiﬁely. Listed in these tables are; cross
flow rate (Qgh)’ cross flow velo;ity without flow expansion (Viho)’
vertical water flow rate (in), vertical superficial water velocity
(Vzv)’ cross flow expansion factor (f) obtained in Section 3.1, local
cross flow velocity calculated by eq. (2) (Vih)’ vertical air flow rate
(ng), vertical superficial air velocity (ng), horizontal differential

pressure (APh), void fraction (a), and cross flow resistance given by
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eq. (9) (CD). Water temperature (TR)’ dynamic viscesity (MR), and
horizontal water Reynolds number obtained by eq. (5) (Reh) are also
listed in these tables for deriving a correlation as will be discussed
in Section 3.3,

The void fraction was calculated from the measured vertical
differential pressure by neglecting the effects of frictional and
acceleraticnal pressure drops.

The measurement locations of the horizontal and vertical differen-
tial pressures for each slit width are shown in Fig. 3-7.

The cross flow resistances are plotted against the void fractions
in Figs. 3-8 through 3-19 for each slit width and cross flow rate with
the vertical superficial water velocity and the local cress flow
velocity as parameters. In the present ranges of test parameters, the
crogs flow resistarce is much higher in the two-phase air-water flow
than in the single-phase water flow.

As typically shown in Figs. 3-8, 3-11, 3-15 and 3-16, the cross
flow resistance increases approximately in proportion to the veid
fraction up to a certain critical value and above that value the cross
flow resistance decreases with the void fraction. The critical void
fracticn increases with the cross flow velocity and the vertical
superficial water velocity. When the cross flow velocity is higher
than about 0.13 m/s, the cross flow resistance increases monotonously
with the void fraction and no eritical void fraction is observed in
the present test ranges. The occurrence of peak cross flow resistance
at a certin critical void fraction in the lower horizontal or vertical
water velocity is considered to be attributed to the flow patern
transition from a bubbly flow to a slug flow. Based on the flow obser-
vation with high speed videe system, a bubbly flow was observed at the
lower void fraction and a slug flow was observed at the higher void
fraction under the cross flow velocity of 0.091 m/s and the vertical
superficial water velocity of 0.0248 m corresponding to the data in
Fig. 3-16. _

It is alsc indicated from Figs. 3-8 through 3-19 that the cross
flow resistance decreases with the cross flow veleocity bhelow the

critical void fraction while the creoss flow resistance is not much

affected by the vertical water velocity.

—— 16 —
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3.3 Correlation of Cross Flow Resistance in Two-Phase Flow

Since the cross flow resistance increases with the wvoid fraction
and decreases with the cross flow velocity below the critical wvoid
fraction as mentioned in section 3.2, the cross flow resistance is
considered to be represented by the following cdrrelation;

CD =y o Re;m . (14)
where C1, n and m are constant.

The horizontal water Reynolds number, Reh, is given by eq. (5).

It is dindicated from Figs. 3-8 through 3-19 that most of the cross
flow resistances are approximately in proportion to the void fraction
helow the critical void fraction. Therefore, the n in eq. (1l4) is
tentatively assumed to be 1.0.

In order to find the value of m in eq. (14), CD/a is plotted

against Re, in Fig. 3-20 for the two slit width cases. It is indicated

h
from Fig. 3-20 that the CD/a can be fitted by the following equation;

€y = 1.51 x 10° o Re ™% . (15)
As mentioned before, eq. (15) cannot represent the data point at
the higher veid fraction above the critical veid fraction. The data
points which were used to derive eq. (153) are marked with * in Table
A-3 and A-4. The applicable ranges of eq. (l5) are shown in Fig. 3-21
based on the test data ranges. It is found from Fig. 3-21 that the

critical void fraction, QLo is represented by the following equation;

o, = 0.0127 Re)**%% + 0.00448 . (16)

Tt should be also noted that eg. (15) cannot represent the effect
of S/Drod which is congidered in the single-phase cross flow resistance
equation (4) because the S/Drod was not changed in the present experi-
ment .

The calculated cross flow resistances using eq. (13) are compared
with the test results in Figs. 3-11 through 3-19. Within the applica-
ble ranges shown in Fig. 3-21, eq. (15) well agrees with the test

results. By comparing eq. (15) with the single-phase cross flow
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resistance equation (4}, it is noted that the effect of the cross flow
velocity on the cross flow resistance is much larger in the two-phase
flow than in the single-phase flow.

Tt is also ncted that the slit width has no effect on the relation
between the CD/Q and the Reh as shown in Fig. 3-20, suggesting that the
estimation of the local cross flow velocity was not affected by the

difference in the slit width between 60 and 120 mm.

3.4 Effect of Cross Flow Angle on Cross Flow Resistance

3.4.1 Test Conditions

In order to investigate the effect of cross flow attack angle
against the bundie lattice on tlie cross flow resistance, thne cross flow
experiments were also performed by using Test Sections B and C in Fig.
2-5 with the attack angles of 60° and 45°, respectively. The ranges
of test conditions for these experiments are listed in Table 3-2. The
test results are listed in Tables A-5 and A-6 in the Appendix for the
tests with attack angles of 60° and 45°, respectively., The slit width
was 120 mm and the vertical water flow rate was fixed to 80 %/min for
these tests. It was revealed in Section 3.2.3 that the cross flow

resistance was not much affected by the vertical water velocity.

3.4.2 Cross Flow Resistance for Rod Arrangement with Different Angle
The test results obtained from Test Sections B and C were compared

with those from Test Section A to clarify the effect of cross flow
attack angle on the cross flow resistance under two-phase flow con-
dition. However, the cross flow resistance for a square rod array
defined in eq. (9) cannot be used for the Test Sections B and C

because the cross flow direction is not normal to the bundle lattice.
In the present study, the cross flow resistance per unit length along

. . o] .
the cross flow direction, C., was used. The definition is

D
Ap. ]
S e Can
D 1 in. ¢
5 Py (Vo)

The unit of Sy

(9) 1s dimensionless value. The cross flow expansion factor given by

is (m™!) while the cross flow resistance defined in eq.
eq. (8) is not involved in eq. {17). That is, the crass flow expansion

factor is considered to be the same for all of these three test

sections.
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3.4.3 Horizontal Differential Pressure in Single-Phase Water Cross
Flow

Figure 3-22 shows the horizontal differential pressures in single-
phase water cross flow vs. cross flow velocity at slit for Test
Sections A, B and C., As shown in this figure, the horizontal differen-
tial pressure tends to decrease with decreasing the attack angle. The
ratio of measured horizontal differential pressures between Test
Sections C and A is approximately 0.7 in the present tests,

Tn order to evaluate the difference in the horizontal differential
pressures between Test Sections A and C, the correlations of single

(10)

phase cross flow resistances presented by Idel'chik are used.
When the cross flow direction is normal tc the square lattice,

the cross flow resistance per single rod array is given by eq. (4).

Therefore, the horizontal differential pressure in Test Sectiom A can

be expressed as

A _8 t.Syn Aoz L1 Ay 2
AP = 1,52 (5 =1 )7 T Re )TN, 0 (V) (18)

b rod

On the other hand, the horizontal! differential pressure in a

bundle of staggered tubes is given by(lo)

/26-D 2

rod Cy-0,27 ._1_ c oLz
+1 (Reh)_ (NC+1) 5 pl(vzh) (19)

C
P =048 {5
s

od

By neglecting the difference in water temperatures in the single-

, ; . . A
phase cross flow experiments and substituting the relation of V =

ih
c . c A .
/i‘vﬁh’ the ratio of APh/APh is written by
cC
“n o
aph = Le76(Rep) ¢.07 (20)
“h

The relation between (APE/APé) and (Reﬁ) based on eq. {20) is
shown in Fig. 3-23. The present experimental range 1is also indicated
in this figure. The ratio of horizontal differential pressure,
APE/APﬁ, is between 0.93 and 1.03 in the present experimental range,
indicating that the horizontal differential pressure is not sc much

affected by the cross flow attack angle against the bundle lattice.
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However, the measured horizontal differential pressure in Test
Section C is approximately 30 % less than that in Test Section A as
shown in Fig. 3-22, This discrepancy between the measured and
calculdted horizontal differential pressures In the single-phase cross
flow is explained by the fact that there exists relatively large gap
between the outer rods of Test Section C and the front and back
plates and therefore the effective cross flow resistance is lower in

Test Section C than in an actual staggered rod bundle.

3.4.4 Cross Flow Resistance in Two-Phase Flow

Figures 3-24 and 3-25 show the cross flow resistances defined by
eq. (17) vs. void fractions in Test Sections A, B and C. The cross
flow resistance tends to decrease with decreasing the attack angle
especially at the higher void fraction and lower cross flow velecity,
However, as discussed in Section 3.4.3, the large gap between the rod
bundle and the shroud walls in Test Section C is considered to be the
major reason of the lower cross flow resistance in Test Section C than
in Test Section A. On the other hand, while the cross flow resistances
are slightly smaller in Test Section B than in Test Section A, the
difference in the cross flow resistances between Test Sections B and A
is much less than that between Test Sections C and A because the gap
between the outer rod and the flow shround walls is smaller in Test
Section 3 than in Test Section € as shown in Fig. 2-3.

Therefore it is concluded that the effect of attack angle on the
cross flow resistance is considered to be much less than 30 % below
the critical void fraction, while the cross flow resistance tends to

decrease slightly with decreasing the attack angle.

. 2()*
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Table 3-1 Test conditions of two-phase cross

flow experiments

Symbol Unit Range
Slit width H {mm) 30, 60 120
Cross flow rate Qih (£/min) 30 ~ 150
Cross flow velocity without flow Vﬁho {(m/s) 0.224 ~ 2.99
expansion
Cross flow velocity Vﬂh {m/s) 0.056 ~ 0.327
Vertical water flow rate in (R/min)_ 15 ~ 150
Vertical superficial water velocity VRV (m/s) 0.0248~ 0.248
Vertical air flow rate ng (4/min) 17.3 ~ 863
Vertiéél superficial air velocity ng (m/s) 0.0285 ~ 1.42
Void fraction ! 0~ 0.34
Horizontal water Reynolds number Reh 350 ~ 5640

*

Cross flow velocity dis calculated by eq. (2) using a cross flow

expansion factor.

Table 3-2 Test conditions of two-phase cross flow .

experiments in Test Sections B and C

Symbcl Unit Range
Attack angle v (degree) 60,45
"51it width q (mm) 120
Cross flow rate Qo (& /min) 30 ~ 100
Cross flow velocity at slit V%ﬁ {m/s) 0.0485-0,162
Vertical water flow rate Qv (&/min) 20
Vertical superficial water velocity Vo (m/s) 0.104~0,121 m/s
Vertical air flow rate ng {2/min) 0~1290
Vertlcal superficial air velocity Vv (m/s) 0~1.69
Void fraction o 0~ 0.44

— 21i
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Cross flow Cross flow

out in
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(a) Vgv = 0.0498 m/s

Cross flow Cross flow
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(b) vgv = 0.398 m/s

Photo. 3-1 Two-phase flow pattern in rod bundle
(Vlhﬂ = 0.373 m/s, V]v = 0.0248 m/s)
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{b) Vgv = 0.398 m/s

Photo. 3-2 Two-phase flow pattern in rod bundle

(V1h0 = 0.747 m/s, V]v = 0.0248 m/s)

Cross flow

in

P —

Cross Tlow




JAERI - M 86— 184

4. CONCLUSIONS

A cross flow in a rod bundle in the presence of an air-water
two-phase up-flow was experimentally studied to evaluate cross flow
resistance during the reflood phase of a PWR-LOCA. The major results
are as follows:

(1) The air cross flow rate was observed to be small in comparison to
the air up-flow rate even under the condition of higher water cross
flow rate than expected in the reflcod phase.

(2) The estimated cross flow resistance increased in propertion to
the void fraction up to a certain wvalue (éritical void fraction) and
above -that void fraction the cross flow resistance decreased with
the void fraction. The occurrence of peak cross flow résistance at
the critical void fraction is considered to be caused by the flow
pattern transiticn frem a bubbly flow to a slug flow. The critical
void fraction increased with the cross flow velocity and the
vertical superficial velocity. The critical void fraction was

approximately expressed with the following correlation.
o, = 0.0127 Re **°% + 0.0048
cr
where Re = —-—7——

{3) Below the critical void fraction, cross flow resistance
significantly decreased with the cross flow velocity. The effect
of the cross flow velocity on the cross flow resistance was much
larger in the two-phase flow than in the single-phase flow. A
correlation of cross flow resistance was proposed as a function of
the void fractien and the cross flow Reynolds number. The correla-
tion.is |

_ 5 -1.z2
CD = 1.51 % 10° o Reh

The applicable ranges of this correlation are
0.05 < @ £ a__, and 550 < Re, < 5640,
T

(4) The estimated cross flow resistance in a two-phase flow was much

higher than the single-phase cross flow resistance which has been

— 38 —
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used in two-dimensional safety analysis codes.

It should be noted here that the presented correlaticns of the
critical void fraction and the cross flow resistance are applicable
only for the square array of 10.7 mm rods with the pitch of 14.3 mm.

(5) The cross flow attack angle against the bundle lattice had little

effect on the two-phase cross flow resistance.
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NOMENCLATURE

CD = cross flow resistance in two—phase flow

cg = cross flow resistance in homogeneous model

CS = cross flow resistance in single-phase flow

Cg = cross Ilow resistance per unit flow-directional length
Drod = rod outer diameter

f = cross flow expansion factor

H = glit width

Lh = measurement span of horizontal differential pressure
NT = number of rod

NA =" number of rods in Lh for Test Section A

NC = number of rods in Lh for Test Section C

APh = horizontal differential pressure

APp, = horizontal differential pressure without flow expansion
APﬁ = horizontal differential pressure in Test Section A

APE = horizontal differential pressure in Test Section B

ap = vertical differential pressure

th = water cross flow rate

in = vertical water flow rate

ng = wvertical air flow rate

Rep, = horizontal water Reynolds number given by eq. (5)

Reﬁ = cross flow Reynolds number in Test Section A

Reg = cross flow Reynolds number in Test Section B

S = square pitch of rod bundle

T2 = water temperature

th = homogeneous cross flow velocity

Vlh = water cross flow velocity

Viho = Wwater cross flow velocity without flow expansion

V%ﬁ = water cross flow velocity at slit

V%h = water cross flow velocity at gap between rods in Test Section A
Vgh = water cross flow velocity at gap between rods in Test Section C
Vgh = air cross flow velocity

ng = wvertical superficial water velocity

ng = wvertical superficial air velocity

o = wvoid fraction

Oy = critical wvoid fraction
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two-phase mixture density
water density

air density

dynamic viscosity

cross flow attack angle
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APPENDIX TEST RESULTS

Table A-1 Single-phase cross flow test results

{a) S8lit width = 30 mm

Un  Vemo  “Pho U Vov Ay £ Vin
(/min) (m/s) (mmH,0) | (&/min) (m/s) (mmH20) I (m/s)
50 1.49 568 15 0.0248 2.6 14.8 0.101
35 0.0580 3._8 12,2 0.122
80 0.132 3.5 12.7 0.117
100 2.99 227G 15 0.0248 6.0 19.5 0.153
35 0.0580 4.2 23.2 0.126

(b) Slit width = 60 mm

U Vino 2o Uy Viv Ry £ Vin
{(%/min) {(wm/s) (mmH;0) (%/min) (m/g) (mmH 2 Q) i {(m/s)
30 0.448 51 15 0.0248 1.4 | 6.04 | 0.074
35 0.0580 1.4 6.04 | 0.074

80 0.132 1.6 5.65 | 0.079

150 0.248 2.0 5.05 | ©.089

40 0.597 91 15 0.0248 1.6 7.54 | 0.079
35 0.0580 | 1.6 7.54 | 0.079

80 0.132 | 1.8 7.11 | 0.08%

150 0.248 2.1 6.58 | 0.091

50 0.747 142 15 0.0248 2.3 7.86 | 0.095
35 0.0580 3,0 6.88 | 0.109

80 0.132 2.3 7.86 | 0,095

150 0.248 | 3.0 6.88 | 0,109

60  0.896 205 15 0.0248 2.5 .05 | 0.099
35 0.0580 2.3 .44 | 0.095

80 0.132 3.2 8.00 | 0.112

150 0.248 3.2 8.00 | 0.112

- 43 —
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% Ve o e Uy | ! 2
(L/min) {(m/s)} (mmH,0) (2/min) (L/min) | (mmE,0) } {m/s)
75 1.120 320 15 0.0248 3.0 | 10.3 © ©.109
35 - 0.0580 3.9 9.06 | 0.124
80 0.132 7.t 6.58 | 0.170

150 0.248 4.7 8.25 | 0.136

80  1.19 364 15 0.6248 3.8 9.79 | 0.122
35 0.C580 4.1 9.42 | 0.126

80 0.132 8.4 6.58 | 0.181

150 0.248 5.3 8.29 | 0.14L

100 1.49 568 15 0.0248 .3 .82 | 0.169
35 0.0580 .5 8.70 | 0.171

80 0.132 13.1 6.59 | 0.226

150 0.248 11.9 6.91 | 0.216

120 1.79 819 15 | 0.0248 17.2 6.90 | 0.259
35 0.0580 17.1 6.92 | 0.259

80 0.132 17.9 6.84 | 0.262

150 0.248 17.5 6.76 | 0.265

140 2.09 1115 15 0.0248 22.8 6.99 | 0.299
35 0.0580 22.8 6.99 | 0.299

80 0.132 23.4 6.90 | 0.303

150 C.248 24.3 6.77 | ©.309

150  2.24 1280 15 0.0248 27.1 6.87 | 0.326
35 | 0.0580 26.4 6.96 | 0.322

80 0.132 26.2 6.99 | 0.320

150 0.248 27.3 6.85 | 0.327

160 2.39 1455 15 | 0.0248 28.6 7.13 | 0.335
35 0.0580 28.4 7.16 | 0.334

80 | 0,132 28,9 7.10 | 0.337
150 31.2 6.83 | 0.350

: 0,248
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(¢) Slit width = 120 mm
T T
Un Vino 8P Q. Vv APy Vih
(2/min) (m/s) (mmi,0) {4 /min) (m/s) (mmH ; 0) (m/s)
30 0,224 17.8 15 0.0248 | 1.1 4.02 | 0.056
15 0.0580 1.2 3.85 | 0.058
80 0.132 1.8 | 3.14 | 0.071
150 0.248 2.3 2.78 | 0.081
50 0.373 35.6 15 0.0248 2.2 | 4.02 | 0.093
35 0.0580 2.6 | 3.70 | 0.101
80 0.132 3.1 3.39 & 0.110
150 0.248 3.7 3.10 © 0.120
75 ¢.560 80.0 15 0.0248 3.9 4.53 | 0.124
15 0.0580 | 4.2 4.36 | 0.128
80 0.132 5.4 3.85 | 0.145
150 0.248 | 7.2 3.33 | C.168
100 0.747  142.2 15 0.0248 6.4 | 4.71 | 0.158
, .

35 0.0580 7.0 | 4.50 | 0.166
80 0.132 7.0 ¢ 4.50 | 0.166
150 0.248 10.9 3,61 | 0.207
150 1.12 319.9 15 0.0248 11.0 5.39 | 0.208
5 0.0580 16.2 5.60 | 0.200
80 0.132 12.5 5.06 | 0.221
150 0.248 18.5 4.16 | 0.269
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Table A-2 Two-phase cross flow test results

(8lit width = 30 mm)

(1) Q= 50 %/min, Voio = 1.49 m/s
in Viv £ th QgV' ng APh ot C
(2/min)  (a/s) (m/s) | (&/min) (m/s) | (mmi,0) b
15 0.0248 14.8 0.107 ; 21.6 0.0356 | 12.0 | 0.056 | 2.33
43.2  0.0712 | 14.1 | 0.092 | 2.73
86.3 0.142 | 16.5 | 0.111 | 3.19
129 6.214 16.8 | 0.133 | 3.24
173 0.285 15.2 | 0.163 | 2.94
259 0.427 15.0 | 0.202|2.90
345 0.570 7.8 | 0.233]1.51
432 0.712 12.3 | 0.256 | 2.38
518 0.854 9.0 | 0.265|1.73
690 1.14 7.2 !l e.320|1.40
35 0.0580 12.2 0.122 21.6  0.0356 | 12.¢ | 0.058 | 1.58
34.5  0.0570 | 12.6 | 0.083 | 1.65
43.2 0.0712 | 15.6 | 0.086 | 2.05
51.8  0.0854 | 16.2 | 0.111 | 2.13
86.3 0.142 | 17.1 | 0.117 |2.25
173 0.285 19.2 | 0,156 2.52
259 0.427 16.8 | 0.189 | 2.21
432 0.712 16.8 | 0.222 | 2.20
518 0.854 12.0 | 0.256 | 1.58
690 1.14 10.8 | 0.289 | 1.42
80 0,132 12.7 0.117 | 21.6 0.0356 | 11.4 | 0.039|1.63
34.5  0.0570 | 12.3 | 0.081 | 1.75
43,2 0.0712 | 14.4 | 0.083 |2.06
78.5  0.129 15.9 | 0.109 | 2.27
86.3  0.142 16.8 | ©.100 | 2.39
129 0.214 | 17.4 | 0.127 | 2.48
173 0.285 19.2 | 0.133 | 2.74
259 0.427 19.8 | 0.147 | 2.82
432 0.712 19.2 | 0.169 | 2.74
518 0.854 18.6 | 0.200 2.65
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(23 Q,Qh = 100 %/min, v!@ho = 2,99 m/s
Qﬁv VSLV f VSLh ng ng APh o)
(&/min) (m/s) (m/s} | (4/min) (m/s)  (mmH20)
19.5 0.153 21.6  0.0356 ;. 12.6 | 0.040  1.05
43,2 0.0712| 19.2 | 0.069 | 1.60
86.3  0.142 26.9 | 0.103  2.08
129 0.214 | 29.4 | 0.120 | 2.46
173 0.285 : 32.7 | 0.129 | 3.28
302 0.499 | 36.0 | 0.144 | 3.00
432 0.712 | 33.9 | 0.160  2.82
0.0580 23.2 0.129 21.6  0.0356 | 12.0 | 0.080| 1.42
43.2  0.0712| 16.8 | 0.111 | 1.97
86.3  0.142 25.2 | 0.128  2.97
129 0.214 28.8 | 0.139 | 3.40
173 0.285 31.2 | 0.134  3.68
259 0.427 36.2 | 0.164 | 4.04
345 0.570 36.C | 0.180  4.25
432 0.712 35.7 | 0.201 ¢ 4.21
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Table A-3 Two-phase cross flow test results

(Slit width

*

flow resistance correlation

data points used for developing a cross

(1) Qﬁh = 30 £/min, VRho = 0.448 m/s
Qﬁv Vﬁv £ Vzh ng APh o CD
(2/min) (m/s) (m/s) (2/min) {mmH , 0)
15 0.0248 6.04 0,074 17.3 g.0 0.066 | 3.21
=13 °C 43.2 .5 C.110 | 3.39
= 1.22x107% Pa-s 86.3 6.3 0.132( 2.25
= 650 173 6.3 0.200] 2.25
80 0.132 5.65 0.079 17.3 O. 6.4 0.046 | 2.0C
- 15 °¢ 43.2 0. 8.8 0.087 | 2.74
= 1.16%10"? Pa‘s 86.3 0. 9.3 0.121 | 2.91
= 730 173 0. 8.6 0.154 | 2.69
345 Q. 4.0 0.209 | 1.25
150 0.248 5.05 0.089 17.3 0. .0 C.036 ¢ 1.62
19 ec 43.2 0. .0 | 0.083|1.99
C 1.10%107 Pa-s 86.3 0. 10.3 | 0.114 2.56
- 860 173 . 9.4 | 0.132| 2.34
345 0. &.7 0.165 . 2.16
518 0. 6.3 0.215 ] 1.57
(2) QRh = 50 &/min, VEho = 0.747 m/s
ka Viv f Vih Qg APh o CD
(&/min) (w/s) {(m/s) (£ /min) (mmH,0) :
15 0.0248 7.86 0.095 17.3 11.5 0.065 | 2.50
. . . L25 |®
| = 21 °C 34.3 15.0 0.086 | 3.25
- . . . .65
= 0.98%10"% Pa-s 43.2 16.8 0.101 14 3.6
- 1040 69.0 15.6 | 0.105| 3.18
86.3 16.5 0.115 | 3.58 |*

*

3%
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G

v Lv f h

Q

v

AP

S gv gv h o

(L/min)  (m/s) (m/s) | (A/min) (m/s) | (mmo0) P
129 0.214 19.0 | 0.119 | 4.13

173 0.285 13.9 | 0.151 ! 3.02

345 0.570 11.¢ | 0.206 | 2.39

35  0.0580 6.88 0.109 17.3  0.0285 8.8 | 0.063|0.87
1, = 35 % 3.5 0.0570 | 11.8 | 0.087 |1.97

by = 0.72x107 Tavs 69.0 0.114 12.8 | 0.109 | 2.13
Re, = 1620 129 0.214 14.5 | 0.120 | 2.42
173 0.285 15.2 | 0.125 | 2.53

345 0.570 10.2 | 0.196 | 1.70

690 1.14 8.0 | 0.272  1.33

80  0.132 7.86 0.095 17.3  0.0285 5.3 | 0.061,2.02
T, = 37 o 34,5 0,0570 | 10.4 | 0.076 12.26

Ly = 0.7010°F Pave 43.2  0.0712 | 11.8 | 0.089 ;2.56
Re, = 1450 69.0  0.114 12.8 | 0.098 ;2.78
129 0.214 16.0 | 0.12513.47

173 0.285 15.9 | 0.144 | 3.46

259 C.427 14.4 | 0.154 | 3.13

432 0.712 13.8 | 0.175 | 2.99

518 0.854 i G.6 | 0.228 | 2.09

690 136 | 6.7 | 0.263[1.46

150  0.248  6.8% 0.109 17.3  0.0285 9.0 | 0.037 |1.50
1 - 28 o 34.5 0.0570 | 10.0 | 0.075|1.66

iy = 0.83107 Fass 43.2  0.0712 | 12.0 | 0.082 | 2.00
Re, = 1400 69.0  0.114 14.2 | 0.097 ' 2.36
86.3 0.142 15.2 | 0£.108 | 2.53

129 0.214 16.0 | 0.117 | 2.66

173 0.285 17.2 | 0.118 | 2.86

345 0.570 18.3 | 0.146 | 3.04

432 0.712 17.6 | 0.161 | 2.93
518 0.854 19.7 | 0.171| 3.28

690 1.14 19.0 | 0.187{ 3.16

%

%

%
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(3) Qih = 75 Z/min, VRho =1.12 m/s
v
QEV Vav £ th ng gv APh o b
(&/min) (w/s) {m/s) (& /min) {m/s) | (mmH»,0) |

15 0.0248 10.3 0.109 17.3 (0.0285 13.4 0.078 | 2.21
TR = 30 °C 43.2 0.0712 15.2 0.111 1] 2.53

U£ = 0.80%10°% Pa-s 86.3 0.142 20.2 0.123141 3.35
Reh= 1450 173 0.285 23.4 0.127 7 3.88"1

345 0.570 10.8 0.143 | 3.28

518 0.854 19.6 | 0.200 | 3.25

80 0.132 6.58 0.170 17.3 0.0285 10.7 0,047 | 0.72
Tg = 32 °C 30.2 0.0498 13.4 0.068 | 0.69

U . 43.2 0.0712 15.8 0.102 | 1.07

2= 0.76X10° " Pars 86.3 0.142 18.1 | 0.124 | 1.22

Rey = 2400 173 0.285 22.9 0.155 | 1.55

345 0.570 23.7 0.167 | 1.60

518 0.854 23.0 0.167 | 1.56

150 0.248 8.25. 0.136 17.3 0.0285 8.0 0.039 1| 0.7¢9
TQ = 35 °C 43.2 0.0712 13.7 0.078 | 1.36

UQ = 0.72x10"% Pa-s 86.3 0.142 17.0 0.103 | 1.67

Reh= 2020 173 0.285 20.9 0.123 | 2.05

345 0.570 23.6 0.146 | 2.32

518 0.854 25.6 0.159 1 2,51

(4} Q. = 100 L/min, Voo = 1.49 m/s
QSZ,V VQ,V £ Vih ng ng APh o D
(£/min) (m/s) {(m/s) (L/min)  (m/s) | (mmH;0)

15 0.0248 8.82 0.169 17.3 0.0285% 15.4 G.098 | 1.05
TR = 41 °C 34.5 0.0570 18.9 0.096 | 1.30

. . . . P 1,57

PR - 0.65%10°°% Pa-s 86.3 0.142 22.8 0 128& 1.5

2 )

Reh= 2780 173 Q.285 26.0 0.133 1 1.79

518 0.854 31.5% 0,181 2.17

— 50 -
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.
Q,Q,V V,QV £ v 2h ng ng APh o CD
(%/min) (m/s) (m/s) ‘ (L/win) (m/e) | (mmH,0)
35 0.058C 8.70 0.179 ! 17.3 0.0285 23.4 0.072 1 1.56|*
| ) *
Tg = 25 °C . 43,2 0.0712 27.2 0,105 1.82
UQ = 0.89%10°°% Pa-s 86.3 0.142 31.9 0.117 | 2.13 1%
*
Reh= 2060 ;73 0,285 34.4 0.136 | 2,30
345 0.570 37.6 0.140 | 2.52|*
432 0.712 36.3 0.160 | 2,43 |*
690 1.14 32.0 0.179 | 2.14
80 0.132 6.59 0.226 34.5 0.0570 14.0 0.083 | 0.54 =%
Tl = 37 °C 86.3 0.142 21.9 0.148 : 0.84 %
UQ = 0.68%107°% Pa-s 173 0.285 31.5 0.160 | 1.211*
Reh= 3560 518 {0.854 34.6 0.180 | 1.33|*
150 0.248 6.91 0.216 34.5 0.0570 19,8 0.054 | 0.83
2 *
TQ - 30 °C 43.2 0.0712 22.4 0.074 | 0.95
‘ %
ug = 0.80%10"% Pa-s 51,8 0.0854 22.5 0.076 | 0.95
*
Reh= 2890 69.0 0.114 25.6 0.085 :11.08
86.3 0.142 25.7 0.098 | 1.09 |*
129 0.214 28.0 0.108 |1.18 |*
173 0.285 31.7 0.121 |1.34 1%
345 0.570 36.6 0.143 | 1.541%
432 0.712 42.1 0.157 ]..782;"’<
518 0.854 43,2 0.169 |1.83|%
604 0.997 45.6 0.174 l.93 *
690 1.14 45.4 0.198 (1.91 =
(5) Qih = 150 %/min, VRho = 2.24 m/s
Vv
QR,V VSLV £ v ng ng : Aph o CD
(g/min) {(w/s) (m/e} | (A/min) (m/s) i (umH,0)
15  0.0248 6.87 0.326| 17.3 0.0285| 31.1 |0.066 0.574 [*
T, = 39 °C 43.2  0.0712| 32.8 |0.115 | 0.605
L, = 0.67%107° Pass 86.3  0.142 35.6 | 0.134 | 0.656 |x
Reb= 5200 173 0.285 36.7 0.143 {0,678 I*
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QJZV Viv Vﬁh ng ng APb o CD
{(&/min) (m/s) f (m/s) | (R/min) (mfs) (rmmH, 0)

345 0.570 41.9 0.166 | 0,773

80 ¢.132 6.99 0.320 30.2 0.0498 32.0 0.065 ) 0,611
T, -1 v £3.2 0.0712| 37.1 | 0.107 | 0.708

ug = 0.64x10°3 Pass 86.3 0.142 41.2 0.140 | 0.787
Reh= 5350 173 0.285 46 .0 0.153 ]| 0.864

345 0.570 52.2 0.194 1 1.00

518 C.854 53.8 0,224 1 1,02

150 0.248 6.85 0,327 43,2 0.0712 28.1 10,041 | 0.515

. 0. 34, . .

. 69.0 0.114 6 | 0.055| 0.63¢

P£ = 0.62x107% Pa-s 86.3 0.142 35.7 0.061 | 0,655
Reh= 5640 173 0.285 44.3 0.147 | 0.812

345 0.570 52.0 0.191 1 0.951

518 0.854 54.8 0.198 1 1.01

— 52_

%
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Table A-4 Two-phase cross flow test results
(51lit width = 120 mm)

*
il

data points used for developing a cross
flow resistance correlation

(1) QQh = 30 &/min, VRho = 0.224 m/s
le VRV £ VQh ng ng APh « D
(2/min)  (m/s) (m/s) | (&/min) (m/s) | (mmH;0)
15 0.0248 4.02 0.056| 17.3 ©.0285 7.8 | 0.062|4.92
30,2  0.0498  10.2 | 0.090, 6.44
T, =17 °C 43.2  0.0712| 11.0 |0.1056.95
Wy = 1.09 x 107° Pa.s 86.3  0.l4z 10.8 | 0.129 | 6.82
Re, = 550 129 0.214 9.3 | 0.163|5.88
173 0.285 7.8 | 0.205|4.93
345 0.570 7.0 | 0.259 | 4.42
80 0.132  3.14 .07l | 17.3 0.0285 2.3 |0.043|0.89
30.2  0.0498 7.0 | 0.067 | 2.70
1, =22 °C | 43,2 0.0712 ?.8 0.086 | 3.77
s A PO NN PSR P
Re, = 800 | : ' . :

. 173 0.285 12.6 | 0.168 | 4.86
. 345 0.570 | 11.5 | 0.223 [ 4.43
’ % 518 0.854 8.2 |0.272]3.16
e 114 6.6 |0.314 | 2.55
i50  0.248 2.78 0.082 17.3 0.0285 5.6 |0.051|1.70
30.2  0.0498 7.2 | 0.063 | 2.17
43.2  0.0712 §.6 |0.08% | 2.59
T, =27° 86.3  0.142 12.2 | 0.104 { 3.69
b, = 0.85 x 107° Pa.s 129 C.21¢4 12.6 | 0.128 | 3.81
Re, = 1010 F 173 0.285 13.1 }0.122 /.3.95
345 0.570 13.3 |0.182 | 4.02

518 0.854 12.4 [ 0.206 | 3.75 !
690 1.14 10.3 | 0.248 | 3.11
863 1.42 8.7 |0.272|3.62
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b

(2) Qg = 50 £/min, Voo = 0.373 m/s
! QQ,V Viv f VJi’,h ng ng APh o C
(4/min)  (m/s) (m/s) | (W/min) (w/e) | (mmH,0) V
15 0.0248 4.02 0,091 17.3 0.0285! 9.8 | 0.053] 2.23
30.2  0.0498 | 14.3 | 0.074 | 3.25
T, =14 °C £3.2  0.0712 | 16.4 | 0.084 | 3.73
I 1.18x107% Pa-s 86.3  0.142 17.0 1 0.101 | 3.87
Re, = 840 129 0.214 22.2 1 0.117 | 5.06
173 0.285 20.1 | 0.138 | 4.58
345 0.570 16.6 | 0.200 ; 3.78
518 0.854 11.7 | 0.254 | 2.66
80 0.132  3.39 0.110| 17.3 0.0285  10.1 |0.057 | 1.63
30.2  0.0498 | 12.6 | 0.075!2.04|*
43,2 0.0712 14.7 |0.088 | 2.38
69.0 0.116 17.0 | 0.102 | 2.75 |*
T, =26 °C 86.3  0.142 19.2 lo.110 ! 3.11
M, = 0.86x107° Pars 129 0.214 21.3 | 0.130 | 3.45 %
Re, = 1370 173 0.285 22.7 | 0.139  3.67
345 0.570 24.3 10.182 | 3.93
518 0.854 21.2 | 0.215 ! 3.43
690 1.14 19.6 | 0.268 | 3.17
863 1.42 19.6 10.288 | 3.17
150 0.248 3.10 0.120] 17.3 0.0285 9.3 |0.032|1.26]
43.2  0.0712 | 12.4 |0.072 1.68!%
69.0  0.114 16.0 | 0.084 | 2.17 *
T, =27 °C 86.3 C.142 17.1 | 0.092 | 2.32/%
¥, = 0.85%107° Pa-s 129 0.214 19.3 | 0.117 | 2.61 *
Re, = 1510 173 0.285 20.7 |0.118 | 2.80
345 0.570 22.0 | 0.138 | 2.98
518 0.854 23.5 | 0.170 | 3.19
690 1.14 24,9 | 0.190 3.37 1
863 1.42 27.210.222 | 3.69
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(3) QQ,h = 75 &/min, V,Q,ho = 0.560 m/s
Q, v, . v, Q y AP | 1
v v gv gV h ed
(4/min)  (m/s) (m/s) | (&/min) (m/s) | (mmB,0) P
15 0.0248 4.53 0.124 | 30.2 0.0498 | 19.3 | 0.012| 2.48 |
| 43,2 0.0712| 20.4 |0.033 2.62
| 69.0  0.114 22.9 | 0.066 | 2.94
T, =19 °C 86.3  0.142 23.6 10.069 | 3.03
W, = 1.03x107% Pa-s 129 0.214 26.4 | 0.101 | 3.39
Re, = 1290 173 0.285 29.2 | 0.148 ' 3.75
345 0.570 32.0 |0.212 4.11°
518 0.854 3.4 | 0.278 | 4.03
690 1.14 31.2 | 0.340 34.00
80 0.132  3.85 0.145| 30.2 0.0498 | 14.8 |0.061 :1.37
43.2  0.0712| 18.2 |0.084 | 1.69
69.0  0.114 21.8 |0.110 | 2.02
T, =25°C % 86.3 0.142 23.0 {0.110 | 2.13
W, = 0.89%107° Pa's 129 0.214 26,2 | 0.131 | 2.43
Re, = 1740 173 0.285 28.7 | 0.180 !2.66
345 0.570 33.1 §0.238 |3.07
518 0.85L 35.1 |0.275 |3.25
690 1.14 35.5 1 0.302 |3.29
150 0.248 3.33 0.168 | 17.3 0.0285| 10.8 |0.024 |0.75
30.2  0.0498 | 14.0 © 0.058 | 0.97
43,2 0.0712 | 16.4 | 0.068 | 1.14
69.0  0.114 18.1 | 0.089 | 1.26
T, =30 °C 86.3  0.142 20.2 | 0.102 | 1.40 |
W= 0.8x107% Pa-s 129 0.214 24,2 1 0.116 | 1.68
Re = 2250 173 0.285 25.9 | 0.134 | 1.80
345 0.570 28.6 | 0.149 | 1.98
518 0.854 33.6 ©0.199 | 2.33 !
690 1.14 37.1 | 0.215 2.57 |
863 1.42 38.2 | 0.220{ 2.65

— 557
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%

Fe

=

(4) Qﬁh = 100 2/min, VRho = 0.747 m/s

QZV VSLV f VEh ng ng ap o
(L/min)  {m/s) (m/s) | (I/min) (m/s) | (mmbz0) P
15 0.0268 4.71 0.158 | 17.3  0.0285 18.8 | 0.069 | 1.47
30.2  0.0498 21.3 10.075 1.66
43.2  0.0712, 24.4 | 0.088 ?1.91
T, =29 °C 86.3  0.142 28.3 | 0.104 | 2.21
w, = 0.82x1077 Pa-s 173 0.285 32.4 | 0.128 : 2.53
Re, = 2060 345 0.570 37.4 | 0.147 1 2.92
518 0.854 39.5 | 0.167 | 3.08
690 1.14 42,2 |0.191 23.30
80 0.132  4.50 0.166 17.3  0.0285 14.0 | 0.051!1.00
30,2 0.0498 ¢ 17.1 | 0.072 |1.22
43.2  0.0712 21.1 |0.078 i 1.51
| 69.0 0.114 | 25,1 |0.095  1.79
T, =19 °C 86.3  0.142 | 27.7 |0.103|1.98
My = 1.03x1072 Pa+s 129 0.214 31.1 10.117 | 2.22
Re, = 1720 173 0.285 35.0 | 0.135 | 2.49
345 0.570 40.6 | 0.155 2.90
518 0.854 44,5 |0.171 | 3.18
690 1.14 45.8 |0.192 | 3.27
150 0.248  3.61 0.207 30.2  0.0498 16.4 10.045]0.75
 43.2  0.0712| 18.6 | 0.056]0.85
69.0 0,114 21.2 | 0.076 | 0.97
86.3  0.142 23.8 | 0.088 | 1.09
T, =24 °C ' | 129 0.214 | 2%.0 |0.118}1.33
Mg = 0.90x107° Pa-s 173 0.285 30.5 | 0.129 | 1.40
Re = 2460 345 0.570 36.5 | 0.149 | 1.67
518 0.854 42.0 10.170 | 1.93
690 1.147 46.0 | 0.193] 2.11
863 1.42 47.1 | 0.204} 2.16
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(5) Qg = 150 &/min, v, ~=1.12 m/s
Q.Q,v VQV f vQ,h | Q v gv ﬁ\Ph f .
(&/min) (m/s) (m/s) | (&/min) (m/s) | (mmH,0)

15 0.0248 5.39 0.208 | 43.2 0.0712| 14.0 | 0.069.| 0.63 i
86.3 0.142 19.7 | 0.087 | 0.89 *
T, =29 °C 129 0.214 25.2 | 0.103 | 1.15 %
My 0.81x107% Pa-s 173 0.285 27.6 | 0.121 ] 1.25 j
Re, = 2740 345 0.570 35.7 | 0.140 | 1.61 %
518 0.854 39.6 | 0.162 | 1.79 #*
80 0.132  5.06 ©.221 | 43.2 0.0712 14.1 | 0.065| 0.56 [
| 86.3  0.142 20.1 | 0.084 | 0.81 [
T, =34 °C 129 0.214 22.3 | 0.096 | 0.89 [*
My 0.74%x10°% Pa-s 173 0,285 24.3 1 0.109 | 0.97 [
Re, = 3200 345 0.570 34.2 |0.135]|1.37 (*
518 0.854 38.0 |0.152|1.53 B
150 0.248 4.16 0.269 | 86.3 0.142 18.6 | 0.085 | 0.50 *
T 37 °C 129 0.214 23.4 | 0.099 | 0.63 f
M, = 0.7X107° Pass 173 G.285 22.5 | 0.108 | 0.61 [*
Re, = 4120 345 G.570 30.3 {0.132 | 0.82




Table A-5 Two-phase cross flow test results
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{slit width =

120 mm, Attack angle = 60°)

in = 80 2/min, Viv = 0.104 m/s

Qﬁh Vig l ng vgv APh * CB
(¢£/minY (m/s) % (2/min) (m/s) (mmH,0) (1/m)
50 0.0809  (22) (0.028) 9.7 0.062 | 203
(35)  (0.045) 13.6 0.093 | 285

T, = 10 °C 43.2 0.056 14.6 L 0.113 | 306
64.7 0.084 16.3 0.128 | 342

86.3 0.112 17.0 . 0.143 | 357

108 0.140 17.0 L 0.164 | 357

129 0.167 . 16.7 - 0.179 | 350

173 0.224 14.1 0.218 . 296

345 0.446 13.6 0.304 | 285

518 0.670 £9.9 0.373 | 417

863 .12 19.9 0.420 | 417

100 0.162 (22)  (0.028) 18.3 0.063 96
(34)  (0.044) 23.5 0.090 | 123

T, = 20 °C - (47)  (0.061) 25,9 0.116 | 136
86.3 0.112 30.0 0.137 | 157

129 0.167 34.7 0.164 | 182

173 0.224 38.3 0.2 | 201

173 0.224 38.4 0.203 | 201

345 0.446 4£6.2 0.239 | 242

518 0.670 51.0 0.299 | 267

| 898 1.16 58.2 0.389 | 305
i 1290 1.67 Oscillation | 0.442 —_—

— 58 -
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Table A-6 Two-phase cross flow test results

(S1it width = 120 mm, Attack angle = 45°)

Q;L = 80 /min, VRV = 0,105 m/s

v
) | |
Un Vi %, Voo AP g cy

(2/min) (m/s) (¢/min) {(m/s) (mmHz0) (1/m)
30 0.0485 (26)  (0.034) . 1.4 | 0.055 82
43.2 0,057 5.5 b 0.084 | 320
T, = 24 °C 86.3 0.113 6.8 | 0.167 - 396
129 0.169 4.0 0.207 | 233
173 0.227 3.3 0.225 | 192
345 0.453 (1.0) 0.317 | —
50  0.0809 (30)  (0.039) 2.18 0.02 46
43.2 0,057 5.44 0.056 114
T, = 10 °C 86.3 0.113 11.9 0.087 | 250
129 0.169 12.6 0.142 | 264
| 173 0.227 | 10.7 0.174 | 224

345 0.453 5.44 | 0.278 114
518 0.679 minus 0.362 | —
100 0.162 | (30) (0.039) 5.44 0.035 29
| 43.2 0.057 10.5 | 0.075 55
T, =16 °C 86.3 0.113 | 16.0 0,089 84
129 0.169 21.1 0.118 111
173 0.227 24,3 0.138 127
345 0.453 28.6 L 0.173 150
518 0.679 31.9 0.224 167
% 863 1.13 37.4 0.282 196
1290 1.69 Oscillation | 0.311 —




