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Recently two-dimensional two-phase flow in the core of a light
water reactor (LWR) has been receiving more attention especially in
respect to the loss of coolant accident (LOCA). 1In this accident the
two-phase cross flow occurs between the subchannels in the rod bundle.
In analysis of this penomenon, the pressure loss of cross flow passing
through the rod bundle is one of the important factors. An air/water
loop operated at the atomospherié pressure was designed and constructed
in an initial attempt to characterize the two-phase cross flow. The
single-phase flow and the two-phase flow passing through the rod bundle
with an attack angle ¢ against the axes of rods was studied. The pres-

B sure for the three different attack angles was measured. The single-
phase pressure loss was compared with the same type model as that used
in the COBRA-IV Code and the two-phase differential pressure was compared

with. the homogeneous and the drift flux models.

Keywords: Two-dimensional, LWR, LOCA, Cross-flow, Air/Water, Attack
Angle, Rod, Bundle, COBRA, Model, Two Phase Flow, Comparative

Evaluations
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1. Introduction

Many investigations have been conducted on the flow in the rod
bundle. Most of them have been devoted to the flow which is parallel
or perpendicular to the rods,

Recently three-dimensional flow in the Light Water Nuclear Reactors
(LWRs) has been receiving more attention especially in respect to Loss
of Coolant Accident (LOCA). In this accident the cross—flow mixing
of two-phases occurs between the subchannels in the rod bundle.- This
flow gives a two or three-dimensional effects to the total thermo-
hydrodynamic phenomena. In analysing this effects, the pressure loss
of the_cross~flow passing through the rod bundle is one of the important
factors.

An air/water loop operated at the atmospheric pressure was designed
and constructed in an initial attempt to characterize the cross-flow.

In this paper cross—-flow is defined as the flow passing through the
rod bundle and having an attack angle ¢ with the axes of rods. Three
different rod bundles were installed in the section. Each bundle had
a different attack angle between the flow and rod axis; ¢ = 30, 15, 0
degrees. An attack angle of 0 degrees means the flow is parallel to
the rod axis.

First, the flow directional differential pressures for single-
phase air flow were measured. The pressure loss at the different attack

angles was investigated. And it was compared with the model used in the
three—-dimensional flow analysis code, COBRA—IV(I), which could simulate the

effect of attack angle. Second, the flow -directional differential pres-
sures for two-phase cross—-flow were measured with the special condition with
a constant cross-flow quality. The measured pressure difference, which
consisted of static pressure differences and two-phase pressure losses,

were compared with the homogeneous and the drift flux two-phase flow

models. It was found that the flow could be treated by the homogeneous
model at the attack angle ¢ = 30 degrees. As the attack angle became
smaller, the flow could not be treated as homogeneous. At ¢ = 0 degrees

the flow could be described by the drift flux model in this experiment.
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2. Experimental apparatus and procedure

A schematic diagram of the test facility is shown in the Fig. 1.
The stainless steel frame of test-section can be inclired ¢ degrees
against the direction of the gra&ity force.

Water and Air were supplied to the test section after each flow
rate was measured by a set of the rotor meters. Each set of rotor
meters consists of three meters with different measuring ranges. The
maximum water flow rates are 100 &/min, 10 2/min and 1 Q/min. The
maximum Air flow rates are 10,000 &/min, 1,000 &/min and 100 2/min
respectively.

The front and rear walls of test section and rods are made of
transparent acrylic resion. The diameter of rods was 10.7 mm. Rod
bundle is in a square arrangement with a pitch of 14.3 mm. The rod
diameter and the arrangement are the same as an actual PWR fuel bundle.
Three types of rod bundles with different attack angles against the
rod axis were installed in the test section.

The flow-directional differential pressures AP (See Fig. 1) were
measured by pressure taps located on the front and rear walls. For
the single-phase air flow, the differential pressure is measured by
a Gottingen type manometer (the minimum measuring range is 1/20 mm
H,0). The differential pressures are measured between the span 400.4
mm at ¢ = 30 degrees, 663 mm at ¢ = 15 degrees, 600 mm at ¢ = 0 degrees.
In the case of air/water two-phase flow, a differential pressure cell
(D.P: cell) is used for measuring. The measured spans are 400.4 mm
at ¢ = 30 degrees, 331.5 mm at ¢ = 15 degrees, 300 mm at ¢ = 0 degrees.

The raw data with osillatory components of pressure difference from

- the D.P. cell were time-averaged.

3. Pressure loss of single-phase air flow

The pressure loss coefficient C, and Reynolds number, Re, are

D
defined as follows(z).

Cp =% - AP/(oVAN) (4 ¥ O deg.) L
Cp =g * B/ (VI (4 =0 deg.) (2)
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bundle is in a square arrangement with a pitch of 14.3 mm. The fod
diameter and the arrangement are the same as an actual PWR fuel bundle.
Three types of rod bundles with different attack angles against the
rod axis were installed in the test sectiomn.
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measured by pressure taps located on the front and rear walls. For
the single-phase air flow, the differential pressure is measured by
a Gottingen type manometer (the minimum measuring range is 1/20 mm
H;0). The differential pressures are measured between the span 400.4
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In the case of air/water two-phase flow, a differential pressure cell
(D.P: cell) is used for measuring. The measured spans are 400.4 mm
at ¢ = 30 degrees, 331.5 mm at ¢ = 15 degrees, 300 mm at ¢ = 0 degrees.
The raw data with osillatory components of pressure difference from

the D.P. cell were time-averaged.

3. Pressure loss of single-phase air flow

The pressure loss ccefficient C and Reynolds number, Re, are

D
defined as follows(z).

Cy =3 ¢ AP/(pVAN) (4 % O deg.) (1)

Cp =% -+ AR/ (V2 ) (6 =0 deg.) (2)
e
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R, =V D/v (3

where NT is the number of rows which the flow crosses. The Cross-
section of the rows of rods in the flow direction are shown in Fig. 2.
V is the velocity of the maximum free cross-section. The maximum free

cross—section is defined as

89.4 mm (maximum free length in Fig. 2)

%x 312 mm (width of test channel shown in Fig. 6).

As seen in the flow—directional cross—-section in Fig..2, repeated
cconvergent and divergent losses of the flow are imposed by the rods inlined
30 and 15 degrees against the flow-direction. When the pressure loss
is mainly due to the expansion loss, the decrease of the attack angle
¢ results in a decrease of the expansion éngle. The decrease of expan-
sion angle means the elliptical cross-section of rod in Fig. 2 becomes
elongated. So the pressure loss per one row of rod cross—sections
becomes smaller as the attack angle ¢ decreases. This tendency can
be seen on the test results at the higher Re number shown in Fig. 3.
In Fig. 3 the pressure loss coefficients are shown. V in Eq.(3) for

0 degrees is also defined with the same free cross-section

the ¢

(89.4 mm x 312 mm). For the comparison at ¢ = 0 degrees, the correla-
tions of laminar flow and Blasius type flow are shown in the Fig. 3.
Shown in Fig. 4 is the efféct of attack angle on the pressure
loss. The referred line are as follows. In the three-dimensional
analysis code COBRA-IV, the flow in the rod bundle is divided to two
spatial directions, parallel and normal to the rods. The following
pressure loss coefficient CD is used for the flow normal to the rods.

Ch = 1.57 (4)

This pressure loss coefficient is defined as Eq.(1). This value agrees
well with the experimental result(B) in the range of Re = 6 x 10% n
6 x 103, The present results shown in Fig. 3 is available for the
flow parallel to the rods.

Cp = 0.704 Re 0-39° (5)

When the flow is inclined ¢ degrees to the rods, the pressure loss AP¢
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can be expressed by the Eg.(4) and Eq¢.(5). The following simple equation
is equivalent to the COBRA calculation if an infinite noding is used.

2

pV2 Y ,
. -0.3s5 ,. A, Rcosd¢ . T. Rsingd
40,704 ReA (*--*-2 3 De + 4-1.57 (—"2 3 P (6)

I

AP

< dfv = V cos$ V., = V sin¢.

where R =v T

el A VA

COBRA type calculation Eq.(6) and the experimental result are
plotted in Fig. 4. The distance R is defined in Fig. 4 as 400.4 mm.
COBRA-type calculation can describe well the effect of attack angle
on the pressure loss in the experimental range of this paper as shown
in Fig. 4.

The seolid line of Zukauskas(3) in Fig. 4 is derived from his exper-
imental result on heat transfer as follows. The friction loss is expressed
with the assumption that the heat and momentum transport to the rod
surface is analogous, as

)friction T % T AP¢=0 deg. ° (7

(AP¢
where o is the increasing rate of heat transfer coefficient with the
attack angle ¢. The solid line in Fig. 4 are obtained from the
Zukauskas' experimental data on heat transfer by using Eq. (7). suggest-
ing that the divergent and convergent loss iIncreases as the attack
angle ¢ becomes larger. Because the momentum transport to the rod
surface is the same as the wall friction loss. As the limiting case

at ¢ = 90 degrees, the friction loss of a rod bundle consitutes only

a small part of the total pressure loss as shown in the previous study.

4. The characteristics of two-pahse cross-flow

The phase separation occurs when two-phase mixture passes through
the inclined rod bundle at a low flow rate. Recently more attention
has been paid to this phase-separation corresponding to the large scale
two-phase flow EXperiments.(S) Also the phase separation is important
in the two-phase cross-flow because it determines the quality of cross-
ing flow. The quality of the two-phase flow is strongly related to

the pressure loss. In this study the problem of phase-separation was

(3)(4)
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can be expressed by the Eq.(4) and Eq.(5). The following simple equation

is equivalent to the COBRA calculation if an infinite noding is used.

oV2 pV2 .
- A —0.395 . A, Rcos . " T, Rsin
AP¢ 4+0.704 ReA ( 5 ) 5 + 4+1.57 ( 5 ) P (6)
where ReA =V, " d/v VA =V cos¢ VT =V sing.

COBRA type calculation Eq.(6) and the experimental result are
plotted in Fig. 4. The distance R is defined in Fig. 4 as 400.4 mm.
COBRA-type calculation can describe well the effect of attack angle
on the pressure loss in the experimental range of this paper as shown
in Fig. 4.

The solid line of Zukauskas(s) in Fig. 4 is derived from his exper-
imental result on heat transfer as follows, The friction loss is expressed
with the assumption that the heat and momentum transport to the rod

surface is analogous, as

(& (7

P friction - % P90 deg.
where a, is the increasing rate of heat transfer coefficient with the
attack angle ¢. The solid line in Fig. 4 are obtained from the
Zukauskas' experimental data on heat transfer by using Eq.(7), suggest-
ing that the divergent and convergent loss Increases as the attack
angle ¢ becomes larger. Because the momentum transport to the rod
surfgce is the same as the wall friction loss. As the limiting case

at ¢ = 90 degrees, the friction loss of a rod bundle consitutes only

(3) (&)

a small part of the total pressure loss as shown in the previous study.

4. The characteristics of two-pahse cross-flow

The phase separation occurs when two-phase mixture passes through
the inclined rod bundle at a low flow rate. Recently more attention
has been paid to this phase-separation corresponding to the large scale

(5)

two—phase flow experiments. Also the phase separation is important
in the two-phase cross—-flow because it determines the quality of cross-
ing flow., The quality of the two-phase flow is strongly related to

the pressure loss. In this study the problem of phase—separation was
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avoided as the first approach to the two-phase cross-flow. That was,

the frame of teét section was inclined 30 degrees to promote and saturate
the phase separation. By this method the two-phase cross-flow of a
constant quality could be investigated.

An example of the flow pattérn is shown in Fig. 5. For simplicity,
the flow-directional differential pressure was measured when the net
flow rate of water from the test section was zero. The water was cir-
culating in the test section. The differential pressure including
the static pressure difference was measured. '

It is important to compare the experimental data with some existing
models in an initial attempt to characterize the two-phase cross flow.
To investigate the characteristic of two-phase cross-flow the experi-

mental result was compared with the.homogeneOus and drift flux models.

4.1 The model description

The parameters used in the present paper are defined in Fig. 6.
25 is the mean width of two-phase part. The approximate two equations
of the differential pressure are available in this flow pattern. Eq.(8)

is the equation for the two-phase up-~flow and Eq.(9) is for the single

phase downflow.

AP = APTF + [upg f (l—u)pf]g R cosB (8)

AP = -AP. + p. 8 R cosg ' (9)
where APTF and APE is the pressure loss for each flow. From Eq.(8)
and Eq.(9)

u(pf - pg)g R cost = APTF + APf (10)

When the pressure loss coefficient defined in Egs. (1) and (2) written as,

_ -n
CD = 1m Re (11)

where m and n are constant. Then the single-phase pressure drop APf

is described as,

b Lo

e e
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= 2-n
AP = Cp Q¢ - (12)
where
-n 2-11 N
1 D 1 Rsin
Ce =G G Reind (6 # 0 deg.) (13)
1 p .1 ¥R _
f £
A_ is the single-phase flow area defined later in Eq.(25).

£
Following models were adopted in this study for the two-phase pressure

loss.

(6)

(1) Homogeneous model

- . £ f ‘g8
BPrp = ¥ ¢ Cppe © [ oe ] - (15)
where
AP ¢ n-1
®L0=EP—TE=[1—0L+3(—E)] (16)
L0 °f
e =ty @y (1" Relno (6 # 0 deg.) 17
TFE © 20 g A P °f
| 1 p. " 1.?"R _
Copg = M C;;) G F) 5; og (¢ =0 deg.) (18)

ATF is the two-phase flow area defined in Eq.(25). Eq.(153) is
the correlation based on the single phase water flow. APLO is the pres-
sure loss for the total flow within the chamnel flowing as if it
had the physical properties of the water with the same mass flow. The

correlation based on the single phase air flow is
prf + .p Q 2—-1

AP.. =% - C . [E—B By (19)

“TF GO TFg pg .

where



JAERI—M 82—003

pf -1
bep = [L+ (L -a) =51 | (20)
g B
1 p.™ 1 “" Rsind
CTFg = om (Vg) (ATF) P g (¢ # 0 deg.) (21)
1 p.™ 1 zTmg
C =sm () ) — (¢ = 0 deg.) (22)
TFg 2 vg F De g

Eq. (19) agrees closely with Diel's experiment(7) which was performed

at ¢ = 90 degrees (staggered bank).

(2) Drift flux model(6)’(8)

The drift flux model developed by Zuber is

ogcost(p.~p ) %
f 8 Ay - (23)

1-a - aQ, = 1.533 «
ATFD is the two-phase flow area defimed in Egs.(26), (27). 1In

Eq. (23), cosf is multiplied to the accelation constant of gravity,

g, because the frame of test section is inclined ¢ degrees against

the direction of gravity.

The following approximate two-fluid model description was used.

Q 2-It Q 2—11
- _f _B
BPre = Cppe G5 F Cppg G (24)

- CTFf is defined by Egs.(17) and (18). CTFg is same as Egs. (21) and
(22). The pressure loss is due to the wall friction loss at the attack
angle ¢ = 0 degrees. Then CTFg should be set zero when the flow is
bubbly or film flow regimes.(g) Similarly CTFf should be zero for
droplet flow (no film) or inverted annular flow. CTFg was set zero
in this study even at the attack angle ¢ # O.

To get the relation between Qg.and Qf from the above equations,

ATF and Af are needed. ATF and Af are defined as

ATF==£b mm (width of two-phase part in Fig. 6)
. 89.4 mm (maximum free length in Fig. 2) (25)
A. =1{312 mm (width of test channel shown in Fig.6)-—2b mm}

f
. 89.4 mm (maximum free length in Fig. 2)
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where Eb was measured and time—averaged. The value of Eb is shown
in Fig. 7. The experimental value shown in Fig. 7 was substituted
in Egq. (253).
ATFD in Eq.(23) in the cross-section where the drift flux is de-
fined and this value is important to determine the void fraction. TIwo

kinds of areas were used. One is maximum flow area

Areplpax. = Arr (26)

The other is minimum flow area

(ATFD)min. = 2b . 25.2mn (minimum free length in Fig. 2). (27)
The results in Fig. 3 were used for the constants, m and n. Because
in this two-phase experiment, the correspdnding Re of each phase is

approximately within the same range.
4.2 Experimental result and comparison with the model
In this experimentél condition, the flow pattern was bubbly or

churn turbulent flow. The superficial velocity jg at the two—phase

up-flow was as follows in the range of Qg =5 x 103 ~ 7 x 10* cm®/s.

1) ¢ = 0 degrees jg =0.75 v 4.63 m/s
2y ¢ = 15, 30 degrees Jg nax. 1.67 ~ 10.3 m/s
i . =0.,42n 2.6 m/s
g min.

At ¢ = 15, 30 degrees, jg max. Was defined at the minium flow area
(ATFD)ﬁin. and jg min. Y8 defined at the maximum flow area (ATFD)max.
shown as Egs.(26) and (27). The calculated superficial water velocity
jf at the two-phase up-flow defined at (ATFD)min. and (ATFD)max. was
0.2 < jf < 1.3 m/s for the calculations using the homogeneous and drift
flux model at ¢ = 0, 15 and 30 degrees.

The differential pressure per unit flow-directional length is
shown in Figs. 8, 9, 10, This pressure difference includes the static
pressure drop which depeﬁds on the void fraction.

In the case of ¢ = 30 deg., experimental data agree closely with

(7)

the homogeneous model. This is consistent with Diehl's experiment

— B -
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and Finlay's experiment(lo) (¢ = 90 deg., staggered bank). Their data

agree well with the homogeneous model. Especially Diehl's data agree
closely in the range of ——8£-—-E£ = 107! ~ 102, At ¢ = 15 deg., the
Q + Qg rg

experimental data falls between the homogeneous model and the drift
flux model. This is considered to be the transition region. At ¢
= 0 deg., experimental data fall on the predicted line of drift flux
model presented by Eq.(23) and Eq.(24). In this.way, at large attack
angle ¢, the flow can be treated as homogeneous flow for the repeated
convergence énd divergence. Smaller the attack angle ¢ degrees, the
pressure loss begins to depend on the wall friction and the slip between
two phase becomes larger. At the final stage ¢ = 0O degrees, it can
be treated by the drift flux model.

In the model of COBRA-IV, two-phase flow can be treated by the
drift flux or slip model in the direction parallel to the rods and
by the homogeneous model in the direction normal to the rods. Then
the COBRA-type calculation can be considered as an interpolation between
the homogeneous model (¢ = 90 deg.) and drift flux model (¢ =0 deg.)
for the two-phase flow when the rods are inclined ¢ degrees. The ten-
dency to change from the homogeneous model to the drift flux model
ig seen also in this experiment.

In this paper the characteristics of cross—flow without the phase-
separation were investigated. In the future the characteristics of
the phase-separation must be investigated. The actual cross-flow would

'be the complex phenomena with phase separation.

5. Conclusion

1. Single phase differential pressure with attack angle ¢ was in-
vestigated for the range of ¢ = 0 v 30 degrees. It can be con-
sidered that the divergent and convergent pressure loss becomes
smaller as the attack angie ¢ decreases. At ¢ = 0 degrees, the
pressure loss is due to the wall friction only.

2. The characteristics of two-phase cross-flow were investigated.
When the attack angle ¢ is 30 degrees, the flow can be treated
as homogeneous. As the attack angle becomes smaller, the flow

becomes not able to be treated as homogeneous. As the limiting
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and Finlay's experiment(lo) (6 = 90 deg., staggered bank)}. Their data

‘agree well with the homogeneous model. Especially Diehl's data agree

closely in the range of __Sg____ig = 107t v 10%2. At ¢ = 15 deg., the
Qs + Qg rg

experimental data falls betweeﬁ the homogeneous model and the drift
flux model., This is considered to be the transition‘region. At ¢
= 0 deg., experimental data fall on the predicted line of drift flux
model presented by Eq.(23) and Eq.(24). 1In this.way, at large attack
angle ¢, the flow can be treated as homogeneous flow for the repeated
convergence and divergence. Smaller the attack angle ¢ degrees, the
pressure loss begins to depend on the wall friction and the slip between
two phase becomes larger. At the final stage ¢ = 0 degrees, it can
be treated by the drift flux model.

In the model of COBRA-IV, two-phase flow can be treated by the
drift flux or slip model in the direction parallel to the rods and
by the homogeneous model in the direction normal to the rods. Then
the COBRA-type calculation can be considered as an interpolation between
the homogeneous model (¢ = 90 deg.) and drift flux model (¢ = 0 deg.)
for the two-phase flow when the rods are inclined ¢ degrees. The ten-
dency to change from the homogeneous model to the drift flux model
is seen also in this experiment.

In this paper the characteristics of cross-flow without the phase-
separation were investigated. In the future the characteristics of

the phase-separation must be investigated. The actual cross-flow would

bhe the complex phenomena with phase separation.

5. Conclusion

1. Single phase differential pressure with attack angle ¢ was in-
vestigated for the range of ¢ = 0 v 30 degrees. It can be con-
sidered that the divergent and convergent pressure loss becomes
smaller as the attack angle ¢ decreases. At ¢ = 0 degrees, the
pressure loss is due to the wall friction only.

2. The characteristics of two-phase cross—flow were investigated.
When the attack angle ¢ is 30 degrees, the flow can be treated
as homogeneous. As the attack angle becomes smaller, the flow

becomes not able to be treated as homogeneous. As the limiting
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case, the flow can be treated with the drift flux model at

¢ = 0 deg.
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Nomenclature

The angle inciined against the gravity

The attack angle to the rods

Total flow~directional pressure difference
Pressure loss of two-phase part

Pressure loss of water down flow

Dengity

Row number of rods crossed by the fluid
Preéssure loss coefficient

Pitch (= 14.3 mm)

Rod diameter (= 10.7 mm)

2
Equivalent diameter of subchannel ( = 4 - E

1+ Flow-directional distance

The velocity of maximum free cross-section
Kinematic viscosity

Surface tension

Reynols number defined in Eq.(3)
Volumetric flow rate
Gravitational accelation constant
Void fraction

Flow free cross section

Width of_two—phase part

Constants defined in Eq. {10)
Defined in Eq.(25)

Defined in Eq.{26) and Eq.(27)

Air
Water

Two-phase

- wD2/4

D
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Compressor| |Blower TAir
VAR %VAI
%l( Air/ Water
Flow mefer 7/;/ Separator
M A3
2 w3 VWS
Va3 ‘a4 s | Water
W5 Tvwg T V¥3
Flow meter
VA2 )f Vw2
<t
' Water
Air vwt Supply
| Drain
-AappAe Flexible pipe

Fig 1: Scematic diagram of test facility.
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Flow direction

Fig 2: Flow directional cross-section.
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(2) 8 = 15 degrees

{1) ¢ = 15 degrees

Qg = 6,67><103 cm3/s

g
0 = 6.67%10% cm’/s

Q. = 1.67x10° cm/s

0, = 1.67X10° cm’/s

Photograph of the flow pattern.
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Fig 7. Width of the two-phase part.
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Air flow rate Qg (cm3/s)

Fig B8: Differential pressure in the case of ¢ = 30 degrees.



{ Pa/m)

Pressure Diff AP

AP {Pa/m

Diff

Pressure

JAERI—M 82—003

T 1 L) I ¥ T T 1 T T 0! )
- $=15
| Drift flux model (min flow area) 1
102_ Drift flux model (moax flow area) ]
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10° 10° 10 10
Air flow rate Qg (cm3/s)
Fig 9! Differential pressure in the case of ¢ = 15 degrees.
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2 Drift flux model
10°r Fo) O (O G
Homogeneous model {Water base )
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Air flow rate Qg (cm3/s)

Fig 10: Differential pressure in the case of p = 0 degrees.
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