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Droplets Flow and Heat Transfer

at Top Region of Core in Reflecod Phase
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Tokai Research Establishment, JAERT
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The heat transfer at the top region of core is comﬁlicated due to
the strong thérmal non?equilibrium just after the start of reflood phase in
a postulated PWR-LOCA'experimenf.'The film‘taken with.a high-speed cineéamera shows
upward droplets flow and falling water film on the non-heated rod just after
thé'start of reflood at elevation 3235 mm above the bottom of heated'length of
heatér rods in Sléb Core Reflood Test. The measured mean diameter of droplet is
about 1 mm. This value of mean diameter is larger than the measured result for
the annular dispersed flow in a pipe. On the other hand, the corresponding Weber
number is smaller than the Weber number in the accelerating flow obtained in the
previous studies. The calculated heat transfer coefficient of the droplets flow
approximately agrees with the sum of Dittus-Boelter's convective heat trans-
fer term and radiative heat transfer term evaluated with the network analysis

by Sun et al..

Keywords : PWR-LOCA, Reflood, Core, Droplet, Falling, Wated Film,
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1. Introduction

Slab Core Test Facility (SCTF) is a part of the Large Scale Reflood
Test Program along with the Cylindrical Core Test Facility (CCTF) at
the Japan Atomic Energy Research Institute (JAERI}. One of the objec-
tives of SCTF tests is to study the thermo-fluid dynamics in the core
during the reflood phase in PWR-LOCA. Generally, the quench frent goes
upwards in the core. But the random guench at the top region of core
can be observed. The heat transfer at the top region of core is complicated
due to the strong thermal non-equilibrium and the effect of falling water
film on the non-heated rod. .

The observation result with the high-speed camers and the heat transfer
coefficient at the top region of core in test S1-06 are introduced in
this report. The major test conditions are shown in Table 1. The film taken
with the high~-speed camers shows the upward droplet fiow at elevation 3235
mm from the bottom of heated length of heater rods. The droplets velocity and

diameter are measured on the film. The heat transfer coefficient b [W/{m?%sK)]

defired by
h = qw/(Tw - Tsat) ’
where q, : heat flux [W/(mZ%-s)],
T, ¢ cladding temperature [K],

sat saturation temperature [K],

is calculated near the view point. The correspondency of flow pattern

and heat transfer coefficient .1s exemined and discussed.
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Observation with high-speed camera

High-speed .camera system

High-speed camera is used to observe the flow pattern at the top

region of core. The camera system has the following specifications.

1

(2)

(3

(4

16 mm high-speed cinecamera (photo-sonics 16-1PL)

O Film length : 1200 it
© Film : 16 mm both-side perforation
O Camera speed : 10 ™~ 500 frame per seconds (fPS), which can be

changed in the operation.

O Lens ¢ Niken 85 mm F2.0

Camera controller

O Camera speed can be changed with 24, 250 and 500 fPS by the

remote—control.

O The stop (f2.8 ~ 22) can be changed sutomatically ccrresponding

to the camera speed.

Lighting system
O Lamp : Xenon 300 W
O Intensity of lighting: lighting flux ¢100 mm and 8 X 10% Lux

(at distance 1 m)

Time recording system

The time display panel consists of LED (minimum displayed time is

1/1000 sec) can be taken to the lower part of the film frame by using

the binary-photo system,

2.2

Observed location and error

Shown in Fig. 1 1s the location of view-window in SCTF. In this

study, the high-speed camera is set at the "Outlet of core” shown in

Fig.

1. The elevation is 3235 mm from the bottom of heated length

and 425 mm from the top of heated length. The schematic cross-section

of SCTF is shown in Fig. 2. The view-window locates near the 6th
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spacer from the bottom cof heated length. The diameter of view-window -
is 43 mm.

~ The schematic diagram of observation with the high-speed camera
is shown in Fig. 3. The lighting from opposite side window is used.
The inside width of pressure vessel is 247 mm and the camera is set at
655.5 mm from the center of pressure vessel. In this configuration,
the length %5, %1 and %, shown in Fig. 3 are same on the film, This
causes the error of measured length with the high-speed camera.

The obtained film is projected on the film motion analyzer and
analyzed. The real dimension can be obtained from the diameter of
window projected on the screen of motion analyzer. The diameter of
window on the motion analyzer is ¢163.65 mm and the real diameter is
#43 mm which corresponds to the length £, in Fig. 3. If the length
43 mm is put at the center of pressure vessel, the corresponding length
2. becomes %» = 51.1 mm from the geometric relation in Fig. 3. This %2
becomes 51.1 X 163.65/43 = 194.48 mm on the motion analyzer. The
length 43 mm at the center line of pressure vessel is transformed om

the motion analyzer with the following magnification factor M,
M = 194.48/43 = 4.52.

The retio e of real to measured length in the observed space is
within,

21 2,

LT

(0.81 < e £ 1.2) s ' (1)
with thelgeometric relation in Fig. 3. The ratio described with Eq.{1)
is applicable when the diameter of droplets is measured on the film.
In this study, the error of measured droplet diameter is within +20 %
from Eq.(1). ' '

when the velocity is measured with the trace of droplets, the
error is much more complicated. In Fig. 4 the trace of droplets is
shown as a vector, As the veal dimension on the film is obtained by the
dimension on the center line of pressure vessel, the trace in the Z-

direction becomes Z' on the film. The error E in this measurement

is written as,

7' - (Z+ A7)
E="F71"7 x 100 (2)
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By the geometric relation in Fig. 4,

E

_ . L _
Tio = (1 - tan®-tang) v 1. (3

Equation (3) shows the error when the velocity in the Z-directien is
measured with the camera. The maximum error using Eq.(3) is calculated
in the observed space as follows. The droplets observed in this study
are moving upwards with high speed. The vector is considered within.
-7/6 < 8 < 7/6. The maximum error in the observed space is calculated
by using Eq.(3). When the angleﬁ@ is within -m/6 < 8 < 7/6,

Bl . =27.97%

2.3 General observation results

Shown in Photo. 1 through Photo. 4 are the examples of transient
flow patterns. The shutter speed is 5 X 10"® s . The two rows
of electric heater rods can be seen in the photographs. A non-heated
rod is included in the right row. The diameters of heated and non-
heated rods are 10.7 and 13.8 mm, respectively. The number of rods
in the depth direction is 16. Just after the start of reflood (time
=0 s ), high speed small droplets are moving up and the amount of
droplets is increasing. Shown in Fig. 5 is the void fraction at bundles
2 and 4 obtained from the differential pressure between elevation 3235 and
2695 mm neglecting the frictional lossIt is noticed that the underesti-
mation of void fraction due to the frictional loss is included at the
first period in Fig. 5. The decreasing void fraction corresponds to
the increasing amount of droplets observed on the film. Shown in Fig.
6 is the cladding temperature of non-heated rod at the view point.
At elevation 3620 and 2760 mm from the bottom of heated length, the
non-heated rod is quenched in 5 and 9 s , respectively. After this
time, the wavy water film on the non-heated rod can be seen on the

film.
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3. TResulits and discussicns
3.1 Diameter and velocity of droplet

Shown in Fig. 7 are the measured diameters of droplets versus time

with the arbitrary sampling. The diameter of droplet is the average

in the horizontal and vertical directions., The mean diameter is 4 - 1

mm. The lines shown in Fig. 8 are the superficial steam velocities

obtained from the steam mass flow rates measured with Venturi flow meter

after steam/water separator at the outlet of core and the assumed steam

temperaure Tg [K]. The steam teﬁperature Tg in the core is assumed as,
T - 7T

W sat N
g sat 2 ) 100 (4)

The cladding temperature Tw at elevation 3190 mm near the view point

is used to evaluate the steam temperature Tg in Eq.(4). The cladding
temperature of elevation 3190 mm in bundle 3 is about 700 K between O and 20 s
after the start of reflood. The parameter of superheat N is assumed

as 150, 100, 50 and 0 % in Fig. 8. n = 150 % corresponds to the superheat

of about 250 K in this study. The steam generation abeove the measured
elevation 3235 mm is smaller than that below 3235 mm and neglected.

The circles (@) and triangles (A) in Fig. 8 are the superficial steam

velocity obtained from the droplet velocity by the following manner.

As the steam velocity ug is nearly equal to the superficial steam velo-

city Ug in the droplet flow, Ug ig expressed as

~~ 4-Ap-g-d 1/2
U o= (2heed o, (5)
g & Cpt30, d
where CD : drag coefficient,
g : acceleration due to gravity [m/s?],
- 3
Ap Py~ Pg [kg/m>] ,
d : droplet diameter [ml ,
uy droplet velocity [m/s] ,
Py - density of steam [kg/m®] ,
ey density of water [kg/m?]

The velocity of droplet, which diameter is lager than 1 mm, is measured.

The measured velocity and diameter of droplet are substituted in Eq.
{5). The drag coefficients GD are assumed as 0.45 (circles ©) and 1.0

(triangles A). The upper and lower limits in data are obtained with

“5,
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the steam superheat of 300 and O X, respectively in Eq.(5). The
)

standard drag curve of rigid sphere shows CD = 1.0 v 0.45 in the range
of particle Reynolds number Rgp = 10% v 102 which covers the range of
this study.

The evaporation of droplets reduces the drag coefficient due to

(2)

mass flux from the surface. Bailey et al. suggested the ratio of

drag coefficient CDO with evaporation and CD with no evapcration as,

CDO/cD =1/(1 +B) , (6)

ATsat

where B=¢C (Spalding number) .
g H
fg

Cg : specific heat of vapor [J/(kg-K)] .
ATsat : vapor superheat [K] ,
Hfg : latent heat of evaporation [J/kg].

As the maximum superheat of vapor in this study is considered as 300 K,

the minimum ratio of Eq.(6) is

CDO/CD =0.78

The circulation of liquid inside the moving drop has been studied

and summarized by Hidy and Brock(B). They proposed the ratio of CDO

with circulation and CD with no circulation as,

1+ 0.75(ug/ug)
Cpn /C = - s (7)
DO’ D 1+ (dg/uQ)
where ug, My = dvnamic viscosity of gas and liquid {Pa*s)

In this study of SCTF,

C.~/C 1.0

DO D

“| s

The evaporation of droplets reduces the drag coefficient. However, the
drag coefficient CD= 0.4571.0 is enocugh to cover the experimental range in
this study. The velocities assuming CD = 0.45 or 1.0 in Eq.(5) are larger
than the measured result evaluated with n = 150 % between 2 and 10 s and

agree with it between 10 and 15 s in Fig. 8.
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Ueda(a) proposed the following correlation for the mean droplets

diameter observed at air-water annular dispersed flow in a pipe.

d. o 0,34

St = 5.8 x 1070 [ oo (B RS , (8)
g 8 2
where, dm : mean diameter defined by J_EE?7§EM {(m) ,
o] surface tension (N/m) ,
ug dynamic viscosity of gas (Pa-8) ,
Ug : superficial velocity of gas (m/s) ,
pg gas density (Kg/m®) ,
0y liquid density (Kg/m?) ,
D : diameter of pipe (m).

The mean diameter d ig evaluated as {(4n2)x10"2 mm with Eq.(8)by using the
superficial steam velocity 5%15 m/s based on Fig.8, the steam superheat Ov
30C K and the equivalent dismeter of the subchannel as a pipe diameter D.
This value of mean droplet diameter is much smaller than the

present result d 2 1 mm. This suggests that the different mechanism

is dominant to make the entrained droplets from that of annular flow

described by Eq. (8). On the other hand, the Weber number is defined as,

_ _ 2 3
We = pg(ug ud) d/o (9)
where u : steam velocity {m/s),
uy droplet velocity (m/s),

d : mean droplet diameter (m)
From Eqs. (5) and (9),

We = ( 4eBpeg-d Yo +dfo . (10)
C_+3¢0 g
D g

The minimum value of drag coefficient is considered toc be CD = 0.45

in this study. By substitution of d = 1 mm and Cp 2 0.45 into Eq.(10),

We < 0.5

Ishiki(s) proposed that We = 6.5 agreed with his measured water daroplet

diameters which were breaking up in accelerating flow. Forsulund et

al.(6) proposed We = 7.5 for liquid nitrogen drop in the accelerating
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vapor stream, The Weber number in this study is smaller than their

Weber number. This means the smaller droplet diameter than thelr results.

3,2 Heat transfer coefficient of droplet flow

Shown in Figs. 9 and 10 are the measured heat transfer ccefficlents
at elevation 3190 mm {circles o: adjacent to non-heated rod, tri-
angles A: not adjacent to non-heated rod). A little higher heat trans-
fer coefficient adjacent to non-heated rod is obtained than that not

adjacent to non-heated rod. The referred lines are calculated with,

b= hcon'(Tw - Tg)/(Tw - Tsat) + hrad ! (11)
Ag
- 8 9.8 0.l , _
where hcon 0.023 De Re Pr (Dittus-Boelter) ,
Ag Thermal conductivity of steam [w/(m-K)] ,
De : Equivalent diameter of subchannel [m] ,

Re @ Reynolds number ( = Ug-De/vg) »
U : Superficial steam velocity [m/s] ,
v : Kinematic viscosity of steam [m?/s] ,

Py Prandtl oaumber of steam .

The cladding temperature adjacent to non-heated red is used as TW in
Eq.(11). The physical properties are evaluated with the film temperature

(Tw + Tg 3/2. hrad is radiation heat transfer coefficient defined

with,
= L * i+ —_— I+ L ] - j+ — L' —
hrad [FWR E (TW Tsat )+ va E (TW Tg )]/(TW Tsat);
where E ! gtefan—-Boltzmann constant [W/(m2°K”)],
FWQ’FWV: gray body factor ,

The first term expresses the radiative heat transfer from cladding to
droplets and the second expresses that from cladding to steam. The wvalues
of FWR and va are obtained with Sun et al.'s(T) network analysis assum-
ing the droplet flow as gray and diffuse. Fwﬁ and va,are the function
of void fraction, mean droplet diameter and the steam superheat. In

this study, the mean droplet diameter d is assumed as 1 mm. TFigure 9
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shows the effect of superheat. The higher superheat decreases the heat
transfer coefficient. In this figure, the void fracticn 1s assumed
as & = 0.9, The effect of void fraction assuming n = 150 % is shown

in Fig. 10. As the cladding temperature Tw not adjacent to non-heated

rod is almost the same with that adjacent to non-heated rod between 0 and
20 g after the start of reflcod, Eqg.(1l) using Tw adjacent to non-heated
rod is applicable for the data not adjacent to non-heated rod. Between 10
and 20 s, the actual wvoid fraction o is lager than 0.96 considering the
underestimaticon due to the friectional loss in Fig. 5 and the superheat 1
= 150 % is appropriate in Fig.8. The heat transfer of droplets flow
spproximately agrees with Eq.(li) by using the superheat n = 150 % and
the void fraction a = 0.9700.999 between 10 and 20 s in Fig. 10.
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4. Conclusions

1. The droplet diameter and velocity are measured at the top region
of core. The measured mean diameter of droplets is d 2 1 mm. This
value 1s much larger than the entrained droplet from annular flow
in a pipe.

2. TWeber number in this study is considered to be less than 0.5.
This value is smaller than the Weber number in the accelerating
flow proposed by Ishiki and Forsulund et al..

2., The heat transfer coefficient of droplet flow approximately agrees
with the sum of Dittus-Boelter's convection term and radiative heat

transfer term by Sun et al..
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Table 1

Test condition

Test No.

S1-06

Test type

Forced flooding

System pressure

0.2 MPa

Core inlet wvelocity
Age® for 10 s

LPCI*% after Acc

5 cm/s

2.5 cm/s

Max. core inlet
subecooling

17.8 K

Max.cladding temperature
at start of reflcod

970 K

Power

1,2 ANS + Actinides
+ Delayed neutron fission
with void feed back

* Accumulator injection
#% Low pressure coolant injection
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Glass
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1229974 IIIIIV4
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247 416 16

Fig. 3 Schematic diagram of observation with high-speed camera

Trace of droplet

Center of pressure vessel

Fig. 4 Trace of droplets observed with high-speed camera
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VOID FRACTION BETWEEN 3235 HAND 2685 MM

517 Bundle 2
512 Bundle 4
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Fig. 5 Void fraction measured between 3235 and 2695 mm from the bottom
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3000 10 20 30 4{)

TIME AFTER START 0OF REFLODC (o )

Fig. 6 (ladding temperature of non-heated rod at the view-point
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DIAMETER OF DROPLET
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Fig. 7 Droplet diameters
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Fig. 8 Superficial steam velocity
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Fig. 9 Effect of vapor superheat on heat transfer coefficient
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Fig. 10 Effect of wvoid fraction on heat transfer coefficient



*(pooTI¥si Jo 3iAeIAS s {(poolial Jo 1IwlSs
Woiy § £7T°6T) S 67T GOT = SWLL %'010Uq woxy s %T0*/) S ¥T0°£6 = SULL 7 030ud

*(poorJex Jo 3aIe1lsS *{pooTj=1 IO 1iBIS
woll s LG6°LT) § [66°€0T = SWIL ¢ oloyg WoIF € 6556°6) 8 696716 = PWEL 1030yl

"o

JAERI-M 83—-022

R R A S NN




JAERI-M 83-022
Appendix  Schematic of Slab Core Test Facility (SCIF})

A.1 Test facility
The Slab Core Test Facility (SCTF) is designed under the following

design philoscphy and design criteria.

(1) The reference reactor for simulation to the SCTF is the Trejan
reactor in the United States which 1s a four loop 3300 MWt PWR.
The Ooi etc. in Japan are also referred which are similar types
to the Trojan reactor.

(2) A full scale radial and axial section of a pressurized water reactor
is provided as a simulated Eore of the SCTF with single bundle
width.

(3) The simulated core consists of 8 bundles arranged in a row. Each
bundle has electrically heated rods simulating fuel rods and non-
heated rods simulating control rods.

(4) The flow area and fluid velume of components are scaled down based
on the core flow area scaling.

(5) The honeycomb structure is used as the side wall to minimize the
effect of wall on the core thermo-hydrodynamics.

(6) The facility is provided with a hot leg (equivalent tc four
actual legs) connecting the upper plenum and the steam/water
separator, an intact cold leg (equivalent to three actual Intact
cold legs) connecting the steam/water separator and the downcomer
and two broken cold legs (one for the steam/water separator side,
the other for the downcomer side).

(7) The ECCS consists of Acc, LPCI and a combined injection system.
The overal schematic diagram of the SCTF is shown in Fig. A-l.

The principal dimensions of the SCTF are shown in Table A-l. The com-

parison of dimensions between the SCIF and the referred PWR is shown

in Fig. A-2. The heights of the component in the pressure vegsel are

almost the same as the reference reactor's,

A.l.1 Pressure Vessel and Internals
The pressure vessel is of slab geometry as shown in Fig. A-3.
The core consists of 8 bundles in a row and each bundle includes simu-
lated fuel rods and non-heated rods with 16x16 array. The core is
surrounded with the honeycomb thermal imsulator which is attached on

the barrel. The downcomer is located at one end of the pressure vessel
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which corresponds to the periphery of the actual PWR. The core baffle
region is located between the core and the downcomer.

The design of upper plenum internals is based on that of the new
Westinghouse 17x17 array fuel assemblies. The radius of each internal
is scaled down by factor 8/13 of an actual reactor,

The heights of the hot leg and cold legs are designed as close
to the actual PWR as possible. However, the heights of nozzles for
the broken cold leg and the intact ccld leg are shifted down compared
to that of the hot leg in order to avoid the interference of nczzles

in downcomer as shown in Fig. A-3.

A.1.2 Heater Rod Assembly

The heater rod assembly for the SCIF core-I consists of 8 bundles
arranged in a row. Each bundle has 234 electrically heated rods and
22 non-heated rods. The dimensions of heater rods are based on a 15x15
fuel rod bundle, and the heated length and the outer diameter of each
heater rod are 3.66 m and 10.7 mm, respectively. The heater rods con-
sist of a nichrome heater element, magnesium oxide {MgO) and Nichrofer-
7216 sheath (equivalent to Inconel 600). The sheath wall thickness
is about 1.0 mm and is thicker than the actual fuel cladding for the
thermocouple installation., The heater rods don't simulate the gap
conductance which is a feature of actual fuel rod. The axial peaking

factor of rods power is 1.4.

A.1.3 Primary Loops and ECCS

Primary loops consist of a hot leg, a steam/water separator for
measuring the flow rate of carry-over water, an intact cold leg, two
broken cold legs. Two broken cold legs are connected with two contain-
ment tanks through break valves. A pump simulator and a loop seal
part are provided for the intact cold leg. The pump simulator consists
of the casing and duct simulators and an orifice. plate to simulate
the flow resistance.

ECCS consists of an accumulator and a low pressure injection system.

The injection port for the forced reflooding test is at the lower plenum.

A.l.4 Containment Tanks and Auxiliary System
Two containment tanks are provided teo the SCTF. The containment

tank-T is comnected to the downcomer with the pressure vessel side
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broken cold leg. The containment tank-II is connected to the steam/

water separator with the steam/water separator side broken cold leg.

A.2 Instrumentation
The instrumentation in the SCTF has been provided both by JAERL

and the USNRC. The JAERI-provided instrumentation includes the measure-
ment of temperatures, pressures, differential pressures, liquid levels,
flow velocities, and heating powers. The USNRC has provided film
probes, impedance probes, string probes, liquid level detectors (LLDs),
fluid distribution grids (FDGs), turbine meters, drag disk, y-densito-

meters, spool pieces and video optical probes.
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Table A-1 Principal Dimensions of Test Facility

1. Core Dimension

(1) Quantity of Bundle 8 Bundles
(2) Bundle Array 1x8

(3) Bundle Pitch 230 mm
{(4) Rod Array in a Bundle 16x16

{5} Rod Pitch in a Bundle 14.3 mm
(6) Quantity of Heater Rod in a Bundle 234 rods
(7) Quantity of Non-Heated Rod in a Bundle 22 rods
(8) Total Quantity of Heater Rods 234x8=1872 rods
(9) Total Quantity of Non-Heated Rods 22x8=176 rods
(10) Effective Heated Length of Heater Rod 3660 mwmm
(11} Diameter of Heater Rod 10.7 mm
(12) Diameter of Non-Heated Rod 13.8 mm

2. Flow Area & Fluid Volume

(1) Core Flow Area® (nominal) 0.227 w?
(2) Core Fluid Volume 0.92 3
(3) Baffle Region Flow Area 0.10 m?
(4) Baffle Region Fluid Volume 0.36 w3
{5) Downcomer Flow Area 0.121 m?
(6) Upper Annulus Flow Area 0.158 m?
(7) Upper Plenum Horizontal Flow Area 0.525 m?
(8) Upper Plenum Fluid Volume 1.16  md
(9) Upper Head Fluid Volume 0.86 w3
(10) Lower Plenum Fluid Volume 1.38 o
(11) Steam Generator Inlet Plenum Simulator

Flow Area 0.626 m?
(12) Steam Generator Inlet Plenum Simulator

Fluid Volume 0.931 m3
(13) Steam Water Separator Fluid Volume 5.3 m?
(14) Flow Area at the Top Plate of Steam

Generator Inlet Plenum Simulator 0.195 m?
(15) Hot Leg Flow Area 0.0826 m?

* Flow area in the core is 0.35 m?, including the excess flow area of
gaps between the bundle and surface of thermal insulator and between

the core barrel and the pressure vessel wall.
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(Continued)

Intact Cold Leg Flow Area
(Diameter = 297.9 mm)

Broken Cold Leg Flow Area
(Diameter = 151.0 mm)

Containment Tank I Fluid Volume

Containment Tank II Fluid Volume

3. Elevation & Height

1

(2)
(3)

(4)
(5)
(6)
(7)
(8)

(9)
(10)
(11)
(12)

(13)
(14)
{15)
(16)

Top Surface of Upper Core Support Plate
{UCsPp) '

Bottom Surface of UCSP

Top of the Effective Heated Length
of Heater Rod

Bottom of the Skirt in the Lower Plenun
Bottom of Intact Cold Leg

Bottom of Hot Leg

Top of Upper Plenum

Bottom of Steam Generator Inlet Plenum
Simulator

Centerline of Loop Seal Bottom
Bottom Surface of End Box
Top of the Upper Annulus

Height of Steam Generator Inlet Plenum
Simulater

Height of Loop Seal
Inner Height of Hot Leg Pipe
Bottom of Lower Plenum

Top of Upper Head

_23*

0.0697 w?

0.0179 m?

30
50

- 393
~5270
+ 724
+1050
+2200

+1933
-2281

-~ 185.

+2234

1595
3140
7137
-5770
+2887

o3

me
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Fig.A-3 Schematic diagram of SCTF pressure vessel




