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Preliminary Analysis of the Effect of the

Grid Spacers on the Reflood Heat Transfer
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Division of Reactor Safety,

Tokai Research Establishment, JAERL

(Received January 28, 1982)

The results are described about the preliminary analysis of the
effect of the grid spacers on the heat transfer during reflcod phase of
a PWR LOCA.

Fxperiments at JAERI and other facilities showed substantial heat
rransfer enhancement near the grid spacers. The heat transfer enhance-
ment decreases with the distance from the grid spacers in the downstream
region of the grid spacers. Several mechanisms are discussed about the
heat transfer enhancement near the grid spacers. A model of a coales—
cence of the water droplets downstream the spacers is proposed based
on the review of the experimental data. The heat transfer correlation

for the saturated filw boiling is utilized to quantify the heat transfer

augmentation by the grid spacers.

Keywords: PWR LOCA, Reflood, Heat Transfer, Two-phase Flow, Grid Spacer



JAERI-M 8992

TEKEAE S IT 52 B ) » FRA 4 DRI DT OF iR

B AR T AR R AR S AT 2 T2
g A& W RER R

(19824 1 A288%T)

F¥id, PWR-LOCABOEMEKBREL BT AFLABMIREIC LS /)y FAR-—FDE
BUCOOTOTRBIFBREEEEDNNLDTH A,

R 8 0 B EEAKERSICBNTY )y FR A= ORI 51 A EVEZE 0 R sl i) =
NTE BEERIL S ) » FAR—VOTHRAICENT ) v F22—Y 5 OEERE & K ITHE
BUTN B 7w FAR— 5l Il 2REEEEIMEBIC OV TER L, £R7 — 2l
TNty FRR- Y NETOEBSGE =7 VARE L, S50 BmEHBAEEERERIC
B30T, 7)) v FRR=FICE ZBNBEEREOEENTMEAT - 720



JAERI —M 9962

Contents

1. Introduction R R R R L

1.1 Background P R R R

1.2 ObJeCtiVES ..vuvecnunsrrasarascrsoressnseranoenessss

2. Effect of the Grid Spacers on the Heat Transfer ..eeeenes

7.1 Review of the Experiments .....cersceceoroerconsscnens

2.1.1 FLECHT ........ B Ceeetenaanas

2.1.2 FEBA .viivinvoarecssaracsssssrensonsssencanns

2.1.3 JAERI's Small Reflood Experiment ............

2.2 Previous Models ........ herssanenseenen Ceaeseesaeans
2.2.1 Heat Transfer MechaniSms «.oveeecesennoeasns s

2.2.2 Heat Transfer Correlations .......... s

3. Preliminary Analysis ... cvecevrenrcasncacssovans vee e
3.1 Discussion on the Previous Models .....cecvennne e

3.2 Present Model ..iveceverensssssranorrancnnsarusnreccs

4. ConClUSLIONS cuveevoavsasssrrsssnserssas ersarens ereaean
Acknowledgements ..... S R I seavan Ceeeen
References ......... J e L L L R R R R ceraeansaes
Nomenclature «.eeseeeses R

AppendiZ A .uveeneuacnaristarresesa s

i

e v e

LRI

R

PR Y

o 0~ ~ Oy & o

. 19

1q

.20
. 26
. 26

29
28

29



JAERI—M 9992

L2 H B e ]
2 BUEEICHA DT Y o F AR FDOBEB o
01 TEERF — B O oo e
2 11 FLECHT - B e, T
212 FEBA e e
2 13 JEBVINE FISEARTEER -ooomeooreere oo oo
D0 TERD BTN e S
R s L SN — B

220 BRERERER - e — e e

3 B IEIRAT o S
31 PEROETNICDINTOERE o ommmmmmm oo mmmrmem o

10

i

20
26
26
27
28



JAERI -M 9992

List of Tables and Figures

Table 2.1 Test conditions of FLECHT Skewed Core experiment

Table 2.2 Test conditions of JAERI small reflood experiment

Figure 1.1 Temperature and the heat.transfer responses during
reflood phase '

Figure 1.2 Distribution of heat transfer coefficient at JAERI's
experiment

Figure 1.3 Turnaround and quench temperature at various elevations
of the same power at JAERI's experiment

Figure 1.4 German OQut-of-Pile test results

Figure 2.1 Quench front movement in FLECHT Skewed Core experiment

Figure 2.2 Heat transfer coefficients near the grid spacer

Figure 2.3 Void fraction and carried over liquid mass

Figure 2.4 Axial distribution of heat transfer coefficients

Figure 2.5 Axial distribution of void fraction

Figure 2,6 Effect of test conditions on the axial heat transfer
distribution (FLECHT)

Figure 2.7 Schematic of FEBA test bundles

Figure 2.8 Influence of a grid spacer on the axial temperature
profile

Figure 2.9 Heat transfer coefficient near the grid spacers

Figure 2.10 Effect of test conditions on the axial heat transfer
distribution (JAERI)

Figure 3.1 Coalescence of droplets downstream of the grid spacer

Figure 3.2 Measured and calculated heat transfer coefficient

Figure 3.3 Measured and calculated heat transfer distribution

Figure 3.4 Measured and calculated saturated heat transfer
coefficient

Figure 3.5 Heat transfer correction factor for JAERI and FLECHT

experiment




Table A.1
Table A.Z
Table A.3

Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Al
A2
A.D
A4
A.5
A6
AT
A.8

JAERI —M 8992

List of Tables and Figures in Appeundix A

Comparison of the structure of the grid spacer
Main specification of small scale reflood test facility

Test conditlons of the experiments

Test plan and the main instrumentation

Location of the expected heat transfer data
Schematic of the test facility

Cross section and power distribution of the core
Temperature measurement in the core

Superheat steam probe

Grid spacer thermocouple

Differential pressure measurement in the core

Vi

e - et oot et e



JAERI—M 9992

1. Introduction
1.1 Background

Tn a reflood phase of a PWR LOCA, it is important to evaluate the
heat transfer from the fuel rods to the coolant in the core to evaluate
the maximum temperature of the rods. Several experiments have been
conducted to investigate the phenomena during the reflood phase.
FLECHT(l) correlation derived from the FLECHT experiments(z) is utilized

for the licensing calculation. Heat transfer correlation by Murao and
) Sugim0t0(3) has been obtained based on the small reflood experiment at
JAERI(A).

Figure 1.1 shows a typical responses of the temperature and the
heat transfer coefficient of the rod obtained at JAERI's reflood
experiment. The test sectiqﬁ bundle of the experiment consisted of
full length 4 x4 electrically heated rods. The point A, which corre-
sponds to a maximum_temperature, is called a turnaround point, and the
point B is called a quench point.

According to the results of the experiments, the local heat trans-
‘fer downstream of the quench front is affected by the.existence of the
grid spacers to some extent(B). Figure 1.2 shows the effect of the
grid spacers on the heat transfer coefficient at 80 seconds after the
reflood initiation. The heat transfer coefficient downstream of the
grid spacers tends to be higher than that upstream of the spacers.
Figure 1.3 shows the turnaround and.quench temperatures at various
elevations in the core. The location of the grid spacers are shown in
the figure, Thé turnaround and the quench temperatures downstream the
grid spacer tend to be lower than that upstream the spacer.

This effect can be called a heat transfer enhancement due to the
grid spacers. There may be several factors which affect the heat
transfer and hence determine the turnaround temperature during reflood.
In a case of a typical PWR with a cold leg injection, major.factors for
the evaluation of the turnaround temperature will be the local power
distribution, the location of the quench front, and the existence of
the grid spacers for a given core inlet boundary condition.

Figure 1.4 shows the results of the fuel balooning experiment at

)(5) As shown in the figure, the balooning ratio is

West Germany (KFK
strongly affected by the power distribution and the location of the

grid spacers. The local power distribution will be dominant, as the

uulm
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maximum temperature is the direct results of the high initial tempera-
ture and the high local power. The flow pattern above the quench front
is generally different from that below the quench front in the core.
Also the heat transfer coefficient above the quench front is gradually
decreasing with the distance from the quench front during the reflood
transient(3). Although the effect of the grid spacers may be the least
of the three, it will shift the location of the hottest spot in the
downstream region and it will decrease the maximum clad temperature.

The effect of the grid spacers on the heat transfer is thus favora-
ble for the safety margin of the fuel rods in the reflood phase,
however, it has not been studied in detail. FLECHT bundle reflood
experiment has shown that the heat transfer is ephanced by the spacers
when the flooding rate is higher than 3.8 cm/seconds(6). Yao et al.(7)
has discussed the heat transfer mechanisms and has proposed the model

(8)

based on the single phase flow conditions. FEBA experiment in West
Germany has shown the heat transfer enahncement by the spacers,
However, the heat transfer mechanisms and the flow regime have not been
clearly identified.

JAERI is planning to conduct the Series-8 small reflood experiment,
and the effect of the grid spacers on the heat transfer will be investi-
gated as a part of the test series. The mechanisms and the quantifica-
tion of the heat transfer enhancement will also be investigated.
Described in Appendix is a plan of the grid spacer effect experiment.
The modeling of the grid spacer effect on the heat transfer enhancement
will be necessary for the best-estimate refiood analysis cade(g).

According to the results of the CCTF (Cylindrical Core Test
Facility) experiments at JAERI(lo), the core thermo-hydraulics were
sometimes different from the results of FLECHT or PKL refloed experi-
ments. It also showed the larger safety margin exists in CCTF than the
current evaluation model calculation. The effect of the grid spacers
on the core thermo-hydraulics will be important for the analytical

and the experimental coupling of the test results.

1.2 Objectives

The objectives of the present preliminary analysis of the grid

spacer effects are as follows:

(1} to review the existent experimental data concerning the heat
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transfer enhancement,

(2) to review the previous analytical models, and

(3) to describe the present heat transfer model.
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2. Effect of the Grid Spacers on the Heat Transfer

The bundle reflood experiments indicated that the heat transfer
enhancements were observed at the region downstream the grid spacers.
The heat transfer mechanisms near the grid spacer are not clearly
identified, and the experimental data with detailed information are
rare up to now. First we will review the existing experimental data
about the heat transfer enhancement near the grid spacers, and then we

will review the analytical models in the following sectioms.

2,1 Review of the Experiments
2.1.1 FLECHT

FLECHT (Full Length Emergency Core Heat Transfer) consists of
several series of experiments. The experiments were conducted under
the forced and the gravity feed injection conditions. The simulated

core consisted of 105 heated rods in FLECHT Low Flooding(ll) and Skewed

Core experiments(lz).

Figure 2.1 shows the measured data for the quench front movement
obtained in Skewed Core Run 11003. Also shown is the skewed core power
distribution in the figure. Quench front seems to move quite smooth
regardless of the existence of the grid spacers.,

The heat transfer coefficients are shown in Fig.2.2. The heat
transfer coefficient reached a stationary value at time t; (~30 seconds)
as indicated in the figure. This corresponds to the beginning of the
liquid effluent from the core exit and to the time of the stationary
value of the void fraction as shown in Fig.2.3. This means that the
two-phase flow was established at about 30 seconds. The heat transfer
coefficient at 3.20 m elevation 1s generally higher than that at 2.05
or at 3.35 m elevation. This indicates that the heat transfer above
the grid spacer is enhanced by the grid spacer and its effect decreases
with the distance from the grid spacer,

The distributions of the heat transfer coefficient and the void
fraction in the core are shown in Figs.2.4 and 2.5, respectively.

The heat transfer.enhancemént due to grid spacers, which is the differ-
ence of the heat transfer coefficlient below and above the spacer, can
be observed in the upper part of the core. This augmentation.effect

seems to be dominant when the quench front, shown in Fig.2.l, is far
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from the grid spacer. The void frﬁction in the upper part of the core,
which contains the spacer in the differential pressure measurement
section, is lower than that without jt. Although the frictional pres-—
sure loss at the grid spacers may not be negligible, this implies the
existence of more water droplets suspending near the spacers.

Figure 2.6 shows the effect of the test conditions on the heat
transfer distributions at the time when the two-phase flow was first
established along the while core. The test condition are summarized in
Table 2.1. The order of the heat transfer enhancement due to the grid
spacers falls on the range of 10 to 100 W/m?+K. The heat transfer
augmentation is larger for the case of either the higher flooding rate,

the lower system pressure, or the higher peak power.

2.1.2 FEBA

FEBA (Flooding Experiments with Blocked Arrays)(s) experiment in
West Germany has been conducted to investigate the flow blockage charac-
teristics during reflood. Test section consists of 5% 5 electrically
heated rods. To examine first the effect of the grid spacers, they
conducted the reflood test with and without the grid spacer at midplane.
Figure 2.7 shows the schematic of the test bundles.

Figure 2.8 shows the experimental results of the effect of the
grid spacer at midplane on the heater rod surface temperature upstrean
and downstream of the grid spacer. Omne experiment was done with a grid
spacer at midplane and the other was done without it. Comparing with
both experiments, the heat transfer enhancement due to the grid spacer
can only be observed downstream of the grid spacer. The temperature
decrease due to the grid spacer is about 100°C at the most.

FEBA was the only experiment that has tried to investigate the
offect of the grid spacers directly, however, the heat transfer mecha-

nisms near the grid spacer based on the flow observation have not been

reported.

9.1.3 JAERI's Small Reflood Experiment

JAERI has conducted several series of reflood experiments in the
small scale reflood facility(a)(13)(14) to investigate the reflood
phenomena. The test section bundle consisted of full length 4 x4

electrically heated rods from Series 1 through Series 6 experiments.

e
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JAERI has also been conducting Large Scale Reflood Test Program with
almost 2,000 heated rods to demonstrate the effectiveness of the emer-
gency core cooling system during reflood. However, only the results of
the small scale reflood test are described here,

Figure 2.9 shows the heat transfer data at various elevations
obtained in JAERI Run 6033. Test conditions of JAERL experiments are
summarized. in Table 2.2, The two-phase flow was established at gbout
60 seconds when the heat transfer coefficients along the core reached
some stationary values as indicated by ty in Fig.2.9. Heat transfer
coefficients are higher for 2.1 and 2.55 m elevations enhanced by the
grid spacers as shown in Fig.2.9.

Figure 2.10 shows the effect of the test conditions on the heat
transfer coefficient distribution when the two-phase is first developed
along ‘the core. The test conditions are summarized in Table 2.2.

The locations of the grid spacers are also shown in the figure.
The heat transfer enhancement due to the grid spacer tends to be larger
for the case of the lower system pressure or the higher peak power.

The effect of the flooding rate on the heat transfer augmentation
is mot so dominmant as that in FLECHT experiment shown in Fig.2.6, since
the flooding rate varies a little in JAERI's experiment. It sheould also be
noted that the initial peak clad temperature of FLECHT (~870°C) is much
higher than that of JAERI's experiments (~400°C). The high wall tem-
perature in FLECHT may not enable the water droplets to contact the
wall =2asily, resulting in the dispersed flow with large amounts of

droplets in the upper part of the core when the flooding rate is high.

2.2 Previous Models
2.2.1 Heat Transfer Mechanisms

Several models have been proposed on the mechanisms of the heat
transfer enhancement near the grid spacers in the two-phase flow during

reflood phase. The following heat transfer mechanisms have currently

(6)(7)_

been classified
(1) Atomization of the droplets
The flowing droplets in the dispersed flow region downstream the
quench front will hit the edge of the spacers causing the atomization
of the droplets. The increased number of droplets and the increased

interfacial area will then cause the desuperheat of the vapor resulting
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in the heat transfer enhancement from the wall to the vapor.

(2) Coﬁtact heat transfer
The droplets splashed and disturbed by the grid spacers may bounce

to the hot wall to cause the direct contact heat transfer from the wall

to the droplets.

(3) Acceleration
The vapor flow will be locally accelerated by the grid spacers due
to the reduction of the flow area. The flow acceleration increases the

local vapor velocity near the grid spacers, which enhances the local

heat transfer.

(4) Radiation to the grid spacers
The grid spacers are commonly made of materials of a low heat
capacity and they can easily be rewetted by impinging water droplets in
a dispersed flow. After the rewetting of the grid spacers, the radia-
tion heat transfer from the wall to the grid spacers would not be

negligible in the vicinity of the grid spacers when the wall temperature

is relatively high.

(5) Fin cooling
The spacers sometimes contact with the rods at the top of small

dimples made on the side wall of the spacers to hold the rod bundles.
Then the spacer itself may act as a cooling fin to the rod. The tem-—
perature of the grid spacers can be saturation temperature when the

spacers are rewetted by the droplets in the dispersed flow.

(6) Disturbance
The two-phase flow will be mixed and disturbed by the spacer

structure. The velocity and thermal fields will be affected by the
spacefs to cause a more uniform flow in the spacer region; The hydro-
dynamic and thermal boundary layers begin to reestablish their fully
developed flows in the downstream of the spacers. The heat transfer in

this region will be enhanced by the disturbed boundary layer.

2.2.2 Heat Transfer Correlations

(16
Marek and Reheme(1 ) have proposed the correlation of the heat
transfer enhancement at the grid spacers in the single phase flow in

the form,
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oo = 1+5.55 e, ‘ (1)

where Nu and Nu, denote the local Nusselt number with and without the
spacer respectively, and € is the blockage ratio of the spacer to the
flow area. Equation (1) was derived from the analogy between the
frictional pressure drop and the heat transfer from the wall at the
spacers.

Based on the several experimental data of the heat transfer
enhancement downstream of the grid spacers in the single phase flow,

(7}

Yao et al. developed a correlation for Reynolds number higher than

10" on the basis of Eq.(1) as

%“—0 =1 +5,55¢2e70-13x/D) (2)
where x is the distance from the downstream end of the spacer and D is
the hydraulic diameter of the flow channel.

Equation (2) implies the heat transfer is affected by the spacer
in the region about ten times the length of the hydraulic diameter in a
single phase flow.

(7

In the pest CHF reflood phase condition, Yao et al. has develop~
ed the heat transfer model which contains the disturbance, the radia-
tion, and the fin cooling mechanisms described in Section 2.2.

The mechanism of the atomization or the coupling of the droplets, which
might be characteristic features in the reflood conditions, were not
included in their modeling. The total heat flux qw has been written in

the form:
gw = qw,rad + qw,fin + qw,dis s (3

where subscript rad, fin and dis denote the radiation, fin cooling, and
two-phase flow disturbance, respectively.

The ''qw,rad" is estimated by the radiation from the wall to the
rewetted spacer. The fin cooling is localized at the spacers assuming
the conservative fin cooling of the hot wall. Equatiom (2) is utilized
to evaluate the disturbance term "qw,dis" assuming the homogeneous

vapor flow,
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Figure 2.1 Quench front movement in FLECHT Skewed Core experiment
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3. Preliminary Analysis
3.1 Discussion on the Previous Models

In a single phase flow, the effect of the disturbance or the mixing
will be dominant on the heat transfer enhancement due to the spacers.
In a reflood two-phase flow, however, the situation is rather compli-
cated because of the existence of the water droplets in the flow

channel .

The contact heat transfer between the droplets and the wall has

(15) and found to be generally small in

been studied by Tloeje et al.
magnitude. The effect of the fin cooling will not be large, since the
pinpoint contact area between the rod and the spacer will be so small
to give a good heat conduction to the spacers.

The effect of the flow acceleration will be limited to the vicinity
of the spacers, and the heat transfer dependence on the velocity change

{5 rather weak for the most blockage ratios of the spacers if we assume

a Dittus-Boelter type equationm:
Na ~ yO-® i

where Nu is the Nusselt number and V is the vapor velocity.

Radiation to the spacers may not be negligible when the wall tem-
perature is high and the spacer is rewetted. This effect can be
accurately treated by the radiation law, therefore the information need-
ed is the time when the rewetting of the spacers occurs.

Besides the effect of the atomization of the droplets, we should
consider the mechanism of the coalescence or the uniting of the droplets.
Some of the disturbed droplets by the spacers may couple to each other
to increase the size of droplets downstream of the spacers. The small
droplets will be carried over to the exit of the core due to the
velocity acceleration near the spacers. On the other hand, the large
droplets tend to remain just above the spacers due to their large
gravity force compared with the drag force of the vapor flow.

Sometimes when the flooding rate 1is relatively high, the flow just above
the grid spacers may be more 1ike film boiling than the dispersed flow
due to the coalescence of the droplets as iliustrated in Fig.3.1.

The large amount of water zbove the spacer will cause the heat transfer

enhancement., This situation of the enhanced heat transfer with the
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smaller vold fraction at the spacers are indicated in FLECHT experiment
as already shown in Figs.2.4 and 2.5. This mechanism might cause a
multiple quench front propagation at the spacers when the amount of
water above the spacers is excessively largé.

The flow observation near the grid spacers will supply the inform—
ation about the flow pattern. The main heat transfer mechanism at the
spacers, which may depend on the flow conditions, could be identified
by the droplets movement or the droplets diameter distribution near the

spacers.,

3.2 Present Model

In order to clarify the heat transfer enhancement mechanism of the
grid spacers, we need detailed information near the grid spacers.

The flow observation near the grid spacers will be most valuable to
determine the flow pattern which may affect the heat transfer enhance-
enhancement. The vapor superheat temperature and the rewetting time of
the grid spacers will be utilized to evaluate the radiation heat trans-
fer from the wall,

In the present preliminary analysis, the heat transfer correlation
developed by Murac and Sugimoto(B) will be adopted as a guide to
evaluate a local heat transfer enhancement by the grid spacers, assuming
the flow situation of the coalescence of the droplets described in the

previous section. The correlation is
h=nh___ +h , (4)

where

- 3 _ L.
ho . = 0.94(1-)% | -8 0g (g pg)Hfg'1 :
sa ) L u_ AT B

q7q s

at

The first term, h of the right hand side of Eq.(4) is similar

sat?
to the Bromly type film boiling correlation, however, it is modified
by the void fraction & and the distance from the quench front Lq.
The radiative heat transfer is described in the second term, hg,

% . .
modified by the factor (1-u0)” accounting for the existence of the
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liquid in the flow channel.

The porrelation (4) was valid for the saturated film boiling
region rather than the dispersed flow region, and the error predicted
by Eq.(4) was about *207 for JAERI's small scale refiood experiment and
FLECHT Low Flooding experiment except for the vicinity of the spacersg3)

Figure 3.2 shows the example of the comparison of the measured
heat transfer coefficient obtained at JAERI's experiments and the cal-
culated heat transfer coefficient based on Eq.(4). TFigure 3.3 shows
the measured and the calculated heat transfer distributions at 60
seconds after flood. Equation {4) gives fairly good estimation of the
heat transfer coefficient as an average when the two-phase flow is first
established along the core. The quench front is about 1.0 m above the
bottom of the core at that time. Alsc shown in the figure is the heat
cransfer coefficient calculated by Eq.(3). Nug in Eq.(2) is evaluated
by the Dittus - Boelter's equation assuming the vapor temperature as the
average of the wall and saturated temperatures. The vapor velocity 1s
evaluated by the gquench front velocity, the steam generation rate in the
quenched region and the local void fraction. A fairly large difference
between Lhe calculations by Egqs.(3) and (4) may he due to the difference
of the assumed flow patterns.

To eliminate the effect of the temperature difference caused by
the initial temperature and the axial power distribution, radiative
heat transfer term, hR’ can be subtracted from the equation (4),

Boae = b= hR : (3)
as the other term, hggt, is a very weak function of the wall temperature.

Figure 3.4 shows the comparison of the measuréd and the calculated
heat transfer coefficients; hg,es a8 @ function of the distance from
the grid spacer for JAERT and FLECHT Skewed Core experiments.

The data are taken at the highest power region. The radiative term is
subtracted by equations (4) and (5). The h_,,. of JAERI's data are
higher than that of FLECHT data due to the lower void fraction,

To compare the heat transfer coefficient, h,,,, between two facili-

ties regardless of the void fraction difference, the following correc-

rion factor B(x) is introduced tentatively:

h % B(x) ,

sat,meas - hsat,calc

where meas and calc denote the measured and calculated, respectively,

— 21 —
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and x is the distance from the upper edge of the grid spacer.

Figure 3.5 shows the plot of the correction factor, B{(x), for
several experiments at JAERI and FLECHT Skewed Core. The data are taken
in the regicn above the grid spacer at the highest local power distribu-
tion, and the times of the data taken are the same as in Table 2,1 and

2.2. The relationship of B(x) with the distance x can be simply corre-

lated by

B(x) = ax + b R (6)

where

-2.0 (1/m)} ,
1.7+0.3 (m)

(7}

It should be noted that the tentative correction factor (6) has
been derived from the data at.the beginning of the establishment of the
two-phase flow. The heat transfer correlation (4) still holds for the
most part of the transient, especially in the vicinity of the quench
front as shown in Fig.3.2., Therefore, the correction factor (6) can be
adopted when the quench front is far from the concerned locatior.

A more detailed heat transfer measurement along the axial direction
near the grid spacer will be required to testify the functional relation-

ship of the heat transfer enhancement by the grid spacers with the

analytical models.
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Figure 3.1 Coalescence of droplets downstream of the grid spacer
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Figure 3.2 Measured and calculated heat transfer coefficient
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Conclusions

Reflood experiments at JAERI and other facilities were reviewed to
quantify the heat transfer enhancement by the grid spacers.

It was found that the heat transfer coefficient downstream the
grid spacers was generally larger than that upstream the spacers.
The heat transfer enhancement was clearly observed after the
establishment of the two-phase flow along the core, and it
decreased with the distance from the grid spacer.

The previous models on the heat transfer enhancement by the grid
spacers were reviewed and discussed. It was pointed out that the
proposed heat transfer mechanism of the coalescence of the water
droplets could be dominant over the previous models for certain
flow conditions.

To evaluate the effect of the grid spacers on the heat transfer
enhancement, a tentative correction factor was obtained for the
heat transfer correlation for the saturated film boiling developed
by the authors. The corrected heat transfer coefficient agreeed

well with the data during the first stape of the reflood transient.
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Conclusions

Reflood experiments at JAERI and other facilities were reviewed to
quantify the heat transfer enhancement by the grid spacers.

It was found that the heat transfer coefficient downstream the
grid spacers was generally larger than that upstream the spacers,
The heat transfer enhancement was clearly observed after the
establishment of the two-phase flow along the core, and it
decreased with the distance from the grid spacer.

The previous models on the heat transfer enhancement by the grid
spacers were reviewed and discussed, It was pointed out that the
proposed heat transfer mechanism of the coalescence of the water
droplets could be dominant over the previous models for certain
fiow conditions.

To evaluate the effect of the grid spacers on the heat transfer
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[Nomenclature]

D : Hydraulic diameter (m)

E :+ Emissivity (-)

Hfg : Latent heat of evaporation (kJ/kqg)

h : Heat transfer coefficient {(W/m? K)

Lq : Distance from the guench front {m)

Nu : Iocal Nusselt number with the spacer {-)
Nuo : Local Nusselt number without the spacer
aqw : Wall heat flux (W/m?2?)

T : Temperature ({K)

v '+ Velocity {(m/sec)

X : Distance from the spacer (m)

2 : Void fraction (-}

ATsat : Wall superheat (K]}

< : Blockage ratio of the spacer (-)

A : Thermal conductivity {W/m-K)

u :  Dynamic viscosity (kg/m-sec}

p : Density {(kg/m?)}

o : Stefan Blotzman constant (W/m2 X*}

Subscript

g : Gas phase

) : Liquid phase
R : Radiation
sat : Saturated

W : Wall

— 28 —
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Appendix-A Plan of Grid Spacer Effect Experiment

A.1 Objectives

The objectives of the grid spacer effect experiment are as
follows:

(1} to identify the heat transfer mechanism based on the flow cbserva-—

tion near the grid spacers,
* (2) to quantify the heat transfer enhancement caused by the grid

spacers,

(3) to supply additional data for the different type of grid spacers,
and 7

(4) to establish the method of amalytical and experimental coupling
vetween reflood facilities and PWRs concerning the effect of grid

spacers.

A.2 Test Plan

To realize those objectives, a series of the experiment will be
divided into four sections as shown in Fig.A.l. The circles in the
figure show the locations of the view windows. The Core 0 has a basic
configuration of the grid spacers (Type 1) and it will be utilized to
get fundamental heat transfer data. The flow pattern just below the
grid spacer will be observed at the midplane.

The Core 1 is a modification of the Core 0. The location of the
central grid spacer will be shifted downward to observe the flow just
above the grid spacer. The heat transfer data above the midplane will
be compared with that of Core 1 as a function of the distance from the
central grid spacer. Additional instrumentation will be supplied in
the course of the modification to measure the wall temperature of the
grid spacer at midplane and the vapor temperature in the core.

The Core 2 is the same as Core 1 except for the central grid
spacer, The flow pattern and the heat transfer with no grid spacer at
midplane will be compared with those of Core 1 to get the direct effect
of the grid spacer. Also the additional heat transfer data as a func-
tion of the distance from the grid spacer will be obtained. TFigure A.2
shows the location of the expected heat transfer data in the highest
power region from Core 0 through Core 2.

In Core 3, all the grid spacers above midplane will be replaced

b s e, o ek ik oS




JAERI—M 6992

by the thinner grid spacers (Type 2) as were used in previous test
series. The flow above midplane mav be quite different due to the
thinner grid spacers. The difference of the flow characteristics and
the thermal hydraulic behavior in the upper part of the core will be
analyzed for the analytical modeling of the grid spacer effect and for
the coupling between the reflood test facilities and PWRs.

The specific features of the grid spacers used in Core 0 through
Core 3 are summarized in Table A.1. Also the data of CCIF and FLECHT-

(1)

SEASET® are listed for comparison. The blockage ratio of the grid

spacer, £, is defined as

Zﬂ,pt—t2
fp” = (m/8)d?

]

where-ﬂp is the pitch of the heated rod, t is the thickness of the grid

spacer, and d is the diameter of the heated rod.

A.3 Facility Description

(1) Layout
JAERI's small reflood test facility was designed to investigate
the reflood phenomena during a LOCA of a PWR. The facility schematic
is shown in Fig.A.3. The facility consists of a simulated core, lower
and upper plenum, a downcomer, a primary loop, and additional supporting
systems. The scaling factor based on the core flow area is about

1/1,000 of a 1,000 MWe class PWR.

(2) Test Section

Figure A.4 shows the cross section of the simulated core consisting
of 32 electrically heated rods having a heated length of 3.6 m,
Four non-heated rods are arranged at the corners. The core rod geometry
is based on the 15X 15 Westinghouse PWR design. The main specifications
of the core design are listed in Table A,2. A water separator in the
upper plenum removes the entrained water from the two-phase mixture
from the core and drains the separated water into a tank to measure the

entrainment rate.

(3) Downcomer
The downcomer pipe is connected to the test section lower plenum
for the gravity feed reflood tests. The downcomer line will be bypassed

for most of the test because the system effect is not the primary
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objective of the present grid spacer experiment.

(4) Primary Loop
Two-phase mixture from the core exit is separated by the separator
in the upper plenum, and the vapor mass flow discharges to the atmo-
sphere via the primary loop. The primary loop consists of the simulated
hot leg, the orifice plate to measure the mass flow rate, Containment 1,
Containment 2, and the exhaust line. The flow area of the hot leg is

23.67 cm®.

(5) Coolant Injection System
The coolant injection water is preheated in the 0.691 m® storage
tank 1. The capacity of the main pump for the coolant injection is
3,600 m®/hr maximum. The coolant is recirculating prior to the test
through the storage tank, the lower plenum, the overflow nozzle at the
lower plenum, and the storage tank. The constant or the stepped
injection flow is accomplished by quick opening of the magnetic valve

attached to the injection line.

A.4 Instrumentation

Instrumentation for the tests include heater rod thermocouples,
fluid temperature thermocouples, structure wall thermocouples, absolute
and differential pressure transducers, supplied power transducers and
so on. The signals from the detectors are recorded on a digital
magnetic tape for data reduction by the central computer.

(1) Heater Rod Thermocouples

The thermocouple to measure the clad surface temperature is burried
in grooves on the outside surface of the heater rod. Figure A.5 shows
the location of the instrumented rods and the elevation of the thermo-
couples. The thermocouples near the top of the heated length are

intended to supply the information about the top quenching phenomena.

(2) Superheated Steam Probe
The location of the superheated steam probes is also shown in
Fig.A.5. The superheated steam probes are all conmnected to the non-—
heated rods via guide plates as shown in Fig.A.6. The leading lines of
the thermocouples are all burried on the surface of the non-heated
rods. The thermocouple is an ungrounded type and the diameter is 0.5 mm.
The information about the vapor superheat would be valuable for the

model development of the grid spacer effects.
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(3) Grid Spacer Wall Temperature
Two thermocouples are attached in the wall of the central grid.
spacer as shown in Fig.A.7. The leading lines of the thermoccuples
are burried on the surface of the non-heated rods. The grid spacer
wall temperature will be utilized to evaluated the radiation heat
transfer from the heater rod to the grid spacer and the timing of the
rewetting of the grid spacer will be compared tc the heat transfer

augmentation near the grid spacer.

{4) Differential Pressures
Figure A.8 shows the schematic of the core differential pressure
measurement in the core. The veid fracticns conmverted from the differ-
ential pressure measurement will be compared with the existing void
fraction correlations for the reflood conditions(z). The differential
pressufe with and without grid spacer between the pressure taps will be

compared to estimate the frictional pressure loss at the spacers.

{5) Moticn Picture
Motion pictures will be taken through the housing view windows to
identify the flow patterns near the grid spacers for some selected
runs. The time interval of the strobe light varies from ~1 usec to
~10 usec, and the frequency of the metien pictures is 24 frames per

second coincident with the strobe light.

A.5 Test Procedure

Prior to the test, the rod bundle and its housing, and the coolant
water are preheated to a specified temperature. 1In the ferced flooding
experiment, the coolant water is circulating through the line from the
storage tank 1 to the lower plenum. After the establishment of the
temperatures and the flow rate, the data recording system is turned on
and the electric power 1is supplied to the heater rods. When the peak
clad temperature reaches a pre-set value, the reflooding is initiated
by quickly closing the valve in the overflow line, starting the water
injection into the test section. After the whole core is quenched,

the power is turned off and the data recording is stopped.
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A.6 Test Conditions

Test conditions of the experiment is listed in Table A.3,
The underline indicates the value of the base case. To avoid the
failure of the heater rods or the thermocouples in the core, the thermally
severe test case will be done at the last part of the test series.
Although the detailed test matrix is not fixed, the tests will be run
principly from the base case conditions with only one parameter varving

at a time.

References in Appendix A

(1) Hochreiter, L.E., et al., "PWR FLECHT-SEASET Unblocked Bundle,
Forced and‘Gravity Reflood Task: Task Plan Report"”, NRC/EPRL/
Westinghouse Report No.3, March, 1978.

(2) Iguchi, T., "Void Fraction in Simulated PWR Fuel Bundle during
Reflood Phase", J. Nucl. Sci. Technol., 18 [12], 957 ~ 968 (1981).
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Table A.1 Comparison of the structure of the grid spacer

Facility Type Thickness Length Blockage Ratio
{mm} {mm}) in Subchannel (%)
Core O-Core 2 Egg crate 0.8 40 19.4
i [Type 1]
with dimples
Core 3 E crate 0.4 40 9.8
99 [Type 2]
(upper part) with dimples
CCTF Egg crate 0.8 40 15.2
with strip holders
FLECHT~SEASET (1) Egg crate 0.38 44.5 9.4
with dimples
Table A.3 Test conditions of the experiments
System pressure (MPa) 0.1 0.2 0.4
Linear peak power (KW/m) 1.6 2.0 2.4
Flooding rate (cm/s) 1.5 2.0 4.0
Inlet water subcooling (°C) 20 50 80
Initial peak clad temperature (°C) 400 550 700
Housing wall superheat {°C) 0

100 200
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Table A.2 Main specification of small scale reflood test facility

Bundle geometry

§ x 6 ~rod (Sguare pitch)

Arrangement

. Number of heated rod 32
Number of non-heated rod 4
Outer diameter of rod 10.7 x 107 'm
Pitch 14.3 x 107 %m
Heated ;ength 3.6 m
Core flow area 4.68 x 1077 m?

Heater rod design

Indirect heating type

Type
Clad thickness 1.0 x 107 %m
Clad material Inconel - 600

Outer diameter of ,
haeting element 6.4 x 10 "m

Material of heating
element Nichrome

Attached thermocouple 0.5 x 10" °m 0.D.
ungrounded type
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Figure A.3 Schematic of the test .facility
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Figure A.4 Cross section and power distributicn of the core
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Figure A.8 Differential pressure measurement in the core
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