
XA0055327

Multi-bundle Sodium Experiments for Thermohydraulics
in Core Subassemblies during

Natural Circulation Decay Heat Removal Operation

H. Kamide, Y. Ieda, S. Toda, T. Isozaki and S. Sugawara

Reactor Engineering Section
O-arai Engineering Center

Power Reactor and Nuclear Fuel Development Corporation

Narita 6002, O-arai, Ibaraki-ken, 311-13, Japan

ABSTRACT

Two types of multi-subassembly sodium experiments, CCTL-CFR tests
and PLANDTL-DHX tests, have been carried out in order to investi-
gate thermohydraulics in a fast reactor core during natural
circulation. Basic experiments are carried out in CCTL-CFR test
rig without inter-wrapper gap and under steady state. Integral
experiments are performed in PLANDTL-DHX test rig with the
inter-wrapper gap and a dip cooler in an upper plenum under
steady state and transient conditions. The first series of the
experiments and post analyses showed that inter-subassembly heat
transfer had significant effects on the transverse temperature
distribution in the subassembly and was strongly coupled with
intra-subassembly flow redistribution. And the cold sodium
provided by the dip cooler could reduce the hot spot temperature
in the pin bundle mainly via the inter-wrapper gap.

1. Introduction

During natural circulation decay heat removal operation, the
axial flow velocity becomes 5 to 20 cm/sec in the pin bundle of
core fuel subassemblies. Under such a low flow condition, the
velocity and temperature filed in the bundle will be governed by
buoyancy force. Further, inter-subassembly heat transfer and
inter-subassembly flow redistribution occur based on global
temperature distribution in lateral direction across the core.
Post analysis of a natural circulation test in Joyo experimental
reactort1^ indicated that the inter-subassembly heat transfer
influenced the peak temperatures at subassembly outlets
remarkably. On the other hand, in a reactor which has dip
coolers in an upper plenum of a rector vessel, cold sodium
provided by the dip coolers has potential to affect
thermohydraulics in a core, e.g., penetration into the
subassemblies.

As mentioned before, thermohydraulics in the core during the
natural circulation is complex and different from that under
forced flow conditions. Thus, the hot spot temperature in the
subassembly must be predicted under such a complex situation in
order to evaluate the integrity of the fuel pin bundles.

A few experiments have been conducted to study core mixed
convection heat transfer phenomena using simplified geometry or
pin bundle models with water as a working fluid.C2,J,4] However,
the thermohydraulics in the pin bundle is significantly
influenced by high thermal conductivity of sodium. Hence, the
sodium experiments are also very important. Effects of power
skew on temperature peaking in a blanket subassembly and in a
core fuel subassembly were investigated with a working fluid of
sodium by Engel et al.l5J and Namekawa et al.,[°] respectively.
Further, von Weissenfluh et al.t'J have investigated effects of
cooling a wrapper tube or cooling an upper plenum on the
temperature distribution across a 37-pin bundle.

However, it should be noted that these sodium tests were carried
out in only single subassembly models, where power skew effect or
only cooling effect of the wrapper wall was investigated. In a
real reactor, the core consists of many subassemblies and has
global temperature distribution in lateral direction. And each
subassembly is separated by sodium in inter-wrapper gap. Thus,
following effects should be investigated; effects of simultaneous
heating and cooling at the wrapper tube, effects of natural
convection in inter-wrapper gap and effects of inter-subassembly
flow redistribution. Further, therraohydraulic interaction
between the subassemblies and the upper plenum, which is cooled
by the dip coolers, should be studied in detail. Therefore, each
element phenomenon of mixed convection flow in the pin bundles
and in the inter-wrapper gap is investigated by two types of
multi bundle sodium experiments, CCTL-CFR test rigt°J for basic
experiments and PLANDTL-DHX test rig for integral experiments.

2. Two experimental apparatuses and their roles

Thermohydraulics in multi-bundle system is investigated with two
types of experimental apparatuses; one is CCTL-CFR (Core and
component test loop. Core flow redistribution test) and the other
is PLANDTL-DHX (Plant dynamics test loop with direct heat
exchanger). These test models are planned so as to study complex
thermohydraulics in the core by two steps. CCTL-CFR test is the
first step; the test section consists of three subassemblies
separated by only stainless plates (without inter-wrapper gap)
and simulates core thermohydraulics under steady state
conditions. PLANDTL-DHX test is the second step; the test
section consists of seven subassemblies with inter-wrapper gap
and simulates transitions from forced to natural circulation. It
is expected that effects of the inter-wrapper gap is separated by
these two steps.

The objectives and roles of these two sodium experiments are as
follows:

CCTL-CFR: Basic experiments without inter-wrapper gap
1) To grasp the characteristics of intra-subassembly

thermohydraulics under heated or/and cooled conditions by
adjacent subassemblies without the inter-wrapper gap.

2) To obtain an experimental correlation of inter-subassembly
heat transfer without the gap.

3) To understand core-plenum interaction, e.g., buoyancy
induced penetration flow from the cooled upper plenum into
the subassembly.
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PLANDTL-DHX: Integral experiments of partial core with upper
plenum, DHX and inter-wrapper gap

- Steady state experiments
1) To grasp the characteristics of intra-subassembly

thermohydraulics under heated or/and cooled conditions by
adjacent subassemblies with inter-wrapper gap.
To clarify the effect of natural convection in the inter-
wrapper gap.

3) To obtain an experimental correlation of heat transfer
through the wrapper tube and the gap.

4) To understand core-plenum interaction, e.g., buoyancy
induced penetration flow from the cooled upper plenum into
the subassemblies and into the inter-wrapper gap.

- Transient experiments
5) Investigation of transient behavior of the hot spot

temperature in the pin bundle with interactions between
adjacent subassemblies.

6) Investigation of the thermal stratification in the upper
plenum during pony motor operation after the scram with and
without the dip cooler operation.

7) To grasp natural circulation feature in the DHX secondary
system including air system during transitions from stand-by
operation to natural circulation.

Characteristics of the two test rigs are listed in Table 1.
Figures 1 and 2 show the schematics of subassembly cross section
of CCTL-CFR and PLANDTL-DHX, respectively. The test section of
CCTL-CFR consists of three subassemblies separated by Y-shape
stainless plate and a cooling channel. The right side
subassembly has 61 heater pins and simulates a blanket
subassembly of a large size reactor in full scale of the pin
bundle. The left side subassemblies have 19 heater pins and set
boundary conditions for the 61-pin subassembly. The cooling
channel simulates an outer and colder blanket subassembly or
neutron shielding and makes it possible to cool and heat (from
the 19-pin subassemblies) the 61-pin subassembly simultaneously.
The PLANDTL-DHX consists of seven subassemblies with inter-
wrapper gap. The center subassembly has 37 heater pins and
simulates a core fuel subassembly but in partial model. Width of
the inter-wrapper gap was set equal to that of a large size fast
reactor (7 mm). Flow diagrams of CCTL-CFR and PLANDTL-DHX are
shown in Fig. 3 and 4, respectively. The cold sodium line of
CCTL-CFR can provide cold sodium into the upper plenum and
simulates the dip coolers. PLANDTL-DHX has the secondary loop of
DHX, an air cooler and a stack, which were modeled in 1/5 scale
of a large size fast reactor. This loop can simulate natural
circulation in the DHX secondary system. The primary system, the
IHX secondary system and the DHX system can simulate the
transition from forced to natural circulation of a reactor.

3. CCTL-CFR experiments

The first series of experiments has been carried out in the
CCTL-CFR test rig, where the 61-pin subassembly was heated and/or
cooled by the adjacent assemblies and by the cooling channel.
Systematic parameter experiments are under going. Examples of
the experimental results are described as follows.

Two cases of the steady state experiments, Case 1 and 2, were
carried out to see the effect of the inter-subassembly heat
transfer on the transverse temperature distribution in the
subassembly. In both cases the 61-pin subassembly had pin
surface heat flux at 2 % level of rated condition of a blanket
fuel in a real reactor. The flow velocity in the subassembly was
kept constant at 2.5 % level of rated condition. Thus the 61-pin
bundle was operated at decay heat power level and low flow rate
similar to natural circulation conditions. In Case 1, the 6l-pin
subassembly was heated by the two 19-pin subassemblies. The
temperature difference between the subassemblies at the end of
heated length would be 30 °C if there was no inter-subassembly
heat transfer. The cooling channel was kept vacuum, thus the
side wall of the 61-pin subasserably toward the cooling channel
was regarded as an adiabatic wall. In Case 2, cold sodium was
provided into the cooling channel. Other conditions of Case 2
were the same with those of Case 1. The 61-pin subassembly was
cooled by the cooling channel and heated by the 19-pin
subassemblies simultaneously. The experimental conditions of
Cases 1 and 2 are listed in Table 2.

Figure 5 shows the transverse temperature distributions along the
measurement line as shown in Fig. 1 at the top of heated length.
In Case 1, heat flux through the left side wall was 0.86 W/cm at
this height. The heat flux was estimated by the temperature
difference across the wall; 4 pairs of thermocouples were
installed below the inside and outside surfaces of the wall. The
measured wall surface temperatures are also shown in Fig.5. This
wall heat flux was larger by factor of 4.5 than the pin surface
heat flux (0.19 W/cm 2). The amount of transported heat from the
19-pin subassemblies to the 61-pin subassembly was 2 kw (20% of
the total pin power of 61-pin subassembly), which was estimated
by the wall heat flux along the entire heated length. The
temperature distribution in the 61-pin subassembly was almost
flat except near the wrapper walls. The left side temperatures
of the 61-pin subassembly were slightly higher than those in the
center region due to the heat from the 19-pin subassemblies. The
right end temperature was dipped due to high velocity at the wall
subchannel as shown in a paragraph of computer simulation.
Effects of the left wall heat flux on the temperature
distribution was reduced by the higher flow velocity at the wall
subchannel, which is similar to the high velocity at the right
side.

In Case 2, tilted temperature distribution was observed in the
entire width of the 61-pin subassembly. This temperature
distribution was due to the heat transported from the left wall
to the right wall. The heat flux through the left wall was 1.4
W/cm and the heat flux through the right wall was 1.7 W/cm .
These values of the heat flux were larger by factor 7 to 9 than
the pin surface heat flux. The temperature distribution in the
61-pin subassembly was not linear; a small increase was observed
at the heated wall side and a large dip at the cooled wall side,
respectively. The wall subchannel temperatures at both sides
were far from the subassembly averaged temperature. Therefore,
the inter-subassembly heat transfer should be evaluated by means
of the wall subchannel temperatures, not subassembly averaged
temperatures. Otherwise, the inter-subassembly heat transfer
would be overestimated. Careful treatments are required to
obtain these wall subchannel temperatures and to evaluate the
inter-subassembly heat transfer, e.g., three dimensional analyses



of the pin bundles or empirical correlations between the wall
subchannel temperatures, the wall heat flux and a buoyancy
parameter like Gr/Re (Grashof number/Reynolds number).
Systematic parameter tests are under going to obtain such
correlations.

4. PLANDTL-DHX experiments

Interactions between subassemblies and the upper plenum, which
was cooled by the dip cooler, were investigated in the PLANDTL-
DHX. When the dip coolers remove the decay heat, cold sodium
provided by the coolers will form thermal stratification in the
upper plenum. This cold sodium has potential to cover the core
top and to penetrate into the subassemblies and into the inter-
wrapper gap under low flow rate conditions in the subassemblies
such as the natural circulation conditions. Parameter
experiments were carried out so as to simulate these phenomena
under steady state conditions.

The heater power distribution was flat among the seven
subassemblies and the powers were kept constant. The heat flux
on the pin surface of the center subassembly was set at 1.7 %
level (the averaged heat flux is 1.9 W/cm2) of the rated
condition of a core fuel subassembly in a real reactor. The flow
rates in the seven subassemblies were equal to each other and
kept constant by an electromagnetic pump. The averaged flow
velocity in the center subassembly was set at 1.5 % (6.7 cm/sec)
of the rated condition of the real reactor. Thus the seven
subassemblies simulated a part of core during the natural
circulation decay heat removal operation. Experimental parameter
was the removal heat of the dip cooler. The flow rate and the
inlet temperature of the dip cooler secondary loop were varied so
as to change the removal heat from 0 % to 100 % of the total
heater power of the simulated core. The IHX secondary system was
operated so as to keep the inlet temperature of the subassemblies
constant. The experimental conditions of the parameter
experiments are shown in Table 3.

The outlet temperature of the upper plenum is shown in Fig. 6
with respect to the removal heat of the dip cooler. The
temperature of the upper plenum decreased linearly as the removal
heat of the dip cooler increased under the constant temperature
at the subassembly inlet. Thus the interaction between the core
and the upper plenum was examined as the temperature difference
between the core and upper plenum was increased step by step.
Figure 7 shows the axial temperature distributions along the
center subchannel of the center subassembly. In the case of no
heat removal from the dip cooler, the temperature distribution
was flat above the heated length. In the case of 100 % heat
removal, the temperatures beyond the heated length (in the upper
neutron shield) were reduced remarkably. The magnitude of this
temperature decrease was larger as the removal heat of the dip
cooler was higher. Thus this temperature decrease was caused by
the cold sodium in the upper plenum. The peak temperatures in
the bundle were observed at the top of heated length in all
cases. This peak temperature was also lower when the removal
heat of the dip cooler was larger. In the case of 100 % removal
heat, the peak temperature was reduced by 10°C (7 % of total
temperature rise along the heated length). This means that the
cold sodium in the upper plenum could remove the heat from the

pin bundle and could reduce the peak temperature. Figure 8 shows
the transverse temperature distributions along the measurement
line as shown in Fig. 2 at the top of heated length. As the
removal heat of the dip cooler was larger, the sodium temperature
in the inter-wrapper gap decreased remarkably and the temperature
gradient in the bundle was larger. This means that the bundle
was cooled by the gap sodium between the subassemblies, which was
provided from the cold upper plenum and convected in the gap.

5. Computational simulation

Numerical simulations were performed for the CCTL-CFR experiments
by AQUA code.f"3 The AQUA code is a general purpose three
dimensional thermohydraulic analysis code developed at PNC, which
is based on the finite difference method and uses porous media
approach. Two cases of the experiments, Case 3 and 4 were
simulated numerically. In these cases the cooling channel was
closed and kept vacuum. The 61-pin subassembly was heated by the
19-pin subassemblies in Case 3 and cooled in Case 4,
respectively. The experimental conditions are listed in Table 2.

The calculational mesh arrangement is shown in Fig. 9. The
three subassemblies and upper plenum were modeled in x-y-z three
dimensional Cartesian coordinates. Half staggered mesh
arrangementt •'-"J was applied in the 61-pin subassembly. This mesh
arrangement make it possible to assign the each subchannel of the
pin bundle to one calculational mesh. The flow resistances in
axial direction were set according to those for subchannel
analysis method proposed by Cheng and Todreas.t ' Lower flow
resistance coefficient was set at the wall side meshes in order
to take into account small pressure drop in the wall subchannels.

The calculated results are compared with the measured temperature
distributions at 5/6 height of heated length in Figs. 10 and 11
for Cases 3 and 4, respectively. The calculated temperature
distributions agreed well with the measured ones in both cases.
The calculated axial velocity in the 61-pin subassembly showed
tilted distribution in lateral direction in Case 3. This tilt
resulted from buoyancy effect based on the tilted temperature
distribution. The right end velocity was higher than that of
inner region due to the small flow resistance. On the other
hand, the left end velocity of the 61-pin subassembly was higher
by factor of 1.4 than the right end velocity. This high velocity
resulted from the higher temperature and positive buoyancy force
at the wall subchannel, which was induced by the heat from the
19-pin subassemblies. At the same time, this very high velocity
repressed the temperature rise at the wall subchannels. In Case
4, the left side temperature was reduced by the removal heat from
the 19-pin subassemblies. This low temperature resulted in
extremely low velocity, only 60% of the average velocity, at the
left wall subchannel of the 61-pin subassembly. The flow
distribution in the subassembly was strongly influenced by the
buoyancy force based on the temperature distribution.

These two cases of numerical simulation showed that the
intra subassembly flow redistribution played very large role to
determine the temperature distribution in the pin bundle, which
was heated or cooled by the adjacent subassemblies.
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6. Discussion

These multi-bundle sodium experiments made it clear that the
thermohydraulics in the bundle was significantly affected by
adjacent subassemblies and cold sodium in the inter-wrapper gap
provided by the dip cooler under low flow conditions in the core.

When the bundle was cooled by the adjacent subassembly, the hot
spot temperature was reduced in fact. While, the wall subchannel
temperature at the cooled side was remarkably reduced as compared
with inner subchannels. Figure 11 shows that the flow velocity
was extremely small at the wall subchannel of the cooled side and
the corresponding temperature was steeply reduced. If there was
no cooled wall, low velocity, due to the intra-subassembly flow
redistribution, would result in flatter temperature distribution.
In the case of Fig. 11, the left wall of the 61-pin subassembly
was cooled. Near the cooled wall, the decreases of local
velocity, due to the flow redistribution, resulted in lower
temperature. This flow redistribution effect at the cooled side
is one of the reasons of large temperature dip at the wall
subchannels of the 61-pin subassembly in Fig. 11 and Fig. 5.

Further, this low temperature beside the cooled wall restrained
the removal heat transferred to the cold subassembly as compared
with a case of better mixing between the wall subchannels and
inner subchannels. Hence, the cooling effect was localized
around the wall subchannels and the effect on the hot spot
temperature was reduced by the intra-subassembly flow
redistribution.

On the other hand, when the bundle was heated by the side wall,
the temperature increase at the wall subchannel was repressed by
the flow redistribution.

Numerical calculations by the AQUA code, which agreed well with
the measured temperature distribution, showed that the slight
temperature difference resulted in the extreme flow
redistribution in the bundle.

Therefore, the intra-subassembly flow redistribution is a key
point to evaluate the hottest temperature of a subassembly which
is heated or cooled by adjacent subassemblies.

The inter-wrapper gap played significant role on the heat removal
from the subassemblies when the dip cooler was operated. In the
case of low flow velocity (1.5% of the rated condition) in the
bundle, the removal heat through the wrapper tube was 20 % of the
total heater pin power under the full power conditions of the dip
cooler. The hot spot temperature was also decreased by lO^C.
This cooling effect of the inter-wrapper gap can be enhanced by a
free flow design of a core barrel, for example, a wrapper tube
support pad which allows axial flow in the gap and a permeable
wall of the core barrel which allows the cold sodium flow,
provided by the dip cooler, from outside to inside of the barrel.

7. Conclusions

Two sets of the multi-bundle sodium experiments with the CCTL-CFR
rig and the PLANDTL-DHX rig were planned in order to investigate

thermohydraulics in the core during natural circulation decay
heat removal operation. The first series of the experiments has
been carried out. The experimental results and the post analyses
showed following remarks.

(1) The wall subchannel temperatures were influenced by the
inter-subassembly heat transfer significantly and coupled
with the intra-subassembly flow redistribution.

(2) Prediction of these wall subchannel temperatures is impor-
tant to evaluate the inter-subassembly heat transfer.
Experimental correlation is required between the wall
subchannel temperatures, the wall heat flux and a buoyancy
parameter (Gr/Re).

(3) Cold sodium provided by the dip cooler could cool the
subassembly mainly via the inter-wrapper gap. The hot spot
temperature was also reduced.

These experiments will be continued and thermohydraulics in the
multi-bundles are investigated in detail with the CCTL-CFR and
the PLANDTL-DHX test rigs. Transition from forced to natural
circulation will be examined in near future.
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Table 1 Specifications of CCTL-CFR and PLANDTL-DHX facilities

CCTL-CFR PLANDTL-DHX

Number of subassemblies
Number of pins
Pin diameter

Pin Pitch/Pin Dia.
Wire Spacer Diameter
Wire Spacer Lead

/Pin Dia.

Maximum Heater power
/subassembly

Maximum Pin Heat Flux
Power distribution
(Heated Length)

Flat to flat distance
of pin bundle (full

Inter-wrapper gap

Upper plenum diameter
DHR simulation

3
61
16 mm

(Blanket)
1.0875
1.4 mm
12.5

50 kW
9.59 kW/m2

7
37

8.3 mm
(Core fuel)

1.193
1. 5 mm
19.9

150 kw
155 kW/m2

Flat/1.7m Chopped cosine/1 m

140 mm
size of pin bundle)
Stainless plate

0.6 m
Cold sodium

providing line

63 mm
(partial model)

Sodium
(width 7 mm)

2.0 m
Dip cooler.

Secondary systeir

Transient simulation
Initial state

Simple curve
Low power(5%)

and Air cooler

Real situations
20% power level

Table 2 Experimental conditions of CCTL-CFR tests

Power/subassembly
61-pin subassembly
19-pin subassembly

Flow rate/subassembly
61-pin
19-pin

61-pin subassembly
Pin heat flux
Average flow velocity
Bundle Re

Inlet temperature
Flow rate in

cooling channel

Case 1

10 kw
39 kW

23 1/min
8.9 1/min

0.19 w/cm2
3.2 cm/sec
420 -

250 C
0 1/min

Case 2

10
39

23
9.0

0.19
3.2
420

250
9.8

Case 3

11
39

22
8.1

0.21
2.9
380

250
0

Case 4

21
39

23
8.8

0.40
3.2
420

250
0

Table 3 Experimental conditions of PLANDTL-DHX tests

Total Heater Power
Total flow rate
Center Subassembly
Average Pin Heat Flux
Average flow velocity
Bundle Re

Inlet temperature
of subassemblies

Dip cooler secondary loop
Flow rate
Inlet temperature
Removal heat

126 kw
40 1/min

1.9 W/cm2
6.7 cm/sec
730 -
300 C

0 - 9 0 1/min
216 - 286 C
0 - 126 kW

10
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