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Abstract

The effect of heat flux tilt on rod bundle dryout limitation was studied experimentally using a
full-scale mock-up test facility and simulated 36-rod fuel bundles in which heater pins have azimuthal
nonuniform heat flux distribution (i.e., heat flux tilt). Experimental results for typical lateral power
distribution in the bundle indicate that the bundle dryout power with azimuthal heat flux tilt is higher
than that without azimuthal heat flux tilt in the entire experimental range. Consequently, it is
concluded that the dryout experiment using the test bundle with heater pins which has circumferentially
uniform heat flux distribution gives conservative results for the usual lateral power distribution in a
bundle in which the relative power of outermost-circle fuel rods is higher than those of middle- and
inner-circle ones.

I. Introduction

Neutron flux in a nuclear fuel bundle generally shows nonuniform distribution in which
neutron flux decreases in the central portion of the channel. This depression of the neutron flux leads
to a radial power distribution in the bundle and radial power inclination in the fuel pellet (i.e., power
tilt) of each individual fuel pin. An example of power tilt and radial power distribution is shown in
Fig. 1 for a cluster-type fuel bundle used in pressure-tube-type reactors such as the ATR of the
Japanese Heavy Water Reactor and CANDU reactor. Accordingly, in the actual reactor, heat flux
distribution of the fuel pin surface shows a circumferentially nonuniform profile in which heat flux is
higher at the position facing outward and lower at that facing the bundle center.

On the other hand, in the dryout tests using a full-scale mock-up test facility and simulated fuel
bundles, heater pins having circumferentially uniform heat flux distribution have usually been used so
far due to difficulties in manufacturing heater pins with azimuthal heat flux tilt in which heater pin
thickness must be varied circumferentially.

Under these circumstances, only a small amount of data has been reported on the effects of
azimuthal heat flux tilt by Lee [1] for a round tube and annulus, and Styrikovich et al. [2], Miropolskii
et al. [3], Alekseev et al. [4], Kitto et al. [5] and Jensen et al. [6] for round tubes. No work
concerning azimuthal heat flux tilt in rod bundles is known to the authors .

The objective of this study is to clarify the effect of azimuthal heat flux tilt on rod bundle dryout
phenomenon experimentally using a full-scale mock-up test facility and simulated 36-rod fuel bundles,
and to verify qualitatively the conservativeness of the results of the conventional experiments using
heater pins which have circumferentially uniform heat flux.



II. Power tilt in the fuel assembly
Some studies on the power tilt in fuel bundles for heavy-water-moderated pressure-tube-type

reactors have been reported from CEA [7], AECL [8] and PNC [9]. These studies revealed the
following characteristics of power tilt.

• profile of power tilt in a fuel rod is symmetric along the radial direction
• power tilt is greatest in the outer-circle fuel rod in the bundle
• power tilt decreases with burnup, so power tilt is largest at the beginning of life (BOL)

An example of power till calculated using a detailed lattice code for an ATR 36-rod bundle is shown in
Fig.2 [9]. Power tilt factors ( e ) for outer-, middle- and inner-circle fuel rods in the ATR 36-rod
bundles are determined using the definition below and are indicated in Table 1.

[Power tilt factor ( e )] = [azimuthally maximum power density]/[average power density] (1)

From the viewpoint of heat transfer, the circumferential heat flux inclination profile is more important
than the power tilt. The azimuthal heat flux tilt profile can be estimated from the power tilt factor by 2-
or 3-dimensional heat diffusion analyses of the conductivity of materials, gap conductance between
pellet and cladding, and heat transfer characteristics at the cladding surface. Table 1 indicates
estimated heat flux tilt factors ( £ ) based on a 2-dimensional (r- 8 ) analysis using TEMPOL [10] code
such as the well-known TAC [11] code under the boundary conditions shown in Table 2. Here, the
heat flux tilt factor is also defined as below.

[Heat flux tilt factor ( c )] = [azimuthally maximum heat flux]/[average heat flux] (2)

Table I An Example of Heat Flux Tilt due to Power Tilt in Each Circle Fuel Rod

^ ~ — —
Outer-circle rod

middle-circle rod

Inner-circle rod

Power tilt factor ( e )

1.181

1.179

1.061

Heat flux tilt factor ( $ )

1.075

1.074

1.025

Table 2 Boundary Conditions for the Calculation of Heat Flux Tilt

• Coolant temperature
• Thermal conductivity

• Gap conductance
• Heat transfer coefficient
• Linear heat rate

560 K (Saturation temperature at 7MPa)
2.33 W/(m-K) for fuel pellet
16.3 W/(nvK) for cladding
5500 W/(m2-K) for pellet/cladding gap
55000 W/(m2 • K) for cladding/coolant interface
30 - 50 W/cm



III. Fabrication and assembling of a test bundle with heat flux tilt

Experiments are carried out using an electrically heated 36-rod test bundle, as a full scale model
of the ATR fuel bundle at the 14 MW Heat Transfer Loop (HTL) in the O-arai Engineering Center,
PNC. In this type of experimental system, axial and radial power distributions in the bundle can be
simulated by varying the axial distribution of heater rod thickness while holding the outer diameter
constant and varying the ratio of heater rod thickness of each heater rod in the test bundle.

In addition, in the experiments, the thickness of each heater rod is varied azimuthally to
simulate the circumferential heat flux distribution due to power tilt in the fuel pin. Figure 1
schematically shows the variation of heater rod thickness used for simulating the pin flux tilt and the
radial power distribution in the bundle.

In Joule heating of rods with azimuthally nonuniform thickness distribution, it should be
considered that the azimuthal heat flux profile varies due to heat diffusion in the heater rod tube. Since
this sort of heat diffusion can be estimated by 2-dimensional (r- 6 ) heat diffusion analysis taking into
account the conductivity of heater rod materials and the heat transfer characteristics at the heater rod
surface, the variation of azimuthal heat flux tilt due to heat diffusion is also estimated by using the TAC
code with boundary conditions shown in Table 2. The estimation indicates that the decrease of heat
flux tilt factor due to heat diffusion in the heater rod material is about 0.5% for the outer-circle heater
rod with heat flux tilt factor of 1.075. Consequently, we conclude that heat flux tilt with tilt factor of
1.075 can be simulated by using a heater rod with maximum azimuthal thickness peak of 1.080.
Figure 3 shows comparison of the expected circumferential distribution of the heater rod thickness
with that of the fabricated heater rod. From this figure, we can see that fabrication error of
circumferential heater rod thickness distribution is less than ± 1% by when using the newly developed
heater rod fabrication technique.

In the assembling of a test bundle, inner-circle rods with azimuthally uniform heat flux were
adopted, because the heat flux tilt factor for the inner-circle fuel rod is much smaller than those for
outer- and middle-circle rods, as shown in Table 1. Finally, peak relative values of the circumferential
thickness distribution to the average applied in the experiment were 1.08, 1.08 and 1.00 for the outer-,
middle- and inner-circle heater rods, respectively. These heater rods with heat flux tilt were set very
carefully to ensure precise angular position.

IV. Experiment

IV-1. Experimental facility and heater rod bundle

As mentioned previously, experiments were carried out using the 14 MW HTL. As shown in
Fig.4, HTL consists of two test sections housing heater rod bundles, an electric power supply system
connected to the bundles, a steam drum, a high pressure-condenser, a subcooler, a pressurizer, and a
circulating pump. The maximum operating conditions of the HTL are 10 MPa pressure at 585 K with

10xl04kg/h flow rate.
A 36-rod test bundle in the test section has a specified heated length of 3.7 m, heat transfer area
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of 6.06 m , flow area of 4,788 mm and hydraulic equivalent diameter of 9.3 mm. In the heater rod
bundle, 36 heater rods are arrayed in three concentric circular layers surrounding an unheated center
rod. The rods which have 14.5 mm outer diameter are made from stainless steel (SUS-316), and their
surface is polished such that roughness is about 1 //m. These heater rods are positioned in the



bundle with ring-type spacers which have the same shape and dimensions as those used as the actual
fuel bundles of ATR.

IV-2. Experimental conditions and procedure

Experiments were carried out with the same bundle geometry in both cases of with and without
heat flux tilt, first with a circumferentially uniform flux profile and then with heat flux tilt.
Experimental conditions are summarized as follows. These conditions were determined so as to cover
a wide range of operating conditions under stable operation and the anticipated transient of ATR.

• Pressure : 7 MPa
• Mass flux (Upward flow) : 300-3000 kg/m2s (5-50 t/h)
• Inlet subcooling : 10-100 kcal/kg
• Channel power : 1-12 MW
• Dryout quality : 30-85 %
• Power distribution

Axial = Uniform
Radial = 1.20/0.84/0.72 (outer/middle/inner)
Heat flux tilt factor (c ) = 108 (for outer- and middle -circle rods)

Dryout occurrences were measured with numerous chromel-alumel thermocouples of 0.5 mm
in outer diameter. These thermocouples were soldered with silver on the surface of heater rods and
arranged not only axially and radially but also azimuthally in order to identify the circumferential
dryout location. Thermocouple locations and spacer arrangement are shown in Fig.5. Dryout was
approached by slowly increasing input power to the test bundle until thermocouples detected a rapid
rise in temperature of the heater rod surface under steady inlet conditions of sufficiently stabilized
system pressure, coolant temperature and coolant flow rate after being fixed at specified values.

Data were acquired at a rate of two frames per second. Each frame contains 120 points of
data. Measuring accuracy was estimated as ±0.5 % for system pressure, ± 1 % for heating power,
±0.5 % for inlet coolant temperature, and ±0.75 % for heater surface temperature.

General and detailed descriptions of the HTL facility and experimental procedures were given
in previous papers [12], [13], [14].

V. Experimental results
Experimental results are shown in Figs.6 and 7 as comparisons of bundle dryout power

between the cases with and without heat flux tilt. The results indicate that bundle dryout power with
azimuthal heat flux tilt is 4 - 8 % higher than that without azimuthal heat flux tilt in the entire
experimental range. Figure 8 also indicates the dryout locations at the bundle cross section. In
experiments both with .and without heat flux tilt, dryout was observed to occur in the outermost-circle,
not in the middle- or inner-circle, and was localized on the heater rod surface facing subchannels
between the outermost- and middle-circles immediately upstream of the spacer positioned near the top
of the heated length.



VI. Discussion

Previous studies mentioned above [1-6] for round tubes and annulus with flux tilt gave similar
results. It was reported that the dryout power and/or average heat flux at the dryout point with heat
flux tilt is almost the same as that with uniform heat flux, and that the maximum local heat flux at the
dryout position with heat flux tilt is consequently greater than that predicted from uniform heat flux
data for the same cross-sectional average steam quality. This information indicates that a very
localized heat flux peak due to power tilt would not greatly affect the dryout occurrence for small
diameter tubes such as nuclear fuel rods.

In the cluster-type rod bundle for pressure-tube-type reactors such as ATR, experimental
results accumulated so far show that dryout generally occurs in the outermost-circle rods, and is
localized on the heater rod surface facing subchannels between the rods of outermost- and middle-
circles. Hence, due to the power tilt, local heat flux at the dryout position would be lower than that
with uniform heat flux. Result calculated using the subchannel analysis code FIDAS [15] indicates
that steam qualities with heat flux tilt in the subchannels between the outermost and middle circles are
lower than those without heat flux tilt due to the variation of heat balance. Therefore, the higher
dryout power with heat flux tilt obtained in the experiments is considered to be caused by the lower
heat flux at the position dryout occurred and facing the subchannels between the outermost and middle
circles due to heat flux tilt, and by the lower steam qualities in those subchannels.

In view of the above findings, it can be concluded that the dryout tests using the test bundle
with heater pins which have circumferentially uniform heat flux distribution give conservative results
for the conventional case in which the relative power of the outermost-circle is higher than those of
middle- and inner-circles.

VII. Conclusions

Experimental investigation was carried out on the effect of heat flux tilt on bundle dryout
limitation using the full-scale mock-up of the 14 MW HTL facility. Experimental results indicate that
bundle dryout power with azimuthal heat flux tilt is higher than that without azimuthal heat flux tilt. It
is concluded that the dryout experiments using the test bundle with heater pins which have
circumferentially uniform heat flux distribution give conservative results for the case in which the
relative power of the outermost-circle is higher than those of middle- and inner-circles.
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Fig. 1 Flux Distribution in Nuclear Fuel Bundle and its Simulation in Electrically Heated Rod
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Fig. 2 Example of Calculated Power Tilt in Fuel Rods in Each Layer
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Fig. 3 Example of Azimuthal Thickness Distribution of Fabricated Heater Pin
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Fig. 8 Dryout Locations Observed in the Experiments


