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ABSTRACT

An experimental program, the CHAN Thermal Chemical Experimental Program, has been setup at WNRE under
COGICANDEV to assess and verify the physical and mathematical models of the CHAN codes. The program has
been progressing from studying separate effects in single-element experiments to a full integrated mode in a CANDU
28-element bundle geometry. The CHAN-II series codes are used in the licensing analysis of CANDU reactors. The
basic code provides an efficient tool to predict the thermal response of a fuel channel during postulated loss-of-
coolant accidents (LOCA) with and without a loss of emergency coolant injection (LOECI) in which the transport
of heat by convection is greatly reduced. The code models the progression of the event including fuel channel
geometry deformation due to severe overheating. It is the main objective of this paper to discuss further verification
of the CHAN-II (MOD 6) computer code against the second full scale 28-element experiment performed at WNRE
under COGICANDEV, designed to represent a Pickering type bundle geometry. The main models and assumptions
used in the code will be briefly described.

The objective of the experiments is to provide data for the assessment of the physical and mathematical models of
the CHAN codes and produce data for code verification under integrated conditions with significant hydrogen
production and flow rates similar to the LOCAILOECI scenario. The issue of whether the Zrlsteam reaction is
sustainable in a full bundle geometry at elevated temperatures is also examined. A comparison between the
predictions of CHAN-II (MOD 6) and the experimental results is discussed.

INTRODUCTION

To assess the physical and mathematical models of the CHAN codes, an ongoing CHAN verification experimental
program has been established at WNRE under COG/CANDEV. This experimental program consists of several series
of experiments ranging from single to seven-element multi-rod geometries. Two series of the experiments employed
single Pickering type fuel elements, one series at low temperature and one at high temperature. The single-element
tests were used to verify the individual models in CHAN for convection, radiation heat transfer (low temperature
series) and the Zircaloy steam reaction (high temperature series) in a simple geometry. In the third series of the
experiments, seven Pickering type fuel rod simulators are used to represent a multi-rod geometry. The seven element
experiments provided data for the verification of the code in integrated conditions resembling the subchannel fuel
geometry. These three series of experiments were carried out using vertically oriented apparatus with electrically
heated single-element (annular) and seven-element (multi-rod) fuel rod simulators, respectively. A vertical
configuration was adopted for two reasons: firstly, in a vertical configuration axial symmetry is maintained during
most of the test and secondly, a suitable heater (graphite rod) was readily available. A fourth series of experiments
used a seven-element multi-rod geometry in a horizontal configuration to study the effect of orientation. The final
series in the CHAN experimental verification program, which is currently under way, is using a full scale horizontal
fuel channel with 28-element fuel bundles to represent the actual geometry in a CANDU reactor.

Earlier versions of CHAN have been used to compare with the CHAN verification series of experiments [1]. CHAN-
II (MOD 6) was previously used to compare with the then available first two experiments of the third series of the



CHAN verification experiments [2]. The last two vertical seven-element experiments were also used for further
verification of CHAN-II (MOD 6) computer code [3]. The first full scale CHAN 28-element experiment was
analyzed and simulated using CHAN-II (MOD 6) as part of the code verification [4]. The same test was also
analyzed with the CATHENA computer code [5], It is the objective of this paper to present and discuss further
verification of CHAN-II (MOD 6) computer code using the experimental data available from the second full scale
28-element fuel bundle geometry experiment.

A BRIEF DESCRIPTION OF CHAN-II (MOD 6) CODE

The CHAN-II series of codes is used in the licensing analysis of CANDU reactors. The basic code provides a fast
calculational tool for the prediction of the thermal, chemical and mechanical responses of a CANDU fuel channel
during a postulated loss-of-coolant accident (LOCA) with loss of emergency coolant injection (LOECI).

The CHAN-II code is based on an approach which replaces the complex pin geometry by an equivalent cylindrical
ring geometry [6]. Figure 1 shows a 28-element bundle modelled with three concentric, cylindrical rings. The fuel
channel is divided into several axial segments. Each of these segments is further subdivided into fuel rings, flow
ring subchannels, pressure tube and calandria tube. Fuel elements on the same pitch circle radius are represented
by a fuel ring, which is subdivided into two annular masses, one inner and one outer, for the purpose of carrying
out the thermal-hydraulic and heat transfer analyses for each flow ring subchannel.

The inlet flows to the subchannel rings (i.e. flow split) may either be input or calculated by the code. No lateral
mixing of the subchannel flows is assumed to take place within a bundle, however, various mixing assumptions at
the bundle end plates are available. Usually, subchannel flows are assumed to be constant during the transient except
when there is a change in the bundle or pressure tube geometry. Various models which focus on determining the
physical, thermal and chemical state of the fuel channel during an accident scenario are used to formulate a set of
ordinary differential equations governing the temperature distribution. Interactions of the various thermal-hydraulic,
thermomechanical and chemical models are also accounted for. The FORSIM code package [7] is used to solve the
resulting set of ordinary differential equations explicitly to obtain the temperature distribution.

The Ontario Hydro version of the CHAN computer code has undergone extensive modification, improving and
adding new models, resulting in CHAN-II (M0D6) for single phase steam flow. (The latest licensing version,
CHAN-II (M0D7), includes two phase cooling).

DESCRIPTION OF EXPERIMENTAL APPARATUS AND INSTRUMENTATION

The test apparatus is shown in Figure 2. Steam, supplied by the steam generator, passed through the steam
superheater to increase the steam temperature at the inlet of the test section to 700°C. The steam flow rate is
monitored by an orifice flow meter upstream of the steam superheater. The steam picks up energy from the hot fuel
element simulators as it passes through the test section. The steam reacts with the fuel element sheaths and the
pressure tube (zirconium alloys) initiating an exothermic reaction from which energy and hydrogen are produced.
The gas mixture (steam and hydrogen) on leaving the test section passes through a heat exchanger where the steam
is condensed and the resulting mixture of condensate and hydrogen produced is then directed to the hydrogen
monitoring facility. This consists of a water trap, where the condensate is collected, water filter, mass flow meters
and an in-line hydrogen analyzer where the rate and total number of moles of hydrogen produced are monitored.
The hydrogen is then vented to the atmosphere.

The test section (Figure 3a) consists of three rings of heaters (fuel element simulators) concentrically located inside
an autoclaved Zr-2.5wt%Nb pressure tube. The pressure tube was partially ballooned prior to the start of the
experiment so that some of the steam flow could bypass the bundle. Each fuel element simulator consisted of a Zr-4
sheath (15.2 mm OD and 14.4 mm ID), within which annular alumina pellets (14.3 mm OD, 6.1 mm ID and 16 mm



long) electrically insulated the cladding from the graphite rod heater. The 6 mm diameter graphite rod heaters, 1800
mm in length, were coated with tungsten carbide to minimize the reaction between the alumina and the graphite at
high temperatures.

Five spacer plates, machined out of 1.7 mm thick Zr-4 (Figure 3b), were symmetrically placed along the heated
length of the test section. The purpose of the spacer plates was to minimize the sag of the fuel element simulators
and simulate the effects of CANDU bundle end plates on the steam flow patterns.

The Zr-2.5 Nb flow tube, representing the pressure tube (2330 mm in length) surrounded the fuel element simulators.
The flow tube is separated by a CO2 gap from a surrounding Zr-2 calandria tube (2020 mm in length). A Zr-Nb-Cu
garter spring was located at the test section centreline in the annulus between the flow tube and the calandria tube.
The calandria tube was surrounded by heated, stirred water in an open tank. The water tank was 1875 mm long,
620 mm wide and 750 mm high. The top surface of the calandria tube was covered by at least 170 mm of water
throughout the experiment.

The fuel element simulators were connected in parallel to a 5000 A D.C. power supply. The radial power distribution
to the individual heater rings was designed to approximate that found in a typical CANDU 28-element bundle. One
of the sixteen outer ring FESs (pin R3-3, Figure 3a) was not powered in the test due to damage sustained during the
pre-test partial ballooning of the pressure tube.

The heated length of the test section was instrumented in various axial segments using a total of 94 thermocouples.
The fuel element simulator temperatures were monitored by 48 C-type thermocouples which were installed through
holes in the alumina pellets inside the FESs. The outer surface temperatures of the pressure tube were monitored
by 26 R-type thermocouples spot welded on the surface of the pressure tube. The steam temperature in the
subchannels was measured by 6 C-type thermocouples and the outlet steam temperature was measured by one R-type
thermocouple. The outer surface temperatures of the calandria tube were monitored by 13 K-type thermocouples
spot welded directly on the surface. The temperature of the water in the tank surrounding the calandria tube were
measured by five resistance temperature detectors (RTDs). Two of these RTDs were located at the test section
centreline and were positioned 25 mm above and below the calandria tube surface.

Relative displacement of the pressure tube with respect to the calandria tube was monitored by top and bottom Linear
Variable Differential Transformers (LVDTs) located at axial location 1435 mm from the inlet of the test section.

EXPERIMENTAL PROCEDURE

PRE-TEST BALLOONING OF THE PRESSURE TUBE PROCEDURE

The pressure tube, pressure tube/calandria tube annulus, and the FES assemblies were purged with argon, CO2, and
helium, respectively. The tank surrounding the test section was filled with water. A low level of power (2 kW) was
used to heatup the test section for a warm-up/dry-out period of about 1 hour. The test section power was ramped
to 40 kW to increase the pressure tube temperature. Once the pressure tube temperatures reached 600°C, the power
was reduced to 20 kW. A pre-test simulation indicated that level of power was needed to maintain the pressure tube
temperature near 700°C. Once the temperature reached 700°C, pressure tube was pressurized with argon to 400 kPa
to start the ballooning process. The pressure tube ballooning was monitored by two LVDTs. The pressure tube was
depressurized and electric power to the test section shut off when the two LVTDs indicated a radial pressure tube
deformation of 5 to 6 mm (initial annulus gap width was 8.9 mm). The test section was cooled slowly to avoid
thermal shock of the test section components.

HIGH TEMPERATURE EXPERIMENT PROCEDURE

First, the inside of the end hubs and FESs were purged with helium and a continuous low flow of helium was



maintained through the test. The steam and hydrogen exit lines, including the water trap, were purged with nitrogen.
Once purged, the nitrogen was replaced with hydrogen at a continuous flow for the duration of the test to ensure a
continuously flowing system. The annulus between the pressure and calandria tubes was purged with CO2. The
purge flow was initially high but reduced to 1.6 SLPM just before the start of the test. The steam superheater and
the test section were heated in argon for roughly 160 minutes to warm-up/dry-out the test section. Steam was
introduced into the superheater and the argon flow stopped. The steam flow was 15 g/s which was measured with
an orifice flowmeter. A predetermined power curve was then followed. The power was raised in steps to achieve
steady state as well as various temperature ramp rates on the sheath. The maximum total power applied to the test
section was 130 kW. The power was left at that value until the maximum recorded FES temperatures exceeded
1700°C at which time the electric power to the test section was turned off in order to study the energy released from
the exothermic Zr-steam reaction at elevated temperatures. The bundle power was briefly increased to 147 kW prior
to shutting the electric power off. The test was terminated by shutting off the steam flow once the test section
temperatures decreased below 1400°C. The test section was allowed to cool slowly overnight in stagnant steam to
limit thermal stresses on the various test section components.

EXPERIMENTAL RESULTS

The power history curve used in the high temperature part of this experiment is shown in Figure 4. The individual
power supplied to the outer, middle and inner rings are shown in addition to the total bundle power which was the
sum of all the ring powers. Design targets for normalized ring radial powers were 1.111, 0.894 and 0.775 for the
outer, middle and inner fuel element simulator rings, respectively. The steam flow rate through the test was 15 g/s.
The test section gauge pressure recorded varied between 30 KPa in early stages of the experiment to 105 KPa just
before the steam flow to the test section was shut off.

The fuel element simulator temperatures rose at a rate of 2.5°C/s during the early part when the maximum power
was applied to the test section and the rate increased to 4.2°C/s when the temperatures exceeded 155O°C. The
maximum sheath temperature recorded during the experiment was 1860°C in the middle ring of FESs at node 11
(1575 mm into the heated zone). The peak temperature recorded in the non-powered pin was 1490°C. The fuel
element simulator temperatures towards the end of the heated zone continued to increase after the electric power was
turned off. Temperatures continued to increase for up to an additional 50 s at axial locations 1125 mm, 1425 mm,
1575 mm, and 1800 mm. However, the continued escalation at some of these axial locations is questionable due
to somewhat erratic behaviour of the FES thermocouples at these location. The maximum recorded pressure tube
temperature was 1310°C at the bottom of the pressure tube 1525 mm into the test section. The top half of the
pressure tube was typically 50°C to 150°C cooler than the bottom during the maximum power period. This was
likely caused by the eccentricity of the FES bundle in the pressure tube which increased the heat transfer to the
bottom of the pressure tube by conduction and radiation. The offset bundle in the partially ballooned pressure tube
would also allow more steam to bypass the bundle, resulting in additional steam cooling along the top of the pressure
tube. The maximum steam temperature recorded was 135O°C at axial location 1800 mm. Further increase in steam
temperature was questionable due to exothermic oxidation of tantalum in the radiation shields surrounding the
thermocouples.

The hydrogen production rate continued to increase after the electric power to the test section was shut off. This
supports the hypothesis that the Zr/steam reaction was self-sustaining under these experimental conditions. A total
of 24 moles of hydrogen were produced during the powered period of the experiment with an additional 33 moles
produced after the electric power to the test section was shut off. Steam flow to the test section remained at 15 g/s
for more than 1000 seconds after the electric power to the test section was shut off.

The maximum calandria tube temperature recorded was 172°C along the bottom of the calandria tube, 1125 mm into
the heated zone. The average bulk water temperature surrounding the calandria tube reached 36.8°C before the
electric power was shut off.



COMPARISON BETWEEN CHAN-II (MOD 6) PREDICTIONS AND EXPERIMENTAL RESULTS

CHAN-II MODIFICATION AND ASSUMPTIONS

The CHAN-II computer code accepts the initial axial and radial temperature distribution in the channel as input and
calculates the channel transient response. The code models both CANDU fuel bundle geometries, i.e., 37- and 28-
element. The normal computational grid consists of 13 axial subdivisions (one per bundle) with three radial fuel
rings and a centre pin for the 37-element bundle, and 12 axial subdivisions with three radial fuel rings for the 28-
element bundle.

The code was modified to accommodate the material properties of the annular alumina pellets and graphite rods.
Light water steam properties were added to the code.

The following assumptions were used in the simulation of the 28-element full scale experiment:

1. The 28 heater elements were modelled by an inner ring (4 elements), a middle ring ( 8 elements) and an
outer ring (16 elements).

2. No flow mixing occurred in the channel between the inner and outer flow subchannels; mixing only
occurred at the end of the axial segment (total mixing). The flow split is input and assumed to be
proportional to the subchannel areas.

3. The thermal capacitances of the graphite rod, alumina pellets, and sheath were lumped together in
simulating the fuel. The thermal resistance between the graphite rod and sheath was mainly due to the
alumina pellet and the air trapped in the alumina.

4. Thermodynamic and transport properties were those for light water.

5. In safety analysis, the convective heat transfer coefficient is obtained using the Hadaller-Banerjee
correlation [8]. The correlation assumes a Nusselt number of 2 in the laminar flow regime. This
correlation is based on flow through tubes. In these simulations a more appropriate correlation based on
flow through annuli [9] was used. A comparison between the results of the two correlations were
discussed in previous CHAN simulations of experiments [2]. The enhancement of heat transfer at the
entrance of the channel due to disruption of the developing hydrodynamic and thermal boundary layer
(thermal entrance effect) [10] is also accounted for.

6. The emissivities of the fuel sheath and inner and outer surfaces of the pressure tube were assumed
constant and equal to 0.8. This value is assumed in the safety analysis and recommended for the oxidized
surface in the temperature range of 1100°C to 1650°C [11]. The emissivity of the inner surface of the
calandria tube was set to 0.2.

7. The ring radiation heat transfer model was used.

8. Axial heat conduction and radiation were neglected.

9. The thermodynamic properties at each axial segment were evaluated at the temperature of the segment's
centre.

10. The temperature of the cooling water in the open tank, which simulated the moderator, was assumed to
be constant at the average of the measured temperatures at the start and end of the test.



11. The Urbanic-Heidrick equation [12] was used to calculate the Zircaloy-steam reaction rate.

12. A flat axial power profile was assumed in the simulations due to the relatively flat variation of the
graphite rod resistance with temperature.

13. The inlet steam temperature used in the simulation of this experiment was 700°C.

14. The total power measured in this experiment was used in the simulation. Power losses were assumed
negligible.

15. The radial power distribution used in this simulation was 0.775, 0.894 and 1.111 for the inner, middle and
outer fuel rings, respectively.

COMPARISON WITH EXPERIMENTS

The following parameters were chosen to show the comparison between the CHAN-II predictions and experimental
results, namely, the temperature of the inner and outer sheath surfaces of the inner, middle and outer rings, pressure
tube temperature, outlet steam temperature, and hydrogen production.

Figures 5 and 6 show the measured and predicted inner and outer sheath surface temperatures, respectively, of the
inner ring at different axial locations. The predicted temperatures on the inner and outer sheath surface of the inner
ring seem to follow the same trend as the measured temperature profile in the experiment. The predicted temperature
profiles are responsive to the change in the applied power which is shown by the change of heating rates over the
transient time of the experiment. Measurements of the sheath inner surface temperatures at axial locations 2, 4 and
12 as shown in Figure 5 show very little spread between the three axial locations until the electric power was shut-
off (with the exception of the erratic behaviour in the thermocouple at axial location 4). The code predictions show
an axial temperature distribution along the length of the test section which is in reasonable agreement with that which
would be expected for a uniform, axial power distribution. The code slightly overpredicted the temperatures at the
different axial locations shown in Figures 5 and 6; however, the agreement between experiment and simulation on
the outer surface (Figure 6) is marginally better than that on the inner surface (Figure 5). Both the experiment and
simulation (Figures 5 and 6) showed that the temperatures continued to increase at various downstream axial
locations after the electric power was turned off at 887 s. The temperatures start to decrease within 20 to 60 seconds
after the electric power was shut off. This indicates that the exothermic Zr/steam reaction was locally self-sustaining.

Figures 7 and 8 show the measured and predicted temperatures of the inner and outer sheath surfaces, respectively,
of the middle ring at different axial locations. The experimental measurements show a more representative axial
temperature distribution. The agreement between predictions and measurements is reasonable; however, the code
is overpredicting the measured temperatures as was the case with the inner ring. Again, the Zr/steam reaction was
locally self-sustained on both surfaces of the this ring at downstream axial locations in the test section. Axial
location 12 in Figure 7 and 8 and 12 in Figure 8 show increases in temperature after the electric power was turned
off.

The temperature profiles of the inner sheath surface of the outer ring and the outer sheath surface of the outer ring
are shown in Figures 9 and 10, respectively. The comparison between predictions and measurements for the inner
sheath surface of the outer ring follows the same trend as the inner and middle sheath ring comparisons. However,
the temperatures of the outer sheath surface of the outer ring are significantly overpredicted by CHAN at all axial
locations. The overprediction is approximately 175°C at axial location 11 when the power was turned off (Figure
10).

Figure 11 shows the comparison between the experimental measurements and the simulation predictions for the
pressure tube temperature at three axial locations. The code predictions significantly overestimated the pressure tube



temperatures at all axial locations with an overestimation of about 200°C at axial location 12. This overprediction
was less at the time the power was shut-off where it was about 100°C. Overprediction of the pressure tube
temperatures was observed previously in the first full-scale CHAN 28-element experiment [4] as well as in one of
the seven-element experiments [3]. The results indicate that the Zr/steam reaction was also self-sustaining on the
pressure tube surface.

The measured and predicted steam temperatures at the exit to the test section are shown in Figure 12. The agreement
is reasonably good between measurements and predictions for the steam inside the inner subchannel (with the
exception of the erratic behaviour of the thermocouple). CHAN's prediction for the outlet steam temperature exceeds
the measured value in the outer subchannel by approximately 100°C but it is significantly higher (~400°C) that the
measured steam temperature in the outlet pipe. This suggests that the steam had cooled significantly between the
exit of the test section and the instrumented location in the outlet pipe.

The measured and simulated rates of production and cumulative amounts of hydrogen for the experiment are
compared in Figures 13 and 14, respectively. Hydrogen production started earlier in the simulation than was
observed in the experiment The criterion for the onset of hydrogen production in the simulation was 827°C. The
rate of hydrogen production increased with increasing temperature with a sharp increase in production rate once the
temperature exceeded 155O°C. A peak hydrogen production rate of 0.34 moles/s was recorded in the experiment
prior to shutting off the electric power to the test section. The rate continued to increase and reached a peak of 0.36
moles/s. The code predicted a peak hydrogen production rate of 0.24 moles/s. The hydrogen production rate was
predicted to decrease after the electric power to the test section was shut-off (Figure 13). The predicted cumulative
hydrogen production was about 80% of that measured in the experiment (Figure 14).

As a sensitivity analysis, the simulation was repeated to study the effect of input power on the results. The
uncertainty in the electrical power measurement was reported to be of the order of 5%. The simulation was repeated
with at 95% of the measured power. This reduced the predicted temperatures of the inner sheath surface of the inner
fuel ring such that the experimental results were slightly underestimated at axial location 12 (Figure 15). The
predictions of the pressure tube temperatures were slightly improved at all axial locations (Figure 16); however, the
peak pressure tube temperature at axial location 12 was still overestimated by approximately 75°C. The reduction
in sheath temperatures resulted in a reduction in the predicted cumulative hydrogen production such that the measured
value at the end of the test was underestimated by about 40%.

DISCUSSION

For this experiment, CHAN predicted the steam temperature at the exit of the test section and the sheath temperatures
of the inner, middle and outer rings reasonably well with the exception of the outer sheath surface of the outer ring
for which there was a large overprediction (Figure 10). The pressure tube temperatures were also significantly
overpredicted. The simulation was shown to be sensitive to the total applied power; however, this sensitivity cannot
explain relative differences between the predictions and measurements in the inner and outer portions of the bundle.
It was assumed lhat the power generation was uniform along the test section; however, the electrical resistivity of
graphite is temperature dependent which would lead to a non-uniform distribution as the experiment progressed. The
resistivity of graphite is roughly proportional to temperature in the temperature range of interest which would
increase the relative power generation in the hotter regions of the test section. This effect would tend to worsen the
comparison between simulation and experiment as a function of axial location.

The large overprediction of the temperature of the pressure tube and the outer sheath surface of the outer ring
remains unexplained. Increased heat conduction between the pressure and calandria tubes would lower the
temperature of the pressure tube and, consequently, lower the temperature of the outer sheath surface of the outer
ring by increasing the radiation heat transfer to the pressure tube from the outer ring. The relatively low flow rate
of CO2 in the annulus between the pressure and calandria tubes, however, would not be expected to yield the
required reduction.



CONCLUSIONS

1. The CHAN-II (MOD 6) computer code was used to model the second 28-element CHAN verification
experiment. Generally, reasonable agreement between predictions and measurements of the sheath
temperatures was obtained in the downstream portion of the test section.

2. The pressure tube temperature was significantly overpredicted which in turn caused the overprediction of
the temperature of the outer sheath surface of the outer ring.

3. The hydrogen production rate and the cumulative hydrogen production were about 70% and 80%,
respectively, of the measured values.

4. The Zr/steam water reaction was locally self-sustaining at various axial location, mainly downstream in
the test section.

5. The overprediction of the temperature on some components of the test section are under investigation.
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Figure 1: Croa-sectional view of hid bundle model in CHAN-II.
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Figure 9-. Sheath temperatures for inner surface of outer-ring fuel elementrt for CHAN 28-element Test 2.
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Figure 10: Sheath temperaturea of outer surface of outer-ring fuel elements for CHAN 28-element Teat 2.
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Figure 11: Presaure tube temperatures for CHAN 28-element Test 2.
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Figure 11 Channel outlet steam temperature for CHAN 28-element Test 2.

13



0.4

0.35

0.3

0.25

02
I
3
| 0.15

0.1

0.05

0

.

EXPERIMENT

CHAN: UrtmicHeidrick
Condition

Power Off

_Jkic

, ) -

\

1
\

\ \
\ \

1— -
1 0 O 2 O O 3 O O 4 O O 5 0 O 6 O O 7 O 0 S O O 9 0 O 1000 1100 1200 1300 1400

Time (I)
Figure 13: Rale of hydrogen production In CHAN 28-demenl Test 2.
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Figure 14: Cumulative hydrogen production rrom CHAN 28-dement Test 2.
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Figure 15: Sheath temperatures of inner surface of inner-ring fuel dements for CHAN 28-cletnent Test 1
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Figure 16: Pressure tub* temperatures for CHAN 28-el«ment Teat 2.
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Figure 17: Cumulative hydrogen productiaa from CHAN 28-element Test 2.
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