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ABSTRACT

In a postulated CANOU-PHW loss-of-coolant accident (LCCA) with
coincident impaired emergency cooling, the axial transport of heat from the
fuel by convection is reduced. This reduction in heat removal causes the
fuel to heat up and the radial heat transfer to the moderator to become
significant. This paper deals with two codes that predict the thermal
response of fuel channels under LOCA conditions.

New channel thermal radiation models in both RAMA, a thermal-
hydraulic code, and CHAN II, a fuel channel thermo-chemical code, are
presented and their predictions are compared with the experimental results
of an electrically heated bundle of 37 fuel pins.

A second experiment, involving a single heated pin in a channel
with flowing.steam, is presented. The predictions of RAMA and CHAN II are
compared with this experiment to verify the codes' thermo-chemical models.

There is good agreement between the predictions of both codes and
the experimental results.

1. INTRODUCTION

The CANDU-PHW reactor has a high-pressure, primary cooling system
and a low-pressure, independently cooled, moderator system. The fuel and
coolant are separated from the moderator by a fuel channel, which consists
of a pressure tube and calandria tube separated by a gas-filled gap. The
zirconium pressure tube contains heavy-water coolant and the gas gap
insulates the cool moderator from the hot coolant during normal operation.
The left half of Figure 1 is a schematic diagram of a fuel channel and the
fuel. Each fuel channel is 6 m long, with an outside diameter of 132 mm,
and is positioned horizontally in a calandria vessel. The fuel channels
are positioned 280 mm apart, center to center, on a square lattice. Cool
heavy-water moderator between the fuel channels acts as a sink for heat
generated in the fuel if other means of heat removal fail.
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For example, in a postulated loss-of-coolant accident (LOCA) with
coincident impaired emergency cooling, the axial transport of heat from the
fuel by convection is reduced. This reduction in heat removal causes the
fuel to heat up, and radial heat transfer to the moderator becomes signifi-
cant. The heat is then transferred from the fuel by conduction (from the
center of the fuel to the fuel sheath and through the pressure and caland-
ria tubes to the moderator), convection (by any steam still flowing in the
channel), and radiation (from fuel sheath to fuel sheath, from fuel pins to
pressure tube, and from pressure tube to calandria tube). Since the main
mechanism of radial heat transfer is by radiation, high fuel temperatures
will result. The radial heat transfer is sufficient, however, to limit the
maximum temperature to below that of U02 melting

1.

RAMA and CHAN II are two computer codes that can analyse the
channel heat flow in situations with reduced convective heat transfer.
RAMA* is a LOCA thermal hydraulics code developed to analyse the complex,
reactor primary heat transfer system and is used to obtain a best estimate
of the transient behaviour during LOCA. Since RAMA can predict the ther-
mal hydraulic behaviour during postulated LOCAs when the convective heat
transport is impaired, a radial heat transfer package has been added to ob-
tain a better estimate of the thermal behaviour in these cases. CHAN II is
a heat transfer program developed to predict fuel channel thermal behaviour
and hydrogen production when the primary and emergency cooling are inade-
quate. The heat transfer analysis has been described previously*,* but
modifications to the radiation heat transfer model have been made.

This paper describes the radial heat transfer package added to
RAMA and modifications to the radiation heat transfer model of CHAN II.
Predictions made with these codes are compared with the results of two
experiment!.

In the first experiment, heat was transferred from a 37-element
bundle to a surrounding tube in stagnant air. This experiment tested the
accuracy of predictions of radiation heat transfer models. In the second
experiment, a small, metered steam flow was passed through an annul us be-
tween a zirconium-clad heater and a zirconium flow tube. This experiment
tested the axial convective heat transfer, the radiation heat transfer, and
the zirconium/ water reaction models used in the codes.

2. HEAT TRANSFER MODELS

2.1 RAMA

2.1.1 General Assumptions

In principle, RAMA predicts the radial heat transfer for the 37
fuel pins and the pressure tube. It assumes that circumferential tempera-
ture variations in each pin can be ignored; that is, the fuel sheaths are
isothermal. The fuel pins are divided into several equal segments; each
segment is assumed to be axially isothermal and, thus, convection is the
only axial heat transfer mechanism. Thennal conduction between fuel pins
and to the pressure tube through the gas is ignored.



- 473 -

RAMA AND ACTUAL

CALANORIA
TUBE

Figure 1: Schematic diagram of fuel channel cross-section
showing physical models used in RAMA and CHAN II

Fiqure 2: 37-eleinent channel indexing scheme for RAMA:
(Pressure tube is surface 38)
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Since CANDU fuel bundles consist of concentric rings of pins, the
present analysis assumes that the temperatures of the pins in each ring are
equal. This assumption reduces the problem to solving for temperatures in
only four pins (one for each ring) inside the pressure tube. How this re-
duction is done for the radiation heat transfer calculations is described
in the following section.

2.1.2 Radiation Heat Transfer

To calculate the radiation heat transfer for a system of solid
surfaces, the following assumptions are made:

(1) All surfaces of the system are diffusive and grey.

(2) The surfaces form a closed system.

(3) The inter-surface region is transparent to radiation.

(4) The instantaneous temperature of each surface is uniform.

Under these assumptions, the radiative heat flux between surfaces
is solved by the generalized radiation law5:

Q - w(T4)

where fi « of tf - f(f - tn'hi - f] U )

-4Q and T are vectors whose ith elements are the ith pin's radiant
surface heat flux and i ts temperature to the fourth power, respectively, fl
is a square matrix of radiation coefficients, o is the Stefan-Boltzmann
constant, £ is a diagonal matrix of surface emissivities, f is the iden-
t i t y matrix and f is the view factor matrix.

In a 37-pin bundle, for isothermal pins, the radiation matrix 13
is a 38 x 38 square matrix. The following method reduces w to a much
smaller matrix:

Let the number of symmetric rings be «.(£. = 5 in Figure 2; the
pressure tube and calandria tube are regarded as a single ring). For the
k-th ring, there will be m. fuel pins at the same temperature S. . If the
fuel pins are indexed fromKthe center (Figure 2) , then the following re-
lations exist between temperatures:
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Tm 1+ 2
 = *•• = Tm 1 + m2

 = S2

mj + nig + .... m, _ ,+1 ~ *** m, + m 2 + ... + m ~ i

Re-writing equation(l) in index form for the ith temperature station gives

L .
Qi = E W. T4 (3)

where L is the total number of temperature stations (38 in our present
example). Denoting m = 0 and using equation (2), equation (3) can be
expressed as

0 = y S4 Y U (4)
k=l .i=m.. ,+1 J

Therefore, the sum of all the radiant heat fluxes to the nth ring is

m m m.

Rn - E " gt - E " ± sj E w
i = m 1 + l i=mn.1+l ^ 1 J = V l + 1 J

m m.

By defining V - f E ^

then Rn - ^ Sj Vnk
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In matrix form, this becomes

* - * (S4) (5)
The radiant heat flux to each fuel element on the kth level is equal to

because every fuel element has the same surface area.

Therefore, for a. equal to 5, the original matrices reduce from an
order of 38 to an order of 5. This method is not restricted to the present
example. It can be used in any geometry involving radiation heat transfer
where the same temperature is expected for more than one surface.

The radiation heat transfer model in RAMA uses the above equa-
tions. The view factor matrix F is calculated using Hottel's cross-string
method5.

2.1.3 Solid-to-Fluid Heat Transfer

RAMA is a two-fluid model code that can evaluate the heat trans-
fer between solid and water, steam or a two-phase mixture. In this paper
convective heat transfer is calculated only for single-phase steam.

For a single-phase steam coolant, the convective heat transfer
correlation by Heineman' is used to calculate the heat transfer coefficient
between the solid surfaces (fuel sheaths and pressure tube) and the steam.
The total heat transferred between the solid surfaces and the steam is

dA

solid
surfaces

where T is the solid surface temperature, T t is the temperature of the
superheated steam, and the integral is evalultea over all solid surface
areas.

2.1.4 Modelling Thermal Conduction in Solids

In RAMA, the heat fluxes calculated from radiation and convection
and zirconium/steam heat production are taken as the boundary conditions to
solve the internal temperature distribution for each pin. The following
radial heat conduction equation is used:

3T 1 3 • 3T i IJ\

where PC is the heat capacity of the solid, T is the temperature, k is the
thermal conductivity, q1 is the decay heat generation, and r is the radial
position from the center of the pin.

The pressure and calandria tubes are treated as two concentric
cylinders that have between them, as the only heat transfer communication,
a contact conductance heat transfer coefficient. The heat conduction equa-
tion above is solved with the exception that the internal heat generation
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is zero. The boundary conditions on the inside surface of the pressure
tube are the heat flux by radiation from the fuel and convection from the
coolant. The boundary condition on the outside surface of the calandria
tube is the heat flux convected to water.

RAMA uses a finite element method developed by McDonald7 to solve
for the transient heat flow by conduction through a solid (fuel pins and
pressure and calandria tubes). The variational method was extended by
McDonald to handle transient problems since it conserves energy in its
calculations.

2.1.5 Zirconium/Steam Chemical Reaction

RAMA calculates the zirconium/steam reaction rate for surface
temperatures above 900 C, since above this temperature the heat from the
exothermic reaction is significant and affects the temperatures in the
bundle. In addition, the hydrogen released by the reaction is important in
analysing containment behaviour. It is assumed that the reaction follows
the parabolic rate law given by

{£ = I exp(-AE/RT) (8)

where & is the thickness of the zirconium consumed in oxidation, k is the
Arrhenius rate constant, AE is the reaction activation energy, R is the
ideal gas constant, and T is the temperature of the oxide layer. The rate
constant and activation energy used are given by Urbanic and Heidrick*.

CHAN II

In the original version of CHAN II, all heat transfer calcula-
tions are based on the assumption that the fuel bundle can be represented
by a series of axially isothermal concentric cylinders, where each ring
takes the place of a ring of pins (see Figure 1). The inside surface of
each ring represents the surface of the pin that faces the bundle axis and
the outside surface of that ring represents the remaining portion of the
pin, which is exposed to the outside of the bundle.

Heat is transferred through the fuel rings by conduction and be-
tween adjacent fuel rings by radiation and gas conduction for zero flow, or
by gas convection for non-zero flow. In convection, CHAN II uses the same
heat transfer correlations as RAMA.

CHAN II uses the lumped-heat-capacity method to simulate the fuel
pins and fuel channel. Only two nodes are used per fuel ring (on the in-
side and outside surfaces). Thus, the temperature distribution within the
pin is linear from one side to the other. In effect then, only the surface
temperatures of the pins are calculated.

If it is assumed that the bundle is deformed (which is likely at
high temperatures) so that pins of one ring cannot see past adjacent rings
of pins (to cooler pins or the pressure tube), then it is reasonable to
assume that the radiation heat transfer is similar to the radiative ex-
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change between concentric cylinders (i.e., ring radiation). However, for a
bundle that has not yet deformed (left side of Figure 1), the ring radia-
tion model (right side of Figure 1) will overpredict the bundle tempera-
tures.

An optional radiation model has been added to CHAN II that calcu-
lates the energy exchange between the bithermal pins, using a view factor
matrix based on the undeformed bundle geometry. The radiation equations
are based on the same assumptions as those used in RAMA. The form of the
equations is slightly different and is taken from Sparrow and C>?ss9. The
view factor matrix was calculated using the same method as for RAMA with
the exception that, initially, 75 surfaces were used. The resulting 75 X
75 matrix was then reduced, using the above procedures, to an 8 X 8 matrix
(as opposed to RAMA's 5 X 5 matrix). Figure 3 shows the numbering system
of the reduced matrix. This model is implemented so that it can be used
before deformation is assumed to occur or in bundles which are cool and,
thus, are assumed not to deform.

CHAN II models the pressure tube, CCL gas gap and calandria tube,
accounting for the gas conduction and radiation between the two tubes. The
Rohsenow10, nucleate boiling heat transfer correlation is used between the
calandria tube and moderator. The bulk moderator temperature is the exter-
nal boundary condition.

CHAN II uses the same zirconium/steam reaction calculations as
described for RAMA.

3. COMPARISONS WITH EXPERIMENTS

3.1 Thermal Radiation

Predictions by RAMA and CHAN II were compared with the heat
transfer experiment performed by Hufschmidt et al.11. The apparatus con-
sisted of an electrically heated bundle of 37 hollow zirconium tubes (no
power was applied to the center pin) surrounded by a water-cooled zirconium
tube. Figure 4 is a schematic diagram of the apparatus showing the thermo-
couple locations. The test was performed in air at 100 kPa and the power
was controlled to be the same in each ring pin. Steady-state temperatures
were recorded at various power levels.

Hufschmidt did not measure the emissivities of the various sur-
faces. To analyse his results, he assumed an emissivity of 0.4. Murphy
and Havelock12 determined the emissivity of zirconium. For low-temperature
(100 C), moderately oxidized zirconium (oxide thickness between O d - 5
um), they obtained values between 0.4 and 0.5. We used a value of 0.4 for
the water-cooled tube. For higher temperature, heavily oxidized zirconium,
Murphy13 obtained values between 0.7 and 0.8. Since Hufschmidt reported
that the pins were heavily oxidized by the end of the tests, we used an
emissivity of 0.7 for the pin surfaces.

Hufschmidt estimated the effect of natural convection and con-
cluded that it would be negligible. Only radiation and radial gas con-
duction are significant in removing the generated heat.
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TABLE 1: Vieu Factor Matrix

(See Figure 3 for definition of surfaces)

CHAN I I ' s View Factor Matrix for Hufschmidt's Experiment

To surface

From

Surface

1
Z
3

4

5

6

7

a

1

0.000

0.1994

0.0000

0.0443

0.0000
0.007Z

0.0008

0.0085

Z

0.5986

0.4813

0.0407

0.1118

0.0019

0.0141

0.0003

0.0030

CHAN

3

0.0000

0.0407

0.0333

0.3873

0.0058

0.0334

0.0008

0.0131

II's CANOU

4

0.2659

0.2235

0.7750

0.3234

0.0503

0.0429

0.002Z

0.0120

b

0.0000
0.0038

0.0117

0.0503

0.1021

0.4325

0.0170

0.1167

Vieu Factor Matrix

6

0.0576

0.0418

0.0988

0.0629

0.6431

0.3011

0.0544

0.0735

7

0.0001

0.0003

O.OD04

0.0016

0.0185

0.0700

0.1314

0.7505

3

0.0780

0.0093
0.0401 •

0.0183

0.1734

0.0989

0.7921

0.0227

To Surface

From

Surface

1

2

3
4

5

6

7

8

0.0000

0.4440

0.0070
0.0120

0.0000
0.0010

0.0000
0.0010

0.8870

0.4810

0.0300

0.0050

0.0000

0.0000

0.0000
0.0000

0.0260

0.0600

0.2000

0.4820

0.0010
0.0160

0.0000

0.0010

0.071°
0.0150

0.7230
0.4210

0.0360

0.0260

0.0000

0.0030

0.0000

0.0000

0.0020

0.0360

0.1440

0.5170

0.0030

0.0320

0.0060
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0.0370

0.0400

0.7730

0.3710
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Figure 5 compares RAMA's predictions of the pin surface tempera-
ture with the experimental results. (See Figure 3 for RAMA's pin numbering
scheme and CHAN II's surface numbering scheme). For all power levels, RAMA
overpredicts the temperatures since it ignores conduction through the gas.
The agreement is better at h'gh temperatures where gas conduction is less
significant relative to radiation heat transfer.

Figure 6 compares CHAN II's predictions, using the pin geometry
radiation calculations, with the experimental results. There is fairly
good agreement.

The difference between the RAMA and the CHAN II predictions is
explained by the following. RAMA assumes that the whole pin is isothermal,
whereas CHAN II assumes that each pin has two isothermal surfaces. Also,
RAMA neglects any thermal conduction through the interelement spaces,
whereas CHAN II calculates the heat conducted through the gas between an-
nular fuel rings.

Two more predictions were made with CHAN II to study the effect
of each difference. Figure 7 shows the prediction of CHAN II under the
same conditions as those used for Figure 6 except that thermal gas con-
duction was neglected. Comparing Figures 6 and 7 shows that neglecting
thermal gas conduction significantly raises the predicted temperatures. As
expected, the difference is greatest at the lower temperatures.

Figure 8 shows the CHAN II prediction under the same conditions
as Figure 6 except that a very low thermal resistance was used between the
opposite sides of each pin. This was done to make the pins nearly iso-
thermal (within 3°C side to side). Comparing Figures 6 and 8 shows that
assuming that the pins are isothermal reduces the temperatures overall and
reduces the temperature differences between the rings of pins.

For more detail on the effect of assuming isothermal pins, see
Cox1". Using a bithermal pin essentially allows for some non-uniformity of
the radiative flux (i.e., the radiosity). Fisher and CowinIS showed (with
up to four radiosities per pin) that increasing the number of subdivisions
gave better agreement between their theoretical and experimental data, by
increasing the gradient through the bundle.

Table 1 lists the view factors used in the CHAN II calculations
for the geometry of Hufschmidt's experiment and those used for a CANDU fuel
bundle. Comparing terms in these matrices shows that the CANDU fuel bundle
is more closely packed, which is quite important to the radiation heat
transfer. For example, for the second and fourth terms in the top row of
elements (these are the normalized probabilities of radiation leaving the
center pin striking any particular surface), there is a 59.86% chance that
radiation leaving the center pin of the experiment will strike surface #2.
Most of the complement strikes surface #4. In contrast, for the CANDU fuel
bundle, there is an 88.70% chance that radiation leaving the center pin
will strike surface #2., and only a 7.2% chance that it will by-pass the
first ring and hit surface #4. Since less energy bypasses adjacent rings
in the CANDU fuel bundle, the temperature difference across each pin will
be more significant, as will the change of radiosity around the circumfer-
ence of the pin.
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Figure 9 shows the results of using CHAN II with its original
ring radiation model. The degree of overprediction of temperature is evi-
dent but would not be as great for the CANDU bundle geometry because it is
denser.

3.2 Single Heated Pin Experiment

A series of experiments is being conducted at the Whiteshell
Nuclear Research Establishment to obtain the radial and axial temperatures
in a zirconium channel, as well as the amount of hydrogen produced by the
reaction between zirconium and steam. The results of one of these tests
are compared with the predictions of CHAN II and RAMA.

Figure 10 is a schematic diagram of the experimental apparatus,
including thermocouple locations. A constant 6 g/s flow of steam at 400°C
was injected into the annul us between the heated center pin and the flow
tube. Carbon dioxide separated the flow tube from the water-cooled outer
tube. The channel was kept in a vertical orientation (as opposed to the
horizontal orientation in a CANDU reactor) to ensure that all components
remained concentric.

The heater consisted of a graphite heater, 1 m long, inside a
series of aluminum cylinders, 16 inn long, surrounded by a zirconium sheath.
Nickel bus bars were mechanically connected to the graphite element.

The power history of the experiment is shown in Figure 11. Fig-
ure 12 shows the measured amount of hydrogen produced as a result of the
zirconium/steam reaction during the experiment.

Figures 13 and 14 show the RAMA and CHAN II predictions of the
center pin and flow tube temperatures near the inlet and outlet ends
(thermocouple positions #2, #8, #10 and #18).

Emissivities of 0.7, 0.6, and 0.5 were used for the centre pin,
flow tube and water-cooled tube, respectively. To model the conditions of
the experiment, the steam flow area was varied along the axis of the ap-
paratus. This was done to account for the reduced flow area due to the
presence of the thermocouple leads, which were strung along the tube from
the steam inlet.

For this single, concentric tube geometry, the radial heat trans-
fer models of RAMA and CHAN II reduce to the same model. Both codes used
13 axial nodes. Modelling of the heater power was slightly different in
the two codes. RAMA assumed a uniform axial power distribution whereas
CHAN II accounted for the graphite's change of electrical resistivity with
temperature. In addition, CHAN II accounted for the axial heat losses to
the electrical bus bars by using a reduced heater power in the end nodes.

Both codes predicted the temperatures well. The best agreement
was for the temperatures at the steam outlet end of the channel. The
temperatures at the steam inlet of the channel were consistently overpre-
dicted most noticeably before the power is turned on at 40 s. The steady-
state temperatures measured before turning on the power were used as
initial conditions for both codes; the predicted temperature quickly rose
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to a steady-state temperature 30°C above the measured values. In the ap-
paratus, one path for heat loss could be axial conduction alony the flow
tube to where it is attached to the water cooled tube. Another path of
heat loss may be an increased radial thermal conduction through the CO,,
due to the thermocouple leads in the CO? annulus. This would decrease with
elevation since there are fewer leads higher up.

The somewhat better prediction of bottom temperature by CHAN II
compared with RAMA throughout the history after the power is applied is
likely due to the difference in the end node heater power, as mentioned
previously.

Figure 12 compares the predicted and measured amount of hydrogen
released. The zirconium/steam reaction is very sensitive to temperature.
The slight difference in temperature predictions between the two codes ex-
plains the differences predicted in hydrogen (since both codes use the same
reaction rates).

4. CONCLUSIONS

For the 37-pin bundle experiment, three radiation models were
compared. Both models based on the pin geometry compared well with the ex-
perimental results. Treating the pins as having two surfaces each increas-
ed the number of calculations required and made a small, but noticeable,
improvement in the predictions. For this geometry, the ring radiation
model in CHAN II overestimated temperatures.

Reasonably good agreement for temperatures and hydrogen releases
was obtained between the predictions of RAMA and CHAN II and the results
of the single, heated pin experiments.

The good agreement between the predictions and the experimental
results is encouraging and indicates that axial convection, radial heat
transfer, and hydrogen production are well modelled for the conditions of
the experiments. Experiments with flowing steam as a coolant, covering a
wider range of conditions as well as a multi-pin geometry, are continuing.
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