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ABSTRACT

Over twenty mixed core configurations composed of "old"
(18 curved plate) and 1new" 23 flat plate) MTR type fuel
elements were irradiated in the IRR-1 swimming pool reactor.
The number of "new" fuel elements in the core varied from
one to twenty. To establish the safety of these configura-
tions, thermohydraulic calculations were carried out to
derive the maximum allowed hot channel power, determined by
the onset of flow instabilities. A core is considered safe
if its hot channel power, obtained from a two-dimensional
neutronic calculation of power distribution in the core,
does not exceed the maximum allowed value. The conservative
nature of the assumptions used in the above safety evalua-
tion procedure was verified by measurements of pressure
drops vs. coolant flow rates as well as of temperature and
neutron flux distributions.

INTRODUCTION

The IRR-1 is a MW swimming pool reactor, with a graphite reflected core
of 30 fuel elements in a 5 x 6 array. Originally, and until 1975, the reactor
was operated with MTR-type fuel elements of 18 curved plates each. To improve
performance and reduce operation costs, it was decided to replace this fuel
with one of a new design, consisting of 23 flat fuel plates per element. The
two types of fuel elements differ in plate and water channel geometry, and in
the total fuel (235U) content of each element.

To allow complete utilization of the existing inventory of old type fuel
elements, a stepwise replacement procedure was adopted. Thus, the reactor was
operated, for an extended transition period, with mixed core configurations,
containing variable and gradually increasing numbers of new type fuel elements.

The choice of core configurations employed during this transition period
was governed by the following guidelines:
a) Full utilization of old type fuel inventory.
b) Unchanged coolant flow rate through the core (65OM3/h).
c) Unchanged reactor power (5MW).
d) Preservation of all existing safety margins.
e) Acceptance of some reduction of core performance as manifested by thermal

neutron flux levels at various irradiation positions.
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TYPES OF FUEL ELEMENTS IN MIXED CORES

The old type fuel elements contain 18 curved fuel plates. "Special"
(control) elements contain only 9 curved plates and a wide central water
channel for the control rod. The new fuel elements contain 23 flat plates
each, whereas the corresponding control elements contain only 17 plates and
two narrow water channels for the fork-type control rod. The four types of
elements are shown in Figs. and 2 and their major relevant characteristics
are listed in Table .

Table 1. Characteristics of Fuel Elements

Old Type New Type

standard special standard special

Shape of plates curved curved flat flat
Plates per element 18 9 23 17
Water channel thickness 3.11mm 3.11mm 2.10mm 2.10mm
Plate thickness 1.27mm 1.27mm 1.27mm 1.27mm
U-235 per element 196g 98g 282g 208g
Gap for control rod 1x 2x

GENERAL CONSIDERATIONS

The safety margins of a given core configuration are determined by the
conditions in the hottest channel of that core. In principle, the channel
may appear in any one of the fuel elements.

To comply with commonly accepted safety criteria a core has to meet the
following three requirements:
a) No onset of nucleate boiling in the core under nominal operating conditions.
b) No flow instabilities in any coolant channel under extreme operating

conditions.
c) An adequate safety margin for departure from nucleate boiling (DNB), under

all operating conditions.

For steady reactor operation with a single type of fuel, compliance with
the above safety criteria is usually assured by safety analyses of equilibrium
cores at the beginning and at the end of a fuel cycle. Gradual replacement of
fuel elements of one type by elements of a different type results in frequent
and often abrupt changes in core characteristics that cannot be described by
any equilibrium core. Therefore, for mixed cores, compliance with safety
criteria must be determined individually for each core configuration.

The IRR-1 is operated on a flexible schedule based on user demand. Such
a schedule allows replacement of single fuel elements and thus assures better
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fuel utilization. A spent fuel element is replaced only under one of the
following circumstances:
a) The excess reactivity of the core has fallen below the minimum required

operational level.
b) A fuel element has reached the maximum allowed burnup level.
c) A fuel element has been found defective.

In the past, the reactor was usually refueled by insertion of a fresh
fuel element into a central position in the core and shifting of other
elements towards the core periphery. For mixed cores, this procedure was
reversed, since the insertion of new type fuel elements with a 50% higher
fuel content into the center of the core could result in undesirable and even
dangerous flux peaking. Geometrical differences between the two types of fuel
elements prevent strict adherence to the "outside-inward" refueling rule, since
new fuel elements cannot be inserted on the concave side of the old ones.
Thus, fuel replacement can be carried out only on one side of the core. The
replacement sequence adopted is shown in Fig. 3.

Two alternative approaches were considered to assure that adequate safety
margins are indeed preserved for all the mixed intermediate cores:

a) Detailed neutronic and thermo-
hydraulic calculations of each core

13 21 29 30 22 14 configuration.
b) Calculation of the maximum allowed

11 19 27 0 12 hot channel power level (for a given
I coolant flow velocity through that

9 17 25 26 18 10 channel), followed by an analysis of
I each intermediate core to ascertain

7 15 23 24 16 8 that its maximum fuel plate power
I I does not exceed the above calculated

1 3 5 6 4 2 limit, while the coolant flow velocity
is at least that assumed in the cal-
culation.

Fig. 3 Fuel Element
Replacement Sequence

The first approach offers greater flexibility in core assembly. In our
case, enhanced hydraulic resistivity of the new fuel with respect to the old
type, and the associated increase in pressure drop as new type elements are
added to the core, could also be utilized to obtain a significant performance
gain in intermediate cores. The main drawback of this approach is the need
to perform full and detailed calculations of each intermediate configuration,
prior to its approval by safety or licensing authorities. The main advantage
of the second approach is the possibility of obtaining an "a priori" licensing
approval for the entire fuel conversion process, with minimal operational
restrictions, and significant saving of computational effort. Since the
con-version process in our case called for a large number of frequenly changed
intermediate mixed cores, the second approach was adopted.
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CALCULATIONS

Analysis of Coolant Channel Characteristics

The coolant channels in the different types of fuel elements were analyzed
to identify the "worst" type of channel with regard to onset of boiling. A
uniform pressure drop was assumed for all channels, and the power level at
which boiling occurred was determined for each type of channel. It was found
that the coolant channels of the new type fuel have the "worst" characteris-
tica in this respect.

Thermohydraulic Analysis

Thermohydraulic calculations of:
- per plate power for onset of nucleate boiling,
- per plate power for onset of flow instabilities in the channel,
- per plate power for departure from nucleate boiling (DNB),

were carried out to determine the maximum allowed power per fuel plate in the
core, with the following assumptions:

- nominal channel dimensions (see Table 1),
- entrance water temperature: 30'C,
- cosine longitudinal (axial) heat flux distribution in the channel,

centered 5cm below the geometrical center of the channel,
- pressure drop across channel: 63cm of water. This pressure drop was

measured in cores composed exclusively of old type elements. Since,
for a constant coolant flow rate, the pressure drop is expected to
increase as new type fuel elements are added to the core, this
assumption is deemed conservative.

Standard computer codes and correlations were used for these calculations.
Under these nominal conditions, onset of nucleate boiling, onset of flow
instabilities and departure from nucleate boiling in the new type fuel are
obtained at channel power 38 , 44 kW and 114 , respectively. Thus, hot
channel flow instability is the limiting factor that determines core safety.

Calculation of Maximum Allowed Power per Channel

An additional thermohydraulic calculation of the onset of flow instabili-
ties in coolant channels of the new type fuel element was carried out taking
into account uncertainties in the values of system parameters (dimensions,
temperatures, pressure drops, flow rates, etc.) and in the thermohydraulic
correlations used, as well as measurement errors and inaccuracies. The
resulting value of 23 kW was accepted as the maximum allowed hot channel
power, below which no flow instabilities are expected to occur under the most
severe aasumed operating conditions.

Examination of Core Configurations

To calculate the hot channel power for mixed cores, the following addi-

tional smplifications were introduced:
a) Based on measurements showing that the cosine axial distribution assumed

is sufficiently conservative, only two-dimensional heat flux distributions

need be calculated (see below).

258



b) On the basis of a one-dimensional transport calculation of a row of fuel
elements containing all types of coolant channels, the following ratios of
hot to average channel power were determined for each type of fuel element:
1.2 - for a normal fuel element or for a special fuel element with a

narrow control fork channel.
1.3 - for a special fuel element with a wide control channel.
1.4 - for an element adjacent to a "flux trap" (a water filled "hole"

in the center of the core).
Assuming that these ratios depend primarily on the type of fuel element and
do not vary significantly as a function of core characteristics, the calcula-
tion of the heat flux distribution can be further reduced to a calculation
(o a fairly coarse grid) of the distribution of power among the different
fuel elements.
0 A nominal reactor power of 5MW is assumed. Since possible deviations from

nominal operating conditions were already taken into account in the
calculation of the maximum channel power in the above section, there is no
need to consider them here.

To summarize, for each mixed intermediate core, the hot channel power was
examined by the following procedure:

- calculate two-dimensional power distribution among the fuel elements.
- identify "hottest" element of each fuel type.
- derive hot channel power for each fuel type using the appropriate hot/

average power ratio from (b) above.
- compare the highest hot channel power obtained for the core with the

maximum allowed value from the above section.

It should be noted that in this procedure the coolant flow velocity in
the hot channel is not directly tested. We expect the pressure drop across
the core to increase as new type fuel elements are added, and thus always
exceed the value of 63cm. of water assumed in the thermohydraulic calculations.
For a constant total coolant flow rate (maintained at 650m3/h) an increase in
pressure drop causes an increase in coolant velocity. The validity of these
assumptions was verified experimentally for each new core by measurement of
the pressure drop AP.

After examination of a sufficient number of mixed cores, we concluded
that replacement of peripheral elements may be carried out safely even without
the calculations described in this section, since such replacements tend to
reduce the peak channel power by increasing the number of fuel plates in the
core and by flux flattening.

IMPLEMENTATION AND EXPERIMENTS

Due to the special operating conditions of the IRR-1, the fuel replace-
ment process has taken several years. During this period, over 20 mixed
cores were assembled, containing to 20 new type fuel elements, in a matrix
of up to 30 elements. For all these cores, the hot channel factor was always
less than 22, corresponding to a maximum hot channel power of 21 ,
comfortably below the maximum allowed value of 23 kW obtained above. Meas-
ureiments of fuel plate temperatures and neutron flux distributions in the
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core, as well as hydraulic characterization of fuel elements, were also
performed to verify assumptions and as a backup to the safety calculations.

Temperature Measurements

In view of the uncertainties in available calculations and the general
apprehension regarding mixed cores, it was decided in the early stages of the
project to measure fuel temperatures in locations of expected high cladding
temperatures. A total of 4 thermocouple instrumented fuel elements were used
for this purpose, (.2 standard and control of the old type and standard
element of the new type; regretfully no new type instrumented control element
was available). In each element, the thermocouples were located on a single
fuel plate, thus allowing the measurement of longitudinal and transverse
temperature distributions.

The main purpose of these measurements was to verify compliance with the
safety criterion of no onset of boiling under nominal operating conditions.
The steepness of the measured temperature distribution as shown in Fig. 4
illustrates the difficulty and even danger of using this technique to locate
hot channels and measure their characteristics. However, since the highest
temperatures encountered in a series of such experiments at reactor

power levels of up to 30%
above nominal did not exceed
65'C, it is safe to assume that

60 ail intermediate cores tested do
(A) indeed have large safety margins

5 - with respect to onset of boiling.
Also, as expected, the peak
temperatures decreased as more

50 elements were replaced. Unfor-
tunately, there is no straight-
forward correlation between clad-
ding temperatures and flow45-
instabilities, shown above to

4 12 20 28 36 44 52 60 determine core safety. Thus
Z(CM) temperature measurements have only

E a limited value as an instrument
4? for core safety evaluations.
7� 60 - .(B)
L.L

5 -

50- Fig. 4 Typical Measured

Temperature Distributions in Fuel
45 1 1 1 1 1 Plates, (A) Axial Distribution

1 2 3 4 5 6 (B) Transverse Distribution
X(CM) a. Plate in Central Element

b. Plate in Peripheral Element
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Hydraulic Calibration of Fuel Elements

An accurate evaluation of the relationship between the pressure drop
across the core and coolant flow rate through a single cooling channel in
each type of fuel element is crucial for all thermohydraulic calculations.
To inimize systematic errors, we decided to determine this relationship
experimentally. The hydraulic calibration of the various fuel elements was
carried out in a specially constructed device, in which the pressure drop
across a single fuel element could be measured as a function of water flow
rate, under flow conditions closely simulating those of the reactor core.

Ytpical result is shown in Fig. 5. Good agreement was obtained between
measured and calculated values.

Neutron Flux Distributions

Neutron flux distributions in several coolant channels in the core were
measured with self-powered detectors, to verify the cosine axial flux
distribution assumed in the calculations. A typical result is shown in Fig. 6.
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Fig. 5. Hydraulic Calibration of

a New Type Fuel Element.

It can be seen that the measured distribution is considerably flatter than
the cosine distribution, validating the conservative nature of the cosine
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assumption. For fuel elements with a significant amount of burnup, the
distribution should be even flatter, due to enhanced fuel burnup near the
peak of the flux distribution.

CONCLUSIONS

The IRR-l experience clearly proves that mixed cores composed of varying
numbers of significantly different fuel elements can be safely and efficiently
used in swimming pool type reactors, without impeding reactor operation or
experimental facilities. No detailed thermohydraulic calculations of each
intermediate core are required for the safe operation of such cores. An
alternative safety evaluation procedure, based on establishing an upper limit
of hot channel power and assuring that it is not exceeded by any core configu-
ration was developed. This procedure is especially suited for reactors where
many intermediate mixed cores are to be expected.
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