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1. Introduction

The Chalk River Unidentified Deposit (CRUD) has
been pointed out as one of the operating issues from the
viewpoint of the operational safety and economics of
the nuclear power plant [1-3]. Various experimental [4—
7] and computational [8-11] research activities were
conducted to analyze and predict the CRUD growth
behavior and its implications on the fuel cladding heat
transfer capability. However, the experimental database
related to the CRUD, which was conducted under the
pressurized water reactor (PWR) operating condition,
available in the open literature for model development
and validation is limited to the WALT (Westinghouse
Advanced Loop Test) facility due to the difficulty of
experiment in high pressure and temperature operating
conditions. In order to support the various research and
development activities and establish the regulatory basis
for the CRUD in operational PWR, mutual verification
and database expansion of the CRUD-related
experimental results of the existing WALT facility are
required. In this study, we present the experimental
analyzed CRUD deposition characteristics and fouling
resistance behavior in PWR operating conditions using
the experimental facility called DISNY crud Deposition
Simulator for Nuclear energY).

2. Experimental Setup
2.1 Experimental Facility

The DISNY which is designed and constructed to
simulate the prototypical pressurized water reactor
operating conditions were utilized in the current
experimental study [12]. The operating pressure of
DISNY was controlled by a pressurizer and the test
section inlet temperature was modulated by preheater
operation. The design features of the DISNY facility
can be found in Fig. 1.

The Joule-heated heater assembly with an active
heating length of 300mm was used in the experiment.
The active heating length region of the heater assembly
was made of Zr-Nb-Sn alloy cladding with an outer
diameter of 9.5mm and an inner diameter of 8.3mm
which is the same as the actual fuel cladding for the
nuclear reactor to reduce the distortion of the
physicochemical reactions related to the CRUD growth.

Two k-type thermocouples and voltage measurement
lines are embedded inside the active heating element to
measure the heater’s inner wall temperature and voltage
difference across the active heating length respectively.
The schematics of the heater assembly can be found in
Fig. 2.
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Fig. 2. Schematics of the DISNY heater assembly [12].
2.2 Experimental Procedure

The experiment was conducted in three steps. At first,
we analyze the sub-cooled nucleate boiling (SNB) heat
transfer characteristics of the bare cladding surface
which are not covered with simulated CRUD. And then,
the CRUD growth simulation was conducted under the
designated water chemistry conditions within the
assigned deposition period. Finally, we analyze the
SNB characteristics of the CRUD-deposited cladding
surfaces under the PWR operating conditions. The
experiment was conducted in an in-situ way to
minimize the delamination or degradation of the
simulated CRUD during the experiment. The borated
water with 1,200 ppm of boron and 2.2 ppm of lithium
was used as a working fluid in the experiment. The
thermal-hydraulic and water chemistry conditions of the
current experimental study to simulate the CRUD
growth under operating PWR are summarized in Table I.
The detailed reasonings and backgrounds related to the
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selection of the experimental conditions can be found in
our group's previous work [12].

Table I: Summary of the experimental conditions.

Thermal-hydraulic conditions

Parameters Pezr Tin Mass flux
Values 155.17 336.82 3,435.18
[bar] [°C] [kg/m?-s]
Water chemistry conditions
Parameters lon Deposition | Deposition
concentration | heat flux time
Values Ni: 36 [ppm] 477.22 21.73
Fe: 18 [ppm] | [KW/m?] [hr]

2.3 CRUD Growth Simulation Methodology

The Fe-EDTA (Ethylene-Diamine-Tetra acetic Acid)
and Ni-EDTA were used as CRUD growth precursors
to simulate the corrosion products in actual PWR. The
upper mentioned chemicals are injected into the DISNY
loop by pressurizing pump during the CRUD deposition
simulation period. The injected CRUD precursors are
expected to be decomposed into Fe and Ni ions form in
high-pressure and temperature working conditions [13]
of the DISNY facility and forms particulate corrosion
products such as NiFe,Os, Fe;Os, and NiO. The target
concentration of the metal ion precursors was increased
significantly compared to the PWR normal operating
water chemistry condition to reduce the CRUD
deposition time frame within the week.

2.4 Data Reduction Methodology

The SNB curves before and after the CRUD
deposition and fouling resistance during the CRUD
growth simulation were evaluated in the current
experimental study. The upper-mentioned quantities
were selected as key parameters to investigate the
effects of CRUD deposition on the SNB characteristics
of the zirconium-based alloy cladding under the PWR
operating conditions. The applied heat flux was
evaluated by Ohm’s law as depicted in Egn. (1). Where
q" is the applied heat flux, AVeag is the voltage drop

across the active heating length of the heater, | is the
applied electrical current, and Aciaq is the heat transfer
area of the active heat ling length. The SNB heat
transfer coefficient (h) of the zirconium-based alloy
cladding was evaluated followed by Eqgn. (2). Where, T,
is outer cladding temperature, which is calculated based
on Furrier’s Law of conduction with consideration of
the volumetric heat source q" in the cylindrical

coordinate system, and Ts is the saturation temperature

of working fluid at a given operating pressure condition.

The fouling resistance (Rf) of the CRUD deposited
cladding surfaces are evaluated based on the Eqn. (4).
Where, hg is the heat transfer coefficient value at the
initial stage of CRUD deposition simulation (without

CRUD), and h(t) is the time-dependent heat transfer
coefficient value during the CRUD deposition
simulation period.
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The uncertainty analysis of the evaluated parameters
such as applied heat flux, cladding outer wall
temperature, heat transfer coefficient, and fouling
resistance were evaluated based on the error
propagation method [14] as depicted in Eqn. (5). Where
U is the uncertainty of the given parameters, ¢ derived
variables, x is the parameter that affects the given
variable. The calculated uncertainty for the heat flux,
cladding outer temperature, heat transfer coefficient,
and fouling resistance are given as £0.58%, +1.62%,
+1.72%, and *=3.44% respectively.
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3. Results and Discussions
3.1 Sub-cooled Nucleate Boiling without CRUD

The averaged SNB curve of the DISNY heater before
the CRUD deposition simulation (Bare surface; without
CRUD layer) is shown in Fig. 3. At the applied heat
flux condition lower than ~300kw/m?, the cladding
superheat increases linearly with increasing the heat
flux which indicates that the heat removal mechanism
of the active heating length is governed by the forced
convection. Around the applied heat flux of
~300kW/m?, the slope of the boiling curve increases
rapidly which means that the efficiency of the heat
transfer increase significantly and indicates the onset of
nucleate boiling (ONB).

The comparison between the boiling curve trends
from the DISNY facility and the WALT facility [7],
which is the representative established one to analyze
the thermal resistance characteristics of the CRUD, was
conducted to validate the performance of the DISNY
facility to simulate SNB phenomena under PWR
operating conditions. As shown in Fig. 3, the boiling
curve data from both DISNY and WALT facilities
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shows similar tendencies under the same heat flux
conditions, while a slight difference in wall superheats
exists. However, the degree of the difference in wall
superheat in the boiling curves is small and can be
neglected.

The performance of the DISNY facility was validated
based on the comparison results of the boiling curve
data from both the DINSY and WALT facilities.
Therefore, a further experimental procedure proceeded
to simulate the CRUD growth and to evaluate the
thermal resistance characteristics of the simulated PWR
CRUD.
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Fig. 3. Sub-cooled nucleate boiling curves from DISNY
facility and comparison results between WALT facility [7].

3.2 Sub-cooled Nucleate Boiling with CRUD

The photo of the retrieved heater specimen from the
DISNY facility after the experiment is presented in Fig.
4. As shown in Fig. 4, the dark brown layer, which is
simulated CRUD formed during the current experiment,
can be found on the zirconium-based alloy cladding.

!

Fig. 4. Photo of retrieved heater specimen after the experiment.

The boiling curve data for bare cladding surfaces and
CRUD-deposited cladding surfaces are shown in Fig. 5.
The boiling curves for the bare cladding surface without
the CRUD layer correspond to black and red lines, The
boiling curves for the CRUD-deposited claddings are
depicted in blue and green line in the boiling curve.
One of the distinguished features of the CRUD-
deposited zirconium-based alloy cladding surface’s
boiling curve is the ONB difference. For the CRUD-

deposited cladding case, the heat flux value
corresponding to the ONB is much lower than the bare
case. The difference in the ONB is attributed to the fact
that the simulated CRUD layer under the single-phase
convection condition acts as an additional thermal
resistance and increases the outer cladding wall
temperature of the cladding as depicted in the low heat
flux region of the boiling curve. Due to the increased
thermal resistance, the CRUD-deposited surface shows
higher wall superheat under the same applied heat flux
condition compared to the bare surface. Therefore, the
required wall superheat for the bubble formation (ONB)
can be met at relatively lower heat flux conditions for
the CRUD-deposited cladding case. For the applied heat
flux range of ~250-450kW/m?, no big differences were
observed from the boiling curves of both bare and
CRUD-deposited cladding cases. After the heat flux
reached ~500kW/m? or even larger, the wall superheat
of the CRUD-deposited cladding surfaces showed a
higher value compared to the bare case. The cladding
outer temperature difference between bare and CRUD-
deposited cladding surfaces becomes greater along with
the increase of the applied heat flux.

In general, the surface temperature of the zirconium-
based alloy cladding with a simulated CRUD layer
tended to show higher values than that of the bare
cladding surface. Also, it was experimentally confirmed
that the effect of fouling thermal resistance on the fuel
cladding heat transfer is affected by the applied heat
flux to the cladding and the governing heat removal
mechanism such as single-phase convection or SNB.
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Fig. 5. Boiling curve difference between bare and CRUD
deposited zirconium-based alloy cladding surfaces.

3.3 Fouling Resistance Characteristics of CRUD

Fig. 6 shows the cladding surface temperature
behavior and calculated fouling resistance value of the
zirconium-based alloy cladding during the CRUD
growth simulation period of the experiment. The
cladding outer surface temperature and the calculated
fouling resistance decreased until 10 hours after the
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start of the CRUD deposition simulation, and after the
10 hours of deposition, it showed a tendency to recover.
The behavior of decreasing wall superheat and fouling
resistance at the beginning of the CRUD deposition
simulation is related to the increased surface roughness
as micron or sub-micron scale corrosion products are
deposited on the surface of the cladding in very thin
thickness and form an interlinked primitive porous
fouling layer [15,16]. As the CRUD deposit thickness
increase during the growth simulation period, the
thermal resistance effect of CRUD become dominant
rather than the local heat transfer enhancement due to
the increased surface roughens, the cladding surface
temperature, and the calculated fouling resistance
increase again. The microstructure analysis and the
thickness measurement analysis, which will be planned
to be conducted, for the simulated CRUD are required
to strongly support the upper mentioned reasonings.
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Fig. 6. Calculated fouling resistance of fuel cladding surface
during CRUD deposition simulation.

4. Summary and Conclusion

In this study, the thermal resistance characteristics of
the simulated CRUD under the pressurized water
reactor operating conditions were experimentally
investigated with the DISNY facility. The performance
of the DISNY facility was validated by comparing the
sub-cooled nucleate boiling curves with the WALT
facility. After performance validation, the CRUD
growth simulation was conducted to investigate the sub-
cooled nucleate boiling characteristics of the CRUD
deposited cladding surface. The deposition of the
CRUD on the fuel cladding surfaces increases the wall
superheat during both single and two-phase flow
conditions by acting as an additional thermal barrier to
the heat transfer process of the cladding. The fouling
resistance characteristics of the simulated CRUD during
the CRUD growth period were analyzed.

The experimental analysis results of simulated
CRUD under the pressurized water reactor operating
conditions show that the CRUD can act as additional
thermal resistance to the cladding heat transfer and

increase the temperature level on both single and two-
phase flow conditions. Increased operating temperature
of fuel cladding by CRUD deposition can accelerate the
corrosion behavior and in some severe cases can cause
the failure of nuclear fuel by CRUD-induced localized
corrosion mechanism [3,17]. The research activities
from the DISNY facility are expected to give physical
insight into CRUD-related safety issues and can be acts
as a valuable database for the development and
validation of computational models and regulatory
guidelines.
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