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The CRUD on the fuel cladding under the pressurized water reactor (PWR) operating condition causes
several issues. The CRUD can act as thermal resistance and increases the local cladding temperature
which accelerate the corrosion process. The hideout of boron inside the CRUD results in axial offset
anomaly and reduces the plant's shutdown margin. Recently, there are efforts to revise the acceptance
criteria of emergency core cooling systems (ECCS), and additionally require the modeling of the thermal
resistance effect of the CRUD during the performance analysis. There is an urgent need for the evaluation
- of the effect of the CRUD deposition on the cladding heat transfer under PWR operating conditions, but
Keywords: . . .. . L .
CRUD the experimental database is very limited. The experimental facility called DISNY was designed and
constructed to analyze the CRUD-related multi-physical phenomena, and the performance analysis of the
Deposition constructed DISNY facility was conducted. The thermal-hydraulic and water chemistry conditions to
Subcooled nucleate boiling simulate the CRUD growth under PWR operating conditions were established. The design characteristics
PWR and feasibility of the DISNY facility were validated by the MARS-KS code analysis and separate perfor-
DISNY mance tests. In the current study, detailed design features, design validation results, and future utili-
zation plans of the proposed DISNY facility are presented.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Fouling

1. Introduction

The CRUD (Chalk River Undenied Deposit or Corrosion Related
Unidentified Deposit) is a fouling deposit usually found on the
nuclear fuel cladding in a light water-cooled reactor (LWR). The
CRUD mainly takes the form of porous structures with a submicron
scale pore, and thickness of several tens of micrometers up to
~100 pm [1-3]. The CRUD is characterized by having a steam
chimney with a few micron diameters within a porous matrix. The
CRUD is mainly composed of metal oxide corrosion products from
the reactor coolant systems such as nickel oxide (NiO), and nickel
ferrite (NiFe;03). The CRUD is mainly formed by the deposition of
these corrosion products during the subcooled boiling process that
occurred at the upper span region of the fuel assembly [4] as
depicted in Fig. 1. The subcooled nucleate boiling (SNB) on the fuel
cladding surface was pointed out as a key factor of multi-physical
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phenomena related to the CRUD from the previous literature
[5—14].

The deposition of CRUD under pressurized water reactor (PWR)
conditions raises several operational and safety-related issues [15].
The AOA (Axial Offset Anomaly) occurred by the accumulation of
boron inside the CRUD is one of the problems related to the CRUD.
The concentrated boron inside the CRUD shifts the power distri-
bution toward the bottom of the reactor core and reduces the
shutdown margin of the reactor. Reduced shutdown margin re-
quires a decrease of the reactor power level down to ~70% [16]. and
deteriorates the economics of the power plants. The CILC (CRUD
Induced Localized Corrosion) is another issue related to the CRUD.
The deposition of the thick, porous CRUD layer acts as an additional
thermal barrier and increases the local cladding temperature. The
increased cladding temperature accelerates the corrosion of the
cladding and can lead to fuel failure [3]. The enhancement of the
PWR performance or the economics is limited by the existence of
the CRUD [5]. The uprating of the power level or the utilization of
the high burnup fuel intensifies the degree of the subcooled boiling
level and accelerates the growth of the CRUD [1] which results in
the increased potential risk of the AOA and CILC occurrence.
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Fig. 1. Schematics of the CRUD deposition behavior under PWR operation conditions.

Furthermore, the acceptance criteria for the PWR plant emergency
core cooling system are expected to be revised in the US (NRC; 10
CFR 50.46¢) and the Republic of Korea (NSSC; Notice No. 2017-23)
to reflect the effect of high-burnup fuel. The revised ECCS accep-
tance criteria draft additionally requires the modeling of the CRUD
thermal resistance effect during the evaluation of the ECCS per-
formance. There are urgent needs for the development of precise
and accurate CRUD-related phenomena analysis tools during both
PWR normal and accidental conditions.

Attempts were made to implement the effect of CRUD deposi-
tion on the reflooding heat transfer during LOCA (Loss of Coolant
Accident) with the safety analysis code. Hu et al. analyzed the effect
of thermal resistance of the CRUD layer with constant thermal
conductivity (0.8648W/m-K) on LOCA of Westinghouse four-loop
PWR with RELAP5-3D [17]. Lee et al. investigated the thermal
resistance effect of the CRUD with simplified CRUD effective ther-
mal conductivity model on the LOCA of ARP-1400 reactor with
FRAPTRAN-2.0 KS code [18]. The safety analysis with the consid-
eration of CRUD thermal resistance showed the increased peak
cladding temperature during blowdown and the reflood phase of
the LOCA due to the additional thermal resistance of the CRUD.
However, the assumption of constant thermal conductivity or the
simplified effective thermal conductivity model of the CRUD layer
does not reflect the enhanced effective thermal conductivity by the
initiation of SNB and can result in too far conservative analysis
results. Also, various multi-physics computational codes were
developed to analyze the heat and mass transfer behavior inside
the CRUD. Cohen proposed the wick boiling mechanism to describe
the heat and chemical species transport inside the CRUD [6]. The
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proposed wick boiling model was modified and extended by the
following researchers to analyze the AOA and CILC. Pan et al. extend
the wick boiling model into the 2-D domain with consideration of
chemical species transport with the assumption of infinite soluble
solutes (H3BO3) [7]. Henshaw et al. refined the chemical model of
wick boiling by adopting the detailed chemical reactions that are
relevant in crud deposits to analyze the precipitation of the boron
in the form of the lithium metaborate (LiBO,) and the bonaccordite
(NizFeBOs) [9]. Haq et al. considered the solute concentration ef-
fects on the saturation temperature of the primary coolant [10].
Short et al. developed the multi-physics CRUD boron deposition
analysis code called MAMBA-BDM with consideration of the
convective heat transfer inside the porous shell region [7]. Yeo and
NO proposed the modified wick boiling model with consideration
of nucleate boiling at the cladding-CRUD interface instead of
evaporative heat transfer at the chimney wall [8]. The validation of
the proposed multi-physics model requires the experimental
database regarding the geometric or chemical features of the CRUD
layer, and the SNB characteristics of the fouled cladding surface
under PWR operating conditions. However, the number of experi-
mental works on the CRUD growth simulation and the character-
ization of the SNB performance on CRUD deposited cladding
surface under PWR operation conditions are very limited due to the
difficulty of the experiment in high pressure and temperature
conditions. Dumnernchanvanit et al. investigated the effect of
fouling-resistant coating on CRUD growth under the pressurized
condition (11.5 MPa and 320 °C) [19]. The nine different types of
materials are coated on the 316 stainless steel surfaces via physical
vapor deposition (PVD) and surfaces with TiC and ZrN coating
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showed a reduction of CRUD adhesion amount of ~40%. Baek et al.
evaluated the effect of the chemical etching of the fuel cladding on
the CRUD deposition and SNB behavior in pressurized conditions
(13.0 MPa and 328 °C) [20]. The chemical etching increased surface
wettability and decreased surface roughness of the cladding and
SNB intensity measured by the acoustic emission (AE) sensor was
decreased due to the suppressed bubble nucleation. The amount of
the CRUD deposit on the etched cladding was reduced by ~51% due
to the reduced SNB. Baek et al. analyze the effect of applied heat
flux on the CRUD growth under pressurized conditions (13.0 MPa
and 325 °C) [21]. The increased applied heat flux increases the SNB
intensity which enhances the CRUD growth under pressurized
conditions. The SNB characteristics of the CRUD deposited cladding
surface under PWR operating conditions were experimentally
analyzed in the WALT (Westinghouse Advanced Loop Tester) fa-
cility [3,22—24]. The chemical and geometric characteristics of the
simulated CRUD were analyzed, and the fouling resistance of the
CRUD deposits was quantified. The experimental results show that
the fouling resistance of the CRUD was strongly affected by the
thickness of the CRUD and applied heat flux which the determines
flow regime inside the porous CRUD. Macbeth et al. investigate the
effect of CRUD deposits on pressure drop characteristics and the
dry-out heat flux of 321 stainless steel rods under heavy water
reactor operation conditions [25]. The CRUD deposited rods show
~5—10% reduction in the dry-out heat flux and ~50% increase in
two-phase pressure drop compared to the clean rod cases. The
experimental condition of the previous experimental studies on the
CRUD growth simulation and SNB performance characterization
are summarized in Fig. 2. Most of the previous experiments were
conducted under reduced pressure and reduced mass flux condi-
tions compared to the typical PWR normal operation conditions
(blacked region). It is well known that SNB characteristics are
affected by the operating pressure, inlet enthalpy and mass flux
conditions. The deviation of the experimental conditions from the
typical PWR conditions can cause different SNB behavior on the
cladding surface which strongly influence the CRUD growth and

PWR normal operating condition (155bar)
MIT — IHTEP Loop (115bar)
[ KAERI - CRUD Deposition Loop (130bar)
W Westinghouse —WALT Loop (155bar)
<> UKAEA - 1/2MW Rig (69bar)

3500

R
8

Heat flux range [kWImz]

Fig. 2. Summary of experimental conditions of the previous research on CRUD
[3,19,21,25].
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fouling resistance characteristics. Also, most of the previous work
did not evaluate the SNB characteristics of the CRUD deposited
surface except WALT facility under PWR operating condition.

Furthermore, there are controversial issues about whether the
CRUD deposition on the cladding increase or decreases the safety
margins of the PWR. Buongiorno outlined the possibility of the
enhancement of the PWR safety margin (increase of critical heat
flux and Leidenfrost point temperature) with the deposition of
CRUD based on the experimental results analysis of the engineered
CRUD surfaces under atmospheric pressure conditions [26]. Kar-
outas et al. investigate the CHF characteristics of the CRUD depos-
ited clean ZIRLO™ cladding and Cr-coated accident tolerant fuel
cladding under PWR conditions with the WALT facility [24]. The
experimentally measured CHF values between CRUD deposited
cladding and clean cladding surface show negligible differences.
Modeling the effect of the CRUD deposition on the fuel cladding
during the performance or the safety analysis of the PWR requires
information regarding the effect of the CRUD on the thermal-
hydraulic (TH) characteristics such as single/two-phase heat
transfer, and pressure drop. Also, the quantification of the surface
characteristics such as morphology, roughness, porosity, chemical
composition, wettability, and capillary wicking which strongly
affect the boiling heat transfer characteristics (critical heat flux,
reflooding, or quenching heat transfer) is strongly needed.

The high-pressure subcooled flow boiling experimental facility
called DISNY (crud Deposltion Simulator for Nuclear energY) was
designed [27,28] and constructed as a testbed to simulate the CRUD
growth and to investigate the SNB heat transfer performance of the
CRUD deposited cladding surface under PWR operating conditions.
In the current paper, the detailed design features and the design
validation works of the DISNY are presented. The established TH
and water chemistry experimental conditions and underlying logic
and methodology to simulate the PWR operating conditions are
provided. The design validation and feasibility analysis of the pro-
posed high-pressure/temperature facility were conducted based on
the MARS-KS and preliminary experiments. The future utilization
plans of the DISNY facility as an effective means to analyze the
CRUD-related multi-physics phenomena such as AOA and CILC are
presented.

2. Design features of the DISNY facility

The high-pressure/temperature sub-cooled flow boiling exper-
imental facility called DISNY (crud Deposltion Simulator for Nu-
clear energY) was designed and constructed to simulate the CRUD
growth under PWR normal operating conditions and mainly
focused on the SNB characteristics analysis of the CRUD deposited
fuel cladding surfaces. The proposed DISNY facility has the unique
feature of simulating both the TH and water chemistry experi-
mental environment of a pressurized water reactor to experimen-
tally simulate the CRUD growth on the surface of nuclear fuel
cladding. The reference reactor designs of the current DISNY facility
are OPR1000 (Optimized Power Reactor 1000) and APR1400
(Advanced Power Reactor 1400) which are the operating PWR in
the Republic of Korea. The general design features of the DISNY
facility are compared to the reference reactor designs (OPR1000
and APR1400), and the WALT facility which are summarized in
Fig. 3 and Table 1 respectively. The operating conditions of DISNY (a
violet region in Fig. 3) which include pressure, temperature, mass
flux, and heat flux range were established to fully cover the refer-
ence reactor's design values to overcome the limitations of the
previous experimental studies. The DISNY facility consists of the
primary system (PRS) for CRUD growth and SNB performance
evaluation and the chemical control system (CCS) for controlling
the water chemistry condition. The design features of the DISNY
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Fig. 3. Comparison of thermal hydraulic experimental conditions of the DISNY.

facility are depicted in Fig. 4 and the constructed DISNY facility is
shown in Fig. 5.

2.1. Primary system

The PRS of the DISNY facility simulate the CRUD growth by
boiling deposition under SNB conditions and evaluate the fouling
resistance of the CRUD under PWR normal operating conditions.
The piping and instrumentation diagram of the PRS is shown in
Fig. 6, consisting of an autoclave test section (TX), preheater, canned
motor main coolant pump (MCP), shell and tube heat exchanger
(HX), pressurizer (PZR), and orifice flowmeter. The CRUD growth
simulation and the SNB characteristics analysis experiment of the
CRUD deposited cladding surface are conducted in an in-situ way to
minimize deformation and loss of the simulated CRUD during the
experiment.

The PRS is pressurized by the generated steam inside the PZR
with aid of immersed cartridge heaters. The TX inlet temperature is
controlled by the preheater operation with immersed cartridge
heaters. The canned motor pump is utilized as MCP. The fluid
control valve (FCV) is located on the bypass line for regulating the
mass flux to the TX. The water chemistry conditions of the PRS are
controlled by the CCS. The borated working fluid and CRUD

Nuclear Engineering and Technology 55 (2023) 3164—3182

deposition precursors are injected into the PRS through the
charging line of the CCS. The working fluid inventory of the PRS is
controlled by letdown flow rate of letdown line.

2.1.1. Test section design of the DISNY

The autoclave type TX design, which is depicted in Fig. 7, was
adopted in DISNY facility to simulate the single sub-channel TH
conditions. The annulus-shaped heated channel with Joule heated
heater assembly (HTA) with active heating length of 300 mm is
used. The required hydraulic diameter to simulate the single sub-
channel conditions of the reference plants of the DISNY TX was
calculated based on the geometry information of PLUS7 PWR fuel
[31] (utilized in OPR1000 and APR1400). The calculated equivalent
hydraulic diameter of the PLUS7 fuel single subchannel by Eqn. (1)
is 12.6 mm (pin pitch = 12.9 mm, pin diameter = 9.5 mm).

22
_ 4 x Achannel _ 4p ’”me
Lwet iy Dpin

Dy, (1)
The entrance length of 150 mm (L/Dy = 11.87) was considered in
the heated section downstream to stabilize the inlet flow condi-
tions of the heated channel. The Al,O3 ceramic structures are
inserted inside the heated channel to make designated flow
channel area while maintaining the electrical insulation conditions
with Joule heated heater. The TX inlet (TX-T-1), TX inlet plenum (TX-
T-2), heated channel bulk fluid (TX-T-3;150 mm from the bottom of
cladding), and TX outlet (TX-T-4) fluid temperatures are continu-
ously monitored by k-type TC during the experiment. The TX outlet
pressure (TX-P) and the heated channel pressure difference (TX-dP;
between the inlet plenum and TX outlet) are measured by pressure
transmitter and differential pressure transmitter respectively.

The U-shaped HTA design (one end is opened) with active
heating length of 300 mm was adopted in DISNY facility. The region
of interest of the HTA is limited to the 300 mm of the topmost grid
span region of the hottest fuel pin where the most active SNB is
expected to actively occur [4,16]. The design features of the DISNY
HTA are depicted in Fig. 8. The HTA consists of a lead electrode,
lower and upper endcap, zirconium-based alloy cladding active
heating element, and metallic guide tube elements for the mea-
surement instrumentations. The zirconium-based alloy claddings
with OD of 9.5 mm and thickness of 0.6 mm, which are the same
material as an actual cladding of PWR, are utilized as a heater
surface to minimize the distortion of the physiochemistry reactions
of CRUD growth. The two K-types TCs are inserted inside the
cladding with aid of Al,O sleeve to measure the inner wall tem-
perature of middle section of active heating length. The voltage
drop across the active heating length is measured by two wires and
guided through the metallic guide tube elements. The applied
electrical current level of the HTA is measured by shunt resistance.

Table 1

Comparison results of design features of the DISNY and reference reactors.
Parameter DISNY [27] WALT [3] OPR1000 [29] APR1400 [30] Unit
Design pressure 20.0 20.7 - - [MPa]
Operating pressure 15.5 15.5 15.5 15.5 [MPa]
Design temperature 360 345 - - [°C]
Operating temperature 290-340 290-335 296—327 291-325 [°C]
Mass flux 3300-3500 1610-2574 3461-3567 3344-3499 [l(g/mz—s]
Test section inlet temperature 290340 290335 - - [°C]
Maximum heat flux 2300 1537 1331 1413 [kW/m?]
Heater material Zircaloy-4 ZIRLO™ -
Heater array Single rod (Annulus flow channel) 17x 17 Square lattice (PLUS 7 fuel -

assembly)

Test section hydraulic diameter 12.64 14.17-14.40 12.64 [mm]
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I
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Fig. 4. Schematics on the design features of DISNY facility.

Fig. 5. Photo of the constructed DISNY facility.

2.2. Chemical control system The CCS consists of the chemical control tank, metal ion storage
tank, coolant storage tanks, and various pumps with in-

The CCS of the DISNY maintains the desired water chemistry strumentations. The water chemistry conditions such as pH, ion-
condition and coolant inventory of the PRS coolant during the conductivity, DO, and DH are continuously monitored during
experiment. The design features of the CCS can be found in Fig. 9. experiment. The borated water stored inside the coolant storage
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tank is utilized as working fluid and the pH is controlled by the 3. Experimental conditions and setup of DISNY facility
amount of LiOH added to the coolant storage tank. The DO and DH

of the DISNY working fluid is controlled by chemical control tank. 3.1. Thermal-hydraulic conditions for sub-cooled boiling
The Ni and Fe ions, stored inside metal ion storage tank, are used as experiment

CRUD precursors in the DISNY facility.
TH experimental conditions of the DISNY facility were

3169



J.Y. Kim, Y. Lee, J.H. Kim et al.

Nuclear Engineering and Technology 55 (2023) 3164—3182

Ceramic
Protection Tube
(AI,05)
Cu Upper Guide Tube Zr Upper Guide Tube I \ Active Heating Length-Fuel Cladding zg;d Ni Lead Electrode

K-type TCs |

dv
Measuring
Line

Measurement
Instrumentation
Guide Hole

apou329)3 bundauuo) IN

Ni Plated Cu Lead

Ni Lead Electrode

Fig. 8. Design features of the DISNY heater assembly.

Electrode
Micron
Filter
—
CWin CW Out éﬂ
Metal
. lon
Primary Storage!
System Tank
Double Tube g
Heat exchanger
1
| Closed
LR Feedwater
Letdown Heater
Line lon Injection

Pump

| Charging
1 Line
I

Pressurizing
Pump

Preheater

P+

BPR

Micron
Filter

; ? VentLine

Flowmeter

% m VentLine

= BPR Flowmeter
Chemical MFC
Control
Tank
| H.
gas
==
Coolant
U Storage
Tank
(200L)

C Coolant Supply
Pump
Feed
Pump

Fig. 9. Chemical control system P&ID diagram of the DISNY facility.

established to simulate the SNB phenomena inside the core. The
region of interest was confined to the single sub-channel of the
hottest fuel pin where the most vigorous SNB occurrence is ex-
pected. The thermal hydraulic conditions inside the hottest fuel pin
sub-channel were analyzed by MARS-KS code. The MARS-KS code
is the one-dimensional thermal-hydraulic system safety analysis
code used developed by KAERI by incorporating the RELAP5/MOD3
and COBRA-TF [32]. The single sub-channel with an active height of
3,810 mm was considered based on the PLUS7 fuel assembly ge-
ometry. The schematics of the PLUS7 fuel assembly and the input
model for the sub-channel analysis are depicted in Fig. 10 (a) and
(b) respectively. The hydraulic model for the single sub-channel
was made with pipe components with the equivalent cross-
sectional area and hydraulic diameter, and heat structure was
added to simulate the hottest fuel pin power. The boundary con-
ditions including inlet temperature, outlet pressure, mass flux, and
heat flux profiles were set based on the design values of the
OPR1000 [29] and APR1400 [30] final safety analysis report (FSAR).
Three representatives heat flux profiles of the reference reactors
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(OPR1000 and APR1400) were considered in the sub-channel
analysis and normalized heat flux profiles are shown in Fig. 10 (c)
and (d). The average linear heat generation rate of 17.26 kW/m for
OPR100 and 17.91 kW/m for APR1400 was used in the sub-channel
analysis, where a radial pin power peaking factor of 1.55 was
assumed for the hottest fuel pin.

The single sub-channel analysis results of the OPR1000 and
APR1400 hottest fuel pin are shown in Fig. 11 (a) and (b) respec-
tively. The temperature profiles of the coolant and the cladding
temperature show different behavior depending on the heat flux
profiles. However, the sub-cooled nucleate boiling was observed in
the 9th and 10th grid span region of the hottest fuel pin in all cases.
The steaming rate [16], defined by Eqn. (2), is used to quantify the
vapor generation in single sub-channel analysis. The steaming rate
behaviors were different depending on the axial power distribution
and the 1.26 peak cases showed the largest steaming rate for both
OPR1000 and APR1400 conditions.

s:q,[,\JB/Ilv (2)
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Based on the MARS-KS analysis results, the TH conditions of the
topmost grid span region (10th grid span) of the hot pin sub-
channel, where the vigorous SNB was observed, were chosen as
operating conditions of the DISNY test section. The analyzed TH
conditions of the topmost grid span region are summarized in

Table 2.

Axial Active Height (mm)

Axial Active Height (mm)

Fig. 11. Hot pin sub-channel analysis results for (a) OPR1000 and (b) APR1400.

~340 °C regardless

gion was evaluated

The coolant temperature at the inlet of the 10th grid span was

of the axial power distribution for both reactor

conditions. The space-averaged heat flux in the 10th grid span re-

to be ~600(+ 259) kW/m?. The established TH

experimental conditions of DISNY facility for CRUD growth simu-

lation and characterization of CURD fouling resistance are as
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Table 2
Summary of MARS-KS hot pin sub-channel 10th grid span region analysis results.
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1.47 Peak (Cosine) case

1.47 Peak (Bottom) case 1.26 Peak case

Reactor type Parameter

OPR1000 Coolant inlet T 342.55°C
Avg. heat flux 368.14 kW/m?

APR1400 Coolant inlet T 342.21°C

Avg. heat flux 417.90 kW/m?

342.23 °C
571.59 kW/m?
341.91°C

580.30 kW/m?

341.17 °C
859.32 kW/m?
340.84 °C

854.07 kW/m?

follows. For the single-phase heat transfer and pressure drop
characterization purpose, the inlet temperature conditions of
290 °C, which corresponds to the core inlet conditions, were further
considered.

e Operating pressure: 155 bar (PWR primary system normal
operating condition).

e Mass flux: 3300—3,500kg/m?-s (corresponds to minimum and
design mass flux range).

o Inlet temperature: 290, 340 °C (corresponds to core inlet and
hot pin 10th grid span).

e Heat flux range: 0—1,500 kW/m? (corresponds to maximum
heat flux level of PWR).

3.2. Water chemistry conditions for CRUD growth simulation

The strategy to simulate the CRUD within the DISNY facility was
established based on the chemical analysis results of actual PWR.
The scanning electron microscopy energy dispersive X-ray spec-
trometer (SEM-EDS) analysis results of the actual PWR CRUD from
Callaway and Korean PWR plants showed that the major compo-
nent of the PWR is nickel oxide (NiO), nickel ferrite (NiFe;04), and
zirconium dioxide (ZrO;) [1,16,33]. In the DISNY facility, Ni and Fe
metal ions are used as CRUD precursors to simulate the major
components of the CRUD such as nickel oxide and nickel ferrite. The
direct injection of Ni and Fe ion method is utilized rather than
corrode the structural materials for the easiness of the experiment
from the viewpoint of experiment duration time. The Ni and Fe ions
are injected into the primary coolant as a form of EDTA (Ethylene
diamine tetra acetic acid) [3,20—23,34—36]. The injected Ni/Fe-
EDTA are decomposed into Ni and Fe ion in DISNY working con-
ditions [22] and remains as soluble (ion-form) or particulate (metal
oxide-form) CRUD sources inside PRS. The Ni/Fe ion ratio in the PRS
coolant was set as 2 by considering the composition analysis results
of PWR CRUD. The elemental analysis results of PWR CRUDs
showed that the ratio of Ni-to-Fe inside the CRUD is almost double.
The concentrations of Ni and Fe EDTA inside the PRS coolant are
concentrated based on the time ratio between one PWR fuel cycle
(~1.5 years) and one week to accelerate the CRUD growth within
the day-to-week time framework. The other water chemistry
conditions including dissolved oxygen (DO) concentration, dis-
solved hydrogen (DH) concentration, pH value, and B/Li concen-
tration were set as same with actual PWR conditions.

3.3. Data reduction methodology

The major parameters to quantify the single and two-phase flow
heat transfer characteristics of the CRUD deposited cladding sur-
faces are heat flux (q"), heat transfer coefficient (HTC), the cladding
outer temperature (T), and the mass flux (G). The heat flux of the
HTA heated section was evaluated by Ohm's law as depicted in Eqn.
(3). Where, I is the applied electrical current, 4V is the voltage
difference across the active heating length, Ayt is the effective heat
transfer area of HTA, and r, is the outer radius of cladding
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respectively. The effective heat transfer area was evaluated by Eqn.
(4) and the applied electrical current level was calculated by
dividing the measured voltage difference across the shunt resistor
by electrical resistance followed by Eqn. (5). Where, Lgqq is the
active heating length of HTA, 4Vpun: is the voltage difference across
the shunt resistor, and Rgpun: is the electrical resistance of shunt
resistor respectively.

" IAVClad
— d 3
Anr (3)
Apr =27T0L0q (4)
I= AVshunt/Rshunt (5)

The HTCs of the single and two-phase flow are evaluated fol-
lowed by Eqns. (6) and (7) respectively. For single-phase, HTC is
calculated by dividing the heat flux by the temperature difference
between the cladding outer temperature and the coolant bulk
temperature of the TX heated section (Tpy). For the two-phase,
HTC is calculated by dividing the heat flux by the temperature
difference between the cladding outer temperature and coolant
saturation temperature (Tsy). The cladding outer temperature is
calculated by Fourier's laws of conduction with a volumetric heat
source based on the measured cladding inner wall temperature.
The volumetric heat source of the cladding of HTA is evaluated by
Eqn. (9). Where A¢jqq is the cross-section area of the zirconium-
based alloy cladding.

"

q

hsp =t 6
sp To — Tbulk ( )
hyp =t /
™ To - Tsat ( )
. q/// 2 2 q/// ) ‘
To - Tl + 4kclad (rl ro) chladrl ln(rl / rO) (8)
" 1AV 4a 1AV jqq (9)

Ac,clachlad 7r(r(2) — r%)Ldad

The mass flux (G) of the PRS main piping is calculated by
dividing the mass flow rate (m) with the cross-sectional area (A x)
of the test section heated channel followed by Eqn. (10). The mass
flow rate of the PRS main piping is calculated based on the
measured pressure difference across the orifice plate (4Pp) and
evaluated density of working fluid (po) followed by Eqn. (11).
Where, Cp is the discharge coefficient of orifice plate, Do is the
diameter of the piping, and { is the ratio between the orifice bore
diameter and pipe inner diameter. The orifice plate is located up-
stream region of the preheater, and the density of working fluid is
evaluated with measured pressure and temperature values from
the measurement instrumentations located downstream region of
the orifice flowmeter.



J.Y. Kim, Y. Lee, ].H. Kim et al.

Nuclear Engineering and Technology 55 (2023) 3164—3182

Upyp 1 (ahrp)z 2 (ahrp)2 )
=— /=) Uy + U 15

m hrp  hp 0q q aT, ° (15)
G— (10)

AC,TX
Ug 1 [fom\? , om\?2 , om\?2 om \?2 o\ 2, ,
W# (ac5) Ve (5D5) V3o (gg) Yoo+ (aapy) Vin+ (35) U3 (16)
ngcon2 200APo (11)

3.4. Uncertainty analysis

The uncertainty analysis for the key thermal-hydraulic param-
eters of the DISNY facility was conducted. Table 3 summarizes the
measurement uncertainties of the instruments. The uncertainties
of heat flux, cladding outer wall temperature, and heat transfer
coefficient were calculated by the error propagation method [37]
with consideration of 95% confidence interval ranges. The un-
certainties of the orifice discharge coefficient, pipe diameter, and
the orifice beta ratio are given as 0.88%, 0.3%, and 0.3% respectively.
The maximum tolerance error of the radius of the active heater
(zircaloy-4 cladding) is assumed as less than 0.2%. The measure-
ment uncertainties of heat flux, cladding outer wall temperature,
single/two-phase heat transfer coefficients, and mass flow rate are
calculated as given by Eqn. 12—16. The uncertainty values of the
heat flux, cladding outer wall temperature, heat transfer co-
efficients for single/two-phase heat transfer, and mass flow rate are
given as +0.58%, +1.62%, +2.28%, +1.72%, and +2.16% respectively at
95% confidence level with consideration of coverage factor of 2.

3.5. CRUD fouling resistance characterization methodology

In this study, we introduced the concept of fouling resistance
widely used in the field of heat exchanger [38—40] to analyze the
effects of CRUD deposition on the fuel cladding heat transfer per-
formance. The porous CRUD layer is assumed as the fouling and the
corresponding fouling resistance of the CRUD is evaluated by uti-
lizing the 1-D equivalent thermal resistance circuit as proposed by
Wang [41]. The 1-D equivalent thermal resistance models for the
CRUD fouling resistance evaluation are depicted in Fig. 12. The 1-D
thermal resistance network-based approach for evaluating the
fouling resistance of CRUD includes the following assumptions. The
CRUD layer formed on the cladding surface is assumed to be a
simple thermal conduction medium with effective thermal con-
ductivity (keg) which includes effects of wick boiling phenomena
that occur internally. In addition, the difference in heat transfer
coefficient (h) on the surface of the heat transfer tube before and
after the CRUD deposition is assumed to be negligible. The above-
mentioned assumptions used to evaluate the fouling resistance of
CRUD have limitations. That may cause distortions of actual phys-
ical phenomena such as changes in the surface interfacial heat
transfer coefficient due to changes in surface characteristics caused
by CRUD deposition. However, it is experimentally very challenging
to precisely measure and separate the wick boiling phenomena
inside the CRUD layer and the interfacial heat transfer coefficient on

U, 1 oq’ 2 oq" 2 oq’ 2 oq’

_q:_ Y4 2 2 e 2

qg q \/< ol ) Ui+ (aAVclad) UAVCM N (61‘0) Uro * (aLclad

U, 1 To\2 5 [(0To\?, » 0T\ 2 5 0T\ 2, 5

Toony () e ) v ) v G
(13)

Uny 1 [(0hsp\? o (dhsp\? 5  (0hsp \*

hsp — hsp (aqH ) Ug (aTo) U, + (aTbulk) Ul (14)
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Letaa

the CRUD deposited surface in a high-temperature and high-
pressure experimental environment. The thermal resistance of
the CRUD derived from this approach is expected to be useful for
the modeling of the CRUD thermal resistance with various safety
analysis codes.

The two separated thermal resistance circuits for clean, and
CRUD-deposited HTA claddings are constructed as shown in Fig. 12
(b) and (c) respectively. The fouling resistance of the CRUD deposit
layer is calculated by comparing the heater cladding inner wall
temperature difference between clean and CRUD deposited
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Table 3

Summary of measurement uncertainties.
Parameter Instruments Uncertainties
Temperature K-type thermocouple +0.75%
Pressure Pressure transmitter (Rosemount 2051) +0.065%
Test section Differential pressure Differential pressure transmitter (Rosemount 3051) +0.065%
Orifice flow meter Differential pressure Differential pressure transmitter (Rosemount 2051) +0.065%
Voltage difference Voltage meter (Agilent 34980A) +0.004%
Electrical current Shunt resistor (20 pQ) +0.04%

a) 0
Zircaloy-4 r ﬂ . , . 0
crup  C1dding 4 Temperature . : s AN
Layer
In(r,/r)  In(r/n) 1
: 2rlk,,  2xlk, n,,,
00
i, 0
l 0
T, T, T,
Bulk ln(l'z /7'1) 1 V7772 Zircaloy-4 Cladding
el 2xlk,, hA,., Sy Crud Layer
Coolant

Fig. 12. Explanation on the concept of effective thermal conductivity and equivalent thermal resistance models for the fouling resistance evaluation; (a) schematics on the concept
of CRUD effective thermal conductivity under sub-cooled boiling, (b) equivalent thermal resistance circuit of the CRUD deposited cladding, (c) equivalent thermal resistance circuit
of the clean cladding.
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Fig. 13. MARS-KS nodalization of the DISNY for the design feature validation analysis.
cladding under similar TH testing conditions (operating pressure, flow boiling experimental data before and after the CRUD deposi-
inlet temperature, mass flux, and applied heat flux). The calculated tion. Where 4T is the temperature difference between the heater
fouling resistances of the CRUD are quantified as a form of effective cladding inner wall and the heated channel bulk fluid.
thermal conductivity. The effective thermal conductivity of the The effective thermal conductivity includes the effect of the

CRUD is calculated followed by Eqn. (17) based on the sub-cooled wick boiling (~SNB) inside the porous CRUD and is greatly affected
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by the applied heat flux and the flow regime inside the CRUD. The
effective thermal conductivity data of simulated CRUD derived
from the experimental results of the DISNY device (covering the full
heat flux range), can be served as a useful database for evaluating
the impact of CRUD deposition on operating power plants.

"

q (Tg — riz)(ro + tcgup)In (%)
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CRUD deposition simulation heat flux). The steady state of the PRS
is maintained for 10,000 s, without any abnormal situations during
the calculation. After the steady state operation, the cooling of the
PRS starts. The PRS fluid is cooled down to 80 °C by heat loss of the
RPS. The PRS system fluid temperature reaches the cooling set point
~26.0hr after the start-up, and then depressurization of PZR is

kg
2[(ro + tcrup)ATcrup — ToATclean] — terup K%cmd) (rz 7

o i

4. Design validation and verification (V&V) of DISNY facility
4.1. Feasibility analysis of DISNY with MAR-KS code

The design V&V (validation and verification) of the DISNY fa-
cility was conducted with the MARS-KS code. The MARS-KS input
model of the DISNY facility is shown in Fig. 13. The input model is
focused on the PRS side, and the CCS are treated as boundary
conditions inside the model.

The main, bypass, and PZR surge piping of the PRS were
modeled with pipe components with consideration of form loss
coefficient based on the geometrical information. The MCP (C180-
181) was modeled as a single volume component with a time-
dependent junction component. The tube and shell side of HX
was modeled as single pipe components (C150, C400) with the
equivalent cross-sectional area and hydraulic diameter. The TX
downcomer was modeled as an annulus component (C100), the TX
inlet plenum was modeled as a branch component (C110), and TX
heated channel was modeled as a pipe component (C120) with
proper heat structures to simulate the HTA. The preheater (C230)
and PZR (C330) were modeled with pipe components with heat
structures to simulate the immersed cartridge heater power during
simulation. The air-cooled chiller and CCS was treated as a
boundary condition (C380-381; C430, C450, 470) inside the model.
The operating conditions (including pressure, temperature, and
mass flow rate) of chiller (~5.6 bar; ~100 °C; ~3.4 kg/s) and CCS
(~1.7bar-corresponds to 25 cm>/kg H, purging conditions; ~30 °C;
~0.001 kg/s) are assumed as design values. The charging line and
letdown line of the DISNY facility was modeled with a time-
dependent junction, and servo valves respectively. The steam
dump line (C460) and safety relief valves (C480) were modeled as
trip valves at the top of the PZR. The heat loss of the DISNY was
considered at all the hydraulic components as an HTC boundary
condition.

The transition calculation results with MARS-KS are shown in
Fig. 14. The V&V calculation with a running time of 150,000s was
conducted to confirm the feasibility of DISNY including the start-
up, steady-state, and shutdown operations. During the start-up of
the DISNY facility, the PRS system pressure increased to 155 bar by
PZR immersed heater power. The PZR pressure reaches the oper-
ating conditions (155 bar) at ~5.5hr after start-up. After the PRS
pressure reach the 155 bar, the working fluid inside the main piping
of PRS is heated by preheater operation. The PRS fluid heating is
continued until the TX inlet temperature reaches the designated
experimental condition (340 °C). The steady-state operating con-
ditions of the DISNY facility were achieved ~13.3hr after the start-
up when the TX inlet temperature reach the set point. After the PRS
reaches the steady state, the heat flux level of the HTA cladding
heater is increased up to 600 kW/m? (which corresponds to the

>,
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started. The system pressure is depressurized by PZR heat loss. The
system pressure reaches the atmospheric pressure conditions
~33.3hr after the start-up.

The feasibility analysis study with MARS-KS code shows that the
DISNY facility can be operated under established experimental
conditions (P = 155 bar; Tj; = 340 °C) to simulate the CRUD growth
under PWR normal operating conditions.

4.2. Performance validation experiments

The performance of the major components such as TX, HTA, PZR,
Preheater, and MCP needs to be validated to operate the DISNY
facility. Three separate experimental tests were conducted to
analyze the performance and functionality of the DISNY facility and
corresponding sub-components. The leak-tight or pressurizing test,
heat loss test, and single-phase/two-phase heat transfer tests were
conducted to validate the performance of the constructed DISNY
facility.

4.2.1. Pressurizing and leak-tight test

The pressurizing test of the DISNY facility was conducted to
check the validity of the performance of the PZR. The PRS was
isolated from the CCS during the pressurizing test. The deionized
(DI) water was utilized as a working fluid. After charging the
working fluid inside the PRS, the MPC was turned on. The operating
pressure of DISNY PRS was increased stepwise way until the system
pressure reach ~155 bar by increasing the steam pressure inside the
PZR. The transient pressure and water level behavior of the RPS
during the pressurizing test are shown in Fig. 15. Where the PZR-Pis
the pressure of PZR, TX-P is the test section outlet pressure, and
PMQ-P is the pressure at downstream of the orifice flow meter. The
working fluid temperature inside the PZR and immersed cartridge
heater power behavior during pressurizing test are shown in Fig. 16.
The PZR-T-1 is located bottom of the PZR, PZR-T-2 located middle of
the PZR and measures the liquid temperature, and PZR-T-3 is
located top of the PZR and measure the steam temperature
respectively.

As shown in Fig. 15, the RPS pressure is increased from 1 bar to
10, 30, 60, 90, 120, and 155 bar. The PRS system pressure reaches the
established operating conditions of the DISNY facility 7 h after the
starting point of pressuring test. The integrity of the DISNY PRS is
secured for 10 h without any leakage or damage while maintaining
the system pressure of 153.8 bar. The water level inside the PZR was
maintained above 0.4 m which corresponds to the upper limit of
the active heating length of the PZR heater heating length during
the pressurizing test. The liquid temperature inside the PZR (PZR-T-
3) was maintained as saturation temperature corresponds to the
operating pressure of the PZR with an aid of the PZR-immersed
cartridge heater and the bend heater. The power level of
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Fig. 14. The feasibility analysis results of the DISNY facility with MARS-KS code; (a)
primary and sensitive system pressure, (b) primary system fluid temperature, (c) HTA
heat flux and cladding inner wall temperature.

~4.12 kW was applied to the PZR immersed heater to maintain the
pressurized states (153.8 bar). The leak-tightness of the DISNY PRS
during the pressurizing test was confirmed by an infra-red (IR)
camera image. The working fluids temperature was increased up to
150 °C and none of the insulation materials were applied to the
major components to inspect the leak-tightness during the pres-
surizing test. The IR image of the PZR and entire PRS of DISNY are
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Fig. 15. PRS pressure behavior during the leak tight test of the DISNY facility.
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Fig. 16. Working fluid temperature behavior inside the PZR during the leak tight test of
the DISNY facility.

shown in Figs. 17 and 18 respectively. Based on the IR camera image,
the leak-tightness of the DISNY facility under PWR normal oper-
ating pressure condition was validated. The pressuring test result
confirms that the constructed DISNY facility can be pressurized up
to PWR normal operating pressure conditions while maintaining
the system's integrity.

4.2.2. Heat loss test

The heat loss test was conducted to estimate the heat loss
characteristics of the DISNY PRS as a function of fluid temperature.
The integral approach [42] was utilized to evaluate the heat loss of
the PRS by elevating the working fluid temperature stepwise way
with the preheater. The preheater power was controlled to main-
tain the constant PRS temperature distribution. When the PRS
temperature distribution became stabilized and reaches a steady
state, the supplied preheater power was regarded as heat loss of the
PRS of given fluid temperature conditions. The whole PRS of the
DISNY was covered with insulating materials during the heat loss
test as shown in Fig. 19. The four TCs were attached to the piping
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Fig. 17. IR image of the DISNY PZR at P = 155 bar operating condition.

walls, which are located between the TX - HX, HX - MCP, MCP -
Preheater, and Preheater - TX, to measure the wall temperature
distribution of the PRS piping. The PRS working fluid temperature
was increased from 30 to 335 °C. The estimated heat loss charac-
teristics of the DISNY PRS along the temperature difference be-
tween PRS wall temperature and ambient air are depicted in Fig. 20.
As shown in Fig. 20, the heat loss of the PRS increases as the
working fluid temperature was elevated and showed exponential

Fig. 18. IR image of the DISNY PRS at P = 155 bar, T = 150 °C operating condition.
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Fig. 19. Photo of DISNY facility with thermal insulation installation.

increasing trends. Based on the experimentally measured heat loss
data, following empirical correlation was developed to evaluate the
heat loss of the DISNY PRS. Where Qyyss,prs is the amount of heat loss
of PRS to the environment, T, is averaged piping wall temperature,
and T,y is ambient air temperature.

prs =0.00773(Tw — Tatm 3/4 1 8.16E — 10(Tw — Tatm)?
0ss,PRS
(18)

The heat loss characteristic of the given system is affected by the
free convection of the ambient air and radiative heat transfer.
Therefore, the form of the empirical heat loss correlation takes the
superposition of the free convection component and radiation
component. It is known that the free convection heat transfer rate
of submerged body is proportional to the temperature difference
with the power of 5/4 [43]. Therefore, the exponent value in free
convection part of correlation is set as 5/4 in the current study. The
empirical coefficient values of the proposed heat loss correlation
were determined by the data fitting with experimentally measured
heat loss data and shows good agreement with R? value of 0.97. The
heat loss test results reveal that the constructed DISNY facility can
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Fig. 20. Evaluated heat loss characteristics of the DISNY PRS.
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Table 4
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Summary of single and two-phase heat transfer test thermal-hydraulic experimental conditions.

Parameter Operating P (PZR-P)

TX inlet T (TX-T-2)

Mass Flux (G) Max. Heat flux

Single-phase HT Test
Two-phase HT Test

157.3 (+0.7) bar
156.6 (+0.4) bar

291.7 (£2.1) °C
337.7 (+2.7) °C

3437.0 (+49.4) kg/m?-s
3448.2 (+64.8) kg/m>-s

1358.8 kW/m?
1349.4 kW/m?

a)
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Fig. 21. Single-phase heat transfer experiment results (P = 157 bar; T;; = 292 °C; G = 3,437kg/m?-s); (a) Applied heat flux plotted against measured cladding inner wall tem-

perature; (b) Comparison results with Dittus-Boelter correlation.

increase the working fluid temperature up to the intended design
temperature values and shows that the implemented preheater can
fully compensate for the heat loss of the PRS under the operational
condition.

4.2.3. Single and two-phase heat transfer test

The single and two-phase heat transfer experiments were
conducted to validate the performance of the fabricated Joule-
heated HTA with TX of the DISNY facility. The validation of HTA's
heat transfer performance was performed by comparing the eval-
uated heat transfer performance with well-established heat
transfer correlations. The single-phase and two-phase heat transfer
experimental conditions were performed under the TH experi-
mental conditions derived in section 3.1 for simulating CRUD
deposition and following fouling resistance evaluation. The exper-
imental conditions for both tests are summarized in Table 4. The
applied heat flux level to HTA was increased a stepwise way. When
the inner wall cladding temperature (HT-T-1/2), TX inlet tempera-
ture (TX-T-1), and TX mass flux (G) were become stabilized, 40 data
points are recorded with 1sec of measuring frequency.

The single-phase heat transfer performance validation test was
performed under the thermal-hydraulic test conditions depicted in
Table 4. The results of the single-phase heat transfer experiments
are described in Fig. 21 (a). The measured inner cladding wall
temperature under single-phase flow conditions shows a linearly
increasing behavior according to the applied heat flux. The result of
calculated the cladding outer wall temperature against the applied
heat flux is shown in Fig. 21 (b). For the validation of HTA's single-
phase heat transfer performance, comparison between well-known
Dittus-Boelter correlation [44] (Eqn. (18)) and single-phase heat
transfer results of the HTA was made. Where Re is the Reynolds
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number of the working fluid inside the TX heated channel, Pr is the
liquid Prandtl number, and k; is the thermal conductivity of the
working fluid respectively.

(18a)

hsp = 0.023Re°-8pr?-4§

h

As shown in the figure, the single-phase heat transfer perfor-
mance of HTA in the DISNY device shows good agreement with the
Dittus-Boelter correlation within ~10% (based on the HTC). Based
on the single-phase heat transfer test results, it was confirmed that
the constructed DISNY facility can simulated the single-phase heat
transfer performance of the fuel cladding under the PWR reactor
operating conditions. Also, the validity of the entrance length of
150 mm considered in the downstream of the heat channel of TX
was also confirmed.

The sub-cooled flow boiling (two-phase) heat transfer perfor-
mance validation test was performed under the thermal-hydraulic
test conditions depicted in Table 4. The results of the sub-cooled
flow boiling heat transfer experiments are described in Fig. 22
(a). It can be observed that there is a rapid change in the slope of
the inner cladding wall temperature increase according to the
applied heat flux before and after the heat flux of ~227.1 kwW/m?2.
This indicates that when the applied heat flux level of HTA exceeds
the ~227.1 kW/mz2, subcooled nucleate boiling occurred on the
surface of the fuel cladding. The onset of nucleate boiling (ONB) on
the cladding surface leads to a rapid increase in the heat transfer
coefficient between the working fluid and the heated surface. The
sub-cooled flow boiling curve of the HTA is shown in Fig. 22 (b).
From the sub-cooled flow boiling curve, it was confirmed that the
cladding outer wall temperature shows the constant wall superheat
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Fig. 22. Two-phase heat transfer experiment results (P = 157 bar; T;, = 338 °C; G = 3,448kg/m?-s); (a) Applied heat flux plotted against measured cladding inner wall temperature;
(b) Comparison results of boiling curve with sub-cooled flow boiling heat transfer correlations.

of ~3K above the saturation temperature after ONB occurrence. For
the validation of HTA's two-phase heat transfer performance, a
comparison between sub-cooled flow boiling heat transfer corre-
lations, including Jens and Lottes [45] (Eqn. (19)), Thom [46] (Eqn.
(20)), Chen [47] (Eqn. (21)), with the sub-cooled flow boiling curve
of the HTA was conducted. Where, P is the operating pressure in
MPa, F is the Reynolds number factor, S is the suppression factor,
hpg is the nucleate boiling HTC respectively. For the Chen correla-
tion under sub-cooled boiling condition, the F is set equal to unity,
the Dittus-Boelter correlation in Eqn. (18) was used to estimate the
hsp, and Forster-Zuber correlation [48] in Eqn. (22) was used to
estimate the hyg. Where, ¢, is the specific heat, ¢ is the surface
tension, u is the kinematic viscosity, and P, — Py is the difference of
the saturation pressure corresponding to the wall temperature and
saturation temperature respectively.

AT 4
_{ 5 exp(P/GZ)} (19)
' [ALsat o (P/87) ’ (20)
= |22.65 PP/
q' = Fhsp(To — Tpuik) + Shng(To — Tsar) (21)

?.79(:0.;15’0?449
g =0.00122 |~ o605 37 | (To = Tsar)" 2 (Po = Psar) 7
07~ 1y o Py

(22)

The sub-cooled boiling curve from the DISNY HTA shows the
good agreement with the HTC correlation proposed by Jens and
Lottes, Thom. The Chen correlation well predict the single-phase
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heat transfer of the HTA before ONB. However, after the ONB, it
over-predicts the wall superheat at given heat flux.

The results of the single and two-phase heat transfer perfor-
mance validation tests have confirmed that the test section with
HTA of the DISNY facility can effectively evaluate the single-phase
and two-phase heat transfer in a high-temperature and high-
pressure operating conditions of a PWR-type nuclear reactor.

5. Conclusions and future utilization plan of DISNY

The high-pressure subcooled flow boiling experimental facility
called DISNY (crud Deposltion Simulator for Nuclear energyY) was
designed and constructed as a test bed to analyze the CRUD-related
multi-physical phenomena under PWR normal operating conditions.
The current experimental facility was designed and constructed to
simulate the CRUD under PWR normal operating conditions to
establish the CRUD-related experimental database. The detailed
system and component design features of the DISNY facility were
presented. The thermal-hydraulic and water chemical conditions
experimental conditions to simulate PWR CRUD were established
based on the hot-pin subchannel analysis and chemical composition
analysis of the actual CRUD respectively. The key parameters to
quantify the heat transfer performance of the CRUD deposited
cladding surface including the fouling resistance was derived and
data reduction methodology to evaluate the fouling resistance of the
CRUD deposited layer was presented. The performance validation of
the DISNY facility and the major sub-components was done by three
separate experiments including a leak-tight test, a heat loss test, and
a single/two-phase heat transfer test. The feasibility analysis results
of the experimental facility based on the MARS-KS calculation show
that constructed high-pressure sub-cooled boiling facility can be
operated under established experimental conditions to simulate the
CRUD growth under PWR conditions.
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Fig. 23. Schematics on the future utilization plans of the DISNY facility [16,18,49—51].

As a next step, the constructed DISNY facility will be utilized to
generate an experimental database of the CRUD deposited clad-
ding's single and two-phase heat transfer characteristics under
PWR operating conditions. After the CRUD growth simulation, the
chemical composition and surface characteristics, which strongly
affect the boiling heat transfer performance, such as surface
morphology, wettability, capillarity, and roughness of the simu-
lated CRUD deposited specimen will be quantified. The pool boiling
and quenching heat transfer analysis study with CRUD deposited
specimen from the DISNY facility are planned to fully understand
the effect of the CRUD deposition under the postulated accidental
conditions. In addition, the various candidates of accident tolerance
fuel cladding including Cr-coating or SiC cladding's CRUD deposi-
tion characteristics or the heat transfer characteristics under PWR
operating conditions will be analyzed with the DISNY facility. The
CRUD database from the DISNY facility is expected to be utilized as
a basis for the precise evaluation of the effect of CRUD on PWR
safety. The future utilization plans of the DISNY facility are shown in
Fig. 23.
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Nomenclature

Symbols

Area [m?]

Discharge coefficient [ ]
Specific heat [J/kg-K]

Reynolds number factor [—]
Mass flux [kg/m?-s]

Heat transfer coefficient [W/m?-K]
Electrical current [A]

Thermal conductivity [W/m-K]
Length [m]

Latent heat of vaporization [J/kg]
Heat [W]

Pressure [Pa]

pitch [m]

Heat flux [W/m?]

Volumetric heat source [W/m?]
Electrical resistance [Q]

Radius [m]

Suppression factor [—]
Steaming rate [kg/m?>-s]
Thickness [m]

Temperature [°C]

Uncertainty of parameter
Voltage [V]

<CH"TY T TO TN TTOTMY A
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Abbreviations and Acronyms

AOA Axial offset anomaly

BPR Back pressure regulator

CcCs Chemical control system

CHF Critical heat flux

CILC CRUD induced localized corrosion

CRUD Chalk river undenied deposit/Corrosion related
unidentified deposit

DI Deionized

FCV Fluid control valve

HTA Heater assembly

HTC Heat transfer coefficient

HX Heat exchanger

IR Infra-red

LOCA Loss of coolant accident

LWR Light water-cooled reactor

MCP Main coolant pump

ONB Onset of nucleate boiling

PRS Primary system

PWR Pressurized water reactor

PZR Pressurizer

RCS Reactor coolant system

RIA Reactivity initiated accident

SNB Subcooled nucleate boiling

TC Thermocouples

TH Thermal-hydraulic

X Test section

Greek letters

I’} Area ratio [—]

4 Variance [—]

i Kinematic viscosity [N-s/m?]
p Density [kg/m?]

Iy Surface tension [N/m]
Subscripts

Atm Atmospheric condition

bulk Bulk averaged value

c Cross section

clad Cladding

Clean Clean cladding without CRUD
channel  Flow channel
CRUD CRUD deposited cladding

eff Effective

HT Heat transfer region
i Inner wall region

1 Liquid phase

loss Heat loss

v Liquid-to-vapor

NB Nucleate boiling

0 Outer wall region

0 Orifice flow meter
PRS Primary system

pin Fuel pin

sat Saturation state value
shunt Shunt resistor

v Vapor phase

wet Wetted perimeter
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