The INL is a

U.S. Department of Energy
Mational Laboratory
operated by

Battelle Energy Alliance

—

Idaho National
Laboratory

INL/CON-14-32433
PREPRINT

A Multi-Purpose Thermal
Hydraulic Test Facility
For Support of Advanced
Reactor Technologies

2014 ANS Winter Meeting and Nuclear
Technology Expo

James E. O'Brien*, Piyush Sabharwall and
Sudong Yoon

November 2014

This is a preprint of a paper intended for publication in a journal or
proceedings. Since changes may be made before publication, this
preprint should not be cited or reproduced without permission of the
author. This document was prepared as an account of work
sponsored by an agency of the United States Government. Neither
the United States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any third party’s use,
or the results of such use, of any information, apparatus, product or
process disclosed in this report, or represents that its use by such
third party would not infringe privately owned rights. The views
expressed in this paper are not necessarily those of the United
States Government or the sponsoring agency.






A Multi-Purpose Thermal Hydraulic Test Facility
For Support of Advanced Reactor Technologies

James E. O’Brien*, Piyush Sabharwall and SuJong Yoon
Idaho National Laboratory, Idaho Falls, ID 83402,
James.Obrien@inl.gov

INTRODUCTION

Effective and robust high temperature heat transfer
systems are fundamental to the successful deployment of
advanced nuclear reactors for both power generation and
non-electric applications. Plant designs often include an
intermediate heat transfer loop (IHTL) with heat
exchangers at either end to deliver thermal energy to the
application while providing isolation of the primary reactor
coolant system. In order to address technical feasibility
concerns and challenges associated with the IHTL, a new
high-temperature multi-fluid, multi-loop test facility called
the Advanced Reactor Technology Integral System Test
(ARTIST) facility is under development at the Idaho
National Laboratory (INL). The facility will include three
flow loops: high-temperature helium, molten salt, and
steam/water. The three loops will be thermally coupled
through an intermediate heat exchanger (IHX) and a
secondary heat exchanger (SHX). Research topics to be
addressed with this facility include the characterization and
performance evaluation of candidate compact heat
exchangers such as printed circuit heat exchangers
(PCHEs) at prototypical operating conditions, flow and
heat transfer issues related to core thermal hydraulics in
helium-cooled and salt-cooled reactors, and evaluation of
corrosion behavior of new cladding materials and accident-
tolerant fuels for LWRs at prototypical conditions.

The loop will utilize advanced high-temperature
compact PCHEs operating at prototypical IHX conditions.
The initial configuration will include a high-temperature
(750°C), high-pressure (7 MPa) helium loop thermally
integrated with a molten fluoride salt flow loop operating
at low pressure (0.2 MPa) at a temperature of ~450°C.
Liquid salts have been identified as excellent candidate
heat transport fluids for intermediate loops, supporting
several types of advanced high temperature reactors [1 - 4].
Fluoride salt coolants are eutectic binary or tertiary
mixtures of fluoride salts with melting points in the range
of 320 to 500°C. The experimental database will guide
development of appropriate predictive methods and be
available for code verification and validation (V&V)
related to these systems.

ARTIST FACILITY RESEARCH APPLICATIONS

In addition to the heat exchangers, each flow loop will
include high temperature test sections operating at
prototypical conditions which can be customized to
address specific research issues associated with each
working fluid. Possible research topics for the high

temperature helium test section include flow distribution,
bypass flow, and heat transfer in prototypical prismatic
core configurations under forced and natural circulation
conditions [5], parallel flow instability during pressurized
cool-down [6], and turbulent heat transfer deterioration [7,
8]. Oxidation effects associated with water or air ingress
could also be examined [9].

The high temperature test section in the liquid salt
loop can be used for examination of materials issues,
thermal stresses, and heat transfer. Metallic materials have
been studied extensively in liquid salt environments [1 - 3],
but additional research is needed to evaluate the
performance of ceramic and composite materials such as
SiC/SiC in liquid salt environments [10]. Fundamental
heat transfer issues for liquid salts are related to the fact
that these are high Prandtl number fluids with high
viscosities and specific heats, and relatively low thermal
conductivities.  Accordingly, prototypical Reynolds
numbers are low (in the laminar or transitional flow
regimes) and heat transfer enhancement strategies (e.g.,
extended surfaces) may have to be employed in the core
and other components. The high Prandtl number reduces
the potential for thermal shock (compared to low-Prandtl-
number liquid metal coolants), but the possibility of large
thermal stresses still exists [10]. Bypass flow can also be
an issue for prismatic reactor core configurations with
liquid salt coolants. The liquid salt loop will include a
thermal energy storage (TES) system for support of
thermal integration studies.

The high temperature test section in the steam/water
loop will be used primarily for prototypic evaluation of
new cladding materials and accident-tolerant fuels. It will
be designed to characterize the thermal, chemical, and
structural properties of candidate advanced fuel cladding
materials and designs under a variety of simulated flow
and internal heating conditions to mimic operational
reactor conditions prior to in-reactor testing The capability
for out-of-pile mock-up testing of candidate (surrogate)
fuel-clad systems is essential for reactor readiness, in
particular when innovative fuel cladding will be in direct
contact with the test reactor primary coolant system
without secondary containment. Careful control of water
chemistry will be essential for these studies; a water
chemistry control section is included in the design of the
loop.

Flow-induced vibration of fuel rod bundles has been
identified as an important issue for sodium-cooled reactors
[11]. The high-temperature test section of the hot water



loop can also potentially be used to study flow-induced
vibration of simulated sodium-cooled reactor fuel rod
bundles. Hot water at 200°C and 1.38 MPa matches the
density of sodium. This condition is well within the
operational range of the proposed loop.

PRELIMINARY DESIGN OF THE ARTIST
FACILITY

A process flow diagram for the ARTIST facility is
shown in Fig. 1. The facility includes three thermally
interacting flow loops: helium, molten salt, and
steam/water. Selection of the overall scale of this facility
in terms of flow rates, pump requirements, heater power,
heat exchanger duty, piping size, etc. is based on a
compromise between capability and cost. A survey of
existing liquid salt flow research facilities was performed
to provide guidance on sizing of the INL salt loop. Results
of the survey are presented in Table 1. As expected, the
university facilities are relatively small, with salt flow rates
much less than 1.0 kg/s. The ORNL facility and the TNT
loop in Japan have flow rates on the order of 1.0 kg/s. By
far the largest facility listed is the MSTL at Sandia
National Laboratory, with a salt flow rate of up to 50 kg/s.
Based on the expected funding available for the INL
facility and the desire to develop a facility of relevant scale
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Figure 1. Process flow diagram of the ARTIST multi-loop multi-fluid test facility.



Table 1. Liquid salt flow research facility characteristics.

Institution salt T (°C) P (kPa) Flow rate (kg/s) Application
ORNL [12] FLiNaK 700 atmospheric 4.5 Nuclear/PB-AHTR
Sandia MSTL [13] 60NaNO;-40KNO; 300 - 585 580 44 -50 solar
Korea [14] FliNaK .003 nuclear
U Wisconsin [15] FLiNaK, KCI-MgCl,, 600 8.3x10™ nuclear
U Wisconsin [15] KNO3-NaNQO;, 60:40 ~200 200 nuclear
KNO;3-NaNO,-NaNO; - .
NIFS-Japan, [16] 53:40:7 (HT salt) 200 0.645 Fusion
Ohio State U [17] FLiNaK, KF-ZrF4 600 - 700 atmospheric 0.12 nuclear

Table 2. Flow rates based on KF-Zr4 flow of 1 kg/s, with 50°C IHX delta-T.

P Tmean HX AT | HX Duty Mass flow rate Volume flow rate | Volume flow rate | Volume flow rate
Fluid (MPa) (°C) (°C) (kW) (kg/s) LPM (actual) (SLPM) (gpm)
KF-ZrF4 0.2 ~450 50 52.6 1 19.9 n/a 5.25
He 600 300 52.6 .0337 524 11330 n/a
H.0 lig 10 300 100 52.6 .096 7.94 n/a 2.10
recuperator which transfers heat from the higher storage tank will be filled with inert cover gas.

temperature helium return flow. The high temperature
portion of the flow loop is designed to handle helium
temperatures up to 800°C. This temperature will be
achieved using a high temperature electrical in-line gas
heater (60 kW). The helium loop will include a high
temperature test section for heat transfer and materials
studies. Downstream of the test section, the helium gas
flows through a heat exchanger where heat will be
transferred to the adjacent molten salt loop using a scaled
version of an intermediate heat exchanger. This heat
exchanger will be a high efficiency compact microchannel
PCHE. Downstream of the IHX, the helium flows through
an intermediate-temperature test section and the
recuperator to transfer heat back to the inlet stream.

The baseline design for the He-He recuperator will
also be a PCHE. In addition to its heat recuperation role,
this heat exchanger can simulate an IHX for the case in
which He is used as an intermediate heat transfer fluid.
Downstream of the recuperator, the helium flows through a
water-cooled chiller to cool it back down to the gas
circulator operating temperature.

Molten Salt Loop

The center part of Fig. 1 shows the molten salt portion
of the multi-loop test facility. Selection of coolant salt
properties in general and the particular salt to be used in
this loop is discussed in reference [18]. While it is not
necessarily the highest ranked salt in terms of heat transfer
characterisitics, KF-ZrF, (58 mol% KF and 42 mol% ZrF,)
has been selected for the initial loop configuration
primarily due to its low melting point (390°C), which
mitigates some of the loop design challenges. The loop
will be charged with salt from the salt storage tank. This
tank will include both an immersion heater and wall
heaters designed to heat the frozen salt to a temperature
above its melting point. The head space in the molten salt

vertical cantilever salt pump will be designed to operate at
420°C at low pressure (~0.2 MPa). It will provide molten
salt flow rates up to 20 LPM. The entire molten salt flow
loop will be heat-traced to prevent salt from freezing and
causing a flow blockage. A salt chemistry control section
will be installed at the intermediate temperature location.
Downstream of the pump, the salt flow rate will be
measured using an ultrasonic flow meter. The salt
temperature will be boosted as needed to the desired
intermediate temperature using an in-line electrical
auxiliary heater. Downstream of the high temperature test
section, the molten salt flows through a secondary heat
exchanger (SHX), transferring heat to the tertiary
steam/water loop. An SHX bypass line is also provided for
cases in which the molten salt loop will be operated
independently of the steam/water loop. The salt can then
flow directly back to the pump or it can flow through a
thermal energy storage (TES) system for hybrid energy
system (HES) process integration studies.

Steam/Water Loop

The right-hand side of Fig. 1 shows the steam/water
tertiary loop. The SHX can serve as a steam generator or
simply a single-phase heat exchanger, depending on the
conditions to be simulated in the tertiary loop. For some
tests, the conditions in the tertiary loop will be intended to
simulate pressurized water reactor (PWR) conditions.
PWR conditions will be needed for materials/corrosion
studies of accident-tolerant fuels, new cladding materials,
crud formation, etc. Alternately, at lower operating
pressure, the tertiary loop can simulate the secondary side
of a PWR system, with steam generation for HES process
integration studies. The tertiary loop includes a
condenser/chiller to cool the process stream back down to
the pump operating temperature.




CONCLUSIONS

A new high-temperature multi-fluid, multi-loop test
facility is under development at the Idaho National
Laboratory. The facility will include three flow loops:
high-temperature helium, molten salt, and steam/water.
Details of some of the design aspects and challenges of this
facility, which is currently in the conceptual design phase,
have been presented. The loop will utilize advanced high-
temperature compact printed-circuit heat exchangers
operating at prototypic intermediate heat exchanger
conditions. The initial configuration will include a high-
temperature (750°C), high-pressure (7 MPa) helium loop
thermally integrated with a molten fluoride salt (KF-ZrF,)
flow loop operating at low pressure (0.2 MPa) at a
temperature of ~450°C. The facility will assist with
component testing in the prototypical environment and
experimental results obtained from this research will
provide important data for code verification and validation
(V&V) related to these systems.
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