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EXECUTIVE SUMMARY
The need for high-temperature (greater than 600°C [greater than 1100°F]) energy exchange and delivery
systems is significantly increasing as both the United States and the rest of the world strive to improve
energy efficiency and develop alternatives to petroleum-based fuels. Liquid fluoride salts are one of the
few energy transport fluids that have the capability of operating at high temperatures in combination with
low system pressures. The fluoride salt-cooled high-temperature reactor (FHR) design uses fluoride salt to
remove core heat and interface with a power conversion system. Although a significant amount of
experimentation has been performed with these salts, specific aspects of this reactor concept will require
experimental confirmation during the development process.
The experimental facility described in this report has been constructed to support the development of the
FHR reactor concept. The facility is capable of operating at up to 700°C (greater than 1290°F) and
incorporates a centrifugal pump to circulate FLiNaK salt through a removable test section. A unique
inductive heating technique is used to apply heat to the test section, allowing heat transfer testing to be
performed. An air-cooled heat exchanger removes heat that was added to the test section. Supporting loop
infrastructure includes a pressure control system; trace heating system; and complement of
instrumentation to measure salt flow, temperatures, and pressures around the loop.
The initial planned experiment is aimed at measuring fluoride salt heat transfer inside a heated pebble bed
similar to that used for the core of the pebble bed–advanced high-temperature reactor.
This document describes the details of the loop design, auxiliary systems used to support the facility,
inductive heating system, and initial planned experiment.

xi

1.

INTRODUCTION

Effective high-temperature thermal energy exchange and delivery at temperatures over 600ºC (1100°F)
has the potential for significant impact by improving system efficiencies and reducing system size,
resulting in reduced capital and operating costs of energy conversion and transport systems. It is one of
the key technologies necessary for efficient hydrogen production and could potentially enhance
efficiencies of high-temperature solar systems. Today there are no standard, commercially available highperformance heat transfer fluids above 600ºC. High pressures associated with water and gaseous coolants
(such as helium) at elevated temperatures impose limiting design conditions for the materials in most
energy systems. Liquid salts offer high-temperature capabilities at low vapor pressures, good heat
transport properties, and reasonable costs and are therefore leading candidate fluids for next-generation
energy production. Liquid-fluoride-salt-cooled, graphite-moderated reactors, referred to as fluoride salt
high-temperature reactors (FHRs), are specifically designed to exploit the excellent heat transfer
properties of liquid fluoride salts while maximizing their thermal efficiency and minimizing cost. The
FHR’s outstanding heat transfer properties, combined with its fully passive safety, make this reactor the
most technologically desirable nuclear power reactor class for next-generation energy production.
Multiple FHR designs are presently being considered. These range from the pebble bed–advanced hightemperature reactor (PB-AHTR) design originally developed by the University of California–Berkeley
(UC-Berkeley)1 to the small advanced high-temperature reactor 2 and the large-scale advanced hightemperature reactor both being developed at Oak Ridge National Laboratory.3 The value of hightemperature, molten-salt-cooled reactors is also recognized internationally, and the Czech Republic,
France, India, and China all have salt-cooled reactor development under way, with China planning on
completing an FHR test reactor in the 2015–2017 timeframe.
The initial experiment planned for the liquid salt test loop is to demonstrate the heat transfer performance of
liquid fluoride salt in a fixed pebble bed. The test pebble bed resembles that planned for the PB-AHTR. The
2008 core design of the PB-AHTR features multiple 20 cm (7.9 in.) diameter, 3.2 m (126 in.) long fuel
channels with 3 cm (1.2 in.) diameter graphite-based fuel pebbles slowly circulating up through the core.
Molten salt coolant (FLiBe) at 700ºC (1290°F) flows concurrently (at significantly higher velocity) with the
pebbles and is used to remove heat generated in the reactor core (approximately 1285 W/pebble [4385
Btu/h/pebble]) and supply it to a power conversion system. The experiment being developed focuses on
thermal and hydraulic behavior of a static pebble bed using a convective salt loop to provide prototypic fluid
conditions to the bed and a unique inductive heating technique to provide prototypic heating in the pebbles.
The PB-AHTR design is discussed in detail in ref. [1] and shown schematically in Fig. 1.
The facility design is sufficiently versatile to allow a variety of other experimentation to be performed in
the future, serving as the centerpiece of an FHR component test facility. The facility can accommodate
testing of scaled reactor components or subcomponents such as flow diodes, salt-to-salt heat exchangers,
and improved pump designs as well as testing of refueling equipment, high-temperature instrumentation,
and other reactor core designs.
2.

PEBBLE BED HEAT TRANSFER

The initial test program is designed to evaluate the heat transfer in a static pebble bed. An extensive
amount of work has been done examining the performance of packed and fluidized beds in support of the
chemical and petroleum industries, and entire texts are devoted to this subject.4,5 Packed beds are used to
enhance both mass and heat transfer performance, and specific packing designs have been developed over
the years to optimize these characteristics. In most packed bed systems used to improve heat transfer
performance, heat is added externally, and the packing is used to augment heat transfer in the channel.
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Fig. 1. PB-AHTR concept (drawing taken from ref. 1).

The existing body of literature includes studies investigating radiative as well as convective transport
within	
  the bed, 6,7 the influence of the wall on geometrical packing, 8,9 and details of the turbulence within
the bed, 10,11 as well as other phenomena. A unique feature of pebble-fueled reactor systems is that heat is
generated within the pebbles themselves, and the heat transfer from the pebble to the molten salt dictates
the fuel temperature, ultimately establishing reactor operating limits.
Pebble bed studies have also been performed to support nuclear reactor systems. The South African
pebble bed modular gas-cooled reactor project has performed pebble bed experiments that use electrical
resistance heaters imbedded in a square-lattice pebble bed to apply the appropriate amount of bulk heating
to the circulating helium. 12 Experimental efforts at UC-Berkeley supporting the PB-AHTR have
concentrated on using commercial heat transfer oils as a low-temperature simulant for molten salt and
have allowed relevant fluid and heat transfer system design experiments to be performed at low
temperatures. Experiments using more prototypic materials, temperature, and fluid heating are the next
major demonstration step in proving the viability and capabilities of this reactor concept and are needed to
guide the design and prepare functional test and reliability data for reactor licensing.
The inductive heating techniques that we are using in this project will directly heat a prototypic randomly
packed pebble bed geometry and will appropriately simulate the internal heating in a pebble-fueled
reactor. Although inductive heating is a very common industrial heating method and is used in the
foundry industries for melting metals, a very limited amount of work has been performed examining the
use of inductive heating in regular packed bed type systems.
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3.
3.1

EXPERIMENTAL DESIGN

LOOP CONSTRUCTION

Figure 2 shows a schematic of the loop. A vertical shaft electric-motor-driven centrifugal pump circulates
salt through an inductively heated test section that contains the pebble bed. The pump is housed in a sump
tank where argon overpressure is applied to force salt into the loop during operation. A surge tank at the
top of the loop also contains an argon/salt interface and is used to establish loop operating pressure. An
air-cooled heat exchanger removes heat added by the inductive heating system. Trace heaters are located
on all piping and components to heat the loop above FLiNaK melt temperature (454°C) before salt is
introduced into the loop. The trace heating also ensures that the salt never freezes in the loop. Before salt
is transferred into the loop storage tank, moisture is removed from the salt by heating it in a separate
processing crucible and holding it at a temperature below the melting point. The salt is then melted, and
hydrogen fluoride gas is bubbled through the melt to remove moisture. (Detailed discussion of this
process in not included in this document.) Once purified, the salt is transferred to the loop storage tank
using differential gas pressure. The storage tank is designed to permit salt freezing and allows long-term
salt storage. Once melted in the storage tank, the salt is transferred into the pump sump tank via gas
pressure differentials. Once salt is in the loop, the sump tank is pressurized with argon, and the surge tank
is vented, forcing the salt up into the loop until the desired liquid level is reached in the surge tank. Loop
instrumentation includes salt flow rate, pump discharge pressure, tank gas pressures, salt temperatures in
the pebble bed, and appropriate temperature measurements of loop piping and components to control
trace heating. The inductive heating power level is measured as well as air temperature across the heat
exchanger.

Fig. 2. Liquid Salt Test Loop schematic.

The loop and storage tank, except for the test section, are constructed of alloy 600 selected for
compatibility with molten fluoride salts, availability of required forms, and cost. Hastelloy N or MONICR
(a Czech Republic version of Hastelloy N) are the preferred alloys; however, the limited availability of
these alloys made their cost prohibitive for use in this project. The salt-containing portion of the loop is of
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all-welded construction where possible. Flanged connections, penetrations, and pump seals are at
elevations above the salt level, providing only gas sealing whenever feasible. However, two flanges in the
system are designed to contact the salt and effect a salt seal, one at the top of the test section designed to
transition from the SiC test section and the alloy 600 piping and one in the piping near the surge tank to
allow piping alignment with the test section. Although the salt proposed for the PB-AHTR is FLiBe, the
salt used in this experiment is FLiNaK in order to eliminate any safety issues that might arise due to the
presence of beryllium. The loop is designed to supply a known flow rate and temperature of FLiNaK to
the test section and operates at near atmospheric pressure. Lines are sloped to ensure salt draining and
allow a 100% salt fill of the loop. The loop uses an ultrapure argon cover gas to prevent moisture and
oxygen from entering the system. A photo of the as-built loop is shown in Fig. 3. The storage tank is at
the bottom center of the picture, the pump sump tank at the middle left, the heat exchanger and ductwork
at the upper right, and the surge tank just to the left of the heat exchanger.

Fig. 3. Picture of loop in hood.

3.2

FLiNaK SALT

A comparison of thermophysical properties for FLiNaK, FLiBe, and other coolant fluids is presented in
Table 1 for comparison. LiF, NaF, and KF salts were purchased from Wilson Scientific in quantities
proportional to those needed to make FLiNaK eutectic salt (46.5 mol % LiF-11.5 mol % NaF-42 mol %
KF). These salts were industrial grade and must be purified to minimize corrosion. The salts will be
purified in 150 kg (330 lb) batches, enough for one complete fill of the loop. Discussion of the
purification process is outside the scope of this document.
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Table 1. Comparison of FLiBe thermophysical properties with that of ot her heat transfer
media
Fluid
7Li BeF (FLiBe)
2
4
LiF-NaF-KF
(FLiNaK)
Sodium (550°C)
Lead (600°C)
Helium (7.5 MPa)
Water (7.5 MPa)

Tmelt, °C
(°F)

Tboil, °C
(°F)

ρ , kg/m3
(lbm/ft3)

459
(858)
454
(849)
97.8
(208)
328
(622)
—
0

1,430
(2,606)
1,570
(2,858)
883
(1,531)
1,750
(3,182)
—
291
(556)
100
(212)
—

Water (Atm.)

0

Graphite

—

3.3

cp, J/kg°C
(Btu/lb°F)

µ, Pa-s (lbm/fth)

k, W/m°C
(Btu/fth°F)

1,940 (121)

2,386 (0.57) 6.78 × 10-3 (16.4)

1.1 (0.636)

2,019 (126)

1,884 (0.45) 2.91 × 10-3 (7.04)

0.8 (0.462)

817 (51)

1,263 (0.30) 2.53 × 10-4 (0.61)

65.0 (37.6)

1.6 × 10-3 (3.87)

15.1 (8.72)

3.8 (0.24)
732 (45.7)

5,189 (1.24) 4.53 × 10-5 (0.12)
5,484 (1.31) 8.9 × 10-5 (0.22)

0.36 (0.208)
0.56 (0.324)

998 (62.3)

4,183 (1.00)

2.8 × 10-4 (0.68)

0.6 (0.347)

1,700 (106)

—

10,270 (641)

1,549 (0.37)

200.0 (115.6)

SURGE TANK

A small surge tank located at the top of the loop is used to allow argon to be vented during loop fill and
provide space for salt expansion and contraction during loop operation (Fig. 4). A slight argon
overpressure is maintained within the tank. The tank is constructed of 200 mm (8 in.) diameter schedule
40 pipe approximately 280 mm (11 in.) long. A hemispherical end cap
forms the bottom of the tank. The tank is constructed of alloy 600 except
for the conflat (CF)-type closure flanges, which are made of 304 stainless
steel. The flange seal is made using either a fully annealed nickel or copper
ring. The surge tank is designed to operate at 700°C (1290°F) at pressures
below 0.20 MPa (15 psig). The top flange has seven penetrations that are
all designed to extend above the flange a sufficient distance to remain cool
enough during operation to use Teflon seals. Each tube is terminated at the
top with Swagelok compression fittings. Two penetrations are used for the
heated thermocouple level indicators, one is used for gas inlet, one for gas
outlet, and one 8 mm (1.5 in.) diameter schedule 10 pipe extends to near
the bottom of the tank and acts as a wave guide for a radar-based level
detector. Two penetrations are spares. The tank is connected to the
remainder of the loop through a short section of 25 mm (1 in.) schedule 40
pipe. The surge tank is attached to the loop framework through a lug and
threaded rod to a spring hanger (Anvil International – Type C) that allows
Fig. 4. Surge tank.
the tank to move freely in all directions to accommodate thermal
expansion.
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3.4

STORAGE TANK

The storage tank is designed to hold all of the 150 kg (330 lb) (75 L [2.65 ft3]) of salt that will be used in
the loop and allow it to freeze for long-term storage (Fig. 5) The tank has a volume of approximately 150
L (5.3 ft3), so the salt occupies only 50% of the total volume. The tank is a horizontal cylinder with a
diameter of 51 cm (20 in.) with a wall thickness of 6.4 mm (0.25 in.). A 30.5 mm (12 in.) CF-type flange
and 203 mm (8 in.) schedule 40 pipe nozzle at the top of
the tank allow access. The CF flange has eight tubing
penetrations similar to those discussed above for the surge
tank. Two penetrations are used for the heated
thermocouple level indicators, one is used for gas inlet,
one for gas outlet, one for a dip tube used to supply the
loop pump sump tank, and one for a tube to transport the
salt from the salt cleanup system to the storage tank. When
the loop is in operation, the latter tubing is disconnected.
The remaining tube is a spare. The storage tank is
designed to operate at a temperature of up to 625°C
(1160°F) at a pressure of 0.34 MPa (35 psig).
Fig. 5. Salt storage tank.
American Society of Mechanical Engineers boiler and
pressure vessel calculations for this tank are presented in
Appendix A. The tank incorporates supports fabricated from 15 cm (6 in.) channel that sit on firebrick the
same as those discussed for the pump sump tank below.
3.5

PUMP

A centrifugal sump-type pump with an overhung impeller is used, eliminating the need for salt-wetted
seals and salt-lubricated bearings. The pump is capable of supplying 0.125 MPa head (18 psid) at 4.5 kg/s
(3.57×104 lbm/h) flow rate. The pump volute and impeller are
machined from Inconel 600; the pump is shown in Fig. 6. The
pump is driven through a 1410 mm (55.5 in.) long, precision
ground drive shaft that is 50 mm (2 in.) in diameter. A John
Crane–type 2800 rotating shaft seal isolates the pump sump
tank argon cover gas from the atmosphere. The pump shaft
bearing housing uses two SKF 3210-2RS bearings that are
located 318 mm (12.5 in.) apart. This overhangs the pump
impeller by 902 mm (35.5 in.) from the centerline of the lower
bearing to the top of the impeller. The pump shaft is connected
to a 10 HP, 3600 RPM Brook Crompton motor through a
Fig. 6. Pump volute, impeller and top
Lovejoy flexible drive shaft (FVSLFS 1.5E). The flexible drive
plate.
shaft is designed to accommodate 5 mm (0.2 in.) of axial
movement and 4 mm (0.15 in.) of radial misalignment to allow
axial expansion of the pump drive shaft and pump sump tank. The pump motor speed is controlled using a
Lenze/AC Tech ESV752N04TFF variable frequency drive. The expected pump curve is shown in Fig. 7.
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Fig. 7. Expected pump curve.

3.6

SUMP TANK

The loop design uses a sump that houses both the pump and a portion of the test section. The sump is
sized sufficiently large to hold the entire loop salt inventory, providing a safe drain for all loop salt when
needed. During operation the sump maintains a salt/argon interface. A pressurized argon gas system is
used to move the salt from the sump tank into the test section and loop piping as well as maintain loop
pressure at a few kilopascals. Normal tank operating pressure will be approximately 0.12 MPa (17 psia),
but the tank was designed for 0.21 MPa (30 psia) using the finite element analysis code Solid Works (see
Appendix B). The top flange of the tank includes a weldment for the pump shaft housing upon which the
pump shaft seal and pump shaft bearing housings are mounted. It also includes the housing that contains
the piston-type seals that are used as an argon seal for the SiC test section. These Stellite seals are
manufactured by Precision Ring, Inc. The top flange also includes 12 penetrations for argon gas supply,
salt transfer, and instrumentation that are designed similarly to those discussed in the surge tank section
above. Two penetrations are for the argon gas inlet and outlet that are used to maintain the appropriate
salt level in the loop. Two penetrations are used for heated thermocouple level indicators. One 38 mm
(1.5 in.) diameter schedule 10 pipe extends to near the bottom of the tank and acts as a wave guide for a
radar-based level detector. The slanted 38 mm (1.5 in.) diameter schedule 10 pipe, seen in Fig. 8, is
designed to hold the pump exit pressure sensor. One 19 mm (3/4 in.) diameter penetration is used for
installation of the transfer tube, used to transfer salt between the storage tank and pump sump. Two
50 mm (2 in.) diameter tubes are designed to accommodate two sight windows that allow visual
observation of the salt in the sump tank. These tubes are topped with 304 stainless steel CF flanges 60
mm (2 3/8 in.) in diameter. The CF-type flanges are sealed using solid copper ring gaskets. The remaining
three penetrations are used as spares. The design of the sump pump top flange accommodates a Parker Ctype gas seal, which has a C-shaped cross section and compresses between the flange when loaded.
Figure 8 shows a picture of the pump sump including the top flange. Figure 9 shows a picture of the
Parker flange seal before installation.
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Fig. 8. Sump tank and top flange.

Fig. 9. Sump tank flange seal.

A 1.5 kW (5118 Btu/h), tubular-type heater manufactured by ABS Heating Elements is located on the
bottom of the pump sump tank to assist in loop heat-up and ensure that the salt remains liquid while in the
loop. The heater is serpentine in shape and attached to the bottom of the sump through stainless steel
straps tack-welded to the bottom of the tank. Three type N thermocouples are also located on the bottom
of the tank to assist in control of the tubular heating element. Figure 10 shows a schematic of the tubular
heater located on the bottom of the pump sump tank. The tank sits on 10 cm thick (3.94 in.) firebrick (IFB
2300 U) manufactured by Morgan Thermal Ceramics that has a conductivity rating of 0.24 W/m°C at
540°C.
The pump volute and impeller, pump discharge piping, and transition to the test section are housed in the
pump sump. These components are all attached to the pump sump top flange as seen in Fig. 11. The pump
discharge piping is 50 mm (2 in.) schedule 40 pipe and includes a fitting to install the pump discharge
pressure transducer. The fitting has a 25 mm (1 in.) National Pipe Thread (NPT) pipe thread that matches
the end of the pressure transducer (Fig. 12). The pump discharge piping ends in a section that transitions
the pipe discharge into the SiC test section. This section is cylindrical on the outside with an outside
diameter (OD) just slightly smaller than the inside diameter (ID) of the SiC test section, allowing a slip fit
between the test section and transition piece. This creates a leaky seal between the test section and
transition piece and allows differential expansion between the metal portions of the pump sump tank and
SiC test section. The transition section ID is conical, changing from 60 mm to 145 mm (2.375 in. to 5.72
in.) between the pump discharge and test section. It also includes the grid plate that holds the graphite
pebbles and serves as the bottom of the pebble bed. A sketch of the transition piece is shown in Fig. 13.
The pump discharge pipe and the transition piece are connected with a slip fit and a clamp system that
also serves as a clamp to attach this piping to a hanger attached to the pump sump top flange (hidden in
Fig. 11).
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3.7

Fig. 10. Sump tank tubular heating element.

Fig. 11. Pump and top flange assembly.

Fig. 12. Threaded fitting in pump discharge for
pressure transducer.

Fig. 13. Test section transition piece.

HEAT EXCHANGER

An air-to-salt heat exchanger is used to remove heat added by the inductively heated test section. The heat
exchanger is a two-row finned tube design (seven tubes per row) with an outside surface area of 7.5 m2
(80.7 ft2) (including tubes). Cooling is supplied using a variable speed blower with a maximum
volumetric flow of 2.8 m3/s (355,972 ft3/h). The heat exchanger tubes are 25 mm OD 1.65 mm wall (1 in.
OD, 0.065 in. wall) alloy 600 tubing with 25 mm (1 in.) long 304 stainless steel fins 0.61 mm (0.024 in.)
thick, approximately 97 fins/m (60 fins/ft). The fins are cut into 4 mm (0.156 in.) wide segments to
facilitate wrapping around the tubes and attached to the tubing by tack welding. The finned tubes were
manufactured by Class Ten Industries and cut to appropriate length.
The straight finned tubes are attached to tube sheets at either end that are 3 mm (1/8 in.) thick and
terminate in header tanks that are tapered to allow all salt to drain and all gas to be eliminated when filling
with salt. A 1 kW (3412 Btu/h), tubular-type heater manufactured by ABS Heating Elements is located on
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each of the heat exchanger tanks to facilitate heat-up
prior to salt filling. A picture of the heat exchanger is
shown in Fig. 14. The heat exchanger assembly is
housed in an insulated shell that supports its weight.
The shell is located within air ducting that allows the
heat exchanger to move in all directions to
accommodate thermal expansion. The duct system
incorporates insulated doors on the front and rear
faces of the heat exchanger that allow heat-up prior to
filling with salt. The doors can be raised and lowered
by a cable system, allowing the heat exchanger face
opening to be varied depending on the heat load. Two
0.85 kW (2900 Btu/h)tubular heater assemblies
fabricated by ABS Heating Elements are located at the
front and rear faces of the heat exchanger to assist in
heating the loop.

Fig. 14. Air-cooled heat exchanger.

The heat exchanger assembly (heat exchanger and shell) is suspended within the ductwork using two
spring hangers (Anvil International – Type C), allowing the heat exchanger to move in all directions due
to thermal expansion. The hangers are attached to the top of the heat exchanger shell through two lugs
that extend through the ductwork and are attached to the hangers with threaded rod. The spring hangers
are attached to the loop framework.
All of the tanks (storage, sump, and surge) as well as the heat exchanger were pneumatically pressure
tested individually and then helium leak checked. The test pressures are shown in Table 2, along with the
relief pressures for each tank. A stress calculation for the piping is presented in Appendix C.
Table 2. Loop tank and relief pressures
Tank
Surge
Pump sump
Storage tank
Heat exchanger

3.8

Test pressure MPa (psig)

Relief pressure MPa (psig)

0.92 (119)
0.58 (69)
0.92 (119)
0.45 (50)

0.19 (15)
0.31 (30)
0.34 (35)
⎯

INSTRUMENTATION

Loop instrumentation includes salt temperature and pressure measurements, sump and surge salt levels, as
well as measurement of the salt flow rate. A process and instrumentation diagram of the salt loop is
presented in Fig. 15. The instrumentation and control system is based on the Rockwell ControlLogix
programmable logic controller (PLC) platform using ControlLogix inputs and outputs and Flex I/O inputs
and outputs as shown in Fig. 16. The software RSView is used for the human-machine interface and data
acquisition functions.
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Fig. 15. Loop process and instrumentation diagram.
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Fig. 16. Instrumentation and control system.

3.8.1

Temperature

Temperature measurements inside the pebble bed include salt temperatures and pebble temperature
measurements made by inserting thermocouples through the test section flange and into the bed. Eight
0.5 mm (0.020 in.) diameter nickel-sheathed type S thermocouples that are 1200 mm (48 in.) long are
threaded into the test section through the top flange and sealed using a Conax fitting with boron nitride
compression material. Delta-M Corporation manufactured these thermocouples. The type S
thermocouples (platinum – platinum/rhodium) used in the bed are minimally impacted by the inductive
field, and testing in separate experiments has confirmed this conclusion. Bed thermocouples are located at
the test section inlet and outlet to measure salt
temperatures. Two thermocouples are located at the inlet
and outlet by attaching them to the bed inlet and outlet
grids. Two thermocouples are fixed at the centerline of
two pebbles by first threading them through a hole drilled
in the pebble and then turning them into a hole bored into
the center of the pebble (Fig. 17). Two thermocouples are
located near the instrumented pebbles in the salt space by
first threading them through an uninstrumented pebble and
then bending them into the salt space. The bed
thermocouples were carefully placed in the bed as it was
Fig. 17. Graphite pebble with thermocouple.
being built, and the remainder of the bed was built around
them.
Thermocouples are also placed at various positions around the loop to aid in trace heating, which is
designed to ensure that all of the loop is above the salt melt temperature before filling with salt and that
the salt can never freeze during operation. These type N (nickel-chromium-silicon/nickel-silicon)
thermocouples are attached to the piping and the heat exchanger using thermocouple wells, integral with
the heating blankets, and attached to loop flanges to confirm loop component temperatures. A summary
of thermocouple numbers and location is shown in Table 3.
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Table 3. Loop thermocouple count and type

3.8.2

Salt Flow Rate

Salt flow rate is measured using an ultrasonic flow
meter manufactured by Flexim, Inc. The Flexim
Pebble bed
8
S
WaveInjector meter was specifically designed to
TS to HX piping
2
N
operate at a loop temperature of 700°C. The flow
HX to pump ump
2
N
meter wave guides were designed so that the
piping
piezoelectric transducer system (PIC 255) remained
HX
6 ( inlet and
N
at a safe operating temperature (< 350°C) while still
outlet)
providing sufficient coupling to maintain accuracy
Pump sump heating
7
N
levels. The 304 stainless steel wave guides and
blanket
piezoelectric transducer system were tested by using
Surge tank heating
4
N
a heated and insulated 25 mm (1 in.) schedule 40
blanket
pipe internally heated with an electrical heater to
Storage tank heating
12
N
provide a 700°C boundary condition for the blades.
blanket
Both thermocouple measurements and infrared
HX air cooling
2 (1 inlet, 1 outlet)
K
imaging confirmed that the transducer mounting
location would remain below the acceptable
TS top flange
2
N
temperature limit. The blades (stepped plates in
Surge tank piping
2
N
Fig. 18) are mounted to the 25 mm (1 in.) schedule
flange
40 piping using a series of clamps. The two blades
HX = heat exchanger
are mounted 180° apart on 3 mm (0.12 in.) wide,
T/C = thermocouple
328 mm (12 in.) long flats that are machined onto
TS = test section
the piping. The flats were machined onto both the
piping leading from the test section to the heat exchanger as well as the piping from the heat exchanger to
the sump tank, allowing the flow meter to be placed on either leg of the pipe. Twenty pipe diameters were
maintained between the elbows of these pipes and the flow meter entrance and at least five diameters
downstream of the flow meter to minimize the effect of secondary flow on the flow meter readings.
Armored cable was used between the piezoelectric transducer and the Flexim electronics that were
located outside of the walk-in hood. (The armored cable was designed to minimize noise induced by
operation of the inductive power supply.) The Flexim electronics provide an interface with the AllenBradley data acquisition system and allow recording of the salt flow rate. The manufacturer’s expected
flow rate error (one standard deviation) is approximately 5.5%. A picture of the flow meter is shown
Fig. 18.
T/C location

3.8.3

Number of T/Cs Type

Pressure Measurement

Gas pressures are measured for the three tanks that are included in the loop design: storage tank, pump
sump, and surge tank. All of these measurements are taken using 0–0.41 MPa (0–60 psi) Omega PX209060GI pressure transducers. These transducers are located on each tank through a 6.35 mm (1/4 inch)
diameter stainless steel line that keeps the transducer temperature sufficiently low. The transducers
provide a 4–20 mA output to the loop data acquisition system. The manufacturer’s estimated accuracy for
these transducers is 0.25% full-scale reading or approximately 1×10-3 MPa (0.15 psi).
The pump salt discharge pressure is measured using a 0–0.34 MPa (0–50 psi) GP-50 NaK capillary
isolated pressure transmitter. The transmitter has a manufacturer’s estimated accuracy of 0.2% full scale
and has thermal compensation up to 700°C. The design includes a nickel 201 diaphragm with the
remainder of salt-wetted parts made of alloy 600. Figure 19 shows a picture of the salt pressure transducer
with the diaphragm end located to the left of the figure. This transmitter is located in the pump discharge
line, between the pump and the test section transition piece (see Fig. 13). It connects to the pump
discharge line using a 25 mm (1 in.) NPT fitting. A close-up of the diaphragm end of the transmitter with
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the NPT fitting is shown in Fig. 20. This end of the transmitter is threaded, and the transmitter extends
through the pump sump top flange via a 38 mm (1.5 in.) schedule 40 tube that allows the top of the
transmitter to be sealed against the argon cover gas in the sump tank using a Swagelock compression
fitting and Teflon seal. A NaK-filled capillary is used to transfer the pressure signal from the diaphragm
to the transducer system, which must operate at significantly lower temperatures than the salt. The
electronics (right side of Fig. 19) are connected to the transducer through flexible electronic leads. The
transmitter includes a 4−20 mA output that allows communication with the data acquisition system.

Fig. 19. Salt pressure transmitter (diaphragm
on left of figure and electronics on right).

Fig. 18. Flexim ultrasonic flow meter.

Fig. 20. Threaded end of pressure transducer and diaphragm.

3.8.4

Trace Heating

Because FLiNaK salt solidifies at 454°C, the loop is designed so that all components that are in contact
with salt can be heated above the FLiNaK melt temperature. The tanks and loop piping are heated using a
combination of heating tapes and heating blankets along with flexible insulation. All three loop tanks are
heated using HTS/Amptek heating blankets. Each blanket consists of a combination of heaters, 10.2 cm
(4 in.) of insulation, and thermocouples to monitor system temperatures. These blankets are capable of
operating up to 750°C. All of the blankets have zones of heat that allow power to be applied to the top
portion of the tanks before applying power to the bottom to allow rethawing of the salt in the tank in the
unlikely event that salt freezing occurs. (The storage tank is specifically designed for this.) Table 4 shows
each blanket, the number of heating zones, and the maximum power that can be applied to each zone. The
insulation thickness is designed such that the outer surface temperature of the blankets while operating
will stay below 60°C for personnel protection. The flanges on all of the tanks are covered with 10.2 cm (4
in.) of insulation (unheated), while the storage tank end caps are also covered with insulation but are
unheated. A picture of the heating blanket on the pump sump tank in Fig. 21 shows the imbedded
thermocouples and heaters as they exit the blanket. Other sections of the loop such as piping and flanges
are heated using HTS/Amptek heating tapes and Zircar insulation wrap. These sections use separate type
14

N thermocouples located on these components for temperature control. Approximately 7.6 cm (3 in.) of
Zircar RSMAT-3000 were used for these piping components. RSMAT-3000 has a thermal conductivity
of 0.13 W/mK at 760°C and can operate at temperatures up to 1650°C. The test section was also heated
and similarly insulated. Above and below the inductive coil, 7.6 cm (3 in.) of insulation were used, and
between the coil and SiC flow tube, 2.54 cm (1 in.) of insulation were used. Inventories of heating tapes
and tubular heating elements are presented in Tables 5 and 6, respectively. The control and circuit
protection for each heating zone is performed using ground fault interrupter circuit breakers, solid-state
relays, and PLC control. The loop heater control enclosure is shown in Fig. 22.
Table 4. Heater blanket design
Tank

Number of zones

Surge

2

Pump sump

3

Storage

3

Power, W (Btu/h)
Upper zone
Lower zone
Upper zone
Lower zone
Bottom zone
Upper zone
Middle zone
Lower zone

Fig. 21. Sump tank heater blanket showing electrical
and thermocouple leads.

Fig. 22. Loop heater control enclosure.

Table 5. Heating tape location and rated power
Location

Power, W (Btu/h)

Test section flange
Test section to surge tank pipe
Surge tank piping flange
Surge tank to heat exchanger
Heat exchanger to pump sump
Lower test section
Upper test section

500 (1706)
1000 (3412)
400 (1365)
500 (1706)
1000 (3412)
500 (1706)
500 (1706)
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528 (1,800)
528 (1,800)
1,860 (6,350)
1,860 (6,350)
2,000 (6,825)
4,000 (13,650)
2,000 (6,825)
2,000 (6,825)

Table 6. Tubular heater locations and rated power
Location

Power, W (Btu/h)

Pump sump bottom
Air HX – air inlet
Air HX – air outlet
Air HX – bottom manifold
Air HX – top manifold

1500 (5118)
750 (2559)
750 (2559)
1000 (3412)
1000 (3412)

HX = heat exchanger

3.8.5

Pressure and Level Control

Four cover gas control systems are used to control pressure and salt level in the loop and also provide the
inert gas buffer in the space between the Flexitallic gaskets (spiral-wound Ni and grafoil) and gas seal
system that are used in both the test section flange and the test-section-to-heat-exchanger piping. Each
system consists of two Porter mass flow controllers, an Omega pressure transducer (discussed above), a
relief valve to prevent overpressurization of the loop, and a check valve to prevent air from entering the
argon gas system. Figure 23shows a picture of select components of the gas supply systems. The inlet line
for each panel includes an isolation valve to isolate the gas supply bottles from the loop to allow
component change out. One gas system is used to supply the storage tank, one the pump sump tank, one
the surge tank, and one the flange seals. Each is similarly designed but with differing rated flow and
pressure and relief values depending on the tank (or flanges) being serviced. Table 7 shows the system
ratings of each of the cover gas control systems.

Fig. 23. Components used to control pressure and flow in
the loop.
Table 7. Cover gas control system ratings
Pressure transducer,
MPa (psia)

Supply mass flow
control, L/m (ft3/h)

Storage tank

0−0.41 (0–60)

0−10 (0–21)

Sump tank

0−0.41 (0–60)

Surge tank

0−0.41 (0–60)

0−100 (0–212)
0–0.2 (0–0.42)

Flanges

0−0.41 (0–60)

0−0.2 (0–0.42)

System
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Let-down mass flow Pressure relief,
control, L/m (ft3/h)
MPa (psig)
0−5 (0–10.5)
0–0.2 (0–0.42)

0.19 (15)

0–0.2 (0–0.42)

0.19 (15)

0−0.2 (0–0.42)

0.38 (40)

0.31 (30)

The salt level in each tank is monitored by heated thermocouple level detectors. Each tank has two sets of
heated thermocouple arrays with discrete level measurements. Figure 24 shows the thermocouple location
for each set of level detectors. Only one of the arrays is heated during operation. (Both are designed to be
heated as a way of providing a spare for each tank.) Each detector is heated along its length, and
thermocouples are located at discrete points along it. For those thermocouples located beneath the liquid
surface, the measured temperature is low because the heat transfer from the detector surface to the liquid
is high. For thermocouples located above the liquid surface, in the argon cover gas, the heat transfer from
the detector is poor, and the measured temperatures are higher. The level is detected by reading the
differences in temperatures between thermocouples located in the argon and liquid regions. The second
array in each tank is unheated and is used to correct for temperature variations in the liquid and vapor that
may be present in the tank. An Omhart Vega, VEGAPULS 62, radar-based level detector is located on the
pump sump tank. This detector is threaded into an alloy 600 wave guide that reaches to within
approximately 1.8 cm (0.7 in.) of the tank bottom and extends above the pump sump tank flange
approximately 61 cm (24 in.) to ensure that the electronics remain cool. The detector, shown in Fig. 25,
provides a continuous salt level measurement with a manufacturer’s rated accuracy of approximately
1 mm (0.039 in.).

Fig. 24. Level detector thermocouple location.
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3.9

TEST SECTION

A Bone-Frontier Evolution 5 inductive heating system provides volumetric
heating in the pebble bed. The test section design uses a SiC flow channel
and solid graphite pebbles as the susceptor. The SiC flow channel is 15 cm
ID and has a 6.35 mm wall thickness. The 3 cm (1.18 in.) diameter pebbles
are fixed in the flow channel using grids that extend from the flow diffuser
at the entrance to the test section and above from the Inconel top flange.
Approximately 600 pebbles form the bed. A bed height of 24 cm (9.45 in.)
is used to condition the flow into the 24 cm (9.45 in.) long heated region.
An additional 24 cm (9.45 in.) of bed height at the top of the heated bed
region separates any metallic structures from the inductive heater.
Figure 26 shows a diagram of the test channel, and Fig. 27 shows a picture
of the channel before installation. The top of the SiC flow channel
incorporates a flange that interfaces with the Inconel top flange using a
Flexitallic gasket. This gasket is a spiral-wound design using alternating
spirals of grafoil and nickel. A secondary C-type gas seal (Parker)
surrounding the Flexitallic gasket is used to provide a sealed inert gas
space between the Flexitallic and C seal for leak detection and to ensure
that no air can get into the loop.

Fig. 25. Ohmart Vega radarbased level detector.

A piston-ring-type gas seal is used between the SiC test section and the top
of the pump sump tank. This seal uses three split-seal rings that are installed in circumferential grooves
machined in a collar welded to the top of the pump sump. These rings compress around the circumference
of the test section, preventing gas leakage between the collar and test section but allowing axial expansion
of both the test section and sump tank. Three, three-ring sets are used to maintain the gas seal. The rings
were fabricated by Precision Ring, Inc. One three-ring set is shown in Fig. 28.

Fig. 27. Silicon carbide flow tube test section
as manufactured.

Fig. 26. Schematic of SiC test section.
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Fig. 28. Piston-ring seal use for test section.

3.10 INDUCTION POWER SUPPLY
A Bone-Frontier Evolution 5 inductive power supply operating at a frequency of 30 kHz is used to
provide 200 kW to the pebbles. Inductive heating provides a method of accurately simulating the internal
heat generation in the fuel pebbles without any direct electrical connections. There is approximately 90%
coupling to the pebbles and test section. This includes 2–5% to the SiC flow tube and 7–14% to the
FLiNaK salt. Two coil designs have been fabricated to evaluate the power supply coupling capability.
One coil has five turns (Fig. 29), and one a total of six. Figure 30 shows the power supply system used for
the FLiNaK test loop.

Fig. 29. Induction heating coil.

Fig. 30. Inductive power supply.
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3.11 LOOP STARTUP, OPERATION, AND SHUTDOWN
When not in use, the loop is inerted using a high-purity argon cover gas. The loop startup process requires
that the salt storage tank and stored salt temperature be raised above the melt temperature. The storage
tank temperature is increased until the salt is melted and then raised to about 600oC (1100°F). The storage
tank heater blanket system is designed to allow heat to be separately applied in three vertical zones. This
configuration ensures that the frozen salt can be heated from the top down and that no melt region can be
trapped by frozen salt, potentially overstressing the storage tank (FLiNaK expands when melting). The
remainder of the loop is then held at a temperature of about 600oC (1100°F) before transferring the salt
from the storage tank to the sump tank. To effect this transfer, once the salt is melted and the storage tank
and loop temperatures stabilized at 600oC (1100°F), the pressure in the storage tank is sufficiently raised
using the storage tank argon pressure control system to push the salt through the inverted U-bend transfer
tube (see Fig. 2) and into the sump tank, which is maintained at a lower pressure than the storage tank.
When the transfer is complete (detected by examining pressures and salt levels in the two tanks), the salt
is then raised into the remainder of the loop by pressurizing the sump tank through either the sump tank
argon pressure control system or the storage tank argon pressure control system, or both. Pressure is
increased until the salt level reaches about the middle of the surge tank (detected using surge tank level
instruments). At this point the loop is filled with salt, and the loop operating pressure is adjusted through
the surge tank argon pressure control system. Flow through the loop is then started with the pump, power
to the test section applied through the inductive heating system, the heat exchanger trimmed to allow
appropriate heat rejection, and testing initiated.
Shutdown is essentially the reverse of startup. The heat exchanger is shut off, the inductive power is
turned off, and the pump is stopped. The pressure in the sump tank is then reduced, lowering the salt from
the loop piping into the sump tank. The pressure in the sump tank (and the remainder of the loop) is
raised, forcing the salt through the U-bend tube between the sump tank and storage tank and into the
storage tank. Once all of the salt is transferred, the loop and storage tank are reduced in temperature, and
the salt allowed to freeze in the storage tank.
4.
4.1

LOOP OPERATING CONDITIONS

LOOP DESIGN CONSIDERATIONS

A series of calculations was performed during the design of the loop that was used to establish the loop
operating conditions, size, etc. The focus of the loop design was on establishing thermal/fluid
characteristics in the pebble bed so that the PB-AHTR conditions could be simulated. An additional
constraint on the loop design was imposed by imposing loop cost considerations; this limited the scale of
the system. Several characteristics of the PB-AHTR core were considered in the design process. Matching
the pebble Reynolds ensures that heat transfer and fluid conditions in the experimental system match
those of the reactor:
ReP = ρ vs Dp/µ,
where
ρ = salt density,
vs = bed superficial velocity,
Dp = pebble diameter, and
µ = salt viscosity.
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The pebble diameter for the present PB-AHTR design is 3 cm (1.18 in.), and this is the diameter of the
pebbles used in the experiment. The reactor operates at 700°C (1290°F), and the core pebble bed
superficial velocity is 0.35 cm/s (0.0115 ft/s). The fluid used in the reactor is FLiBe. This results in a
reactor pebble Reynolds number of
ReP,R = 3100.
Based on a variety of tradeoffs, mostly related to the size of the loop and loop components such as the
pump and their impact on loop construction costs, it was decided that the pebble Reynolds number for the
experiment should be above the critical value to ensure fully turbulent flow (2000) 13 but not require that
Rep exactly match that of the reactor design. Ultimately, after making these tradeoffs, the pebble
Reynolds number for the experiment is Rep = 2600.
Pebble beds have a gradient of liquid fraction near the bounding wall because the presence of a wall limits
the degree of pebble packing that can occur. In the case of the reactor, the bounding wall is the 20 cm (7.8
in.) flow channel. The nondimensional length scale (D*) used in evaluating the effect of the bounding
wall is the bed-to-pebble diameter (Db/Dp):
D* = Db/Dp,
where
Db = bed diameter and
Dp = pebble diameter.
Various studies7,8 have shown that only when D* is over approximately 25 does the wall effect on the
liquid fraction become unimportant at the center of the bed. D* for the reactor design is approximately
6.7, so there is significant wall impact on the liquid fraction throughout the bed. Both because the PBAHTR did not have a bed diameter sufficient to achieve D* of 25 and in order to minimize the flow
required to the bed while maintaining an appropriate pebble Reynolds number, a bed diameter of 15 cm
(5.9 in.) was selected for the experiment.
It was desirable to ensure that the flow within the bed became fully developed before it entered the test
section. “Fully developed” in this context means that the fluid velocity profile across the bed is no longer
axially changing as it enters the heating zone. In reality, the geometry of the bed, because of random
pebble packing, does not ever become fully developed. A series of computational fluid dynamics studies
using the FLUENT code was used to evaluate the velocity profiles within the bed. The objective of these
studies was to determine how many pebble rows were needed before the heated section of the bed to
establish a fully developed flow pattern. These calculations indicated that 4–6 pebble diameters (or
layers) were needed to achieve a nearly fully developed velocity profile across the bed. The final design
includes eight pebble layers (24 cm [9.45 in.]) before the heated section to ensure that the flow is fully
developed. The inductively heated region of the bed is 24 cm (9.45 in.) in length, and another 24 cm
(9.45 in.) pebble region after the heated region keeps any metallic components at a sufficient distance to
eliminate any possibility of heating due to the inductive field. These considerations established the
required pebble bed length of 0.75 m (29.5 in.) used in the experiment.
The experimental salt mass flow rate requirement is established by the bed diameter and the pebble
Reynolds number. These combine to set a required loop mass flow rate of 4.5 kg/s (3.57×104 lbm/h). The
loop pressure drop at this flow rate is approximately 0.125 MPa (18 psid).
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4.2

LOOP THERMAL/FLUID CONDITIONS

A series of parametric calculations was performed during the loop design process to evaluate potential
design options. These calculations included thermal and pressure-drop calculations in the loop. Pressure
drops in the piping, heat exchanger, and pebble bed were calculated separately along with the heat
transfer from the pebbles within the bed. A summary of calculation results is presented in Table 6
assuming about 150 kW (5.12×106 Btu/h) into the pebbles from the inductive power supply and a salt
flow rate of 4.5 kg/s (3.57×104 lbm/h). Table 8 references the schematic and loop locations shown in
Fig. 31. Details of how the numbers in Table 8 were generated are presented in Appendix D.
Table 8. Loop pressure drop and temperature characteristics
Location
Pump discharge
Test section outlet
Surge tank liquid level
Heat exchanger inlet
Heat exchanger outlet
Pump suction
Sump liquid level

Pressure, MPa (psia)

Temperature, °C (°F)

0.307 (44.5)
0.252 (36.5)
0.205 (29.7)
0.207 (30.0)
0.189 (27.4)
0.157 (22.8)
0.151 (21.9)

680 (1256)
700 (1292)
700 (1292)
700 (1292)
680 (1256)
680 (1256)
680 (1256)

Fig. 31. Loop schematic diagram.

With a pebble power of 1285 W (4385 Btu/h) and the loop operating at a flow rate of 4.5 kg/s (3.57×104
lbm/h), the temperature rise from the salt to the surface of the pebble is approximately 53°C (95°F).
The loop operating characteristic and the pump curve at 3600 rpm are presented in Fig. 32, showing the
design operating point. Loop flow rate is reduced by reducing the pump speed, essentially moving the
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pump curve from the one in the figure down and to the left as the pump speed reduces, allowing multiple
points on the loop operating curve to be evaluated.

Fig. 32. Loop characteristic and pump curve.

4.3

INDUCTIVE HEATING

The inductive heater is designed to apply a maximum of 1285 W/pebble (peak) (4385 Btu/h), the same as
the PB-AHTR reactor. The inductive heating system does produce a radial field distribution across the
bed. There is about a 4% peak in the field at the edge of the bed and a 2% depression at the center of the
bed relative to the average radical H-field (Fig. 33).
Similarly, there is also an axial variation in the inductively induced field distribution in the bed. This
distribution varies with a 15% peak-to-average value at the center of the coil to a 23% depression at the
top and bottom of the coil. Figure 34 shows the predicted axial variation within the bed.
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Fig. 33. Radial distribution of induction H-field at 30 kHz with and without FLiNak salt (24 cm
[9.45 in.] diameter coil 24 cm [9.45 in.] long).

Fig. 34. Axial Distribution of Induction H-field at 30 kHz for a 24 cm diameter coil 24 cm long.
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APPENDIX A. STORAGE TANK PRESSURE CALCULATIONS
Pressure calculations were performed for the storage tank, sump tank, and piping system. The surge tank
will operate at pressures below 15 psig, and specific calculations for this tank were not performed.
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APPENDIX B. PUMP SUMP TANK PRESSURE CALCULATIONS
Pressure calculations were performed for the storage tank, sump tank, and piping system. The surge tank
will operate at pressures below 15 psig, and specific calculations for this tank were not performed.
Summary
The sump tank will safely operate at 700°C for up to 5000 continuous h with up to 30 psig gas pressure
inside the tank. The portions of the tank under stress leading to creep will self-relieve and no longer creep.
A conservative approach is that the creep rate will be up to 3.0% for 5000 h of operation in only the
highest stress areas. The remainder of the tank will have less than 0.3% creep for the same period of time.
The effects of thermal cycling will be minimal because the heating and cooling are done slowly over the
course of days. The tank may be safely operated more than 5000 continuous h, but it is recommended that
it be inspected between runs to observe the effects of creep in the wall of the tank.
Calculations
Two stress analyses were performed, one at 30 psi and one at 45 psi. The 30 psi analysis will be discussed
in detail, and the 45 psi model will demonstrate the worst case expected. The primary failure mode would
be the creep-rupture case, which is not expected during the lifetime of the tank’s operation.
The Molten Salt Loop Sump Tank was designed to operate for an extended period of time at 700°C, 30
psig with salt filling the lower portion of the tank and argon gas in the upper portion of the tank. For the
purpose of the analysis, the bonding between the reinforcement struts and the tank wall is modeled as
bonded.
Model
The model used for this calculation was a symmetric half slice of the overall tank and lid, as shown below
in Fig. B.1. The small tab sticking out of the far side of the tank was not real geometry and was used to
stabilize the model for the analysis.
The mesh used was very fine, and a mesh independence study was performed. The mesh used was found
to be stable for two orders of magnitude less than what was used (Fig. B.2).
The failure criteria for the tank would be excessive creep leading to rupture. That would be based on the
information shown in Fig. B.3. Stresses of 7 and 10 ksi have been marked in the figure by red circles.
They are related to creep rates of 0.006% and 0.6%/1000 h operation at temperature, respectively. These
points on this plot will be discussed in the results.
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Fig. B.1. Cross section of the sump tank used for analysis, with lid.

Fig. B.2. Fine mesh of the sump tank and lid.
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Fig. B.3. Plot of creep rates of Inconel 600 at various temperatures.The creep rates for 7 and 10 ksi are noted in
red circles.

30 psi Results
The following are the results for the sump tank at 30 psi internal pressure.
General Results
The stress results of the tank are in Fig. B.4. Areas in red are above 12 ksi stress and will likely selfrelieve during the initial hours of operation. The remaining areas are subject to creep based on the
information in this section.
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Fig. B.4. Stress results for the sump tank at 700°C, 30 psig.The lower image features the area where the struts
join the tank, the highest stress region.

Creep and Rupture
The possibility of rupture has been removed based on the results shown in Fig. B.5. The view is taken
perpendicular to the large face of the reinforcement struts. As none of the areas passes through the tank
wall, rupture is not the likely failure mode.
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Fig. B.5. Areas above 5 ksi for 30 psig internal pressure.This will not rupture because
the stress areas do not extend through the tank wall and primarily exist in the
reinforcement bar.

Creep leading to a fracture must be assessed. Figure B.6 is a plot of the areas that exceed a 7 ksi stress,
meaning that those areas are the only ones that will experience creep rates in excess of 0.06%/1000 h. All
blue areas creep at or below this rate.
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Fig. B.6. Areas above 7 ksi stress that are subject to creep rates that exceed 0.06%/1000 h (red).

45 psi Results
Compares the results at 30 psig and 45 psig (Figs. B.7 and B.8). All of the discussion above applies, but
the risk of a failure increases. The same scale is used on both images.
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Fig. B.7. Stress plots for 30 psig (top) and 45 psig (bottom).
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Fig. B.8. Areas in red exceed 7 ksi stress and are subject to creep rates in excess of 0.06%/1000 h.
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APPENDIX C. PIPING STRESS CALCULATIONS
Pressure calculations were performed for the storage tank, sump tank, and piping system. The surge tank
will operate at pressures below 15 psig, and specific calculations for this tank were not performed.
Overview
The Molten Salt Test Loop at Oak Ridge National Laboratory consists of Inconel 600 piping and
components. Inconel 600 was chosen for its compatibility with the FLiNaK salt that will be run through
the test loop. Main loop components include a storage tank, sump tank, surge tank, test section, heat
exchanger, rotary pump, piping, and pipe flange. Pipe stress analysis consisting of load stresses and
displacements of the Inconel 600 piping and heat exchanger will be presented in this appendix.
Operation of the molten salt loop involves heating all wetted components to the FLiNaK melting
temperature of 454°C. The loop is then filled and salt circulated to achieve the operating temperature of
700°C. Heating the loop from room temperature to 700°C causes considerable thermal expansion and
structural stresses. The blue arrows shown below in Fig. C.1 denote the piping and heat exchanger that are
discussed in this appendix.

Fig. C.1. Molten Salt Test Loop.

C-3

Setup
CAEPipe software was used to model the salt loop section shown in Fig. C.1. Properties for Inconel 600
at room temperature and operating temperature were input into CAEPipe. Density, joint factors, Young’s
modulus, allowable pressure, and yield pressures were taken from www.specialmetals.com. These
properties can be found in Table C.1. Allowable stresses were calculated according to American Society
of Mechanical Engineers III Class 2 codes that set allowable stress at two-thirds of yield stress. CAEPipe
software does not have the capability to model rectangular ducts and noncylindrical tanks. This was a
problem when drawing up the heat exchanger tanks and sump tank that need to be analyzed in the salt
loop. To create the model as accurately as possible, cylindrical tanks with the same volume and wall
thickness as the heat exchanger tanks were modeled. To simulate expansion of the sump tank, 2 in.
diameter solid Inconel 600 rods were put in place to limit deformation and provide an expansion force to
the loop piping. Ideally the sump tank would be modeled to its true dimensions. Two rods were added to
the model to represent the two support points on the sump tank. A 250 lb force was added to each support
point to simulate the weight of the full sump tank during operation.
Table C.1. Inconel 600 properties from www.specialmetals.com
Temperature (°C)
Description
Type
Density (lb/in.³)
Nu
Joint factor
Young’s modulus (psi)
Alpha (in./in./F)
Allowable (psi)
Yield (psi)

25
Inconel 600
Nickel alloys (NA)
0.304
0.3
1
3.11E+07
5.80E-06
30,000
45,000

700
Inconel 600
Nickel alloys (NA)
0.304
0.3
1
2.48E+07
8.73E-06
14,633
21,370

The salt loop being studied has six total supports: three hangers, two anchors, and one sliding pin. One
hanger is located at the surge tank, and two more are located on the heat exchanger. All three hangers are
identical Anvil International Spring Hangers Type C-268 size 10. Each hanger weighs 72 lb and provides
a spring rate of 260 lb/in. Although the hangers appear upside down in Fig. C.2, they are providing a
lifting force as intended. The first anchor is located at the top of the test section, where the loop piping is
connected to the support framework of the salt loop. The second anchor is located at the bottom left side
of the sump tank, where it is also pinned to the loop framework. A sliding pin is located at the bottom
right side of the sump tank to allow the tank to slide in the horizontal direction when under thermal
expansion. An internal fluid pressure of 15 psig was assumed in the main loop piping, and a lower
pressure of 3 psig was assumed in the heat exchanger.
Four different pipe sizes were used in this model, shown below in Table C.2. Pipe 1 was used as the main
loop piping, Pipe 2 was used as the heat exchanger tanks, Pipe 3 was used as the heat exchanger piping,
and Pipe 4 was used as the sump tank.
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Fig. C.2. CAEPipe rendering of salt loop model.
Table C.2. Pipe sections used in salt loop model
Pipe name

Nominal diameter

Schedule

1
2
3
4

1 in.
Nonstandard
Nonstandard
Nonstandard

40

Outside diameter
(in.)

Thickness (in.)

1.315
3.698
1
2

0.133
0.065
0.065
1

CAEPipe uses a Von Mises stress calculation that is based on distortion energy theory. Von Mises is a
formula for calculating whether the stress combination at a given point will cause failure. When an
element, such as a pipe, is subject to principle stresses σ! ,  σ! , the Von Mises stress is calculated
σ! ! − σ! ∗ σ! + σ! ! and compared to the allowable stress. Essentially, Von Mises stress is an
equivalent stress calculated to determine if a combination of the principal stresses can cause failure.
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Results
Stress diagrams shown below in Figs. C.3 and C.4 indicate the highest stress of 4514 psi at the first bend
after Anchor #1. This stress is attributed to the entire loop expanding and moving up and to the right in
the diagram, as shown in Fig. C.5. This places a maximum tension load of 4466 psi on the inner bend and
a maximum compression load 4550 psi on the outer bend of the pipe. This point of stress does not pose a
threat to the integrity of the loop piping as it is well under the allowable stress of 14,633 psi. Other
notable stress points are the bends above and below the heat exchanger and the interface of the sump tank
wall and loop piping. The bend directly above the heat exchanger experiences a maximum stress of
3242 psi. The bend directly below the heat exchanger experiences a maximum stress of 3154 psi. The
sump tank-loop piping interface experiences a maximum stress of 2656 psi. All other stresses on the salt
loop are negligible.

Fig. C.3. Von Mises stress (psi).
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Fig. C.4. Von Mises stress to allowable stress ratio.
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MSL section 1 with HX

MSL section 1 with HX
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Deflected shape: Static analysis

Jul 12,12

Fig. C.5. Nodal displacement of salt loop piping.

The stress ratio diagram shown in Fig. C.4 indicates a maximum stress ratio of 31% of allowable stress at
the bend above Anchor #1. All other stresses are under 25% of the allowable stress.
A displacement diagram at operating temperature is shown in Fig. C.5. As the loop piping expands, it also
moves in the vertical direction due to the force supplied by the hangers. Table C.3 lists the x,y, and z
displacement for each node. Although Fig. C.5 appears to show significant displacement, no node moves
more than 0.75 in. in any direction. Most displacement occurs in the X–Y plane, as shown in Fig. C.5.
Conclusion
After reviewing the aforementioned diagrams and CAEPipe output files, it is apparent that no additional
supports are necessary on the salt loop piping. All stresses fall well within allowable limits and do not
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require further action. Future work could consist of altering the model to calculate the number of cycles to
failure and varying internal fluid pressure. Pressure drop across the heat exchanger and entire salt loop are
in the process of being calculated using AFT Fathom.
Table C.3. Nodal displacement of molten salt loop

CAEpipe
MSL section 1 with HX
Version 6.4
MSL section 1 with HX
Node
X (in.)
Y (in.)
Z (in.)
Displacements: Static analysis
10
0.000
0.000
0.000
20A
-0.001
0.033
0.000
20B
0.010
0.050
-0.003
30
0.075
0.077
-0.020
630
0.151
0.120
-0.041
640
0.225
0.172
-0.062
650
0.299
0.230
-0.083
660
0.372
0.292
-0.103
670A
0.433
0.343
-0.121
670B
0.438
0.367
-0.123
Displacements: Static analysis
40
0.434
0.374
-0.122
50A
0.432
0.376
-0.122
50B
0.442
0.401
-0.121
60
0.456
0.405
-0.122
70A
0.575
0.434
-0.124
70B
0.593
0.423
-0.125
80
0.604
0.374
-0.126
90
0.599
0.373
-0.126
100
0.588
0.371
-0.126
110
0.610
0.375
-0.126
120
0.621
0.377
-0.126
130
0.632
0.379
-0.126
140
0.643
0.382
-0.126
150
0.654
0.384
-0.126
160
0.665
0.386
-0.126
170
0.676
0.388
-0.126
180
0.687
0.390
-0.126
190
0.698
0.392
-0.126
200
0.709
0.395
-0.127
210
0.720
0.397
-0.127
220
0.731
0.399
-0.127
230
0.742
0.401
-0.127
240
0.641
0.156
-0.127
250
0.630
0.154
-0.127
260
0.647
0.157
-0.127
270
0.652
0.158
-0.127
280
0.663
0.161
-0.127
290
0.674
0.163
-0.127
300
0.685
0.165
-0.127
310
0.696
0.167
-0.127
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XX(deg.)
YY(deg.)

ZZ(deg.)

0.0000
0.0082
0.0247
0.0397
0.0540
0.0637
0.0679
0.0660
0.0591
0.0514

0.0000
0.0017
0.0040
0.0062
0.0083
0.0096
0.0101
0.0100
0.0093
0.0093

0.0000
0.0384
0.1133
0.1881
0.2630
0.3194
0.3544
0.3653
0.3537
0.3309

0.0504
0.0501
0.0429
0.0407
0.0211
0.0143
0.0075
0.0075
0.0075
0.0074
0.0073
0.0071
0.0070
0.0069
0.0068
0.0067
0.0067
0.0066
0.0066
0.0065
0.0065
0.0065
-0.0035
-0.0035
-0.0035
-0.0034
-0.0033
-0.0032
-0.0031
-0.0030

0.0091
0.0091
0.0099
0.0098
0.0081
0.0053
0.0036
0.0036
0.0036
0.0036
0.0035
0.0035
0.0035
0.0035
0.0035
0.0035
0.0035
0.0034
0.0034
0.0034
0.0034
0.0034
0.0016
0.0016
0.0016
0.0016
0.0017
0.0017
0.0017
0.0017

0.3283
0.3274
0.2954
0.2886
0.2120
0.1594
0.1180
0.1179
0.1179
0.1177
0.1173
0.1170
0.1167
0.1166
0.1166
0.1166
0.1166
0.1167
0.1168
0.1170
0.1171
0.1171
0.1135
0.1135
0.1135
0.1138
0.1144
0.1148
0.1153
0.1156

Table C.3. Nodal displacement of molten salt loop (continued)

CAEpipe
Version 6.4
Node
320
330
340
350
360
370
380
510
520
530
560A
560B
570
580
590
600
610
620A
620B
680
690
700
710

X (in.)
0.707
0.719
0.730
0.741
0.752
0.763
0.774
0.785
0.796
0.753
0.654
0.644
0.576
0.494
0.412
0.329
0.246
0.167
0.163
0.083
0.000
0.082
0.000

MSL section 1 with HX
MSL section 1 with HX
Y (in.)
Z (in.)
0.169
-0.127
0.171
-0.127
0.174
-0.127
0.176
-0.127
0.178
-0.127
0.180
-0.127
0.182
-0.127
0.184
-0.127
0.187
-0.127
0.403
-0.127
0.108
-0.126
0.092
-0.123
0.080
-0.105
0.073
-0.084
0.071
-0.063
0.071
-0.042
0.068
-0.021
0.061
-0.000
0.061
0.000
0.062
0.000
0.062
0.000
0.000
0.000
0.000
0.000
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XX(deg.)
YY(deg.)
-0.0029
0.0017
-0.0028
0.0017
-0.0028
0.0018
-0.0027
0.0018
-0.0027
0.0018
-0.0027
0.0018
-0.0027
0.0018
-0.0026
0.0018
-0.0026
0.0018
0.0065
0.0034
-0.0116
-0.0001
-0.0221
-0.0018
-0.0315
-0.0032
-0.0385
-0.0043
-0.0406
-0.0046
-0.0368
-0.0042
-0.0266
-0.0030
-0.0097
-0.0012
-0.0074
-0.0009
-0.0046
-0.0007
-0.0017
-0.0004
-0.0046
-0.0007
0.0000
0.0000

ZZ(deg.)
0.1158
0.1161
0.1162
0.1163
0.1164
0.1165
0.1165
0.1165
0.1165
0.1172
0.0730
0.0227
-0.0286
-0.0731
-0.0977
-0.0994
-0.0753
-0.0245
-0.0131
-0.0039
0.0011
-0.0039
0.0000
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APPENDIX D. LOOP PRESSURE DROP AND TEMPERATURE CALCULATIONS
Tubing and piping pressure drop
Pressure drop within the piping system was calculated using a friction factor for both turbulent and
laminar flow, and the larger of the two friction factors was used.1
For turbulent flow (ReD > 2300) the Fanning friction factor was calculated assuming flow through smooth
pipe:
f = 0.0791/ReT0.25
for laminar flow (ReD<2300)
f = 16/ReT,
where the tube or pipe Reynolds number is defined as
ReT = ρ VT DT/µ
and
VT = tube or pipe salt velocity and
DT = tube or pipe inner diameter.
Tubing and piping pressure drop, ΔPT, was calculated as
ΔPT = 4 f ρ VT2/2*L/DT,
where
L = piping length.
Similar calculations were performed for tubing runs in the heat exchanger.
Elbows in the piping were assumed to have a R/Dt of two, and the loss coefficient to friction factor ratio
was given by2
K/f* = -0.0002 (R/DT)5 + 0.0137 R/DT 4 - 0.3215 (R/DT)3 + 3.4442 (R/DT)2 - 13.814 (R/DT)+ 29.93,
where
R = elbow radius,
K = elbow loss coefficient, and
f* = Darcy friction factor.
The elbow pressure loss ΔPE is calculated as
ΔPE = 4 (K/f*) f ρ VT2/2.
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Sudden expansions and contractions in the piping were assumed to lose one velocity head, ΔPEx, and onehalf velocity head, ΔPC, respectively.
ΔPEx = ρ VT2/2
ΔPC = ρ VT2/2
Pebble bed pressure drop
Pressure drop through the pebble bed, ΔPb, is calculated using the Ergun equation: 3
ΔPb = ρ vs 2*(150*(1-ε)2/ReP/ε3 + 1.75*(1-ε)/ε3)*Lb/DP,
where
ε = bed λιθυιδ fraction (taken as 0.4 in these calculations) and
Lb = bed length.
Pebble heat transfer
Heat transfer from the pebbles was calculated using a Nusselt number formulation by van Saden: 4
Nup=1.27 k0.33 ReP0.36/ε1.18 +0.033 k0.5 ReP 0.86/ε1.07,
where
k = salt conductivity.
The pebble heat transfer coefficient, h is then calculated:
h = Nup k/DP.
With a pebble power of 1285 W and the loop operating at a flow rate of 4.5 kg/s, the temperature rise
from salt to the surface of the pebble is approximately 53°C.
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