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ABSTRACT

Traditional flowmeters characterized by an intrusive mechanism, mechanical or
restrictive fluid obstruction or moving parts are not an optimal choice for in-core flow
measurement. This paper compares the advantages and disadvantages of three available new
technologies based on non-intrusive or non-restrictive measurement: ultrasonic, magnetic and
thermal flowmeters. The thermal flowmeter has been recently evaluated to be a new technology
by flow research survey and is the newest candidate for in-core fuel assembly flow measurement.

This paper introduces non-intrusive thermal flowmeters manufactured by Intek Inc.. This
type of non-intrusive flowmeter measures temperature difference between a reference resistance
temperature detector (RTD) and a heated RTD, both of which could be installed either outside or
inside of the flow tube to implement non-intrusive and non-restrictive measurement of the flow
either inside or outside of a flow tube. It does not have mechanical obstruction, moving elements,
intrusive parts nor contain radiation susceptible material. The flowmeter can serve as an
integrated temperature and flow sensor based on the measured reference temperature and
temperature difference. It can also be used for bubble prediction and hot spot identification based
on the detected change of heat transfer coefficient and temperature. An array of these small non-
intrusive thermal flowmeters could be employed to provide a temperature and flow profile and
further provide real time data for the calculation of thermal and nuclear power profile in the
reactor core.

The paper further presents two representative non-restrictive thermal flowmeters
developed and fabricated by Intek Inc.. The first type of thermal flowmeters, which were
designed for different space shuttle and space station applications, have all successfully passed a
series of qualification tests in accordance with military standards on functionality, EML, structural
and vibration tests. Information on this representative thermal flowmeter is presented for
prototype demonstration having the desirable characteristics of quality assurance and having a
basis of proven flowmeter technology. The second prototype was specially designed 10 years
ago for fuel flow tube effluent flow and temperature measurement for heavy water reactors and
has been tested demonstrating relatively good performance. In summary, it is valuable to

perform further research on thermal flowmeter technology as a qualified candidate for in-core
flow measurement.



1. INTRODUCTION

The currently operating Generation II nuclear power plants built about 40 to 50
years ago have already or will soon undergo decommissioning or licensing renewal. As
current nuclear power reactors generate about 16 percent of the world’s electricity with
electric power demand still increasing, new plants will be needed in order to meet the
new levels and to replace old plants. Over 20 innovative reactor designs in various stages
of design and development are available as a candidate pool for new plants. Generation
IIT nuclear power plants mainly depend on operational experience and instrumentation
and control technologies currently employed in Generation II plants, where in-core
instruments and measurements are still very limited and may not be optimized regarding
available technologies. One objective of Generation IV designs is to ensure reactor
safety without severe core damage through integrating advanced technologies with
accumulated experience and knowledge of reactor operations and maintenance. In other
words, one goal of the Generation IV project is to stimulate innovation in design and
application of advanced technologies so as to eliminate the need for offsite emergency
response, which has been considered as a safety weakness by the public and especially by
people living near nuclear facilities. In case of some severe accidents that lead to offsite
radioactive releases,actions need to be taken to reduce the likelihood and level of core
damage. A straight-forward and effective way to accomplish this is to employ advanced
technologies such as new measurement methods to on-line monitor reactor in-core safety
parameters especially those not measurable in current nuclear power plants designed
about half a century ago. Therefore, possible core damage and offsite emergency
response could be prevented through new direct real time measurements and on-line
monitoring of reactor in-core performance.

The possibility and extent of reactor core damage are primarily determined by
inadvertent, unnoticeable or uncontrollable mismatch of thermal power and heat removal
capacity in the reactor core. Typical potential malfunction and failures include power-to-
flow mismatches caused by loss of pumping power or controller failure and loss of
coolant caused by structural failure in the primary system (Harrer, 1974). If a local
normal coolant flow is obstructed in a coolant passage, it will cause local fuel
overheating and possible melting and even propagation of core damage.

In a pressurized water reactor, the integrity of the fuel cladding is protected by
limiting the departure-from-nucleate-boiling (DNB) ratio to a minimum value of 1.3 for
the worst fuel rod in a hot spot to prevent fuel melting. The DNB ratio depends on the
thermal power, coolant flow, coolant temperature, coolant pressure and hot channel
factors representing core power distribution. An overtemperature AT and overpower AT~ AP
trip signals are calculated based on the average coolant temperature and coolant pressure
to limit the DNB ratio within safety limit during transients caused by slow changes of

reactor power and flow. Rapid changes especially of high nuclear power and low coolant
flow need direct immediate protection and reactor trips.



Since this safety-limit DNB ratio cannot be directly measured and has to be
calculated from other measurable process parameters, the accuracy of this calculation
depends on how much we know and how accurate we can measure those DNB-related
parameters such as coolant flow and temperature, etc. But techniques for measuring in-
core local heat flux, cladding temperature, fuel center-line temperature, local coolant
boiling, and local flow velocity and flow rate are not presently available (Harrer, 1974).
A relative measure of flow-rate change is achieved by measuring ex-core differential
pressure (AP) across an elbow on each of the four loops in the primary coolant system.
The AP based flow measurement typically has very small turn down ratio (4:1) due to the
relation between the AP and flow rate. It has relatively high inaccuracy and the expected
absolute accuracy of this measurement is *10% (Harrer, 1974). This kind of
measurement is not sensitive to detect flow in a hot coolant channel since a 10% shift in
only one hot channel flow is likely not to be observable using an inaccurate ex-core
flowmeter to monitor the total flow from all of the parallel sourced coolant channels. In
addition, the accuracy of the ex-core coolant temperature measurement is also affected by
flow stratification even though the RTD used for primary coolant temperature
measurement has excellent accuracy. Therefore, the current ex-core measurement and
calculation of the DNB ratio can result in large errors and this type of average ex-core
measurement could not instantaneously and accurately identify local hot spots in the
reactor core. In this way the safety margin is usually set high for reactor safety protection
with a compromise of a decrease in efficiency. If an in-core flow and temperature
measurement technology could be developed and used for on-line monitoring, then the
addition of this measurement could provide more accurate calculations of safety-limit
variables, improve safety margin and efficiency, reduce common-mode or systematic
errors of current measurement or calculations, quickly identify in-core abnormalities and
a potential danger of core damage. Therefore, in-core flow and temperature measurement
is in demand and crucial due to its importance to reactor safety and economic operation.

Traditional Differential Pressure (DP) flowmeters such as orifice meters, venturi
meters and pitot tubes have been widely used for flow measurement in nuclear power
plants, where the differential pressure across a venturi nozzle is the most common
technique. The DP flowmeters have major disadvantages such as long pipe runs needed,
large irreversible pressure drop, obstruction and fouling, small turn-down ratio and large
inaccuracy, etc. These and other traditional flowmeters characterized by an intrusive

mechanism, mechanical obstruction or moving parts are not optimal choices for in-core
flow measurement.

Three new technologies based on non-intrusive measurement as used in
ultrasonic, magnetic and thermal flowmeters are evaluated in this paper for potential in-
core applications. Even though ultrasonic flowmeters have obtained regulatory approval
for ex-core primary coolant flow measurement due to its excellent accuracy, it is not
recommended for in-core applications (i.e. fuel assembly flow measurement) because it is
too expensive to afford multi-point in-core flow profile measurement, difficult to non-
intrusively measure the annulus flow and it also needs complicated data processing and
interpretation. In addition, it needs more space and specific configuration to install two



acoustic transducers to measure the time-of-flight, which is not an optimal choice for a
limited in-core space.

Magnetic flowmeters may not be an optimal choice for in-core applications since
they are subjected to a low signal to noise ratio caused by small magnets limited by
available space, low electrical conductance of the coolant and possible degradation of
magnets performance in high radiation and/or high temperature environments. In
addition, they are also subjected to potential electromagnetic susceptibility/emission and
it is difficult to non-intrusively measure the annulus flow using magnetic flowmeters.

The thermal flowmeter has been recently evaluated to be a new technology by
flow research survey and could be a candidate for in-core fuel assembly flow
measurement. The paper compares the advantages and disadvantages of these types of
flowmeters and evaluates their potential for in-core applications. Then the paper focuses
on Intek thermal flowmeter technology and introduces two representative thermal
flowmeters to support its potential for in-core flow measurement.

2. COMPARISON OF NON-INTRUSIVE FLOWMETERS FOR POTENTIAL
IN-CORE MEASUREMENT

2.1 In-core Environments

The in-core operational environments vary with different reactor designs, types
and operational conditions. In order to narrow down the scope, this paper uses a
Pressurized Water Reactor (PWR) as an example to specify the operational requirements
of a workable flowmeter candidate for in-core flow measurement. For a typical
Westinghouse PWR, the nominal design conditions are: the pressure of the primary
coolant is 15.5 Mpa, inlet and average outlet primary coolant temperature through the
core are 286 °C and 324 °C and the core flow rate is 17.4 Mg/s (Todreas, 1990). A
typical PWR fuel assembly has a 17x17 square fuel rod array with an outer assembly
dimension of 0.214 m and a fuel rod pitch of 0.0126 m (Todreas, 1990). It contains 264
fuel rods each having an outer diameter of 0.0095 m and a height of 4 m. Assuming the
core has 241 fuel assemblies, the average flow velocity in the fuel rod sub-channel
surrounded b3y 4 fuel rods as shown in Figure 1 is calculated to be 5.411 m/s and
4.755*10* m’/s at a density of 593.06 Kg/m".

The flowmeter candidate for PWR in-core flow measurement should accurately
and reliably operate in the specified operational environments for a long time. It is
preferred to design a non-intrusive, non-obstruction, no-moving-part, low pressure drop
flowmeter measuring the flow in the fuel rod annulus flow sub-channel surrounded by
adjacent fuel rods. It is also preferred if the flowmeter is capable of multi-variable
measurement, multi-position flow profile measurement in limited core space, insensitive
to bubbles, immune to radiation and compatible with coolant. In addition, it is preferred
to install it in a mimic fuel rod or instrument guide tube to induce the least perturbation to
the coolant flow. Since the measurement used in a protection system does not necessarily



need to be highly accurate due to a lack of precise data about safety level compensated by
safety margin, an accuracy of 1% (or maybe 1.5% or 2%) full scale could be sufficient
considering other advantages applicable to reactor core harsh environments in terms of
availability, reliability, feasibility, simplicity and uniqueness.
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Fig.1  Four adjacent fuel rods (2x2 array) in a fuel assembly (17x17 square array).
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2.2 Ultrasonic Flowmeters

An ultrasonic flowmeter basically measures the velocity of a flowing fluid based
on the propagation of a sound wave if the fluid density is constant. Its advantages
include no obstruction in flow path, no moving parts, low pressure drop but it is very
expensive in initial setup, data processing and interpretation. It can either measure the
scattering of an acoustically propagated signal as in a Doppler flowmeter or measure the
time of flight of a sound wave as in a transit-time ultrasonic flowmeter.

A Doppler flowmeter measures the flow rate based on the detected velocity of
acoustical discontinuities instead of the fluid velocity since it detects sound waves
reflected back by acoustical discontinuities such as particles, entrained gas bubbles or
even by turbulence vortices (Omega, 1995). A change in the size or the concentration of
the discontinuities induces errors to the Doppler flowmeter. It is usually used to measure
the flow of slurries and not recommended for in-core flow measurement.

Ultrasonic flowmeters can be one of two types, either clamped-on or inline and
are identified based on their installation method. The clamped-on flowmeter located
outside of a pipe is truly non-intrusive without any wetted parts and requires a 0.0762 m
(3 inch) or larger line size. It generally requires a ratio of pipe diameter to wall thickness
to be greater than 10:1. Its accuracy is not as good as the inline type. The attenuation
and scattering effect of the pipe and liner materials may prohibit its normal functionality
especially when it is clamped on a concrete-lined, plastic-lined or fiberglass-reinforced
pipe with built-in acoustic discontinuities. Its advantage of portability does not impose
additional value to in-core installation. It is not feasible and applicable to in-core
applications since it is difficult to use the clamped-on configuration to non-intrusively
measure the flow in an annulus sub-channel and the in-core temperature is relatively too
high for the ultrasonic flowmeter to easily collect data and accurately process data.



An inline transit-time ultrasonic flowmeter has two wetted acoustic transducers
installed upstream and downstream. An inline type can be used for a pipe size in a range
of 0.0102~1.219 m (0.4~48 inch) and require fitting flanges or wafers for installation.
For example, a type of chordal transit time ultrasonic flowmeters, which has obtained
regulatory approval and been installed in 13 nuclear power plants for calorimetric mass
flow calculation, has its upstream and downstream transducers installed on opposite sides
along a chordal path that is diagonal to the fluid flow (Liu, 2002). Both transducers serve
as an emitter and receiver, respectively, to generate an upward and downward
propagation path. The detected flow velocity depends on the difference between upward
and downward propagation time from one transducer to another one, the propagation path
length and the zero-flow transit time, which also depends on fluid temperature and
density. As the speed of sound is a function of fluid density and temperature, and the

average flow velocity is also dependent on velocity profile, these factors have to be
compensated for.

The accuracy of an ultrasonic flowmeter varies with different designs, models and
even installation. A %1% accuracy is achievable and some claim to have excellent
accuracy such as +0.3% or better. The measurement uncertainty is affected by errors in
density, timing and dimensions measurement and velocity profile error. In addition, an
ultrasonic flowmeter is sensitive to air bubbles carried in flow. For example, it is found
that air forms an effective barrier to ultrasound wave propagation in a frequency range of
1~20 MHz. The signal could be deteriorated and the normal flowmeter operation could

not be maintained even if a thin layer of bubbles is coated at the surface of its crystal
element.

Initial installation following the manufacturer’s instructions is very important.
Improper mounting can cause a problem in acoustic coupling, alignment of the
transducers and propagation path. Some unexpected transients such as a big change in
temperature or unusual vibration may also affect the propagation path and angle and even
make the signal completely miss the receiver transducer.

Another unfavorable factor is most manufactures usually specify the ultrasonic
flowmeter should be installed at least 1020 diameters away from any of upstream valves,
tees, elbows and pumps, etc. Another factor to eliminate its feasibility of in-core
applications is it is difficult and costly to design and install multiple ultrasonic
flowmeters for annulus flow profile measurement.

2.3 Magnetic flowmeters

Magnetic flowmeters have been under investigation for in-core applications in
nuclear power plants (Liu, 2002). The main advantages of electromagnetic flowmeters
include no obstruction, low pressure drop, no moving parts, good tolerance to pressure
and temperature changes. A magnetic flowmeter measures flow velocity based on
Faraday’s law of magnetic induction as the fluid passes through a magnetic field
generated by magnetic coils. The low-level voltage in the order of micro-volt to milli-
volt detected at electrodes is proportional to the average fluid velocity, magnetic field



strength and distance between the electrodes (Omega, 1995). Magnetic flowmeters have
an operating range from as low as 0~0.3048 m/sec (0~1 ft/sec) to about 9.144 m/sec (30
ft/sec). The measured flow velocities are in a range of 0.914~4.572 m/sec (3~15 ft/sec)
for most applications. It has an accuracy in a range of about 0.2~1% with a turn down
ratio up to 30:1 if the flow velocity is above 0.305 m/sec (Liu, 2002).

The fluid electrical conductivity should be uniformly distributed and also above a
minimum threshold (i.e. 1~5 micro siemens/cm for 1¥ generation and 0.05~0.1 micro
siemens/cm for 2™ generation) especially at low temperature to ensure the proper
operation of a magnetic flowmeter. The magnetic flowmeter is subjected to noise caused
by improper grounding, changing magnetic field, line power fluctuations, entrained air,
electrochemical reactions at the electrode, friction with the electrode and vibration, etc.

A magnetic flowmeter uses a pair of traditional metal electrodes in contact with
the process fluid. Eddy currents could be generated by a changing magnetic field and
induced into the electrode. Even though this problem could be eliminated by using
metallic laminated insulative components and good shielding between flow tube and
transmitter, potential degradation of these insulating materials induced by high radiation
and temperature could be a concern for long term operation. The magnetic flowmeter
can also use a new design fusing ceramic and metallic powders into the liner material to
make capacitive non-contacting electrodes, which makes the electrodes more resistant to
abrasion and nuclear radiation, and more applicable to fluids with less electrical
conductivity. A coating on the electrodes could be used to electrically isolate the
electrodes from the fluid but it may have degradation induced by high radiation and
temperature and thus deteriorate the output signal. The liner material is very important to
electrical isolation. It should have reliable performance and negligible degradation for
long term operation in high radiation and temperature environments.

The magnetic coil could be energized either by AC or pulsed DC current. It is not
recommended to use AC excitation for in-core application since it requires a high current
typically in the order of 2~3A and a large power. Pulsed DC excitation supplies a low
current in the order of 0.1~0.25A with a low frequency (Liu, 2002). It filters out noise
collected between pulses from the flow and noise signals collected during pulses.
Therefore pulsed DC excited magnetic flowmeters are more accurate, less bulky, less
energy consuming than AC excited flowmeters. Their main disadvantages include more
sensitivity to noise caused by entrained air, electrochemical reaction and abrasion at
electrodes and in-phase noise. In addition, they have slower response time (1~4 seconds)
than AC excited magnetic flowmeters.

In summary, the feasibility of its in-core applications could be limited by its
disadvantages such as relatively low temperature range, temperature dependent
calibration, electromagnetic susceptibility and emission, requirement of conductive fluid,
decreased magnetic field strength and output signal due to limited space available for a

magnetic circuit. In addition, magnets may have stability problem in high radiation and
high temperature fields.



2.4 Thermal flowmeter

The original concept of thermal flowmeters can be traced back to the “hot wire”
anemometers in the early 1900s. The original “hot wire” anemometers were designed to
measure flow velocity and limited to applications in research and wind tunnel labs due to
their small and fragile structure. Later on more rugged and robust thermal flowmeters
based on similar sensing mechanism were designed (Harpster, 1981) and applied to
various applications. In recent decades the accuracy of thermal flowmeters has been
improved up to 1% or better based on advanced signal processing techniques and design
improvement. It has recently been listed by a flow meter research survey as a new
technology based on its improved performance and capability.

Thermal mass flowmeters have been used to accurately measure vapor and gas
flows. It is one of few available technologies that measure gas flow in large pipes and
ducts. It is also one of only a few technologies that measure mass flow rate. Compared
to volumetric flow measurement subjected to changes of many process parameters
affecting fluid volume, mass flow measurement is not affected by changes of density,
viscosity, pressure or temperature. Thermal flowmeters have high turn-down ratio, good
accuracy, no moving parts, no obstruction, compact size and simple configuration. They
can be used for high pressure, high temperature, corrosive and slurries applications. The
improvement of its performance and other advantages make it suitable for some harsh
environments such as in-core applications. More information about thermal flowmeter
design is further provided in next section. Table 1 summarizes comparisons of these
three types of flowmeters.

3. NON-RESTRICTIVE THERMAL FLOWMETER FOR POTENTIAL IN-
CORE MEASUREMENT

Thermal flowmeters may have different designs, configurations and control
algorithms. It basically consists of a heater and two reference temperature sensors and
measures the flow rate from the detected temperature difference between two temperature
sensors.  Intek Incorporated has over 20 years experience in commercial thermal
flowmeter production and extensive experience in designing and fabricating thermal
flowmeters for aerospace applications where vibration, nuclear radiation, electromagnetic
interference (EMI), vacuum conditions and thermal stress issues have to be dealt with in
accordance with various military standards. This paper identifies Intek’s potential
capability in designing and fabricating a thermal flowmeter prototype suitable for in-core

flow and temperature measurement and introduces several conceptual designs and
demonstration units.



Table 1 Summary of comparisons of three types of non-intrusive flowmeters.

Evaluation index | Ultrasonic Magnetic Thermal flowmeters
flowmeters flowmeters
Primary Velocity Velocity Mass flow rate / velocity
measurement
Moving parts No No No
Non-intrusive Yes (clamp-on Yes Yes
capability configuration)
Obstruction No No No
Accuracy Good to excellent | Good Good
Temperature (° C) | -184~260 182 815
Pressure (Psig) Pipe rating <=1500 Pipe rating
Types of liquids Corrosive, dirty, | Corrosive, dirty, | Corrosive, dirty, clean,
clean, high and clean, high and high and low viscosity,
low viscosity low viscosity, high temperature
high temperature,
non-newtonian
Types of gases Special design Not applicable Clean, dirty, non-coating,
high and low pressure
Potential Multi- Velocity, Velocity, Mass flow rate, velocity,
variable volumetric flow volumetric flow volumetric flow rate,
measurement or rate rate temperature, bubble
diagnostic detection by heat transfer
capability coefficient change
response
Cost Very expensive Relatively Relatively low
expensive
Installation Costly, special Reasonable effort | Easy and least effort
care and efforts
Maintenance Medium or high | Medium Low
EMI Insensitive Sensitive Insensitive
susceptibility/emis
sion

This type of non-restrictive flowmeter measures temperature difference between a
reference resistance temperature detector (RTD) and a heated RTD, both of which could
be installed either outside or inside of the flow tube to make a non-restrictive
configuration. It does not have mechanical obstruction, moving or wearable or intrusive
part, radiation or age sensitive materials. The flowmeter can serve as an integrated
temperature and flow sensor based on the measured reference temperature and
temperature difference. It can also be used for bubble prediction and hot spot
identification based on rapid changes of heat transfer coefficient and temperature, which
are reflected in the temperature and differential temperature measurement. Besides those
common advantages, thermal flowmeters could offer a rangeability of 100:1 or more, an
accuracy of 1% of reading or better, a signal repeatability of £0.5% of indicated flow



rate (or up to +0.25%), long term stability, high reliability, and compatibility with harsh
flow conditions.

Figure 2 shows a typical commercial non-intrusive and non-restrictive thermal
flowmeter measuring the flow inside a pipe. A reference RTD is installed outside of the
pipe at an upstream location. A heater and a heated RTD are installed close together and
outside of the pipe at a downstream location. These sensing elements and lead wires are
environmentally sealed so that vapour and/or water will not ingress and deteriorate or
short the signal. The design also provides for thermal isolation of the heater and RTDs
from the external environment. The stub ends are coupled continuously to the flow pipe
or tubing providing a non-restrictive measurement of the fluid.
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Fig.2 A typical commercial non-intrusive thermal flowmeter.
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Figure 3 shows a conceptual design of a non-restrictive thermal flowmeter
suitable for measuring annulus flow past fuel rods such as the flow in the fuel rod sub-
channel (see Figure 1). A mimic fuel rod or an instrument guide tube with the same or
similar dimension to an actual fuel rod is used for the outer housing so that it will not
induce perturbation to the flow field. This mimic fuel rod could be a stainless steel tube
(or zircaloy tube) to provide mechanical support, sound radial heat transfer capability,
radiation hardness and coolant compatibility. The heater and RTDs (or thermocouples)
are installed inside the mimic fuel rod so that a really non-restrictive and non-perturbing
configuration for the annulus flow could be achieved. A cylindrical conductive pad shell
could be installed between the heater/RTD element and the mimic fuel rod shell to
provide a 360-degree measurement zone around the mimic fuel rod. The axial
temperature gradient could be compensated by periodically turning the heater off or
installing another reference RTD to detect a background temperature gradient. The
sensing elements and lead wires are enclosed in the hermetic environment of the rod
remaining free of vapour and/or water from permeating the elements and deteriorating the
signal. The lead wires could be guided out of the reactor core through the inner cavity of
the mimic fuel rod or instrument guide tube.
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Fig. 3 Conceptual design of flowmeter suitable for in-core flow and temperature
measurement as a mimic fuel rod.

Different reactors may have different spacer designs to mechanically support the
fuel rods. Figure 4 shows another conceptual design of a non-restrictive thermal
flowmeter suitable for installation on a typical square fuel assembly spacer grid providing
measurement near the center of the sub-channel. Four sets of planar thin-film
RTD/heater elements could be sandwiched and installed in four quadrants, respectively,
to achieve a 360-degree measurement zone. All wires could be guided together through
an array of small multi-hole ceramic tubes hermetically sealed into an instrument guide
tube or a mimic fuel rod located close to the flowmeter.
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Fig. 4 Conceptual design of non-restrictive thermal flowmeter installed on spacer grid.
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These designs could make it feasible and space-saving to install many thermal
flowmeters axially along a mimic fuel rod and radically at various locations in the reactor
core. These locations could be various suspicious hot channels and/or hot spots in the
reactor core so that a 3-dimensional flow and temperature profile could be mapped and
further used as inputs to calculate/verify thermal power profile. In this way any loss of
coolant or hot spots could be identified as soon as possible. In addition, these flowmeters
could also be used to monitor air bubbles produced abruptly or increased over time since
the existence of air bubbles will cause a measurable change in the heat transfer
coefficient, which could be detected by the flowmeter. Therefore, potential core damage
and fuel rod overheating could be minimized and prevented by implementation of an
appropriate configuration of proven thermal flowmeter technology characterized by
compact size, simplicity, multi-variable measurement capability, reliability, non-
restrictive, non-intrusive and good accuracy.

4. AEROSPACE FLOWMETER

The Intek aerospace thermal flowmeter introduced in this section has different
operational conditions and requirements from the in-core environments. While it
indirectly supports the accreditation of this technology, the introduction of this
application could provide readers more assurance and knowledge about the

manufacturer’s design ability to meet a specific application, its quality management and
qualification process.

Fabricators have successfully manufactured some high quality thermal mass
flowmeters for aerospace applications under the sponsorship of National Aeronautics and
Space Administration (NASA) and Boeing. For example, the aerospace thermal
flowmeters for multiple-launch Spacehab and Space Lab application were delivered in
1982 and have been in service on Shuttle flights ever since. The first Space Station flow
meter, which was installed in a Criticality 1 Trace Contamination Control System
(TCCS) on Station in February 2001, has been operating to date flawlessly and
continuously with no known malfunctions or failures. A flowmeter and a temperature
sensor have also been qualified and delivered to Boeing for the application in a Space
Station active thermal control system (ATCS). These units were designed for long term
operation in the environment of space.

A new aerospace Water Flowmeters (WFM) has been developed and currently
successfully undergoing the final stage of a sequence of qualification tests. It is similar to
those other designed aerospace flowmeters but this one has an integrated electronics and
sensor and will be exposed to the space environment during missions. It is designed to
meet various Military, NASA, ANSI and DOD standards in terms of materials usage,

electromagnetic interference requirements, electrical design requirements, test methods,
dimensions and tolerances, and packaging, etc.

Figure 4 shows its integrated sensor and electronics assembly mesh of a Finite

Element Analysis (FEA) model used for structural and thermal stress analysis (Intek,
2003). Table 2 lists some operational and non-operational conditions of this acrospace
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flowmeter. Table 3 provides some of the specifications of this unit. Various theoretical
analyses (i.e. structural and thermal finite element analysis) and experimental tests have
been performed to verify that the flowmeter design meets the requirements of operational
and non-operational conditions. For example, the analyses of EEE parts application and
thermal stress using FEA models showed that the electronics design is suitable to the
specified operating environment. The flowmeter has successfully passed a series of
acceptance and qualification tests including thermal survivability, thermal shock, thermal
vacuum test, proof pressure, shock, leak test and vibration test. It also has passed a series
of EMI tests (CE102, CS101, CS106, CS114, CS116, RE102, RS103, TT101) in
accordance with NASA SL-E-0002 and MIL-STD-461.

Fig. 4~ Integrated sensor and electronics assembly FEA model.

Table 2 Some operational and non-operational conditions for aerospace flowmeter.

Parameters Operational (O)
Non-operational (N)
Temperature 0~ 105 °C(0), -54 ~ +121 °C (N)
Pressure 1x10™" Torr to 16 psia
Humidity 0~100% RH
Solar radiation Orbiter heavy ion: 1x10°~1 #ions/m” /st/s with 1~700 Mevem®/g,
(Nuclear) 1~1x10"° #ions/m? /sr/s with 700~1x10° Mev*cm?/g
Orbiter proton: ~ 200~2 protons/m?/st/s/Mev with 10~450 Mev
2~0.03 protons/m®/st/s/Mev with 450~10000 Mev
Thermal radiation | 1399.69 W/m" (443.7 Btu/ft’/hr)
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Table 3 Specifications of aerospace flowmeter.

Parameters Specifications
Boeing requirements (B)
Range 0 ~ 363 Kg/hr (800 Ib/hr)
Output Isolated, unipolar, ungrounded 0~4.9 Vdc and linear analog output
Operating life >50000 hours
Useful life 100 missions
Shelf life 20 years
Error + 1% (design), +1.5% FS at nominal flow (B)
Time constant ~ 2 s (design), < 6 s (B)
Sensitivity 61.77 Kg/hr /volt
Repeatability < = 0.5% of full range
Linearity and hysteresis | + 1.0% of full scale
Weight < 1.59 Kg (3.5 Ib) including sensor and electronics

5. FUEL ASSEMBLY FLOW AND TEMPERATURE MONITOR

Another demonstration unit - Fuel Assembly Flow and Temperature Monitor
(FAFTM) is briefly introduced in this section to address the necessity of developing in-
core flowmeters and also confirm technological capability of designing and fabricating a
thermal flowmeter suitable for nuclear application. These units were developed by Intek
under the sponsorship of Babcock & Wilcox. This flow/temperature monitor was
designed to be installed in the exit guide tube of each fuel assembly in the New
Production Reactor (NPR) Heavy Water Reactor Facility (HWRF) in order to provide
operational information or reactor operating conditions and to provide temperature
signals to the plant protection system. The flow/temperature monitor outputs would be
used as input signals to the Plant Protection System to initiate a reactor trip if the detected
average coolant temperature and flow exceed their setpoints. The monitor provides two
flow and four temperature signals, which could also be sent to other plant instrumentation
such as the Facility Data Management System and/or the Plant Limiting Supervisory
System. These inputs would allow calculation of the cumulative amount of tritium
produced within each assembly throughout a production run and allow the plant
operations staff to monitor proximity to production limits, optimize production rates,

maintain material accountability and measure individual assembly exposure (Babcock
and Wilcox, 1992).

The flow/temperature monitor consisted of four mechanically similar sensors
arranged in four quadrants, respectively, so as to measure the flow and temperature from
four quadrant positions around a flow tube. Two opposing sensors were to measure both
temperature and flow rate and the other two opposing sensors were to measure
temperature only (details omitted in the paper) It was designed to measure the flow
through each flow tube up to 122.65 m’/hr (540 GPM) with a veloc1ty of about 2.74
m/sec (9 ft/sec). The developed monitor underwent a series of screening tests in 1992 to
investigate monitor performance such as accuracy, sensitivity, repeatability and response

14



time, etc. The test results showed the flow sensors had an accuracy of #3.1% of reading,
repeatability of +3% of reading, a time responding to rapid changes in flow rate within
0.4 seconds (Babcock and Wilcox, 1992). The test results also showed the integrated
temperature sensors had an accuracy of +0.3°C, repeatability of +0.11°C and a time
constant of less than 1 second (Babcock and Wilcox, 1992). Accuracy of the calibrating
equipment was not verified.

Above test results are based on the thermal flowmeter technology that existed in
1992 when the work was performed. As confirmed in design and fabrication of various
aerospace thermal flowmeters requested by NASA and Boeing and also in many
commercial products, the design and fabrication techniques have been improved at Intek
over the past 12 years. The digital signal processing techniques have greatly improved
flowmeter accuracy up to 1% or better. A rate compensation method is also being
developed to greatly improve the meter response time. The configurations used in the
flow/temperature monitor and aerospace flowmeter provide non-intrusive and non-
restrictive measurement of the flow in a pipe.

6. RECOMMENDATION AND CONCLUSION

Three types of non-intrusive flowmeters have been investigated and compared in
terms of potential and feasibility for in-core flow measurement. Although ultrasonic and
magnetic flowmeters offer some good advantages, they are generally not preferred due to
some limitations in installation, operation, signal processing and sensitivity to some error
factors. A thermal mass flowmeter with additional temperature measurement
functionality has potential for in-core flow and temperature monitoring due to its compact
size and simple configuration, no obstruction, no moving parts, non intrusive, low
pressure drop, good accuracy and reliability. It is cost-effective to implement
modernization through evaluating and introducing advanced technologies already proved
through prototype demonstration, analysis, testing, and commercial applications. It is
worthy of pursuing more research on thermal mass flowmeter for in-core flow and
temperature measurement.

REFERENCE:

1. Babcock and Wilcox Company, Flow/Temperature Monitor Testing — Final Report,

ASE Contract No. 680-3273-1a, RDD: 93:42990-001-000:01, Rev —0, December

1992.

Harpster, J.W., 1981, Flow Indicator, Intek Incorporated, USPN 4,255,968.

Harrer, J., Beckerley, G.J., 1974, Nuclear Power Reactor Instrumentation Systems

Handbook, volume 2, U.S. Atomic Energy Commission.

4. Intek, Inc., 2003, Structural Analysis Report, PDR SE06A, submitted to Boeing
Company.

5. Liu, HY., Waghray, R., Mutlak, A., Talnagi, J., Miller, D., Na, M.G., Lee, Y.J.,
2002, Assess the State-of-the-Art for Primary System Measurements, Submitted to
Oak Ridge National Laboratory, Final Phase I Progress Report of I-NERI Project.

Rl N

15



6. Omega Engineering, Inc., 1995, The Flow and Liquid Level Handbook - Ultrasonic
Doppler Flow-meters, Vol. 29, Stamford, CT.
7. Omega Engineering, Inc., 1995, Complete Flow and Level Measurement Handbook

and Encyclopedia, Omega Press.
8. Todreas, N., Kazimi, S.M., 1990, Nuclear Systems I - Thermal Hydraulic
Fundamentals, Taylor & Francis Publisher.

16



